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Influence of the oxygen stoichiometry on the phase diagram of clean({B@;_ s single crystals has been
studied in the region of optimal doping (08%<0.09). Temperature and angular dependencies of magne-
toresistance were analyzed for fields of up to 23 T. At low fields a sharp resistivity kink, which is a signature
of the first order melting transition, was observed in all the samples studied. This kink, however, disappears
when B exceeds the multicritical fiel®,,.. It was found thaB,,. strongly increases with decreasiagWe
have demonstrated that variations in the oxygen stoichiometry in the range ef 808.09 do not have a
significant effect on intrinsic parametgisich as anisotropy, coherence length, and penetration)dagtlead
to a strong increase in entanglement of the vortex lines. We relate the depend@&geoofs with entangle-
ment of the vortex lines, which is promoted by their interaction with oxygen vacancies.
[S0163-182698)01545-9

I. INTRODUCTION increase the viscosity of the vortex liquidThis would ex-
plain the deviation from the Bardeen-Stephen flux flow

Oxygen atoms play a very important role in the structuremodel observed just above the vortex lattice melting
of YBa,Cu;0;_ ;. It is known that small variations in oxygen temperaturé.
stoichiometry can crucially change magnetic and transport The interactions of the vortices with oxygen vacancies
properties of this compound. An increase in the oxygen deare, however, completely obscured in Y,BasO,_ ; samples
ficiency 6 has three major effects. First of all, there arewhich have been strongly contaminated by impurities or ir-
changes in the density of charge carriers which lead to @adiated with ion beams. In such cases pinning by impurities
concomitant change in superconducting transition temperaor columnar defects becomes a predominant efféctorder
ture T, and magnetic penetration depttt As was demon- to observe the interaction of vortices with oxygen vacancies
strated by Breiet al? in the region of low oxygen deficiency it is necessary to have sufficiently clean samples, for which
(6<0.1), T; as a function of6 shows a broad maximum at these defects are the main pinning centers. This requirement
6~0.05—-0.08. Conventionally samples with oxygenationsis especially important for studies of optimally doped or
close to this peak in th&. profile are referred to as being overdoped samples for which the density of oxygen vacan-
optimally doped. cies is low. In most of the earlier studies the samples were

Another important effect of the oxygen doping is to apparently not clean enough. For such samples the effects of
change in the anisotropy of effective massgs=e~!  oxygen stoichiometry on transport and magnetic properties
=(Myp/me) 2= (&,,/&.), whereé,, and &, are the coher- were found to be very weak fof<0.1! However, recent
ence lengths parallel and perpendicular to theGClayers, magnetization studies on cleaner sampléhave demon-
respectively. As oxygen atoms are remov&ddecreases, strated a dramatic effect of oxygenation on the magnitude of
whereast,, remains approximately constant thereby driving shielding currents as well as their field and temperature de-
the system more two dimensiorial. pendencies.

The third effect is that as the oxygen atoms are removed An YBa,Cu;O;_4single crystal can be identified as being
the number of point defect®xygen vacancies in the crys- clean if a first order phase transition from the vortex solid to
talline lattice increase. Because of the short coherencéhe vortex liquid state is observed. It has been
length in YBaCu;O,_ s departure from stoichiometry at even demonstratel that in such samples this transition manifests
a single atomic site is sufficient to locally depress the superitself as a very sharp “kink” in resistivity as function of
conducting order parameter. Simple estimatfosisow that temperature or field. At high fields, above the so called
single oxygen vacancies cannot be effective pinning centresiulticritical field B, the “kink” in the p(T) curves is
at temperatures close toT.. However, in clean smoothed out! Very recent specific heat measurements
YBa,Cu;0,_; single crystals, dynamic interactions of the have revealed that foB> B, the liquid-to-solid transition
moving vortices with single oxygen vacancies and clusters obecomes second ordErIt was also observed that decreases
vacancies are expected to promote vortex entanglement arinl 6 drive the multicritical point to higher fields. However,
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TABLE I. Annealing temperatur@ 4,,.qs 0Xygen concentration &; critical temperaturd ., transition
width AT, and normal state resistivity, for the samples studied.

Sample  Tamed°C) 7-6 I X wX t(mm?) T. (K) AT, (K) pr() cm)
Y1 525 6.91 1.2%0.89x0.14 93.3 0.3 56
Y2a 500 6.93 1.1%0.73x0.07 93.6 0.3 73
Y2b 475 6.95 0.6%0.75x0.07 93.2 0.6 63

specific heat measurements do not allow the vortex dynamics Current contacts were attached to the sides of the samples
to be studied, thus mechanisms, which could be responsible provide a uniform current flow along ttab plane. Trans-
for such transformations of the melting line, were not ana-port measurements were performed using a standard lock-in
lyzed. techniqgues with square wave modulated currerits

In this paper we study the effect of oxygen stoichiometry=88 Hz. The magnitudes of currents were 0.6, 1.0, and 0.5
upon the properties of clean YBau;0O;_ s single crystals in - mA for samples Y1, Y2a, and Y2b, respectively. Most of the
the region of optimal doping0.05<5<0.09. By choosing data were taken using a 14 T cryomagnet but some of the
appropriate oxygen annealing conditions we were able teneasurements, over an extended field range of up to 23 T,
prepare three samples with characteristically different oxywere carried at the Grenoble High Magnetic Field Labora-
genations, such that these samples were slightly underdopebry (GHMFL). For some of our measurements the an@g)e
optimally doped, and slightly overdoped, respectively. Frombetween the axis and the applied field was varied but in all
studies of resistivity versus temperature, versus field and vercases the field remained perpendicular to the applied current.
sus angle between this field and tbeaxis, we have con-
cluded that parameters such as anisotropy, upper critical . RESULTS
field, the field dependent melting temperature vary only
slightly between the three samples. In contrast, we observed We have performed extensive transport measurements on
large (greater than a factor of)Hecreases B, as J in- all three samples. For brevity we concentrate on a compari-
creases. We have subsequently demonstrated that this effé&@n of the results for the two crystals Y& 0.09) and Y2b
can be explained in terms of an increase in the entanglemef=0.05) which represent the extremes in the range of oxy-

of vortices as promoted by their interaction with oxygen va-gen concentration considered by this study. In all cases,
cancies. where it would be expected to do so, the optimally doped

sample Y2a §=0.07) demonstrated behavior which was in-
termediate between these two extremes.

Figures 1a) and Xb) present the normalized resistivity

The results presented in this paper were obtained fromversus temperature dependendip$T)/p,] of crystals Y1
two twinned YBaCusO,_; single crystals, grown using a and Y2 for various different fields in the rang8
self-flux method in an yttria stabilised zirconia crucibfdn ~ =0-14 T. Here we take the normal state resistigiyto the
order to vary the oxygen concentration of the samples, waalue atT=100 K. In all cases the fields were applied at an
annealed them in flowing £at different temperatures. The angle of§=15° to the crystalline axis. As demonstrated in
values for the oxygen deficienaywere then deduced from our previous papel® in this geometry pinning by twin
the calibration curves of Ref. 14. Initially the crystals wereboundaries is suppressed and a twinned crystal behaves as
annealed for 7 days at a temperature of 500 °C which shoulthough it was detwinned.
lead to an optimal oxygen concentration-#=6.93 (8 For applied magnetic fieldB<5 T, the resistivity curves
=0.07). The samples with this oxygen concentration werefor crystal Y1[Fig. 1(a)] exhibit a kink atp(T)/p,~0.08
found to have the highest critical temperature¥$. ( representing the first order melting/freezing transitior gt
=93.6 K) of the YBaCu,O;_ s samples which we have stud- between vortex solid and liquid stat¥s>'® For larger
ied. One of these crystal&sample Y2 was then annealed for fields, the kink is suppressed such that instead of dropping
a further seven days at a temperature of 525 °C so that theff sharply atT,, the curves fall off gradually towards zero.
oxygen concentration would be changed te 5~6.91 (§  Following Safar et al,'! we have associated this field-
=0.09. The other crystal, Y2, after initial oxygenation at induced broadening of the resistivity transition with the so
500 °C, was cut into two sectiorisamples Y2a and Y3b  called multicritical point, this being the point at which the
One of these pieces was reoxygenated at a temperature fifst order melting transition is driven second order.
475 °C (sample Y2b so that it would have oxygen concen-  For crystal Y2b[Fig. 1(b)] the melting kink is visible at
tration 7-6=6.951* The zero field transition temperatufe ~ p(T)/p,~0.12 for fields of up taB=13 T. Only above this
[determined from the conditiop(T.)=0.50(95 K)] and its  much larger field do thg(T) curves begin to broaden. Simi-
width AT.(10—-90 %) are presented in Table | for each oflar measurements for crystal Y2a show that a critical field,
these samples. It can be seen that the critical temperature above which the kink is suppressedB# 11 T. The inset to
is slightly lower for crystals Y1 and Y2b than for crystal Fig. 1(a) presents the evolution of the width of the resistive
Y2a. We refer to the sample with maximurg (sample Y2a  transitionAT (defined as the temperature difference between
as being optimally doped and the samples Y1 and Y2b athe arbitrary resistivity criteria, 0.Qf and 0.02,) for each
under and overdoped, respectively. Table | also lists the dief the crystals as a function of effective fiellg;. The in-
mensions of the three crystals. crease in the oxygenation shifts tAd (Bg) curve to higher

Il. EXPERIMENTAL SETUP
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FIG. 2. Normalized resistivity for the samples Yapen sym-
0.8 bols) and Y2b(closed symbolsas a function of angle# between
06l the applied field(5 T) and thec axis. Temperatures are 83.8 K
- (open circleg, 84.18 K (closed circles and 83.36 K(triangles.
\2 0.4l Arrows show the melting angle,, .
021 . . .
p(0) dependencies is that, thé€T) curves of Fig. I(and any
0.0l5- <5 55 00 further measurements taken at an angle#ef15°) should

not be affected by twin boundary pinning.
Figure 2 also demonstrates that, for both overdoped and

FIG. 1. Temperature dependence of normalized resistivit))""]d‘:’rdpp‘e@j samples, as angle is |ncr(.eased a&gygt f.'rSt
curves for(a) an underdoped sample YB€0.09) andb) an over- the resistivity decreases smoothly until at one point it drops
doped sample Y2bJ=0.05). Magnetic fieldB=0-14 T(step 1  abruptly. The angle at which this drop occurs has been called
T) were applied at an angle of 15° to thexis. Inset: the width of  the melting angleé,, (Ref. 19 (indicated by the arrows in
the melting transitionA T, for the samples Y1, Y2a, and YZfrom Fig. 2 and decreases with decreasing temperature. This
left to right) as a function of effective fiel.s=B cos 15°. “kink” on the p(6) dependence can be associated with the

“kink” arising in the p(B) curve where the melting line is
fields. For YBaCu;O,_ s single crystals it is known that the crossed. The difference is that in the latter case the magni-
effective field can be calculated from the expressiux  tude of the applied field at constaftis changed but in the
=Be,." Heres, is the angular dependent anisotropy factorformer case the effective field is changed by tilting the
given by &,=(coS6+¢%sirPh)Y2 For a relatively small sample. In Fig. 2 the samples are in the vortex liquid state for
angle of inclination #=15°, this effective field approximates 6<6,,. Upon increasing the anglg the effective fieldB
to B.z=B cos 15°. We define the effective field at which the =Be, decreases and &t 6,,, (for which B.=B,,), the vor-
width of the melting transition increases sharply as the muliex liquid freezes giving a sharp drop in resistivity.
ticritical field B,.. As shown in the Table IIB,,. increases If the vortex dynamics were determined entirely by the
with decreasing oxygen deficiency, from 5.5 T for the under-effective fieldB.z=Be,, then tilting the sample at a constant
doped sample Y1 to 13 T for the overdoped sample Y2b. applied field would have exactly the same effect as a reduc-

Figure 2 is a comparison of the angular dependences dfon in the magnitude of applied field at a constant angle
the resistivity for crystals Y1 and Y2b taken at a number ofHowever we have found that this “effective field” approxi-
temperatures in an applied field B&=5 T (which lies below  mation does not work for angles close to 90°. Figufe) 3
the multicritical field for both samplesBoth crystals exhibit presents(T) curves for crystal Y1 when a field &=5 T is
a sharp minimum in the resistivity when the magnetic field isapplied at a number of angles in the rargge0°-90°. Figure
applied parallel to the axis (=0°), a feature which has 3(b) presents similar data for crystal Y2b for the same mag-
been associated with pinning by twin boundaffBigure 2  nitude of applied fieldB. In both figures the effective field
demonstrates that the angular range over which there is @) is less than the multicritical field for all of the curves,
suppression in the resistivity, is larger for the crystal with thewith the exception of those fof=0° for which there is an
lowest oxygen concentratiofY1). For this sample the dip additional influence due to twin boundary pinning.
extends out tadg=13°, whereas for crystal Y2b it is con- The inset to Fig. &) is a comparison, for underdoped
fined to #rg=6°. The important point to draw from these crystal Y1, of thep(T) curve for /=15° andB=1T with

T (K)

TABLE Il. Oxygen concentration %8, multicritical field B,,,., anisotropy parameter, slope of the upper
critical field line 8=dB,,/dT, in-plane coherence length,, parameteB, of the fit of the melting line
Bh=Bo(1-T/T.)¢ and misalignment angl&,,s for YBa,Cu;O;_ 4 single crystals.

Sample o Bme (T) € B (TIK) £an (A) Bo (T) Lmis (°)
Y1 6.91 5.5 0.130 2.04 13.2 103 10
Y2a 6.93 11 0.134 2.10 12.9 115 8
Y2b 6.95 13 0.148 2.27 125 118 2
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0ol ] multicritical pointsB,,. have been indicated with arrows. The upper
critical field B.,(T) lines are also shown, the arrow indicates the
0.0 ] direction of increasing oxygen concentration.
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T () tained the glass temperatufg for a particular field by ex-

trapolating of the linear section of this curve pe=0. The

FIG. 3. Normalized resistivity as a function of temperature for 9lass temperaturg, has then been plotted on the phase dia-
samples Y1(upper paneland Y2b (lower panel. The measure- gram for its corresponding effective fieBLy. From Fig. 4
ments were performed in a field &=5T, for different angles. one can see that, for a particular crystal, the glass/liquid
From left to right: =0°, 15°, 30°, 45°, 62.5°, 72.5°, 85°, 90° phase line joins the melting line at the multicritical point.
(upper panel and#=0°, 15°, 30°, 45°, 60°, 70°, 80°, 82°, 87°, 90° Also, as the oxygen concentration is increased the glass scal-
(lower pane). Arrows show the onset of twin boundary pinning for ing line is driven to higher fields.

¢=0°. The inset compares twp(T) curves for sample Y1, ob- Analysis of the data belowB,,. has shown that while
tained with =15° atB=1T (curve ) and =85° atB=5T  the B, (T/T.) curves for the optimally doped and over-
(curve 2. doped samples coincide closely, the melting line for the un-

derdoped sample is different. We find that for all samples
that for #=80° andB=5 T. The sharp resistivity drop oc- the melting lines belowB, fit well to the equationB,
curs at the same temperatdfg=89 K in both cases, which = Bo(1—T/T¢)® with the same power index=1.39. How-
means that the effective field is the same. In spite of this, th€Ver. the p7refact_oBo is found to be differentsee Table .
curve measured a@t=80° demonstrates an excess resistivity . Theory” predicts the following formula for the melting
above the melting kink. The excess resistivity strongly in-line:
creases a®=90° is approached. It can be seen from the
main panel of Fig. @), that for #=90° the excess resistivity B —
is so high that the curve intersects th€T) curve for the ™ 167 (kgT)
smaller angle ob=85°. For the overdoped sample Y2b the i ) .
excess resistance &t 90° is much smaller and the curves Where®g is the flux quantume, is the Lindemann number,

for different @ did not intersect each other at any poisee  Mab iS the London penetration depth in thb plane, and
Fig. 3(b)]. £y is the angular dependent anisotropy ratio defined accord-

ing to ,=(cogh+e%sird)% It has been demonstrated
experimentally®>? that the angular dependence of the melt-
IV. DISCUSSION ing line for clean optimally doped YB&u;O;_ s single crys-
tals closely follows this relation. As was shown above, small
variations iné do not change the temperature dependence of
To construct melting lines for our samples we have usedhe melting line. The observed change in the prefaBtpis
p(T) data similar to that presented in Fig. 1, extracting melt-apparently related to changes in the anisotropy and density of
ing temperatured ,, using an arbitrary resistivity criterion charge carriers, (and correspondingly i ,,cng, 9.
p(T)/ p,=0.05. For fields belov,,.the melting kink is very As can be seen from Ed1), the anisotropy of samples
sharp and th& ,, values obtained in this way were practically can be estimated from a comparison of the melting lines for
independent of the particular criterion. However, this methodd=0° and #=90°. The anisotropy factoe is simply the
cannot be used abowvB,,. where the resistivity transition ratio of the melting field$8,,(90°)/B,(0°) obtained at the
broadens. Safaet all! have demonstrated that f@&>B,. same temperature. As shown in Table Il ¥BaO,_ s
the resistivity tail can be described by the “vortex glass” single crystals become less anisotropic with increasing
theory”® and thep(T) dependence is well fitted by the rela- oxygenation. This is in agreement with recent specific heat
tion p(T)~(T—T,)°® with s=6. Following Ref. 11, we measurements of anisotropy for highly oxygenated
have plottedp(T)¥® as a function of temperature and ob- YBa,Cu;O;_ 5% A similar continuous change of anisotropy

D5yt 62
2\ 4 ’ (1)
Nab€o

The melting line B,,(T)



14 552 R. M. LANGAN et al. PRB 58

proportionality factorB shows weak dependence on the oxy-
- gen deficiency increasing only by about 10% &shanges
— from 0.09 to 0.04. This means that the coherence leégih
cn% which is related to the upper critical field B,
= =d,/(2mE,2)], is practically the same for all three
-~ samplegsee Table ). The upper critical field lineB.,(T),
=y have been plotted on the phase diagréfig. 4 and the
dashed arrow indicates the direction of increasing oxygen
concentration.
-
"N Role of the vortex entanglement
o Fendrichet al* have demonstrated that deviation from the
= flux flow resistivity in the vicinity of T,, can be related to
& point disorder. They have found that when point defects are
~ introduced into a crystalby irradiation with 1 MeV elec-
trong, both the flux-flow behavior and the melting transition
20 25 9 05 were suppressed. Pinning by point disorder at temperatures
T (K) T>T,, is not effective since the corresponding pinning po-

tential is small compared thgT.* However, Nelsoft pro-
posed that thermal disorder leads to vortex entanglement in

temperature for samples Y& and Y2b(b). The data demonstrate th_e liquid st_ate. The dynamic mteractl(_)n of_movmg vortices
the scaling behavior of the(T) curves presented in Figs(al and with the point defects create modulations in the vortex ve-

1(b), respectively. The linear dependence vyields the upper critica'IOCitY and increases the viscosi_ty.of the vortex liquid thus
field linesB,(T). leading to a decrease in the resistiVity.

It is surprising, but when the magnetic field is applied at

over a wide range of oxygen doping was observed fosmall angle to theab p_Iar_lg entapglement incref'ise_s rather
HgBa,CuQ,, 52 The decrease in the anisotropy gives con-than decreases the resistivity. This can be seen in Faya3
tribution to the observed change in the melting line. Unfor-the crossover of the(T) curves for §=90° and 6=85°.
tunately we cannot elucidate the role of another fackgy) ~ DU€ to the anisotropic structure of YB21;0; 5 the Lor-
because the accuracy of our measurements of the anisotrofptZ force acting on a small elemetitof the vortex line will

(~3%) is not high enough to analyze quantitatively the ob-depend on the inclination anglé) of this line relative to the
served small variations in the melting line. crystallineab plane. The force on this unit element is thus

given bydf=JB(sirt{+&’cog)Ydl/e. This force is mini-
mum when the vortex line is parallel to tlad plane({=0).
Thus, when the field direction is close to thb plane, the

In our recent papé? we showed that for small angles bending of the vortex lines anomalously increases the effec-
(#<60°) substantial sections of the(T) curves belowT, tive Lorentz force and leads to an increase in the resistivity
exhibit ideal flux flow scaling. According to Ivlev and which we term the excess resistivity. This effect is the
Kopnin?? in the field rangeuoH.;<B<B.,, the ratio of most pronounced when the field is applied alongahelane
flux-flow resistivity to normal state resistivity can be written and quickly falls off as the angle between the field direction

FIG. 5. Variation of the functiondss/p)Bc,=€,Bpn/np with

Flux-flow scaling

as and theab plane increase¥’ As can be seen from Fig(&,
the excess resistivity is much higher Bitab (#=90°) than
p:(6,T) €,B for #=85° resulting in an intersection of th&T) curves for
pa(T)  7Bey(0T) @ these two different angles.
In Ref. 15 it was suggested that the strength of the vortex
where »=1.45 is a constant. entanglement could be characterized by an “effective mis-

We used this relation to extract values Bf, for our  alignment” angle (. This angle represents the inclination,
samples. Figure 5 is a comparison of the temperature depebetween the field and thab plane, at which disentangled
dencies of the functione Bp,(T)/ np(T)=(psi/p)Becs, vortex liquid gives the same resistivity as an entangled vor-
where thep(T) values have been taken from Fig. 1 and thetex liquid for #=90°. The misalignment angle can be esti-
pn(T) dependence is a linear extrapolation of the resistivitymated from a comparison of experimentéb=90°) values
from the high temperature region. On comparison of thiswith p¢ for a disentangled vortex liquid in the vicinity of
function with Eq.(2) it becomes clear that it should yield the #=90°. Figure 6 shows a(T,8=90°) curve for the sample
value of the upper critical field in the temperature intervalsY1l at B=5T. It is compared with flux-flow resistivity for
for which the vortex dynamics is determined by free flux- disentangled vortex liquidg(T,8=90°), calculated from
flow. Figure 5 shows that, for a particular crystal, if the Eq.(2). As was discussed above, entanglement increases flux
(pss/p) B curves for all fields are plotted together on the flow resistivity for 6 close to 90° thus the experimental
same graph then a linear dependence emerges. This deperfT,#=90°) curve lies above the:(T,0=90°) depen-
dence indicates the variation of the upper critical field withdence. For temperatures just abdvg, it coincides with the
temperature and can be representedBpy=B(T.—T). The flux-flow resistivity of disentangled liquid for another angle,
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0.5 . . . - very sensitive to the oxygen deficiency. A similar effect was
observed by Khaykovicket al?® in Bi,Sr,CaCuOg, 5 single
0.4} ] crystals. On annealing a BBr,CaCyOg, s Sample in oxygen,
the endpoint of the first order melting transition was ob-
0.3} served to shift to higher fields. However, this effect was ac-
a companied by a substantial increase in the values of the
~ 0.2} melting field, which would indicate that the intrinsic param-
Q eters of the materidk, \) were also changed. Therefore, the
0.1} effect of the oxygen annealing was not only to decrease the
point defect density, but also to decrease the elementary in-
0.0 teraction force between the vortices and the defects. It seems,
. - ‘ that the latter effect was much more pronounced, since the
91.0 915 920 925 93.0 temperature corresponding to the multicritical polfit, was
T (K) increased rather than decreased during the annealing process.

_ Khaykovichet al?° have demonstrated that when the density
FIG. 6. Comparl_son of thﬁ(T,0=9(l°) curve for sampl:e Ylat of point defect in BjSr,CaCuOg. s is changed without
B=5T (symbolg with the p(T,6=90%) andp(T,6=80°) de-  cnanging the intrinsic parameteitiey achieved this through
pendences for disentangled ligyitiin line and dashed line, respec- electron irradiation of the sampléhenT . decreases but the
tively). melting line does not change.

e ) e L In our experiments we have observed that oxygen anneal-
p(0=90°={mg With {;ns=10° (dashed line in Fig. B jhq of optimally doped YBsCu,O;_, crystals has a minor
This means that the entanglement-induced misalignment cgffect on intrinsic parameters such as \, & The only
the vortex lines can be oestlmatoed as 10° Similar analys'f)arameter that was changed substantially was the density
gives the{,s values of 8° and 2° for the samples Y2a andO]c oxygen defects. As in the case of irradiated

Y2b, respectively. Thus the strength of the vortex entangle- . . . .
ment increases with increasing oxygen deficieAcy Bi,SrL,CaCuyOg, s the increase of point defects resulted in a

Entanglement has an important impact to the interactiorst"oNg shift of the multicritical point to higher fields and
of the vortex lines with twin boundaries. In the case of alOWer temperatures without substantial changes in the posi-

disentangled liquid, for a magnetic field oriented at an arbi{ion of the melting line. . _

trary angle relative to the twin planes, the configuration of a 1he results obtained provide an explanation for the appar-
vortex lines is usually considered to be determined by twdnt discrepancies, as observed in magnetic measurements,
competing energy contributions(i) the gain in energy due between the behavior of contaminated and clean
to pinning by twin planes(ii) the cost of elastic energy in YBaCwO;_; for oxygenations in the range7—4)>6.9.
bending the vortex lines away from the direction of internalVhile for contaminated samples no significant effect of oxy-
magnetic field. As a result of this competition the vortices9€n annealing was observédy the case of pure samples
have a kinked structure at low tilting anglés When the ~Magnetic measurements showed very strong changes with
tiiting angle increases above some critical valiye(the trap- ~ OXygenation of both the magnitude and the field dependence
ping anglg kink formation becomes energetically unfavor- Of shielding currentsls,.”™ In contaminated samples the
able and beyond this point twin boundaries have no furthefain pinning centers are impurities therefore oxygen anneal-
influence on the vortex motion. Far> 6, the angular de- N9 does not significantly alter the density of pinning centers.

pendence of resistivity is practically the same as for a deOur results indicate that the intrinsic parameters are only
twinned sample. weakly dependent ord, therefore the variation in the el-

If the vortices are entangled, different sections of vortexeémentary force of interaction between the vortices and these

lines have different angles with respect to the twin boundanfFenters is also small. In the case of clean YBaO;_, the
planes. In this case, the vortices cease to interact with th&1ain pinning centers are oxygen vacandiasd clusters of
twin boundary at an angl@g= 6+ {ms Where 15 is the vacancies As S decreases, the Qen5|ty of pinning centers
critical angle for twin boundary pinning in the absence ofdrops reducingls,. At the same time, as was demonstrated
vortex entanglement angl, is the effective misalignment @bove, the vortex glass melting line moves to higher fields
angle arising due to entanglement. This effect could explaifushing the irreversibility line upwards and changing the
why, in Fig. 2, the effect of twin boundary pinning extends Jst{B) dependence. _ _
out to larger angles for the sample with higher oxygen defi- T0 date, itis unresolved as to why the first order melting
ciency. The difference between the measured angjgdor ~ transition should terminate at hllgher fields: .th|s is a subjgct
samples Y1 and Y2b is 7°, which corresponds closely to th&®f intense theoretical investigations. According to one point

difference between the calculategl, values for these ©f view,' the first order melting transition is robust in the
samples. presence of a certain amount of disorder. When this level is

exceeded, the transition becomes second order. It is argued
that, in the presence of a constant amount of quenched dis-
order, a similar effect can be induced by increasing the ap-
The results presented in Fig. 4 show that the multicriticalplied magnetic field. The effect of the magnetic field is to
point which separates two different regimes of the vortexshift the melting transition to lower temperatures where the
solid melting (first and second order phase transitioiss interaction of vortices with pinning centers is stronger. This

Multicritical point
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will lead to an increase in the importance of disorder and tal'he melting line was observed to terminate at high fields and
suppression of the first order melting transitfén. the multicritical point marking the end of the melting line
According to the alternative point of vie#;*’ the shiftin  was found to be strongly dependent on the oxygen defi-
the multicritical point is due to an increase in the entangleciency. We have demonstrated that for all the samples which
ment of the vortex liquid with an associated increase in itSye studied over the range of fields 0-23 T there existed a
viscosity. Entanglement would prevent crystallization of thetemperature region where the dissipation was due to free flux
vortex liquid instead producing a nonequilibrium but con-flow. In the vicinity of the melting/freezing transition the
tinuous “polymer-glass” transitiof° It is expected that measured resistivity deviated from the flux-flow resistivity.
weak point disorder should promote vortex entanglementye have found that this deviation is strongly dependent on
Thus in the framework of this entanglement interpretation,j) the density of oxygen defectsj) the magnitude of the
increases in oxygen deficiency should push the multicriticahpplied field, andiii) the tilting angle between the field and
point to lower fields and higher temperatufés! the ab plane. We have demonstrated that all of these depen-
In fact, since the predictions of these two models regardgencies can be attributed to entanglement of the vortex lines.
ing the response of the multicritical point to changes$@re  The strength of entanglement increases with increasing mag-
so similar that it is impOSSible to dIStIthISh between them innetic field or oxygen deficiency |eading to a Suppression of

this respect. However, what our studies have unequivocallyhe first order melting transition at the multicritical point.
demonstrated is that the influence of vortex entanglement

does increase significantly with both magnetic field and oxy-
gen deficiency. This observation provides experimental sup-
port for the entanglement related explanation for the suppres-
sion of the first order melting transition. This project was funded by the EPSRIK) and has also

In conclusion, we have performed studies of magnetorebeen supported by the “Training and Mobility of Research-
sistivity in clean YBaCu;O;_ 5 single crystals for a range of ers” Programme of the European Community under Con-
different oxygenationss (0.05<§<0.09 in the vicinity of  tract No. ERBFMGECT950077. R.G. and L.T. acknowledge
optimal doping. The relative “cleanness” of the samplesfunding from NSERQCanadg FCAR of Quebec and CIAR
was confirmed by observation of the sharp resistivity kinks afCanada L.T. acknowledges the support of the Sloan Foun-
T which are a signature of a first order melting transition.dation.
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