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3D XY Scaling of the Irreversibility Line of YBa;Cu307 Crystals
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We find experimentally that the irreversibility ling/;.(T), and the reversible magnetization of
twinned YBaCwO; crystals both show 3IXY scaling, which suggests a common origin for both
quantities. Analysis of this result and of a correlation between the condensation enery,&fid of
oxygen deficient YBeCw 0,5 for 0 < 8§ < 0.6, implies thatH;.(T) is strongly influenced by critical
fluctuations. It is possible that these valuesf.(T) and the recently discovered vortex melting line,
H,,(T), both correspond to an upper critical field line which has been suppressed by thermodynamic
fluctuations. [S0031-9007(97)03779-4]

PACS numbers: 74.25.Bt, 64.60.Fr, 74.60.Ge, 74.72.Bk

High temperature oxide superconductors (HTSC) arén a type Il superconductor with a 2-component order
unusual in that their superconducting magnetization curvegarameter.
M(H,T) often appear to be perfectly reversible [1] for a Here we show that for our YB&wO; crystals, 3D
wide range of fielddH) and temperature§l’) above a XY scaling holds over a very wide range &f and
certain irreversibility lineH;,(T). This line is of great T and that H;, occurs at a fixed point on the 3D
technical importance because it marks the onset of sigkY plots. We discuss these results in terms of critical
nificant resistivity, i.e., power dissipation, in a magneticfluctuations and predict a correlation betwedég and the
field. It is strongly dependent on the strength of the in-condensation energy, which agrees with experiments on
terplane coupling [2], and YB&wO; is particularly in-  oxygen depleted crystals.
teresting because it has the largest valuedgf(T/T,). YBa,Cu;0; crystals were grown from flux in an,0s
The present paper deals exclusively wiih,(T) of typ-  crucible (with 1% BaO as binder) using 99.999% purity
ical twinned YBaCwO;-5 crystals. However, for both chemicals [19]. The duration of the final treatment in flow-
untwinned [3] and twinned [4] YB& WO, there is ev- ing O, gas at 420C was adequate because identical results
idence for latent heat at a phase transition lifig(7),  were obtained after annealing for 7 and 11.5 days. Data are
widely referred to as the vortex lattice melting line which reported for a 5.86 mgl.6 X 1.5 X 0.38 mm’ twinned
for YBa,Cw;O; is often very close tdf;,(T) [5—8]. Neu- crystal withH along the shortest dimension, the crystallo-
tron scattering studies of YB&wO; show that the flux graphicc axis. Similar results were obtained for another
line lattice (FLL) disappears &f;,,(T') [9] but give noindi- ~ crystal.
cations of line vortices in the liquid state. Therefore other Figure 1(a) showsV/(H) data taken with a Quantum
possibilities such as a transition from a FLL to a “gas” of Design SQUID magnetometer using a scan length of 4 cm
uncorrelated vortex pancakes [10,11] or as discussed he#@d 30 sec pause at each field. The normal state para-
to a state with large (critical) superconducting fluctuationsmagnetism has been subtracted by fitting the susceptibil-
remain open. ity at 50 kOe to the lawA + C/T from 100 to 300 K.
Thermodynamic fluctuations are much larger in HTSCsThe Curie termC = 0.016 emu K/mole, corresponds to
than in classical superconductors because the free enerfy% spin% defects per Cu atom whild = 3.9 = 0.1
difference between normal and superconducting statek)™* emy/mole agrees with the value o3.7 = 0.15
(F, — Fy), multiplied by the coherence volum@(T) 10~* emuy/mole expected for YB&wO; crystals with
is comparable to the thermal energyT over a signifi- H || ¢ [20]. The remaining magnetization is referred to as
cant temperature range. For YRasO;, the reduced M;y,.. The value ofT. (H = 0) for the 3D XY analy-
Ginzburg temperatures [12], which characterizes the sis was determined from sloW sweeps in low fields
width of this critical region, is 0.0023 a# = 0 [13] in an Oxford Instruments vibrating sample magnetome-
but is expected to increase in a field [12] to 0.011 ater (VSM), the SQUID magnetometer, and a Lake Shore
20 kOe. For superfluid Hethe width of the critical ac susceptometer. The latter gave a 90%—10% width of
region is about 50 times larger than the value 7gf, 0.4 K, which is ascribed to a distribution @f. values in
so it is not surprising that in a magnetic field thethe crystal arising from defects or strains, and we there-
electronic specific heat [14,15] magnetization [16,17] andore use the midpoin@,. = 91.3 = 0.1 K.
electrical resistivity [18] of YBaCu;O; crystals do obey Figure 1(b) shows our SQUID data on the usual
the 3D XY scaling laws expected for critical fluctuations 3D XY scaling plot [16,17], namelyM;../H* T vs
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FIG. 1. (a) Magnetization (gauss, i.e., emm’) for a FIG. 2. (a) VSM data for the same cr P
T X . 2. ystal as in Fig. 1(a),
5.86 mg YBaCw O, crystal vs magnetic field (kOe) applied i 17| ¢ “after subtracting the normal state paramagnetism.

llc axis att. the htem[l))eraturesbtinditca(;ted. ngef notrrrpalds:at?ﬁ) 3D XY plots of VSM data at the temperatures indicated
paramagnetism has been subtracted except lor the dala ghi the same values ¢f, and» as in Fig. 1. The dashed line

110 K, shown by the dashed line. (b) 3BY scaling plot 2 ; i i ; )
of data in Fig. 1(a) for the temperatures indicated, takingShOWS thel/y* extrapolation used in the integration ff.

T. = 91.3 + 0.1 K. (see tex)).

—1/H"? wherev = 0.669andr = 1 — T/T, (H = 0). o

In the reversible region there is excellent agreement with Munue(T,H) _ CkgT &ap G'(y) )
published work [16,17]. An important difference is that H/2 @3/2 0 yl1/2

here the irreversibility fields scale to the same point on
the 3D XY plot. The measurements were extended up t@S expected in the 3XY model [16,17,21]. Herab,
120 kOe using the VSM, taking/(H) data at fixedI" is the flux quantum for pairs£), and &Y are the co-
[e.g., Fig. 2(a)] as well as FC and ZFC (field and zero-herence lengths in theb and ¢ directions extrapo-
field cooled)M(T) data (not shown). There is good 3D lated to7 = 0 [22], C is a number of order unity, and
XY scaling of bothM and H;,, over a wider range off  G'(y) = dG(y)/dy, whereG(y) is the (unknown) scal-
andT than previous studies, as shown in Fig. 2(b) on aring function for the free energy. The parameters=
H/t*" scale to emphasise the high field region. H(£,)2/®or> can either be viewed as the ratio of the
Combined plots of{;,,(¢) are shown in the main part of two area scalest>,(r) and ®,/H, which determines the
Fig. 3. The values fronM (H) sweeps a20-200 Oe/sec  strength of superconducting fluctuations in a fiégldap-
are identical and fit the relatior;, = H**, with  plied parallel to thec axis, or as the ratio ofd to
2v ~ 3 as expected for 3DXY scaling. The inset g ,(¢), where H.,(t) = q)oﬂv/gﬂ(ggb)Z is the appro-
of Fig. 3 shows good agreement betwelp:(T) from  priate form of the upper critical field in the critical re-
these sweeps and thé,,(T) line at which a latent heat gion [23]. Thus the fact thatd;,, occurs at the same

is observed [3]. Both quantities agree well wifix  yalue of y implies that;,, is a fixed fraction ofH.,(f)
determined from resistivity data [5] (not shown). The[conclusion A].

slower SQUIDM (H) and VSMM(T) sweeps give 15%  The normal state paramagnetism does not affect
lower values forH,(T)—this is probably because there r _ r_significantly becausémM < H [Fig. 2(a)] so
is sufficient flux creep just belowd,,(T) for the FLL to  \ve can takeF,(T, H) = F,(T,») = F,(T,>). Using the
respond reversibly on these longer time scales. thermodynamic  relation M(T, H) = —3F(T, H)/oH,

The ‘data in Figs. 1(b) and 2(b) show that aboveEq. (1) can then be integrated to give [24]
Hi(T), My, Scales as
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T T T T T £.,(0) are not the same [22]. In either case our numer-
ical analysis of conclusion B shows that, (T) corre-
sponds taqF, — F,)Q(T) = kgT. This implies thather-
modynamic fluctuations determirfé;,.(T) of our crys-
tals and also, from the inset to Fig. 3, the melting line
of YBa,Cuz 0.

For 0 < & < 0.1, the MF value of¢,;,(0)2 = 120 A?
[13], so the MF value offi.,(0) = 2750 kQe, is only a
factor 2.2 larger thati* = 1225 kOe obtained from the
fit, Hix(t) = H*t*3, in Fig. 3. This numerical analysis
of conclusion A suggests thai;.(z) = H.(t), i.e., both
H;.(t) andH,,(z) correspond to the formation of a FLL that
is suppressed to lower temperatures by critical fluctuations.
In support of this we note that the first theoretical predic-
tion [27] of a first order phase transition &t.,(T) was
also based on critical fluctuations and that modern scaling
treatments apply to both first order and continuous phase
transitions [25].

We have also applied this analysis to underdoped
YBa,Cw;07-5. The condensation energl.(0)> ob-
FIG. 3. Log-log plots of the irreversibility field&;. (in kOe)  tained by integrating specific heat data [28] is plotted vs
vssl - T/T. IfOF T. =913 = gl- Solidosquaresﬂm fro][n 8 in Fig. 4. The drastic fall withd is ascribed to the
S oo, 20 20 O 355, R Sdes, oM opering of the normal state gap [29] abot which

reduces the spectral weight available for superconduc-

curves taken with the VSM when sweepifigat +0.67 K/ min. =t M= e ) h
The solid lines are fits to 4 power law with a2 law shown  fVity. The variation of H* with &, derived from fits to

by the dashed line. The inset show, (T) from the vSM  Hix = H*1*/3 for 0 <1 < 0.2, using resistivity data
M(H) data (squares), compared with,(7) from calorimetry ~ for crystalline films [30] and magnetic data for single
[3] (crosses). crystals [31], is also shown in Fig. 41t can be seen
that H.(0)> and H* change by more than 100 but have
. * the same variation with5. Although this result could
Fu(T.H) = F(T.H) = - fH MicdH be interpreted in terms of pinning, it is consistent with a
- 2 critical fluctuation picture. Namely, in the critical region
ChsTC(3)/Ea (1) €0} (2) the product.(¢)*£., (1)*€.(2) is independent of [21,23],
This relation is a general feature of scaling and renorand from Eq. (2) aHH = 0, we have [22]
malization group theories of phase transitions [21,25]. H.(0)%(£2,)2€° = DkyT., 3)
From Eg. (2), the fact thatd;..(T) occurs at a fixed @ e
value of y also means that al; . (T) the free en-
ergy in a correlation volume is a fixed multiple o
kgT [conclusion B]. We estimate the actual value of
(F, — Fy)Q(T)/kgT at H;.(T) by integrating ouM (H)
data, numerically fromH = H;,, up to ca. 80 kOe, and
then analytically at higher fields by making an empir- 10%E
ical fit, G'(y)/,/y « 1/y* [Fig. 2(b)]. The small con- ;
tribution aboveT, [26] was neglected. For example, at
87 K, F,,(Hirx) — Fs(Hir) = 5.1 = 0.6 mJ/cm’® or 30%
of the total condensation energy at 87 K [26]. If we
take Q(0) = 400 A® from a Gaussian fluctuation anal-
ysis of the zero field specific heat abov& [13] for
well-oxygenated YBaCwO;_5, then atH;(T) the free
energy in a coherence volumeli$kgT. A smaller value, 0 01 0203 04 05 06 07
0.3kpT, is obtained ifQ)(0) = 140 A? as deduced from 5
a 3D XY analysis of the specific heat of a single crys-FIG. 4. Left hand scale: plot of condensation energy, i.e.,
tal [14] using the critical amplitude* = 59 (MJ/K)/g H.(0)?> vs § for YBa,Cu;0;_5 obtained by integrating specific

. S heat data from [28]. Right hand scale: valuesHif used in
and the universal constart; = 0.3 [21]. This discrep- g Hiw(T) = E{*t]“/i vga. Circles:H* from resistivity data

ancy may arise from small differences in oxygen contentjzp): triangles: from magnetic data [31]. Open diamonds show
which affect(2(0) but not¢,,,(0) [13] or because in mean that the normalized values df/(£%,)? from a 3D XY scaling
field (MF) and 3D XY expressions, prefactors such asanalysis [16] vary a$i*.
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