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We report adiabatic specific heat measurements for a high-purity QIB®, twinned single crystal.
The order of the transition on the melting line of the vortex sysgep(r) is investigated for three oxy-
gen concentrations. Far= 7.00, no critical end point is observed. For= 6.94, first-order transitions
give way to second-order transitions above a tricritical point at a figld= 9.5 T, and the slope of
B,,(T) changes. The latent heat, the slopeBgiT), andB., increase withc. Data for less pure crystals
are included for comparison purposes. [S0031-9007(97)05280-0]

PACS numbers: 74.25.Bt, 74.60.Ge, 74.62.Dh, 74.72.Bk

The high superconducting critical temperatdie the In order to clarify the existence of the critical points on
short coherence lengtlf, the large anisotropyy =  the melting lineB,,(T), we have investigated the specific
(me/map)'/?, and the high upper critical field., of heat of the high-purity crystal of Ref.[6] in oxygen-
high temperature superconductors all contribute to eneeficient states. The main experimental result of this study
hance thermal fluctuations. As a consequence, the vors that the range of fields where specific heat pedikst{
tex system melts at temperatures significantly beky,  order transition$ are observed shrinks and shifts to lower
a phenomenon that gives rise to anomalies particularly ifields, whereas thé,,(T) line is continued by a line of
the magnetoresistance [1], the magnetizafibfi2,3], and  specific heat stepsécond-order transitionsat both the
the specific heatC [4—7]. Another consequence is the high- and low-field ends. Therefore the critical end point is
absence of any abrupt phase transition onBhg7T) line,  closely associated with the presence of oxygen vacancies.
which becomes a crossover. Our calorimetric measurements differ somewhat from

Depending on samples, the vortex melting transitionthe dynamic methods of Refs. [4,8,11] in the sense that
has been reported to be of first or second order. Firghey are adiabatic. The resolution is lower, but the ex-
order means a discontinuity in the first derivatives of theperiment yields absolute values. It also requires larger
free energyF, i.e., a jumpAM in the magnetization masses, but single crystals with a purity in excess of
and a jumpAS in the entropy (or as function in the 99.995% have become available, thanks to the develop-
specific heat). Second order means a discontinuity iment of nonreactive BaZr{O(BZO) crucibles [12]. The
the second derivatives af, i.e., a break in the slope crystal under study was grown in BZO, weighs 18 mg,
of the magnetization and a jumAC in the specific and was previously characterized in its= 7.00 state in
heat. Untwinned crystals of YBEWwO, (YBCO,) near Ref. [5,6], to which we refer for experimental details. The
to optimal doping [4,8] and overdoped twinned crystalsnew oxygen concentrations studied in the present work
of YBa,Cuw;O; 9 [5,6] have shown sharpeakson the were obtained by annealing at various temperatures in
melting line B,,(T) which are attributed to first-order 1 bar oxygen and quenching. The valuescddre given
transitions between a vortex lattice and a vortex liquid.on the scale of Lindemer [13].

The latent heat below these peak9i45kgT to 0.6kgT The results are presented in the form of differences
per vortex per Cu@layer on the average, in agreementAC(B,T) = C(B,T) — C(0,T), i.e., the curve measured
with the observeds jumps [2,3]. Alternatively, the same in zero field is used as a base line, in order to suppress
crystals in fields=0.5 T [4,8] or =5 T [5,6], a twinned the large background and to allow the observation of
crystal in fields from 3 to 7 T [9], and a massive but small variations. Note thaf /7 =~ 0.10 to 0.11 J/K? gat
less ordered twinned crystal in fields from 1 to 14 Tin the vicinity of T., 1 gat corresponds te=51.3 g or
[5,7] have shown specific heatepspractically on the =~8.0 cn®. The fields are applied at 150 K in order to
same B,,(T) line. The latter have been attributed to ensure full penetration. Only data f@{|c are discussed
second-order transitions from a vortex glass to a vortekxere. By repeating some of the experiments, we have
liquid [5,7]. Finally, it has been reported, on the basisverified that small errors in the alignmett2°) do not

of transport measurements, that the first-order transitioshange the results—in particular, the critical end points.
line may terminate in a critical point near10 T on the Data forx = 7.00 are given in Fig. 1x = 6.96 in Fig. 2,
high field side [10], but calorimetric measurements up tax = 6.94 in Fig. 3. Data forx = 6.92 were reported in
26.5 T in a fully oxygenated YB&L w0, crystal have Ref. [6] for a crystal from the same batch; no specific heat
not detected any critical end point [11]. peaks were detected.
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0 ferences appear with respectito= 7.00: The amplitude
of the peaks has decreased (note the diffeyesdale), and
02F ‘ the domain where specific heat peaks are seen is slightly
more extended at the low-field e = 5.25 T).
-0.4 j Figure 3 shows the same crystal in the state 6.94;

the average undamaged CuO chain length corresponds
now to=17 cells. The low-field limit for the occurrence
of specific heat peaks has still decreaggd= 3 T). The
-0.8 most striking result is the observation of an upper critical
point. As shown by the enlargement in Fig. 3(b), the first-
-1 order peak is still visible in 9 T; then between 9.5 and
12 . . . \ . 11.5 T it gives way to a specific heat step, and finally for
o B = 12 T the curve is smooth on the continuation of the
85 70 75 80 85 90 95 B,,(T) line. Therefore one can define a tricritical point at
T K B, = 9.5 T and a critical end point &.,q = 11.5 T for
FIG. 1. DifferenceC(B,T) — C(0,T) versusT for x = 7.00.  this oxygen concentration.
From top to bottom:B = 1,2,3,...,16 T. The curves are Figure 4 shows the position of the specific heat anom-
offset for clarity. alies (both peaks and steps) in tBeT' phase diagram.
The entropy jumpsAS are obtained by integration of
The data for the fully oxygenated state (Fig. 1) dif-the excess specific hed/T between a stepped back-
fer from those of Ref. [4] in several respects. Ourground and the peaks (see Fig. 13 of Ref. [6]). The quan-
~18 mg crystal is twinned andverdopedi.e., its criti-  tities AS®ys/kgB in units of kg per vortex per layer
cal temperaturd,. was lowered from the maximuffi,. = (kg, Boltzmann's constant®,, the flux quantum; and
93 K down to 7. = 88 K by oxidation; at the same time s = 1.17 nm, the spacing between Cuilayers) are
the anisotropyy was reduced from=7 to =5. This given in Fig. 5, which summarizes the general trends:
crystal shows specific heat peaks on the melting linerhe domain of first-order transitions shifts to lower fields,
only in fields =6 T, but these peaks are still present inand the latent heat decreases as the oxygen content is re-
the maximum field of our magnet, 16 T, and at leastduced. The width of the peaks does not vary much and
up to 26.5 T according to the recent experiments ofemains near 0.5 K, including instrumental broadening.
Bouquet et al.[11]. The =3.3 mg crystal studied by Generally speaking, a transition between phases with
Schilling et al.is naturally untwinned. Its critical tem- different symmetries (e.g., crystal and liquid) should be
peratureT. = 92 K and its anisotropyy = 8 rather in-

C(B,T)-C(0,T)-offset [J/K gat]
o)
D

dicate slight underdoping. It shows sharp specific heat 0.1 @
peaks from 0.75 to 9 T, the upper limit of measurements. -
ForB = 5 Tin our case=0.5 T in Ref. [4], specific heat 01 = ”
stepsare observed on the continuation of tBg(T) line. ’
Figure 2 shows the same crystal as for Fig. 1, this time 03 \
in the slightly oxygen-deficient state= 6.96. Two dif- —_— \
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TIK] FIG. 3. DifferenceC(B,T) — C(0,T) versusT for x = 6.94.

(a) From top to bottomB =1, 1.5, 2, 3,4, 5, 6, 7, 8, 9, 9.5,
FIG. 2. DifferenceC(B,T) — C(0,T) versusT for x = 6.96. 10, 10.5, 11, 11.5, 12, 13, and 14 T. (B)= 9, 10.5, and
From top to bottomB = 0.5, 1, 1.5, 2, 3, 3.75, 4.5, 5.25, 6, 13 T. Note the peak near 78 K in 9 T and the step near 76 K
75,9, 105,12, 14, and 16 T. in 10.5T.
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scopic scale (5 T corresponds to a magnetic length scale of
20 nm). However, because we have found that the value
of Biow is quite reproducible for three fully oxygenated
crystals grown in BZO, some intrinsic mechanism cannot
be excluded.

The observation of an upper tricritical point separating
first-order transitions ilB < B.; = 9.5 T from second-
order transitions irB > B, in the underdoped state with
x = 6.94 confirms by a thermodynamic measurement
previous findings based on transport properties [10]. The
value of B.; is extremely sensitive to the concentration

-20 -15 -10 -5 0 5 of oxygen vacancies, and increasesBg > 16 T for
T-Te [K] x = 6.96. The fact that the upper tricritical point can
FIG. 4. B-T phase diagram fox = 7.0 (M), x = 6.96 (O), b_e shifted to very high values [1;] Wh_en the oxygen
andx = 6.94 (A). The dashed line is the second-order meltingSites are fully occupied shows that its existence is not an
line reported by Roulinetal.on (TSFZM)-YBCOgo, [7].  intrinsic property of the ideal vortex lattice. Such a point
Inset: Product of the melting field by the anisotropy factor,was observed in the related system,®iCaCuyOg.,
including all values ofr. at a field which also increases with oxygen doping, but
which is smaller by 2 orders of magnitude [16]. In
of first order. In such a case, a critical end point cannothe latter case, the tricritical point is followed by a
exist. In YBaCuwO,, we observe both first- and second- second-order depinning line. We also observe between
order transitions and several critical points. This impliesp,, = 9.5 T and Be,q = 11.5 T a line of second-order
the existence of glass phases; possible phase diagrams &#nsitions ¢ steps). lts slope differs from the main
reviewed in Ref. [10]. line of first-order transitions (Fig. 4). Because of the

The observation of a lower tricritical point in YBGO nature of our experiments in constant fields, we cannot
which separates first-order transitions B> Bo,, from  exclude the existence of a horizontal line sécond
second-order transitions iB < Bjoy IS puzzling, espe- peaksending in the critical point, such as that reported
cially in view of the 10:1 difference that was reported in thefor Bi,Sr,CaCuOs, [16]. FOr B > Beyg = 11.5 T, no
value of Bjow, depending on samples [4—6]. Although atransition is detected any more. One explanation that
crossover from first-order to continuous transitions at lowhas been put forward to explain the absence of first-
fields is indeed predicted by numerical simulations [14].order transitions in high fields is that because interplanar
pinning by twin boundaries may also deteriorate the pecoupling is weak, the superconductor tends to become
riodicity of the vortex lattice at low fields and result in a 2D, and a 2D system is more susceptible to disorder
Bose glass state; the melting of a Bose glass is expectedan a 3D one. In the present casksorder means
to be of second order [15]. Detwinning our crystal doesdistribution of oxygen vacancies, or clusters of vacancies
not changeBy,y [11], but residual strains could still act as [12]. Magnetization cycles measuredrat= 80 and 70 K
pinning sites. It is interesting that a 2:1 change occurs ihow that pinning slowly increases when decreases
Biow as a function of the oxygen content (Figs. 1, 3, 5).(however, no peak of the irreversible magnetization, or
Noting that twins should vanish far = 6.3 when the unit  fishtail anomaly, is observed folB| =5T and x =
cell becomes tetragonal, it is possible that the decrease @f94). This kind of disorder caused by vacancies vanishes
B)ow reflects a decrease in the twin density on a submicrofor x = 7.00. In this sense, the existence of any sort of

disorder (defects, impurities, etc.) should also depress

the value ofB.,q for x = 7.00, so that the very high
values found for the present crystal are a measure of

“i{-{ i its quality.
i ~ { The shape of the melting lines follows closely a power

i law B,,(T,x) = B,o(x)(1 — T/T.)", n = 4/3, as long
asB < B, (Fig. 4 and Table I). The break observed at
B.: is consistent with the observations of Sagaal. [10].
The melting fieldB,, and the anisotropy factoy both
decrease when the oxygen concentrationincreases.
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0 t * In other words, a trend toward 2D favors melting at
0 6 12 18 lower fields, as illustrated by the very low values for
B [T] Bi,ShCaCuOg:,. We find thatB,,(T, x) scales experi-

FIG. 5. Entropy jumpAS per vortex per layer defined by the mentally with 1/_7 (Fig. 4, 'insert). The'anisotropy ratio
area below theC/T peak forx = 7.0 (W), x = 6.96 (O), and ¥ Wwas determined by direct comparison of ti&/7T
x = 6.94 (A). Lines are guides to the eye. curves obtained foB||c and for B|lab. For example,
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TABLE I.  Oxygen concentrationy, critical temperature7, by the dashed line in Fig. 4, which represents the full
(from the inflexion point of theC/T curve at the jump), second-order melting line ¢TSFZM)-YBa,Cu;Og 04 [7].

i’?‘“'som’py ratioy, and par"j}”;ete{f ngtge fit Ofl the mellt'”g A similar situation occurs for crystals which have been
ine B, (T) = Buo(1 = T/T)" for the Q single crystal. disordered by electron irradiation: The melting line is

x 6.94 + 0.01 6.96 + 0.01 7.00 = 0.01  depressed [18], and first-order transitions can be recov-
T. (K) 92.6 89.7 87.8 ered by adequate annealing [19]. The critical end point
% 7.0 *+ 05 59 + 05 53+ 05 is also suppressediend = 6T for (TSFZM)-YBCO6.94
B,o(T) 103 137 135 whereasB.,q = 11.5 T for (BZO)-YBCQOg94. All these
n 1.3 1.39 1.33 differences are attributed to the higher disorder of the vor-

tex solid in(TSFZM)-YBCO,, which is due to the pres-
ence of a relatively large number of randomly distributed
for x = 6.94, the curve forB||c = 1 T coincides with the  pinning sites.
curveBllab = 7 T. It follows immediately thaty = 7. This study of one high-purity YBCQcrystal at differ-
Forx = 6.96, our measurements of the latent heat agreent oxygen concentrations has shown that oxygen va-
with those of Schillinget al. [4], but our data show clearly cancies at high fields, and possibly twins and/or strains at
a dependence on the oxygen concentration (Fig. 5). low fields, both contribute to narrow the field range where
The specific heat on the freezing line of the vortexfirst-order melting transitions of the vortex lattice can be
system has also been studied recently as a function @bserved. On both sides of this domain, and over well-
the oxygen concentration using massive crystals growgefined intervals, melting transitions are still observed, but
by the traveling solvent floating zone melting techniquetheir second-order nature tends to confirm the existence of
(TSFZM) [7]. These crystals contais5% YBa,Cw,Os  the vortex glass state predicted by Fisbeal. [20]. The
by weight, and are less well ordered than BZO crys-influence of twin boundaries on the lower tricritical point
tals. TSFZM crystals show only second-order transitiongemains to be clarified.
(C steps) on the melting line. This was recently con- We would like to thank B. Billon, F. Bouquet,
firmed independently by small angle neutron diffractionC. Marcenat, A. Schilling, N. Phillips, U. Welp, W.K.
measurements [17], and suggests that the vortex solidwok, G.W. Crabtree, and J. Muller for fruitful discus-
is in this case a glass. Because the same oxygen coBions. This research was supported by the Fonds National
centrations are available, a comparison is in order. Irsuisse de la Recherche Scientifique.
Fig. 6, we show specific heat curves {&Z0)-YBCOg o4
and (TSFZM)-YBCOg 94 in a field of 2 T, where both
are in the domain of second-order transitions, and in [1] H. Safaret al., Phys. Rev. Lett69, 824 (1992).

4 T, where only the purer BZO crystal shows_ a specific [2] R. Liang et al., Phys. Rev. Lett76, 835 (1996).

heat peak. It is rer_narkat_)le that the underlyiigstep [3] U. Welp et al., Phys. Rev. Lett76, 4809 (1996).

has the same amplitude in both cases, the latter repres] A, schilling et al., Nature (London)382 791 (1996);
sents the difference between the specific heat of the vor- ~ A Schilling et al., Phys. Rev. Lett78, 4833 (1997).

tex solid (crystalline or glassy, the difference is small) [5] M. Roulin et al.,J. Low Temp. Phys105, 1099 (1996).
and that of the liquid. The additional peak in the BZO [6] A. Junodet al., Physica (Amsterdam}75C, 245 (1997).
crystal is related to the loss of translational symmetry [7] M. Roulin et al., Science273 1210 (1996); M. Roulin
upon melting. A second remarkable point is the signif- et al., Physica (Amsterdam) C (to be published).

icant difference in the melting temperatures: The vor- [8] B. Billon (private communication). _

tex glass melts at a lower temperature than the vortex[®] A. Schilling et al.,in Proceedings of the 10th Anniversary

. . . o . of HTS Workshop on Physics, Materials and Applications,
lattice (Fig. 6). This behavior is systematic, as shown Houston, Texas, 199@dited by B. Battloggt al. (World

Scientific, Singapore, 1996), p. 349.
0.03 [10] H. Saferet al., Phys. Rev. Lett70, 3800 (1993).
[11] F. Bouquet and C. Marcenat (private communication).
[12] A. Erb et al., Physica (Amsterdamp45C 245 (1995);

o}
&N
=4
iag 0 A. Erbetal.,J. Low Temp. Phys105 1023 (1996).
';- =) [13] T.B. Lindemeret al.,J. Am. Ceram. SocZ2, 1775 (1989).
<_‘5‘§ [14] S. Ryuet al., Phys. Rev. Lett78, 4629 (1997).
~= -0.03 [15] D.R. Nelsonet al., Phys. Rev. B48, 13060 (1993); A. .
1) Larkin et al., Phys. Rev. Lett75, 4666 (1995).
O [16] E. Zeldov et al., Nature (London)375 373 (1995);
-0.06 ! 1 Z B. Khaykovichet al., Phys. Rev. Lett76, 2555 (1996).
80 85 T K] 90 95 [17] C.M. Aegerter (private communication).
[18] W.K. Kwok etal.,, Physica (Amsterdam)197B, 579
FIG. 6. Difference C(B,T) — C(0,T) versusT for B =2 (1994).
and 4 T (offset for clarity). Thin lines(BZO)-YBCOs 4. [19] J. A. Fendrichet al., Phys. Rev. Lett74, 1210 (1995).
Thick lines: (TSFZM)-YBCOg.94 [7]. [20] D.S. Fisheret al., Phys. Rev. B43, 130 (1991).

1725



