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Vortex-solid melting and depinning in superconducting Y-Ba-Cu-0 single crystals
irradiated by 3-MeV protons
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The effects of controlled point defects on the vortex-solid melting and depinning of high-temperature
superconductors are investigated by applying the critical scaling analysis to the vortex transport proper-
ties of 3-MeV-proton-irradiated Y-Ba-Cu-0 single crystals. For magnetic fields ranging from 1 kOe to
90 kOe, the critical exponents of the melting transition are found to be universal, independent of the den-

sity of point defects. In contrast, material parameters associated with the vortex depinning are modified

by the proton irradiations.

Among various theories of the vortex transport in
high-temperature superconductors (HTS), ' a second-
order vortex-solid melting transition has been proposed
as the mechanism for the onset of vortex dissipation in
the weak pinning limit. ' The experimental evidence for
such a phase transition has been manifested by the
universal critical scaling behavior of the vortex transport
properties obtained from both dc and ac transport mea-
surements. Since a dislocation-mediated melting tran-
sition is insensitive to the density of randomly distributed
weak-pinning point defects, the vortex dissipation near
the melting transition should be governed by the same
critical phenomena, independent of moderate variations
in the density of point defects. In this paper we report
studies of the vortex critical fluctuations on 3-MeV-
proton-irradiated superconducting Y-Ba-Cu-0 single
crystals. In contrast to previous magnetization studies on
similarly prepared samples, this work focuses on the
vortex transport properties in the critical regime of the
vortex-solid melting transition. For magnetic fields rang-
ing from 1 to 90 kOe, we find that a well-defined second-
order melting transition remains despite the significant
increase of point defects after proton irradiations; the
vortex transport properties near the melting transition of
all samples are governed by the same critical exponents
(v=2/3 and z=3). Since a given class of second-order
phase transitions should be characterized by certain
universal critical exponents, our finding of consistent crit-
ical exponents for samples with different densities of
point defects provides strong support for the accuracy of
these exponents. In addition, we find that the pinning-
related material parameters are modified upon irradia-
tion; the zero-field superconducting transition tempera-
ture and the vortex correlation length decrease with the
increasing disorder; the high-field melting transition tem-
perature and the fIux-fIow crossover current density in-
crease with the increasing point defects.

The parent sample used for proton irradiations is a
well-characterized twinned Y-Ba-Cu-0 single crystal
with a zero-field transition temperature T,o= 92.95+0.05
K, 100% superconducting volume, normal-state resistivi-

ty at T,o of 55 pO cm, and sample dimensions
0.90X0.65 X0.021 mm, as described in Ref. 8. The irra-
diations with 3-MeV protons are performed at room tem-
perature using a tandem Van de Graaff' accelerator, with
the beam orientation parallel to the c axis of the sample.
The sample is irradiated twice, with a Auence of 5X10'
protons/cm each time. Since the range of 3-MeV pro-
tons in Y-Ba-Cu-0 is about 45 pm, greater than the crys-
tal thickness (21 pm), all incident protons can pass com-
pletely through the sample. The defects created by 3-
MeV protons are randomly distributed point defects with
volume density —1. 1 X 10' cm for the Auence of
5X 10' protons/cm (Ref. 9). This estimate is in good
agreement with that obtained by Monte Carlo simula-
tions. Following each proton irradiation, dc transport
measurements are carried out using the standard four-
probe method in magnetic fields H ranging from 1 to 90
kOe, with H perpendicular to the applied current density
J, and for H both parallel and perpendicular to the c axis
of the sample. Details of the sample characterizations
and experimental techniques are given in Ref. 8. In the
following we concentrate on the data analysis to compare
the vortex transport properties for samples with and
without proton irradiation. For convenience, we denote
the samples before the irradiation, after the first irradia-
tion, and after the second irradiation as samples A, B,
and C, respectively. The T,o values for samples A, B, C
are shown in Table I.

Near a second-order vortex-solid melting transition
temperature TM(H) and in the low current density limit,
we may define a vortex correlation length g which follows
the temperature dependence'

where v is the static exponent, and g'o is a temperature-
independent constant. In a constant H, the electric field
F. due to the vortex dissipation near T~ yields the critical
scaling relation'

E=Jg' "E+(x), x =Jg %0/(ksT), — (2)

where z is the dynamical critical exponent, and E+(x) are
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TABLE I. The proton fluence f dependence of the zero-field transition temperature T,o, the zero-
field critical exponents v&~ (H~~c) and vo, (Hlc), and the power a for the flux-flow crossover current
density J (T) (see text).

Sample

A
B
C

(protons /cm )

0
—5 X 10'
-1X10"

Tcp

(K)

92.95+0.05
92.25+0.05
91.62+0.05

0.65
0.63
0.62

&0

VP1

0.65
0.64
0.63

0.62
0.58
0.67

the universal functions for T ) TM (E+ ) and
T( TM(E ), respectively. Defining E=(E/J)

~

I
—(T/TM)~ '' ' and J—:(J/T)~ I —(T/TM)~, we can
"collapse" a/I E vs J isotherms within the critical regime
into two universal curves E+ with proper values of T~, v
and z. Figure 1 shows two sets of representative E vs J
isotherms and the corresponding universal functions for
samples 8 and C. We And that for both samples in two
magnetic-field orientations (H~~c and Hlc ), and for II
ranging from 1 to 90 kOe, the critical scaling analysis in
Eq. (2) gives universal critical exponents v=0. 65+0.05

and z =3.0+0.3, which are consistent with the results for
sample A obtained from both dc and ac transport mea-
surements. ' Furthermore, the universal functions
E+ (x) for all three samples in all fields are also identical,
except for a nonuniversal constant that provides informa-
tion about the vortex correlation length go(H) (Ref. 3).
Consequently, the universal scaling behavior of vortex
transport properties in HTS samples with diA'erent densi-
ties of weak pinning defects is for the first time unambi-
guously demonstrated, lending further strong support for
a dislocation-mediated second-order phase transition.
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FICx. 1. Representative electric field E vs
current density J isotherms. (a) Sample 8 with

( a ) Hl c axis and H=50 kOe. (b) Sample C with

107 H~~ c axis and H=10 kOe. The insets are the
universal functions E+(x) obtained from col-
lapsing the isotherms with JI ( T,H) (J
& J,(T,H) and T within the critical regime in-
dicated by the arrows. The parameters used
for the collapsing are v=0. 67, z =3.0 and the
T~(H) values indicated in the insets. 6T is the
averaged temperature increment of the iso-
therms in the critical regime.
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The melting transition temperatures TM(H) obtained
by using Eq. (2) are plotted in Fig. 2 for all three samples.
We note that all melting lines follow the same relation

HM( T) =HM(0) 1 —( T/T, o) ~

', with vo =0.63+0.02 (see
Table I), consistent with a 3D XI' model which asserts
vo=(2/3) (Ref. 1). Interestingly, however, the high-field
melting temperatures for both H~~c and Hlc increase
with the increasing disorder (see Fig. 2) despite the de-
crease in T,o. The vortex correlation length go(H) in a
given magnetic field decreases with the increasing density
of point defects, as shown in Fig. 3(a) for both H~~c and
HJc. Th.e decrease of go may be attributed to the smaller
vortex loops in the presence of larger densities of point
defects after proton irradiations. The inset of Fig. 3(a)
shows that go(H ~~c ) =go(Hlc ) is within the experimental
error, consistent with our definition of the vortex correla-
tion length as the mean value of those along the c axis
and the ab plane.

We note that the above critical scaling analysis is valid
only if the applied current density J is smaller than the
critical current density and if the sample size is infinite.
In the presence of finite-size e6'ects, the current range for
observing the critical scaling behavior is further limited
by a lower bound (Ref. 3). That is, the critical scaling
behavior of the vortex dissipation breaks down when
J & JI, where l is the "vortex mean free path". In a
twinned single crystal, /(H) =L, r(H), where—L, is the
average twin boundary separation and r (H) is the twin
boundary pinning range. When g~l as T~TM, the
twin-boundary pinning limits the long-range vortex
correlation, so that pinning becomes dominant, and the
critical scaling relation breaks down.

Experimentally, for a constant H, J& can be obtained by
identifying the current density below which the E vs J
isotherm deviates from the critical scaling expression in
Eq. (2). The physical meaning of J& is associated with the
work (Jil 4o) done on the vortex dislocation loop by the
Lorentz force. In the steady state, the total thermal ener-

gy kz T of each dislocation loop is equal to the sum of the
work done by the Lorentz force and by the pinning force
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on the dislocation loop, i.e.,
Jrl N —W =k T.

Given a volume density n of randomly distributed point
defects, it is known that the pinning energy W satisfies
8' ~ n if the single-particle pinning dominates. ' In the
n —+0 limit, we recover the result in Ref. 3 which yields

J1(TM&H) =ks TM(H)/(l 4o) .

Our results [the inset of Fig. 3(b)] show that the vortex
mean free path l(H) decreases with the increasing mag-
netic field, consistent with the fact that L, is constant and
the twin-boundary pinning range r (H) increases with the
increasing density of vortices. Furthermore, since l(H) is
independent of n, and experimentally JI increases with
the increasing n, it follows from Eq. (3) that the pinning
energy W increases with the increasing n . Inserting the
values of 1(H), TM(H), and J&(TM, H) into Eq. (3), we
obtain the 8'~(TM, H) vs H data for samples B and C, as
shown in Fig. 3(b). Note that ( W~ )c =2( W~ )z, con-
sistent with W ~n .P'
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Fi+ 2 Th. 2. The anisotropic vortex-solid melting transition lines
for H~~ c axis [HM~~( T)] aud Hl c axis [HM1(T)], and for sam-
ples A, B, C. All solid lines satisfy the relation

HM(T) =HM(0)~ I —T/T, e~ with ve values given in Table I.
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FICx. 3. (a) The correlation length ge as a function of the
magnetic field H for samples A, B, C with H~~c. The inset shows
the g'9 values of sample B for H~~c and Hic. The results for the
other two samples are similar in that gc(H) values are the same
for the two H orientations within experimental errors. {b) The
pinning energy 8'p as a function of the magnetic field H for
samples B and C. Note that {8'p)C=2{8' )~. The inset showsp B'
the vortex mean free path l{H) obtained from sample A and for
Hi[c.
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The fiux-fiow crossover current density J„(T) places
an upper current limit for the validity of Eq. (2), so that
for J)J, (T), the superconducting system is in the fiux-
flow regime with ohInic vortex dissipation. Experimen-
tally J„at a constant temperature can be obtained by
identifying the current density of an E vs J isotherm
above which the isotherm becomes ohmic. The J„vs the
reduced temperature ( T/T, o) curves for all three samples
are shown in Fig. 4. There are two important features as-
sociated with the flux-flow critical current densities.
First, the fitting curves (the dashed lines) in Fig 4.all fol-
low the relation J„(T)=J„(0)~1—(T/T, o)~', where a is
very close to vo, as shown in Table I. Second, the magni-
tude of J„(0) is independent of H and is significantly
enhanced for the irradiated samples. One possible ex-
planation for the magnitude and the temperature depen-
dence of J„(T) is as follows. The flux-fiow crossover
current density can be related to the single vortex pinning
energy (U~) by the relation U =(J„+orL ), where @o is
the Aux quantum, L is the length of a flux line, and r is
the pinning range. Furthermore, U is approximately
equal to the condensation energy [8, V, /(2po)], where
8, is the thermodynamic critical field (measured in tesla),
po is the vacuum permeability, V, -g, is the correlation
volume per vortex in the flux-flow limit, and

g, ( T) =g, (0)
~

1 —(T/To)~ ' is the superconducting
coherence length. (We have neglected the anisotropy for
simplicity. ) Since 8, =@o/(Sm. tt P), where tt is the
Ginzburg-Landau parameter, we find that

%0 TJ (T)=
2

1— (4)
16pom. rLtc g, (0) T,p

Consequently, we have a =vo=2/3, consistent with the
experimental observation, provided that r and L are only
weakly dependent on the temperature and the magnetic
field. (For instance, r could be the average size of a point
defect and L could be the thickness of the sample). In ad-
dition, since J„(0)~ I /tt from Eq. (4), and since
tc=(A,,s/g, ), where A,,tt is the effective penetration depth,
we find that for X,s=k,c=+c~/k~, with A,c being the
Campbell penetration depth (Ref. 11), c44 the tilt
modulus, and k the Labusch pinning force constant, '

decreases with the increasing pinning force constant k .
Therefore J„(0)~k~, consistent with the observation of
increasing J with the increasing strength and density of
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FIG. 4. The Aux-How crossover current density (J„)vs the
reduced temperature (T/T, o) for samples A, B, C and Hl c
axis. Note that J is independent of the magnetic field.
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pinning. It is worth noting that the flux-flow crossover
current density J„defined in this work is different from
the magnetic" critical current densities J, of similarly
prepared samples. The J, values in Ref. 7 were obtained
by using Bean's critical-state model' and the relation
J, =(V X h), where h is the local magnetic field inside the
sample. Consequently the J, values are related to the
magnetic irreversibility of vortices in the flux-creep lim-
it, and are dependent on the applied field H and the
effective penetration depth.

In summary, we have investigated the critical phenom-
ena of the vortex transport properties in 3-MeV-proton-
irradiated Y-Ba-Cu-O single crystals. We find that the
onset of vortex dissipation is consistent with a second-
order vortex-solid melting transition, with universal criti-
cal exponents v=2/3 and z =3, independent of the densi-
ty of point defects. On the other hand, the increase of
point defects modifies the pinning-related material pa-
rameters; the zero-field transition temperature T,o and
the vortex correlation length go decrease with the increas-
ing defect density, while the flux-flow crossover current
density J and the high-field melting transition tempera-
ture ( TM ) increase with the increasing defects.
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