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The critical fluctuations and pinning effects in the vortex state of twinned superconducting Y-Ba-Cu-O
single crystals are investigated. A second-order vortex-solid melting transition is manifested by the
universal static and dynamic exponents v~% and z~3 and the universal vortex-transport functions, in-
dependent of the experimental techniques and the magnitude and orientation of the applied magnetic
fields. The vortex-correlation length and the critical-relaxation rate are also determined.

The large thermal and disorder fluctuations in the vor-
tex state of high-temperature superconductors (HTS) re-
sult in interesting vortex properties which have stimulat-
ed intense research effort.! ~!7 However, it is still contro-
versial whether the “phase boundary” below the mean-
field upper critical field in the vortex phase diagram is a
vortex-solid ‘“melting transition,”' ™ or an “‘irreversible
line” that defines the onset of vortex “depinning.”®™8 Al-
though a first-order vortex-solid melting transition may
exist in untwinned, clean-limit single crystals,” a second-
order melting transition should be common in most sam-
ples with moderate disorder. Such a second-order phase
transition, if it exists, should be manifested by universal
static and dynamic critical exponents which are indepen-
dent of the sample, experimental technique, magnitude,
and orientation of the applied magnetic field. However,
the large errors in the previously reported critical ex-
ponents'®!! are either an indication of the lack of univer-
sality (thereby implying no phase transition), or a sugges-
tion of additional complications (such as possible pinning
of the vortex liquid by the twin boundaries after the
vortex-solid melting transition), which may have hin-
dered decisive experimental interpretations. In this Brief
Report, we address these issues by demonstrating univer-
sal critical exponents and wniversal vortex-transport
functions in twinned Y-Ba-Cu-O single crystals. The
universality is shown by the independence of two
different types of experimental techniques over two de-
cades of dc magnetic fields (H) and for two field orienta-
tions (H||c and Hlc). In addition, the vortex-correlation
length and the critical-relaxation rate are determined.
We also show quantitatively how finite-size effects such as
the twin boundary pinning influence the vortex critical
fluctuations. These effects can explain why previous re-
ports!'®!! show lack of universality.

The sample studied in this work is a well-characterized
twinned Y-Ba-Cu-O single crystal,’> with 100% super-
conducting volume from magnetization measurements,
zero-field superconducting temperature 7,,=92.95 K,
normal state resistivity at T,y 55 puQ cm, resistive transi-
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tion width <0.1 K, magnetic transition width <0.2 K,
and average twin boundary separation ~2 um from
reflecting-light microscopy. The experiments include
measurements of the electric field (E) versus dc current
density (J) isotherms for both Hj|c axis and Hlc axis, and
ac impedance (p) and phase (¢) versus frequency (w) iso-
therms from 10? to 10°® Hz ranging from 0 to 70 kOe.
Details of the sample characterizations and experimental
techniques are given elsewhere.!? !¢ The single crystal
was subsequently irradiated with various doses of 3-MeV
protons in order to introduce controlled densities of point
defects, and the dc E-vs-J measurements were repeated
over nine magnetic fields and for both H||c and Hlc after
each irradiation. Since the vortex critical fluctuations
after proton irradiations follow the same universal scaling
behavior and are given elsewhere,!® we only focus below
on the results and analysis of the transport data before ir-
radiations.

In the weak pinning limit and near a second-order
vortex-solid melting transition, the temperature devia-
tions from the melting temperature T,,(H) in a constant
magnetic field H, as well as the applied current density J,
drive the vortex system away from the critical point. The
critical scaling hypothesis suggests the form for the
vortex-correlation length,'®

E(T,H,N)=E(H)1—(T /Tyl ~"f(x), x=

where Jr, the characteristic “scaling” current for the
crossover between current and temperature-dominated
regimes, is given by

D& HD1—(T/Ty)| 7¥1@ 717

J(T,H)= 2)

where d is the dimensionality, ® is the flux quantum, &,
is the zero-temperature correlation length, v is the static
exponent, and kT is the thermal energy. The functional
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form of f (x) satisfies two conditions: f(x)—1 for x —0
and f(x)—x 7D for x >, so that Eq. (1) is re-
duced to the usual expressions £=&,|1—(T/T,,)| ™" for
J<<Jp, and E=[kpT/(J®y)]"9"V for J>>J;.> The
correlation length £ may be physically interpreted as the
average size of the “dislocation loops”!~%!%13 deter-
mined by balancing the vortex-solid elastic and thermal
energies for T < T, and as the size of the short-range
vortex order in the vortex-liquid state.!’?

When the applied current density J is comparable to
Jr, the electric field (E) due to the vortex dissipation can
be written according to the following scaling rela-

tiOl’l:3’ 12,13

E=J1—(T/T))|"*"*"9E (x), (3)

where x is defined in Eq. (1), z is the dynamic exponent
related to the critical-relaxation rate (wy) of the disloca-
tion loops through the expression wy<£ %31 and
E,(x) are universal functions for 7> Ty (E,) and
T < Ty, (E _), respectively.>'>!3 In Figs. 1(a) and 1(b) we
show the E-vs-J isotherms at constant magnetic fields
H(||c)=3 kOe and H(||c)=30 kOe, and the insets show
the universal functions E, obtained by “collapsing” E-
vs-J isotherms with the relation E=(E/J)|1
—(T/Ty)IM7272 and T=(J/DI—(T/T)) "%
[see Egs. (1) and (3)]. The same analysis for d =3 has
been applied to data in magnetic fields ranging from 1 to
70 kOe for both Hljc and Hlc.'> The universality is
manifested by the same critical exponents v=0.65+0.05
and z=3.0%0.2 for all fields in both directions. The
melting temperatures [ T,,(H)] determined from the criti-
cal scaling analysis are plotted on the H-vs-T vortex
phase diagram in Fig. 2. Note that the anisotropic melt-
ing lines Hy (T) for |jc and lc follow the temperature
dependence HM(T)=HM(O)|1—(T/Tco)|2v°, where
H,(0) is a constant, and vy=~2 is the zero-field critical
exponent, consistent with the 3D XY model.> The criti-
cal regimes of the melting lines are in good agreement
with those estimated by using the Ginzburg criterion,?
and are shown by the shaded areas in Fig. 2. We note
that accurate critical exponents should be determined
from the E-vs-J isotherms within the critical regime.
Otherwise, incorrect estimates of v and z may result from
the influence of the mean-field H,(T) line.!%!2

We obtain the vortex-correlation length £&y(H)
by the following simple procedure: We assume
E, (x)=E_(x)=Eyx"“ V"2 for x> and E , =E| for
x —0 [see the inset of Fig. 1(b) and Ref. 3], where E; is a
constant independent of T and J, x =(J /T;)=(J /J7),
and J,y=kp /(£3®,). Thus, we obtain J; (and therefore
&) directly from the universal function E,. The
magnetic-field dependence of £y(H) for 1 =< H <70 kOe is
depicted in the inset of Fig. 2. We note that £, increases
gradually from ~200 to ~ 800 A with the increasing H,
consistent with a stronger intervortex correlation in
higher magnetic fields.

Next, we consider finite-size effects such as the twin
boundaries in Y-Ba-Cu-O single crystals and the screw
dislocations?! in Y-Ba-Cu-O epitaxial films. As T ap-
proaches Ty, (H), the growth of & will eventually be dis-
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FIG. 1. The electric field (E) vs current density (J) isotherms
for H||c axis and (a) H =3 kOe, (b) H =30 kOe. The insets are
the universal functions E-vs-J obtained from “collapsing” the
isotherms with J > J,(T,H). The temperature increment 87 be-
tween successive curves over the critical regime (indicated by
the arrows) in (a) is 0.06 K and that in (b) is 0.08 K.
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FIG. 2. The anisotropic vortex-solid melting transition lines
Hp(T) and Hy (T) obtained from the critical scaling
analysis. The shaded areas denote the critical regimes of the
two melting lines. The inset shows the log values (in A) of the
correlation length (log,0,) and the vortex mean free path
(logyo)) as a function of the magnetic field (H).
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rupted by the twin boundaries (or by the edge of the
screw dislocations) whenever £~1/, where [ is a ‘“‘vortex
mean free path” comparable to the average twin bound-
ary separation (or the diameter of a typical screw disloca-
tion). Consequently, for constant 7" and H there is a
characteristic current density J;(T, H) defined by the rela-
tion £(T, H,J;)=1, such that for J <J, the vortex disloca-
tion loops are pinned by the twin boundaries, and the
critical scaling of the E-vs-J isotherms breaks down.
From  Egs. (1), and (2) we note that
J(Ty ) =(kpTy)/(I?®,)] is independent of the exact
functional form of f(x), and therefore ! can be deter-
mined if J;(T,H) is known. Experimentally, for a given
temperature and in a constant magnetic field, J; can be
measured by identifying the current density below which
the critical scaling expression in Eq. (3) breaks down. In
Fig. 3 we show the temperature dependence of J, and J,
for H =30 kOe by using Egs. (1) and (2), and the follow-
ing experimental parameters determined from the data in
Fig. 1(b): T),,=85.98 K, v=2, and z =3. The J, curve
in Fig. 3 is drawn by the simple choice f(x)=1/V'1+x,
and the dots are the measured values of J; near T),.
These lead to /=2 um, in good agreement with the twin
boundary separation of our single crystal. We note that /
varies from 2.2 to 1.3 um for magnetic fields from 1 to 70
kOe (see Fig. 2). The slight decrease of / with the increas-
ing magnetic field may be attributed to the increasing
range of vortex-twin interaction which reduces the vortex
mean free path.!® Thus, the presence of J, is a natural
consequence of the finite-size effect, not to be mistaken as
the hint of another phase transition.?

Another self-consistent way of demonstrating the pin-
ning effects is to measure the Ohmic magnetoresistivity
(p) versus T with a small current density J <<Jr, and
then to identify a temperature interval AT near T,
where the resistivity critical scaling relation
[p~(T — Ty )"? 92 (Ref. 3) breaks down. Here AT is
obtained by asserting £(7T, H,J)=1 at constant J and H, so

8 .
H = 30kOe
v=2/3
s 6} |
NE JT(T’ H)
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FIG. 3. The current density (J) vs temperature (7) diagram
for H=30 kOe. The solid curve shows the characteristic
current density J( T, H) which separates the current-dominated
regime from the thermal-dominated regime. The dashed curve
shows the effective “depinning” current density J,(T,H). The
dots are the experimental J; values obtained from analyzing the
E-vs-J isotherms.
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FIG. 4. The Ohmic p-vs-T curves at constant magnetic fields -
for H||c, and H =0, 10, 30, 50, and 70 kOe. The melting tem-
peratures T),(H) obtained from the critical scaling analysis are
indicated by the bold arrows, and the crossover temperatures
T,(H) (see the text) are indicated by the light arrows.

that AT=T,,(£,/)'"" [see Eq. (1)]. Note that AT in-
creases with the increasing H (larger £;) and the decreas-
ing vortex mean free path (smaller /). In Fig. 4 the melt-
ing temperatures T, (H) for H||c axis are indicated by the
arrows on the p(T, H)-vs-T plot, and so are the crossover
temperatures T, (H), defined as T, =T,,+AT. We find
good agreement between the T, (H) values and the tem-
peratures where distinct changes in the resistivity occur.
It should be noted that the resistivity “kink” near T, is
only visible for twinned crystals!®?3 with a well-defined
vortex mean free path (/). The “kink” disappears in inho-
mogeneous samples (such as epitaxial films and irradiated
single crystals'®) with a broad distribution of / values,
also in untwinned single crystals where [ is practically the
size of the sample and [ >>§,, AT —O0.

We have shown in separate publications the experi-
mental results of both the amplitudes p(T,H,®) and the
phases ¢( T, H,w) of the ac resistivity in Y-Ba-Cu-O single
crystals. We find that critical scaling relations also apply
to the ac resistivity data, which yield critical exponents
(v=21 and z~3.0) and a melting line H,(7T) consistent
with those obtained from the dc measurements. In the
following we only demonstrate the procedure used to ob-
tain the vortex critical relaxation rate w(7T,H) from the
universal functions p.(®).'%'> Define p(@)=[(E/
DT/ 7272, a=(0/0)N1—(T/Ty)| %,
and op(T,H)=w (H)|1—(T/Ty)|**. The temperature-
independent coefficient of the critical-relaxation rate,
o.(H), can be obtained from knowing that g, (&)~ p, for
®—0 and p (@) =p,@'~""?] for ®— «.!*!° In Fig. 5
we show the w, (H) values determined directly from g, .
We note that w, ~10'°-10'? Hz for H =170 kOe, with
a maximum near 30 kOe. The physical meaning of o, is
consistent with the temperature-independent coefficient
of the thermal relaxation frequency (I';) calculated by
Brandt.’

In Ref. 11 the critical exponents of a heavily twinned
Y-Ba-Cu-O single crystal (with twin boundary separation
<10° A and T,,=88 K) were estimated by applying
small current densities (10°-~10* A/m?) to measure the

14,15
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FIG. 5. The temperature-dependent coefficient of the critical
relaxation rate, w.(H) (in Hz), is shown as a function of the

magnetic field (H). The values of w (H) are obtained from the
data in Ref. 14.
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Ohmic resistivity near the ‘“vortex-glass” transition tem-
perature T;. Using the experimental parameters given in
Ref. 11, we find that their applied current densities were
insufficient to overcome the twin boundary pinning be-
cause J <<J;. Therefore it is not surprising to find that
the data in Ref. 11 do not follow the universal scaling re-
lation in Eq. (3), and that large errors exist in the estimat-
ed critical exponents (v=2%+1) and (z =3.4%x1.5). Simi-
larly, in Ref. 10 the high density of screw dislocations
(10°-10' cm™?) (Ref. 21) in Y-Ba-Cu-O epitaxial films
not only severely limits the current range for the critical
scaling (the corresponding J, becomes 10°~107 A/m?,
see Fig. 3), but also reduces the number of correlated vor-
tices to < ~ 10 in fields up to 40 kOe. Furthermore, the
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critical regime estimated by Ref. 10 for H =40 kOe is
about 12 K, not only far greater than that obtained by us-
ing the Ginzburg criterion?® but also strongly overlap-
ping the critical regime of H,,(T), thereby casting large
uncertainties on the estimated critical exponents.

Finally, we note that the same v and z values have also
been obtained from the E-vs-J measurements on proton
irradiated Y-Ba-Cu-O single crystals,'6 lending additional
strong support for the universality of the vortex-solid
melting transition. The dynamic exponent z =3 obtained
from our investigations is significantly smaller than that
(z=4) obtained by the mean-field calculations of a
vortex-glass model.!” Further theoretical work appears
necessary to account for the experimental value z = 3.

In summary, we have determined the following physi-
cal parameters associated with the second-order vortex-
solid melting transition in Y-Ba-Cu-O single crystals: the
static exponents v~2, the dynamic exponent z~=3, the
zero-field critical exponent vo=2, as well as the vortex-
correlation length (£, and the critical-relaxation rate
(w,). The critical exponents and the vortex transport
functions are shown to be truly universal, independent of
the experimental technique, point-defect density in the
sample, and the magnitude and orientation of the applied
dc magnetic field.
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FIG. 2. The anisotropic vortex-solid melting transition lines
Hy(T) and Hy  (T) obtained from the critical scaling
analysis. The shaded areas denote the critical regimes of the
two melting lines. The inset shows the log values (in A) of the
correlation length (log,o§;) and the vortex mean free path
(log,ol) as a function of the magnetic field (H).



