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We report a sharp melting transition of the Bose glass in YBaCuO crystals with columnar defects in-

stalled by the irradiation with 1 GeV Au ions. The melting B8o(T) is tracked at low fields by the ir-

reversibility line, which undergoes a remarkably abrupt crossover at a field 8„for the vortices aligned
with columns along the c axis. Below B„,the upward curvature of Baoa: (1 —T/T, )' increases with the
pin density (the exponent a grows from the clean value of -4/3 to -2 at the highest irradiation doses),
in quantitative agreement with the theory of melting in the presence of correlated disorder. Above 8„,
the linear in T irreversibility line is consistent with a transition into a (super)entangled vortex liquid.

PACS numbers: 74.72.Bk, 74.60.Ge, 74.60.JI

The pinning and melting of the vortex matter in high-

T, superconductors is decidedly controlled by disorder,
both dynamic, caused by large thermal IIuctuations, and

static, caused by material defects [1,2]. The presence of
strong static disorder is technologically relevant. It also

can lead to novel thermodynamic phases, such as vortex

glass for the case of random quenched disorder [3,4].
Another situation arises with correlated (or mesoscopic)
disorder, such as, for example, twin boundaries [5] or
columnar defects engineered with an irradiation with

swift heavy ions [6], which dominate at high fields and

temperatures.
Recently, Nelson and Vinokur [7] considered a system

of vortex lines in the presence of a columnar defect struc-
ture. By mapping such a system onto a system of 2D bo-

sons subject to static disorder [8], they predict a new

"Bose-glass" phase at low temperatures, with vortex lines

localized on columnar pins, an infinite tilt modulus, and

zero linear resistivity. At low fields all vortex lines will be

anchored on the pins. The melting of such stiffened vor-

tex array into a viscous liquid (which eventually entan-

gles) will occur at a critical field BtiG(T), when the trans-

verse localization length of the vortex lines will diverge

[7]. At low fields, where the pins outnumber the vortices,

BiiG(T) will be shifted to higher temperatures from the

melting line of a clean lattice B~(T), and progressively
elevated with the increase in the pin density [7]. At high

fields, where the vortices outnumber the pins and all the

pins are occupied, the vortex array is polycrystalline on

the scale of the correlated pinning potential, and eventu-

ally TaG is expected to approach T~ (Ref. [7]).
In this Letter we report the observation of a sharp

Bose glass me-lting transition, Btio(T), in YBaCuO crys-
tals with continuous columnar defects introduced by the
bombardment with 1 GeV Au. %e show that, for the
field aligned with columns along the c axis, and below a

dose-dependent crossover field B„,the Bose-glass melting
is tracked by the irreversibility line H;„(T). We associ-

ate B„with the accommodation field below which the
vortices are pinned independently. For 8 ~ 8„,Biio(T)
becomes more upwardly curved with the increase in the

defect density as expressed by a larger effective power
law exponent a, which grows from the pre-irradiation
value of -4/3 to —2 at the highest doses. We show this

behavior to be in quantitative agreement with the predict-
ed shift in Btio(T) to higher temperatures [7]. Above

8«, the observed dose inde-pendent linear behavior of
H;,„(T) is consistent with the entanglement transition in

the vortex liquid [2].
Several YBaCuO single crystals [9] of nearly millime-

ter size and -20 pm thick along the c axis were irradiat-
ed with 1.08 GeV ' Au 3+ ions at the Tandem Accelera-
tor Superconducting Cyclotron (TASCC) facility at the
Chalk River Laboratories in Canada. Irradiation doses

(expressed in terms of a matching field 8~, the field at
which the density of vortices and defects were equal)
were 8~=0.6, 1.1, 2.4, 4.7, and 9.5 T. The incident

beam was tilted away from the c axis by 2' to minimize

channeling and the dose rate was less than 8 & 10s

ions/cm2 sec to avoid heating. The resulting damage con-

sists of a random array of amorphous columns, about
60-70 A in diameter and continuous throughout the

thickness of the crystal [10].
Figure l(a) shows the line determined from the max-

imum in the out-of-phase component g" for YBazCu307
irradiated with dose equivalent to 8+ 4.7 T, measured

at 1 MHz with the ac excitation amplitude H.„=3.0 Oe
and in dc fields H((c axis up to 6 T. We observe a well

defined crossover at a field 8,„-2 B~ from a nearly par-
abolic behavior in 1

—t below 8„ to a linear above,

where t T/T, . The relation between the maximum in g"
and H;„(T) is a nontrivial issue, and we have discussed it

extensively in our previous work [11,12]. We define

H;„(T) from the onset of nonlinear response, which man-

ifests itself through the onset of amplitude dependence of
In general, this does not coincide [11,12] with the

maximum in g". In fact, with 0„=3.0 Oe the maximum

in g" occurs well into the nonlinear response regime [12],
i.e., below H;„(T). We can now approach H;„(T)from
belo~ by reducing H„. By doing so, we find that the re-

markable crossover persists to the smallest measurable
level of H, , As an example, the data for H„=0.3 Oe
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FIG. 1. The line in the H-T plane obtained from the max-
imum in g"(T,H) measured at 1 MHz (solid dots) with (a)
H„3.0 Oe (J-2750 A/cmi) and (b) H„0.3 Oe (J-200
A/cm2) in a single crystal of YBaCuO irradiated to a dose of
8~ 4.7 T for Hlldefects. A clear crossover is seen at Bgf
-0.58+ from nearly parabolic behavior in T/T below 8„to a
linear above [dotted line in (b)1. The dc line (connected filled

squares) obtained from M(H) and corresponding to J,—200
A/cmz coincides with ac line only below the crossover. The
dashed line below 8„ is the calculated Bao(T) for this dose
(see text). The accommodation field rtBy separates single-
vortex (svp) and collective (cp) pinning regimes as shown in the
inset (see text).

are shown on a linear plot in Fig. 1(b) and in a log-log
plot in Fig. 2(a), where the high- and low-field power
laws are described by the exponents ai, t 0.96 ~ 0.05 and
air=2. 10 ~0.06, respectively [131. We take the max-
imum in g" at low H,, as a good approximation to
H;„,(T) (Ref. [14]).

We now proceed to establish the relationship between

H;„(T), determined as described above, and the melting
line of the Bose glass. The crossover at B„is obviously
due to columnar defects being aligned with the field.
Indeed, the effect disappears when the field is tilted away
from the defects; for Hil a-b plane, a=I.9~0.06 over
the entire field range [see Fig. 2(b)], similar to unirradi-
ated crystals for this field orientation [11]. The linearity
above 8„ is preserved for all values of B~ in this study,
but the behavior at low fields is dose dependent. The
log-log plot of H;„(T) of a crystal irradiated with a dose
B~ 2.4 T is shown in the lower inset of Fig. 3; where,
a~f 1.72 ~ 0.06, less than 2. This inset also shows
H;„(T) of the same crystal before the irradiation; there a
is 1.33 ~0.05 (-4/3), as we invariably see at high fields
in all unirradiated YBaCuO crystals for HI i e axis [I I].
At low doses, aif is also close to 1.3, but increases with
dose and settles at about 2 for higher doses as shown in

Fig. 3. B„remains just below —,
' 8~ for all doses (upper
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FIG. 2. (a) Same as in Fig. 1(b) in a log-log plot. This line

is a good estimate of H;~(T). The field B„ofthe parabolic-to-
linear crossover is independent of the amplitude of ac excita-
tion. (b) H;„(T) cx:(I —t)' measured with dc fieldlla-b plane;
here a 1.9 ~0.06 over the entire field range.

inset of Fig. 3). This is true even at 84, =9.5 T, although
there the irradiation damage causes already a several de-

gree shift in T, and smearing of the crossover.
To identify the crossover field 8«, we consider 8 (T),

a boundary in the Bose-glass phase which separates a
strong single-vortex and a weaker collective pinning re-

r

10 — 52

D 8 4 I b

1 s, (T)

0.01

v~
8@= 0.6T y&

0.1 ~ gO
r g a~=a.4T

:a~=1.72

~ i q /v / D1 a=i.SS
before

0.01
' .'' ~4.VTl. g DD1 ~ ~ II L ~ ~ ~ I I s ~ ~ i

0.001 0.01 0.1i-t
0 P01 I I+I l I I I I I 1 I I I I l I l I I t

0.01 0.1 1 10 100

(T -T)/(T -T )
FIG. 3. Log-log plot of the irreversibility lines for several

values of B~ (several irradiation doses) scaled to their respective
values of the crossover fields and temperatures. The linear be-
havior above B„is independent of the dose. Below B„at small
doses, the power law is similar to that seen in unirradiated crys-
tals; for 8~ 0.6 T (solid dots), ait is I.3~0.05. It increases
with dose; for B~ l. l T (solid triangles), ait is 1.6~0.06 and
for 8~ 4.7 T (solid squares), a)f is 2. 1 ~0.06. The crossover
field scales with dose as shown in the upper inset. Lower inset
shows the comparison of the lines before and after irradiation
with 8~ 2.4 T.
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gimes [7]. At low fields the vortex lattice spacing ao & d,
where d= j4o/8@ is the mean distance between the
tracks. In order to accommodate to the random array of
columnar defects, the vortex line should be shifted over a
distance d. While the energy gain in this shift is the pin-
ning energy U~(T), it costs C66d in elastic energy,
where C66 is the shear modulus of the vortex lattice. At
low T the comparison of the two energies yields [7]
8*=8*(0)=rtB~ H.ere, we have introduced the pin-
ning eSciency g, which for core pinning is ~ 1. It de-
scribes the fractional suppression of the superconductivity
in the track such that Uz =r)Up=rt(H, / 8tr)trg . We es-
timate rt from the field dependence of the critical current
density J,(H) at low temperatures (below 30 K) [6] to be
0.52 at the lowest doses and gradually decreasing with in-
creasing 8~ to -0.25 at 8~ 9.54 T, consistent with the
material damage as seen by the reduction of T, . Thus,
we take the crossover field B„-0.58~ to indicate B*,
which separates low- and high-field regimes.

For 8 ~ 8*, all vortices are localized on tracks and the
Bose-glass melting temperature TgG will depend on the
defect density [1,7] as

T =T [I+(c o/d)(T*/T ) ].
The eA'ect of thermal fluctuations is contained in the en-
ergy scale T*(t)=

4 [bp/2((0)](T, /v Gi)(1 —t)(1 —b, ),
which separates strongly localized and weakly localized
regimes [1,7]. Here Gi is the Ginzburg number [1], bp
is the defect diameter, and, for completeness, we include
the high field correction [1] b, =b/(I —t), with b=8/
H, 2(0). The melting temperature T~ obtained with the
Lindemann criterion can be written as [1,7] T =cL[ap/
((0)](T,/JGi)(1 —t)(l —b, ), where cL is the Lin-
demann number (4cL —I ). With the above expressions
for T~ and T* we can rewrite Eq. (1) as an implicit
equation for TgG,

We test the above expression for taG(8) in the follow-
ing way. We start with a clean unirradiated crystal and
take the preirradiation irreversibility line as a good esti-
mate of t (8). We then obtain taG(8) from Eq. (3) for
one specific defect density B+ by taking the experimental

(8), Gi=4X IO, ((0)=12.0 A, and using the diam-
eter of the track as the only ftlting parameter. For H ~ 3
T, b ~ 0.01, and the high-field correction can be ignored.
This is shown in Fig. 4(a) for 8~=2.4 T (d =294 A).
The best fit is obtained with bp=80 A, in remarkable
agreement with the diameter of -60-70 A directly im-
aged with high resolution transmission electron micro-
graph [10]. With the effective track diameter estab-
lished, we can now calculate the Bose-glass melting line
for any dose, as sho~n, for example, for 8~ = 1.1 T in

Fig. 4(b). The dashed line going through all the data
points below 8« is not a fit now and the agreement is as-
tonishing. At the highest values of 8@, the sample degra-
dation (as seen in the reduction of T, and t)) has a clear
effect to cause deviations from the behavior prescribed by
Eq. (3). This is seen in Fig. 1(b) for 84, =4.7 T, for
which T, is suppressed by about 3 K.

We now consider the high field regime above 8,„. In
this regime the pinning is expected to be collective and
weaker [71 and clearly is, as is apparent from the dc line
obtained with a J, criterion [16] of -200 A/cm2 [see
Fig. 1(b)]. At low fields, the dc line is remarkably near
H;„,(T) obtained from ac absorption and corresponding
to roughly the same current density at the maximum of
g". Thus, belo~ B„, the large drop in resistivity which

tM(B)+y
+y

bo bo T,
8d 2((0) Jg;

(2)

t ao(8) = ft (8)+ y( I —b ) ]/(1 + y), (3)

Dividing both sides of Eq. (2) by T, and evaluating it
self-consistently at t =tp& we obtain a compact expres-
sion for t BG..
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where both the thermal (~Gi) and static (bo/d() disor-
der enter via a single parameter y=(bp/161)/((0) JGi.
This expression behaves correctly in both limits; for a
clean system as y 0, tBG t, as it should, and as
y ~, t BG, approaches 1

—b = t,2, the upper critical
temperature From Eq.. (3) (valid only below 8*) for a
finite y the Bose-glass line will be shifted up and will have
a steeper upward curvature than the melting line, as indi-
cated schematically in the inset of Fig. 4(b). The steeper
curvature, of course, will appear as a larger exponent
[15] in a log-log plot of 8 vs I —t, as is clearly demon-
strated in Fig. 3.
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FIG. 4. (a) H;„(T) for B+=2.4 T, and the same crystal be-
fore the irradiation. The dashed line is a fit of the Bose melting
line Bao(T) from Eq. (3) to the data using the defect diameter
bp as the only fitting parameter. (b) The bp from this fit is used
to calculate Biio(T) for B~= I. I T, shown as dashed line. Inset
schematically shows the progressive increase in the curvature of
Biio(T) with the increase in B~. It also shows the GK decou-
pling line.
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we sense by ac absorption nearly coincides with the onset
of J„ indicating that the transition is very sharp. But,
above B«, the ac line is well above the dc line, indicating
that the onset of nonlinear behavior occurs well above the
temperature where finite J, first appears. This implies
that the transition is broad, and that the linear portion of
ac H;„(T) is in the liquid regime

The linear temperature dependence has been suggested
for a clean layered superconductor in the 3D melting
regime [17]. Glazman and Koshelev (GK) [17] argue
that the melting occurs in two stages. First, the vortex
array melts into a line liquid with a finite tilt modulus c44.
Close to T„c44 vanishes at B "(T)=- v@$(l —t)/
T, (4tr)., ) s, where s is the spacing between the CuO lay-
ers and A., is the penetration depth for currents crossing
the layers [18]. In a continuous anisotropic material this
boundary is equivalent [17] to the vortex entanglement
transition or crossover in the liquid, i.e., a decoupling on
some length scale [2,19].

We suggest a modification of this scenario in the pres-
ence of correlated disorder. Columnar pins stabilize c44
(i.e., promote disentanglement), but this stabilization de-
pends on the pin density and on the strength of pinning.
It has been shown rigorously that at low fields c44 is

significantly enhanced by the presence of columns and
hence the entangled phase is unlikely to form [20].
Above B„the pinning is weaker, the lattice is less rigid,
and, as temperature is increased, vortices first melt at
BaG(T) into a line liquid. Upon further heating the
liquid entangles and the lines break up along B "(T) due
to decoupling of CuO planes. For YBaCuO the 3D re-
gime should persist to about 20 T [21] with the slope
dB "/dT-1 T/K (Ref. [17)), in reasonable agreement
with the value of —0.8 T/K obtained from the high-field
slope of H;,„(T) in Fig. 1(b). Not surprisingly, the
linearity of this transition is dose independent. There are
no theoretical predictions as of yet as to the behavior of
the BpG above B„,only an expectation that BqG should
approach B at sufficiently high fields [7). From the ex-
periment, we conclude that the high-field Bose-glass melt-
ing line will lie below B "(T), consistent with the above
expectation.
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