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The complex electrical conductivity o (u) is determined from the linear ac susceptibility between
3 Hz and 3 MHz measured in fields between 0.4 and 12T parallel and perpendicular to the c axis
of a twinned crystal. Dynamical scaling of ] o [ and o "/o' reveals ordering temperatures Ts(B) and
field-independent scaling functions by using the variable (T,z Ts)/ —[T Ts[. F—or B J c, the critical
exponents v and z agree with values obtained on films indicating isotropic vortex-glass fluctuations,
whereas those for B [[ c indicate elongated fluctuations in the c direction mediated by correlated
pinning via the edges of twin boundaries.

PACS numbers: 74.25.Nf, 74.60.ae, 74.72.Bk

Based on early indications and suggestions for a glassy
vortex state in a granular high-T, superconductor [1],
Fisher et aL [2,3] argued that in the absence of a driving
current j this state represents a thermodynamic equilib-
rium phase emerging from a vortex liquid below some
transition line Ts(B). In clear distinction to the predic-
tions of the flux creep [4] and thermally activated flux
flow [5] models, which yield genuine superconductivity,
i.e., zero resistance p(j -+ 0), only at zero ternpera-
ture, the vortex glass (VG) is characterized by p = 0
for all temperatures below T~(B). Convincing evidence
for the existence of this continuous phase transition has
been provided by a number of scaling analyses of nonlin-
ear voltage-current isotherms for YBazCus07 s (YBCO)
[6—14]. The principal scaling variable of the VG transi-
tion is the glass correlation length 8 ] T —Ts [

" de-
scribing the diverging size of glassy islands and of lakes
of vortex fluid above and below Tg(B), respectively, and
also the increasing lifetime of these fluctuations r P.

The present physical interest in the VG transition is
focused on the not yet well understood effect of the possi-
ble types of disorder. The original "isotropic" VG model
of Fisher et aL [2,3] considered weak pinning to point
defects which, due to charge doping, is intrinsic for all
high-T, materials. According to subsequent mean-field

(MF) work by Dorsey et al. [15], (i) the VG transition
may arise from a random spatial distribution of T, and
(ii) critical fluctuations lead to real exponents larger than
the MF limits, ~F = 1/2 and zMF = 4 . Fisher et aL [3]
also indicated the possibility of anisotropic vortex fluctu-
ations, characterized by a superdivergence of the corre-
lation length parallel to B, E, Et/&, with 0.5 ( t,

' ( 1.
More recently, Nelson and Vinokur [16] considered the
case of columnar pinning, either implemented artificially
or originating from the mosaic of twin planes intrinsically
present in bulk YBCO. Based on the Bose glass (BG)
model and ignoring point defects they predicted a tran-
sition at TBG to the vortex glass, characterized by ( =

TABLE I. Critical exponents from p(j) and o'(~) scaimg
based on isotropic weak pinning [f, = f in Eq. (1)].

T (K) B Exp. v z Ref.
88.0 [[ c p(j) 2.0(1.0) 3.4(1.5) [6]
92.9 [i c p(j), (o&u) 0.70(5) 3.0(2) [7,23]
88.1 ii c o (ur) 3.1(3) 3.1(3)
88.1 J c o (~) 1.6(3) 6.3(3) a

Films 89 ii c p(j) 1 8 4 7 [8]
p(j) 1 8(2) 6(2) [9]

85.5 [i c p(j) 1.2(6) 5.6(1.0) [10]
P(j) 1.8(1) 5.o(2) [11]

88 [i c p(j) 1.6(2) 5.5(5) [12]
P(j) 1 7(1) 5.8(1)

90 [[ c cr(ur, T,) 5.6 [22]
88.5 ]i c o(cga, Tc) 3.7(5) [24]
91 [[ c o ((u) 1.7(2) 5.5(5) [29]

Ceramic 90 p(j) 1.1(2) 4.6(2) [14]
Mean field simul. 0.5 4 [15]
Gauge glass . . . . . simul. 1.3(4) 4.7(7) [19]
Spin glass . . simul. 1.3(3) 6.1(3) [18]

YBGO
Crystals

This work.

0.5, for fields applied parallel to the disordered columns.
On the experimental side, the exponents obtained from

scaling of the nonlinear resistivity p(j) of YBCO films
with B [i c seem now to converge to the values v = 1.7(1)
and z = 5.6(3) (see Table I), which signals the presence of
one universality class of critical fluctuations. Such a class
is characterized by the symmetry of the ordered phase
and is independent of microscopic details of the system,
like the microstructure and the thickness of the film as
long as the dimensionality d = 3 is preserved [17]. Very
recently, Woltgens et aL [13] obtained from p(j) scaling
the same exponents for B J c and interpreted this as
an evidence against a BG phase. The exponents of films

are close to those of the class of the d = 3 Ising spin
glass [18], characterized by broken ergodicity, and are
somewhat lower than values obtained from simulations
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of the gauge glass model [19]. However, the applicability
of these models to the VG has been questioned by Blat-
ter et al. [20]. The present work is devoted to the VG
transition in crystals, where less conclusive information
is available. For B

]~
c of twinned crystals, Gammel et

at. [6] found v = 2(1) and z = 3.4(1.5) and Yeh et aL [7]
v = 0.7 and z = 3.0, which significantly dier from the
"universal" values observed on films. It was proposed [17]
to interpret these results in terms of the anisotropic BG
model, which leads to exponents of the transverse VG
correlations, v = 1.0(5) and z = 6.8(3.0), being closer
to the "isotropic" values. In order to provide a strin-
gent test of this hypothesis of linearly correlated pinning
in bulk YBCO, we present here a comprehensive scaling
analysis above and below Ts(B) for the field parallel and
perpendicular to the c axis of a twinned crystal.

Our main results are isotropic exponents for B J c (see
Table I), whereas for B ][ c we find v = z = 3.1(3). This
provides the first direct evidence for anisotropic dynamic
scaling, which we ascribe to the edges of the twin planes
located at the mosaic boundaries and running parallel to
the c axis. This picture is consistent with recent neutron
Bragg difFraction from the vortex lattice of YBCO [21]:
For B [[ c fourfold short range order is found, which
can be related to pinning by the mosaic of twins, while
for large angles between B and c a sixfold symmetry
distorted by the electronic anisotropy is observed. We
also examined for the first time the efFect of the vortex
density on dynamic scaling functions for fields between
0.4 and 12 T. We find their shape to be unchanged, which
we attribute to collective pinning [20], since the critical
fiuctuations a priori contain many vortices, E » y Po/B.
On the other hand, we observe a significant effect of B
on the amplitude of the scaling variable, i.e. , the VG
correlation length which interestingly can be expressed
in terms of the distance of the glass transition from T,z.
This feature and the shape of the scaling function deserve
further theoretical attention.

We examine here the scaling behavior of the linear dy-
namic conductivity cr(u), for the modulus and phase of
which the following relations have been predicted [3,15]:

l~(~) I= (~/~. )~+(~~)
arctan(0 "/cr') = P (k~~),

(1a)
(1b)

where Sy and P (kz) are homogeneous functions above
and below T~(B), respectively. Unlike the nonlinear re-
sistance, the linear response function o(u) probes di-
rectly the (currentless) equilibrium state. Using the con-
ventional technique, this quantity has been studied in
a few cases [22—24]. As a contact-free method we em-

ploy here the complex linear ac susceptibility A(u) mea-
sured by a carefully balanced and calibrated mutual in-
ductance between 3 Hz and 3 MHz parallel to the static
field B. Typical results are shown in Fig. 1(a). The lin-

earity of the response was checked by variation of the
ac amplitude down to 0.1 pT, which generates a driv-
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ing current density as low as j,r = 1 A/cm circulating
around the sample cylinder (R = 1.4 mm) within A, &

1 pm in the present range of temperature and fields [25].
The resulting Lorentz force fr. = j,r x P& pushes the
vortices towards the center of the sample, and their dif-

fusion is monitored by y(u). After correcting for finite
sample size and numerically inverting the complex Bessel
functions relating g(u) and the penetration depth A(a),
A(~) = —1 + 2AIO(R/A)/Ms(R/A), we evaluate the dy-
namic conductivity from a(u) = (ipouA ) [25,26]. The
validity of this evaluation was confirmed well above Tg,
where the classical skin efFect was observed, ReAz = 0
and Im(A ) u i [see Fig. 1(b)]. Referring to a recent
systematic study by Claus et al. [27], our values for T,=
88.1K, ET,(10%—90%) = 2K, and p„(0) = 55 pAcm
reveal the present melt-grown crystal [28] as overdoped
with 6 = 0.05. More technical details will be published
elsewhere [29].

The deviation of the frequency dependence of A2 from
skin effect appearing below 69 K in Fig. 1(b) is accompa-
nied by significant screening. In Fig. 2(a) this behavior is
illustrated by the phase of cr(u), cr"/o' = ReAz/ImA2,

plotted versus a scaled frequency. Obviously, within

FIG. l. (a) Dynamic susceptibility measured in B = 12
T applied parallel to the c axis. (b) Imaginary part of the
squared magnetic penetration depth determined from g(v);
full curves obey scaling; dashed, normal skin effect.
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FIG. 2. Phase (a) and scaled amplitude (b) of the linear
conductivity versus sealed frequency based on the data in
Fig. 1. Dashed lines indicate the asymptotic behaviors pre-
dicted by the dynamic scaling [3,15].

a small temperature interval, b,T~ = +0.5 K, the fre-

quency derivative of the isothermal phases changes sign.
According to the scaling hypothesis, Eq. (1b), this is
clear evidence for the thermodynamic phase transition
at Ts = 56.0 K defined by P (oo) = (Ir/2) (1—I/(z), i.e. ,
dP /~ = 0. Using this Ts to scale the frequencies by

l
1 —T/Ts l"', one does indeed find the data to

collapse on a single curve, P (~7), which characterizes
a continuous phase transition. The accuracy for the ex-
ponent vz can be improved by scaling the amplitude of
o(~) by o4.(0) l1 —T/Ts l

' shown in Fig. 2(b). The
results are rather impressive, because all the essential
features predicted by the scaling theory of the VG tran-
sition [3,15], like S+(x~ 0) = const, S (x ~ 0) x i,
and S~(x ~ oo) u(i/&'& I are reproduced. Also the
width of the critical region, which is largest for this high-
est applied field of 12 T, l

b,T] /T~ = 0.2, and decreases
to 0.03 at 0.4T, is not inconsistent with the theoretical
estimate [3].

Using the exponents vz = 9.5 and s = v(z —I/()=
6.4 obtained at 12 T, we were able to scale also the dy-
namic conductivities measured at all lower fields. Since
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FIG. 3. EfFects of the field B on the scaling variables for

] o(ur)] measured with B ]] c (a) and J c (b). Full lines are
calculated from Eq. (3). Inset shows the glass and transition

lines T,~ and T,2 from Ref. [30].

the shapes of the resulting scaling functions looked very
similar, we compared them directly to each other by al-

lowing the scaling variables to vary with field. Figure

3(a) demonstrates that high powers of the field in the
scaling variables do lead to a collapse on single curves
for P (x) and Sy(x). Figure 3(b) shows that this type
of field scaling is also valid for B J c, where the dy-

namic scaling performed at fixed fields around T~+ ) Ts
yielded, however, different exponents, vz = 10.1 and s =
8.5, to be discussed below. First, we point out an inter-

esting consequence of the B scaling. It can be completely
ascribed to the field dependence of the (transverse) VG
correlation length:

B/

(11—T/Tg(&) I

with P = 0.66(2) and 0.43(4) for B ll c and B J c,
respectively. This novel result can be empirically inter-
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preted by noting that the exponents P perfectly explain
the transition lines for both field orientations, shown by
the inset of Fig. 3(b),

1 —Tg/T, z = (B/B~)~.

This finding implies P(T, B) [(T,2 —Ts)/ )
T —Tg )]",

and hence the amplitude of 8 to increase with the distance
between Tz and T,2, i.e., with growing superconducting
order parameter ) g)z.

As the central result of the scaling analyses we discuss
the exponents vz and s describing the criticality of r and
o (0). Let us start by adopting the isotropic VG model,
E, = E, i.e., ( = 1, in order then to compare the results
for v and z to published data derived from the same
model; see Table I. This comparison reveals two key fea-
tures: (i) For B )) c, our exponent z = 3.1(3) agrees
with previous results on crystals, while (ii) for B i c
our values for z and v agree with the average exponents
of films, which include our results obtained on a twin-
free film [29) using the present g(ai) method. Feature (ii)
suggests attributing the critical vortex dynamics of films
and of crystals with B i c to one universality class of
critica/ behavior, the exponents of which are much larger
than those predicted by the MF approach [15]. Since
v and z are much closer to results from simulations of
the isotropic gauge and spin glass models, we argue that
they are indicative of isotronic fluctuations. Feature (i),
on the other hand, reveals a value for z smaller than
the MF result, which suggests relating the critical vortex
dynamics in crystals with B )) c to anisotropic scaling
characterized by ( ( 1. Because our scaling defines only
two exponents, ( cannot be determined. However, tak-
ing the lower limit ( = 0.5 [3] the resulting exponents
v' = v( = 1.6(2) and z' = z/( = 6.1(2), which char-
acterize the transverse correlations, assume the isotropic
values. This indicates uncorrelated pinning perpendicu-
lar to the c axis, in contrast to correlated pinning parallel
to c. In view of the above mentioned Bragg patterns [21]
and following Nelson and Vinokur [16],we tentatively as-
sociate this with the mosaic (25 x 25 pm') of twin plane
(d = 0.15 /im) colonies of our crystal. It is perhaps in-

teresting to note that ( = 1/2 has been predicted [16] for
the Bose glass, on the other hand, the estimates of the
field efFect on the transition line, P =1/4, and of the field
dependence of the length scale, e.g. , f. B iiz [16], are
inconsistent with our results Eqs. (2) and (3). Finally, we
attribute the isotropic scaling for B i c to the absence
of any anisotropy in between the Cuoq layers: Because
of their strong planar pinning [31] the vortices difFuse

within these gaps via the excitation of circular loops by
j„y directed across the planes.

To conclude, through dynamical scaling of o(u) we
have obtained clear evidence for thermodynamic tran-

sition lines Ts(B) to a true superconducting vortex state
in a twinned YBCO crystal with c )) B and i B. The
values of the critical exponents indicate anisotropic vor-
tex glass fluctuations for B )) c, which most likely arise
from correlated pinning by lines of twin edges. Though
the anisotropy exponent (' = 0.5 agrees with that of the
Bose glass model, the distinct field efFect on Ts(B) and
on the VG scaling parameters are at variance with the
predictions based on this model. For B i c isotropic
scaling dominates o (ai).
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