PHYSICAL REVIEW B VOLUME 59, NUMBER 17 1 MAY 1999-|

Two-step liquid-solid vortex transition with the field along the ab planes
in YBa,Cu;0,_; crystals
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Resistivity measurements for different Lorentz force configurations and the detection of the longitudinal
vortex velocity correlation length, with the magnetic field applied parallel taath@lanes, in the mixed state
of clean and twinned YB&Zu;0;_ 5 single crystals, support the existence of a vortex-smectic phase when the
vortices interact with an attractive periodic potential. The transition from the vortex-liquid to the vortex-solid
state is shown to be achieved in two steps, a continuous transition from a liquid to a possible smectic phase and
another continuous one from the smectic phase to a §8@i163-182809)09413-9

The discovery of different phases in the vortex system ofules corresponding to the vorterr Bosé® glass to liquid
high-T. superconductors has drawn renewed attention on thigansition, and suggested the existence of a vortex-smectic
study of phase transitions in condensed-matter physios. phase when cooling the vortex liquid.
spite of their similarity with systems of interacting particles a  In this paper we provide experimental evidence support-
different ingredient is added to the problem, namely the ining the existence of a vortex smectic phase when the mag-
teraction with defects in the embodying material which act ad'etic field is applied in the direction of treeb planes both in
attractive centers. This effect cannot be treated as a pertuflean and twinned YB&L w07, single crystals. We present
bation but changes the behavior of the entire sy&dim-  results on the temperature dependence of the resisfivity
deed, the first-order solid-to-liquid phase transition observedifférent directions of the Lorentz force and of the longitu-
in clean highT, superconductofs’ transforms into a dlqal vortex vglocny cor@laﬂpn lengthy . The detection of
second-order glass to liquid transition when the effect of théH is done using a E.'TIOd'f'Catlon of the dc flux transformer
disorder potential dominatés. Further studies showed that contact cc_mflguratlo L .
the nature and the spatial correlation of the defects alter the The twinned and untwinned YBaU;0;_, single crystals

roperties of the liquid phase, particularly the vortex velocit were grown as indicated in Ref. 11, had critical transition
propert (911 P P y ytemperatureé’cz92 K and transition widtha T.<0.3 K.
correlation lengthH®

An interesting case, which has a realization in the layere wo crystals with typical dimensions ¢40.5<0.03) mn

: ) 7 ~\were selected, one with a low density of twin boundaries and
structure of th_e high; superconductors, is that of a periodic one untwinned. For the analysis of the vortex velocity corre-
planar potential treated by Balents and NelSbfthe con- |4ign lengths, eight contacts were made in the modified

finement induced by these potentidlsith periodicity s) is  transformer configuratior(see inset Fig. Xl in a second
restricted to one spatial direction and consequently the tranggage, these contacts were removed and the configuration

verse wandering of the vortex lines in that direction is sig-sketched in Fig. 2 was used. The crystals were mounted onto
nificantly decreased. Thus, on cooling, a positional long-

range order of the vortex structure may be established in the H
direction perpendicular to the Cu-O planes while it remains 0.15
disordered within them. Based on this simple argument two
different transitions are expected to oc¢tigne from a lig-
uid to a “smectic phase” in which vortices are arranged with 4 ¢4
periodicitya in the direction perpendicular to the planes, and >
at a lower temperature another transition to a crystalline
solid. The vortex-liquid to smectic transition is expected to
be second order given its similarity with the nematic
smectic-A transition discussed by De Genfes.

The theoretical work of Balents and Nelson was triggered
by the experimental results obtained by Kwekall* who 0'0089
studied YBaCu;O,_ 5 single crystals with the magnetic field
oriented parallel to theb planes. They analyzed the dy-
namical response of the vortex structure near the temperature g, 1. Temperature dependence of the voltagigs Vss, and
where the resistivity ) goes to zero. They found that the v, for an applied magnetic fieldfel T parallel to theab planes,
abrupt drop to zero observed fprat the melting temperature and the current injected between contacts 1-2. The arrows mark the
for H|c is replaced by a continuous decrease to zero fotemperature at which the differencég,— Vss andVs,— Vg vanish.
H|lab, which could not be fitted using the dynamical scalingThe inset is a sketch of the electrode configuration.
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expected to determine the elastic properties of the vortex
structure: one associated with vortex crossing within the
planes, and the other with out-of-plane vortex crossing. Due
to the confining potential associated with the Cu-O planes
the ligquid will have a larger fraction of “horizontal” vortices
within the planes than out of them. As a consequence, the
vortex mobility across them will be reduced when compared
with the horizontal component interconecting planes. At the
expected smectic transitidf,the dissipation should be es-
sentially zero for the “free-force” configuration.

Figure 1 shows the behavior &f,, Vs, andVg volt-
ages measured as a function of temperatureafd T mag-
netic field applied parallel to thab planes, and the current

88 89 901- K] 9 92 93 injected between contacts 1-2. When the temperature is low-
ered towardsT;, where the resistivity vanishes, the voltage

FIG. 2. Comparison between the temperature dependences dss Pecomes equal t¥34 at a higher temperature than that
the dissipation measured with different Lorentz force configura-whereV,g=V3,. These results determine two temperatures,
tions: solid circles ¥3,) F parallel to theab planes, gray squares indicated in the figure, wherg coincides with the distance
(Vap) FL=0, and open circles\(,) F, perpendicular to theb between the current and the respective voltage contacts. That
planes. The applied magnetic fieki6 T parallel toab. The upper s, ||=250 um between the contacts 1-2 and 5-6, dpd
inset is a zoom of the low-temperature regiotice the different ~500 um between contacts 1-2 and 7-8. We see that the
scale$. The sketch corresponds to the electrical contact configuraincrease of the vortex correlation length in a factor of 2 takes
tion used to measure, . place in only 0.3 K. This shows a rapid growth of the vortex

correlation length as the temperature is approached and
a rotatable sample holder with an angular resolution of 0.06indicates a possible continuous transition towards a solid
inside a cryostat withra8 T magnet. vortex state. This behavior is found in twinned as well as in

The pseudo-dc-flux transformer technique used to detemntwinned samples, showing that twin boundaries play no
minel| is based on the fact that in the mixed state a voltagssignificant role in the physics of vortices in this field orien-
between a pair of contacts aligned in the current direction igation.
associated with a flow rate of vortices between them. As Itis interesting to note that correlation lengths of the order
shown in the inset of Fig. 1, a current is injected inhomoge-of a millimeter are experimentally detected, indicating the
neously through the sample using contacts 1-2. Thereforémportant role of the copper-oxygen planes in establishing
the current takes different values accross each pair of voltageng velocity correlation lengths along them. It should be
contacts 3-4, 5-6, and 7-8. If the magnitude of the current igecalled that when the field is applied parallel to thaxis,
small enough to avoid vortex cutting, the different forcesthe vortex correlation length in the liquid state in untwinned
applied at different parts of the vortex would integrate alongsamples just above the melting, is shorter thanui’
the vortex velocity correlation length. Thus, each point of The results discussed above were obtained with the Lor-
the vortex within this length will have the same velocity entz forcealongthe ab planes, where the vortex mobility is
irrespective of the local value of the current. Consequentlythe largest. If the vanishing of the resistivity is determined by
any two pairs of voltage contacts will measure the same volta phase transition in the vortex structure, the temperature at
age drop as soon dg spans from the current contacts 1-2 which this occurs should be independent of the direction of
down to the furthest pair where the voltage is measured. lithe applied current. On the contraryTif is due to the onset
this way, this multiterminal configuration allows us to mea-of a critical current induced by the intrinsic pinning it should
sure || at two different temperatures, i.e., one whe, depend on the direction the vortices move. In order to dis-
=Vgg and the other whelz,=V,5.1° tinguish between the two possibilities we removed the con-

The longitudinal resistivity can be measured injecting thetacts of one of the samples and put them as to have the
current between 1-7 and 2-8 and detecting the voltage bd-orenz forceorthogonalto theab planes. This configuration
tween 3-5 or 4-6. Some remarks are appropiate when dids sketched in Fig. 2. The results for the voltage measured in
cussing the dissipation in the “free-force” configuration. this caseV, (T), (open circlep are compared in this figure
When the current is homogeneously injected in the samplewith those obtained in the previous configurati¢solid
between contacts 1-7 and 2-8, and the voltage is measur@ifcles and with the voltageV,, (gray squaregsmeasured
between 3-5 or 4-6, no net force is appliéd the linear between the contacts 3-5 in the free-force configuration for
response limjt on vortices that in average follow the field Hy=6 T. We have checked that all these measurements are
direction. In this limit the dissipation is associated with ther-within the linear-response regime. Although the temperature
mally induced vortex cutting and reconnection at averagelependence and the amount of dissipation are remarkably
distances determined By. In the liquid state, vortex cross- different, the temperature at which the resistivity vanishes is
ing generates infinite “horizontal” vortices whose averagethe same for all configurations as shown in an expanded
direction is perpendicular to the applied field. When the temscale in the inset. The cur¥é, shows a sharp drop at a
perature is decreased, the vortices induced by the externtdmperaturd s where it seems to vanish. However, beldw
magnetic field parallel to the Cu-O planes tend to be locala small tail develops remaining finite downTp (see inset
ized within them. Thus two vortex correlation lengthare A similar behavior is seen for the longitudinal voltayg,,
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i.e., although the dissipation is significantly reduced ait 0.06+—% . . r

vanishes afl; . Therefore, the dissipation for three different 0.8

Lorentz force configurations becomes zero at the same tem 5 0.6 ]

perature. We interpret this fact, together with the large value~ < o,4-~§—§—§—[n '.-

of I and its rapid increase &% is approached, as a signature 3, 0.04{ 0.2 ]

of a continuous transition towards the solid. However, our= 00—

measurements have shown the lack of Bose- or vortex-glast=. 3 0 2 ,_f(T)G 8 89 QOT[K& 02

scaling for thel-V curves aroundr; ruling out this type of 7 R

transitions. £, 0.02- :
It is worth to mention here that in both types of samples2

(twinned and untwinnedT, disappears when the field is

tited ~2° from the ab planes. TheRT curves show the

appearance of an abrupt first-order-like jump towards 2ero. 0.00 . : r

A discussion of the angular dependence is left for a future 0.0 0.1 0.2 0.3

work 18 IT-T |

To summarize we can identify three different regions.
One belowT;, where the vortex structure is a pinned solid  FIG. 3. Lower branch of the functiofV, (T) -V, (Ts)| versus
and the resistivity is zero, another abdlig, where the vor- [T~ T for an applied magnetic field of 8 Tsolid circles. The
tices are in a liquid state, with high resistivity and character-S°lid line is a fit according to Eq1). The upper inset shows the
ized by a short vortex velocity correlation length in the field Values of the exponent (ia) obtained for applied magnetic fields
direction, and finally an intermediate region, betw@erand ~ 'a"9ing from 2'to 8 T. The lower inset is the T phase diagram.
T, where the dynamical response of the vortex structure
shows a particular behavior. In the following we discuss thenset we show the regiofshaded argain the H-T phase
characteristics of this intermediate region within the theoretdiagram where a smectic phase develops.
ical framework developed by Balents and Nelson. It is puzzling that the resistivity data for temperatures

In the liquid phase the tilt modulus is predicted to have aghove and close td; do not follow the expected power law
nondivergent singularity at the transition to the smecticgiven by Eq.(1) associated with the critical regime. This
state,” that is, it grows rapidly affs but remains finite. Itis  coyid be an indication of an asymmetry in the width of the
also expectetd that the resistivity of the liquid would rapidly critical region, i.e., a reduction of the critical range in the
drop atT to a small bu_t nonzero valup(Ts) when the  icordered state.

Lorentz force is perpendicular to the Cu-O planes. Both of
these features are qualitatively seen in our data on approac
ing Ts: A rapid increase of the longitudinal vortex velocity
correlation length, indicating the growth of the tilt modulus,
and a steep descentVf . Moreover, since the transition to
the smectic phase implies no change of the vortex structu
in the direction parallel to the Cu-O planes, the resistivity

In summary we have shown that when the magnetic field
I%' applied parallel to theb planes, the correlation length
along the field direction grows rapidly beloVg as the tem-
perature is reduced towards. Independently of the orien-
rEation of the applied current direction with respect to the
planar periodic potential and the magnetic field the linear

should not show considerable changed atvhen the Lor- dissipation measured in the three diffe_rent configurations
entz force is in this direction. Indeed in our experiments withV(FL[ab), V(F =0), andV(F L ab) vanishes at the same
the Lorentz force in the direction of the planes the transitiofemperatureT; . While V(F[ab) shows no distinctive fea-
to the smectic phase is evidenced only through the establistiure at T, the other two voltages,V(F =0) and
ment of coherence along the field directitsee Figs. 1 and V(F_Lab), drop rapidly at this temperature with a remanent
2). small dissipation tail below it. All these features can be con-
On approaching the transition to the liquid state and whersistently described assuming the existence of a vortex smec-
the Lorentz force is perpendicular to the Cu-O planes, théic phase betweefs and T;. In particular the dissipation
resistivity is expected to increase as a power law of thébelow T, is very well described assuming a nondivergent
form? singularity for the resistivity atTg as predicted by the
theory*? with exponenta in good coincidence with specific-
p(T)—p(T)~|T—TJE"= (1)  heat exponents reported for smectic-nematic transitions in
liquid crystals. These experimental results provide strong
where « is the specific-heat exponent. In order to seeevidence for the existence of a thermodynamic liquid to
whether our data follow this behavior, we plot in Fig. 3 smectic transition aT.
[V, (T)—V,(Ty| as a function of T—T| for a field of 8 T.
As shown by the solid line, the data for temperatures near We acknowledge discussions with D. R. Nelson, E. Frad-
and belowTg are well fitted by Eq.(1) with the critical  kin, and C. Balseiro. This work was partially supported by
exponent ( a)=0.4+0.1 andT,=89.9+-0.03 K. The ex- CONICET PIP 4207 and FundacidAntorchas under Grant
ponent is found to be field independent within the experi-No. A13359/1-000013. S.A.G. acknowledges financial
mental error as seen in the upper inset. It is interesting tgsupport from the Consejo Nacional de Investigaciones
mention that calorimetric measurements in liquid crydfals Cienfficas y Tenicas (CONICET). E.M. aknowledges
give specific-heat exponentsfor the nematic to smectic-A financial support from Comisio Nacional de Energi
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