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Bose glass transition in columnar-defected untwinned YBa2Cu3O7Àd
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We demonstrate the Bose glass scaling behavior in a single crystal of YBa2Cu3O72d ~YBCO! free from twin
boundary pinning. We determine the scaling exponents from voltage-current measurements near the transition
temperature and infer a lock-in transition from measurements of the angular dependence of the resistivity. In
addition we demonstrate that the kink in the Bose glass irreversibility line in irradiated untwinned YBCO
occurs systematically at the dose matching field.
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The effect of carefully controlled irradiation-induced di
order on the vortex phase diagram of the high-tempera
superconductor YBa2Cu3O72d has been studied extensive
in recent years.1–4 In clean crystals of YBa2Cu3O72d , ther-
modynamic measurements5–8 have established a first-orde
vortex lattice to liquid transition. With the introduction o
increasing disorder, first-order transitions are generally
pected to transform into continuous transitions.9 In
YBa2Cu3O72d ~YBCO!, a variety of disordered vortex soli
states have been proposed, depending on the type and di
sionality of the disorder. In the presence of weak rand
point disorder, a vortex glass phase10 or a polymerlike glass
phase11 has been predicted, whereas in the presence of
related disorder, a Bose glass phase12 is expected. Both types
of defects can transform the first-order vortex melting tra
sition into a second-order transition, giving rise to a critic
regime dominated by diverging correlation lengths. Ho
ever, there are marked differences. The vortex glass pha
characterized by isotropic pinning due to point disord
whereas the Bose glass phase is characterized by anisot
pinning due to correlated defects, represented, for exam
by one-dimensional columnar tracks induced by heavy-
irradiation or by two-dimensional planar twin boundarie
Several experiments claiming to demonstrate the existenc
these two phases have been reported. However, earlie
periments contained preexisting defects in the sample le
ing to ambiguity as to the nature of the glassy phase. In m
cases, what was reported as a vortex glass phase13,14 in
YBCO thin films and crystals may in fact be more related
a Bose glass phase due to the existence of twin boundari
the samples.15–17 In addition to acting as correlated defec
twin boundaries can also introduce added complications
transport measurements due to such phenomena as g
motion of the vortices parallel to a twin plane.18–20Many of
the previous studies on YBCO crystals with columnar d
fects induced by heavy-ion irradiation were performed
twinned crystals, confounding the separation of vortex loc
ization by columnar defects from twin boundary pinnin
Although in some of the earlier studies, the crystals c
tained only widely spaced twin planes about 1mm apart,15,16

other measurements have shown that even two twin bou
aries can have a dramatic effect on pinning, especially
temperatures nearTc .21 It has also been noted that approx
mately the same critical scaling behavior has been obse
in thick films of YBCO both before and after heavy-ion i
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radiation due to the presence of twin boundaries and e
dislocations.22 Recent measurements on twin-free cryst
with the field tipped off the columnar defect direction sho
glassy transitions apparently outside the classical Bose g
description.23 Indeed, the demise of a transverse Meiss
effect associated with the Bose glass was found to lie sev
tens of Kelvin below the disappearance of the linear resis
ity, suggesting an intermediate vortex regime where vorti
are pinned against lateral motion arising from transport c
rents but are allowed to change their orientation in respo
to the applied field direction. Thus, to our best knowledge
definitive investigation of the Bose glass transition in YBC
is still lacking.

In this paper we show unambiguous evidence for a B
glass transition in a completely untwinned single crystal
YBCO, irradiated with heavy ions to induce straight colum
nar defects in the sample. Unlike previous studies on wea
twinned crystals,15,16our unirradiated and untwinned crysta
show a clear first-order vortex melting transition, demo
strating their high quality and nearly defect-free nature.
determine the static and dynamic critical exponentsn andz,
respectively, associated with the Bose glass scaling the
from voltage-current scaling behavior and compare th
with those obtained from the angular dependence of the
sistivity. In addition, we find a sharp kink in the Bose gla
irreversibility line at the dose matching field,24 where the
density of columnar defects equals the density of vortic
The position of the kink scales directly with the dose matc
ing field, indicating a fundamental change in the vortex p
ning behavior when vortices outnumber columnar defect

Single crystals of YBCO were prepared using the flu
growth method. The crystals were detwinned by apply
uniaxial pressure at 420 °C in flowing oxygen and then p
ished down to less than 30mm along thec axis to ensure tha
the heavy ions traverse the entire cross section of the sam
as described byTRIM calculations.25,26 No vestiges of twins
were observed by polarized light microscopy after detw
ning. Two crystals were cleaved from a larger single pie
(7803740319mm3). One crystal was irradiated with 1.4
GeV 208Pb56.41 ions along the crystallographicc axis to a
dose matching field ofBF51 T and the second cleaved piec
was kept as a reference. Cleaving the crystals from a la
piece for this experiment ensures that the starting underly
quality of the crystals prior to irradiation is equivalent.
©2002 The American Physical Society20-1
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Transport measurements were carried out using the s
dard four-probe technique. Gold contacts were first eva
rated onto the surface of the crystal and sintered at 420
Gold wires were subsequently attached to the contacts
silver epoxy, resulting in contact resistances of about 1V. Ac
resistivity measurements were performed with transport c
rent densities typically in the range of 2 to 20 A/cm2 at 23
Hz. Dc resistivity andI -V measurements were carried o
with a nanovoltmeter using current reversal to minimize th
mal effects. The crystal was placed in the center of a 1.
superconducting split coil magnet that resides in the bore
an 8-T superconducting solenoid magnet. The magnetic fi
could be rotated with respect to the sample by energizing
magnets independently. For the irradiated crystals,u is de-
fined as the angle between the applied magnetic field and
columnar defect direction. The measuring current was
plied in theab plane and perpendicular to the applied ma
netic field and columnar defect directions.

Figure 1 shows the temperature dependence of the r
tivity for the unirradiated reference crystal~thin lines! and
the irradiated crystal~thick lines!. The zero-field supercon
ducting transition of the crystal before irradiation isTco
593.83 K with width DTco;300 mK. After irradiation,
Tco592.57 K, with a slight broadening of the transitio
width to DTco;500 mK, and the normal-state resistivity in
creased by approximately 6%. The high quality of the un
radiated crystal is underlined by the sharp kink in the re
tivity associated with the first-order vortex lattice freezi
transition.27 The onset of the sharp kink atTm also separates
ohmic resistive behavior above from nonohmic resistive
havior below this temperature. After irradiation with a do

FIG. 1. Normalized resistivity versus temperature for the un
radiated reference crystal~thin lines! and theBF51 T Pb-ion irra-
diated crystal~thick lines! for H50, 1, 2, 4, and 8 T. The arrow
mark the first-order melting temperatureTm for the unirradiated
crystal. Inset: Semilog plot of the temperature-dependent resist
of the irradiated crystal atH51 and 2 T measured with two differ
ent transport currents. Arrows indicate the onset of nonohmic
havior atT* .
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matching field ofBF51 T, the kink representing the first
order vortex melting transition is completely suppressed
replaced with a smooth decrease in the resistivity at all m
sured fields, reaching zero resistivity at a much higher te
perature than the first-order vortex melting temperature.

Although the kink associated with first-order melting
absent after irradiation, the initial overlap and subsequ
splitting of two resistivity curves measured at 2 and
A/cm2 indicates that nonohmic behavior persists below
characteristic temperatureT* as shown by the arrows in th
inset to Fig. 1. The disappearance of the kink suggests
the transition is no longer first order, and the appearanc
nonohmic behavior at more than 30% of the normal-st
resistancer~95 K! demonstrates that vortex motion in th
liquid state is dramatically affected by the columnar defec
It is within this measurable nonlinear fluctuation regime th
the Bose glass critical scaling theory applies. The inse
Fig. 1 also shows that bothT* and the normalized resistivity
r irr /rn , where nonohmic behavior occurs, shift down
magnitude with increasing field.

In the presence of correlated defects, the Bose g
theory predicts a continuous transition that is described
transverse and longitudinal correlation lengths given byl'
;1/uTBg2Tuv and l i; l'

2 , respectively, whereTBg is the
Bose glass transition temperature, andn is a critical scaling
exponent.12 The relaxation time of a fluctuation is expecte
to diverge with a dynamic scaling exponentz, given by t
; l'

z . From the anisotropic Ginzburg-Landau free ener
the current densityJ;1/l'l i , while the resultant electric
field produced by vortex motion scales asE;1/l't, leading
to a scaling ansatzfor the current in the critical regime
where El'

11z5F6( l'l iJF0 /cT) and F6 is the universal
scaling function. WhileF1 andF2 are unknown, the scaling
hypothesis allows current-voltage data for different tempe
tures to be collapsed ontoF1 above, andF2 below, TBg .
The two divergent lengths cancel atT5TBg , giving a power-
law dependenceE;J(11z)/3.

Figure 2~a! shows the voltage-current curves for the irr
diated crystal, taken at various temperatures forH51 T ap-
plied parallel to the defects. The curves clearly show a cro
over from a linear to nonlinear critical regime. In Fig. 2~b!
the E-J curves have been scaled according to the sca
ansatz, with an excellent collapse of the data both above
below TBg . The critical exponentsn and z, as well as the
Bose glass temperature, were varied to obtain the best ov
fit where deviations were kept within 20% over several d
cades. From this analysis we obtainn51.6760.10,z53.44
60.10, ands5n(z22)52.460.2, where the latter is the
scaling exponent for the temperature dependence of the
sistivity nearTBg , r;(T2TBg)

s in the limit of low excita-
tion current. The values ofn and z are greater and smalle
respectively, than the values reported by Grigeraet al.17 on
twin boundaries and the values obtained from cubic~K, Ba!
BiO3 samples with columnar defects,28 although the value of
s is consistent with Grigeraet al.’s result. Our value ofz is
also similar to that obtained from recent Monte Carlo sim
lations by Lidmar and Wallin29 that foundz54.660.3. Also
plotted in Fig. 2~a! is the expected power-law dependen
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E;J1.47 at TBg , where we have usedz53.44. This power-
law behavior is consistent with the experimental data, a
separates the two regions of the voltage-current curves w
concave upward and downward behaviors are obser
Similar analysis forH50.2, 0.5, and 2 T yielded thesame
critical exponents. As indicated in the inset to Fig. 1, t
fractional resistivityr irr /rn at the onset of the critical regim
characterized by nonohmic behavior is shifted to lower te
perature with increasing field. AtH.3 T, the resistivity
valuer irr /rn falls below the resolution of our measureme
and we are no longer able to perform the scaling analys

The values ofTBg obtained from scaling the curren

FIG. 2. ~a! E-J curves of the irradiated crystal taken atH51 T
for 90.50,T,91.90 K in intervals of 0.1 K~b! Scaling of theH
51 T nonlinearE-J curves (T,91.70 K) with the Bose glass sca
ing ansatz.~c! Scaling of theH51-T voltage-current curves foru
51°.
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voltage curves at various magnetic fields are shown in Fig
~closed diamonds!, along with the first-order vortex melting
line for the unirradiated reference crystal~closed circles! de-
termined from the onset of the kink in the resistivity and t
T* line ~open squares! determined from the onset of nono
hmic behavior after irradiation. Also shown are the zero
sistance temperaturesTzero ~open triangles! using a r
50.01mV cm criterion, the resolution limit of our measure
ments with a current density of 2 A/cm2. At high magnetic
fields above 4 T, ourr50.01mV cm criterion falls in the
vortex liquid regime, and hence represents an upper boun
the Bose glass transition. At lower fields, belowH53 T, r
50.01mV cm resides in the nonohmic regime and close
follows the TBg curve obtained from scaling. After irradia
tion, both T* and Tzero are shifted to higher temperature
compared to the first-order melting line.

Above TBg but within the critical regime, and in the limi
of very low current density, the resistivity is expected to
ohmic. In this limit the functionF1(x);x and the resistivity
should vanish asr(T→TBg

1 ,J→0);(T2TBg)
n(z22).12 In

order to determine the Bose glass transition tempera
aboveH53 T, the tail of the temperature-dependent res
tivity should be fitted to this power law. However, we we
not able to obtain the ohmic regime since it lay below o
sensitivity limit for low current excitations.

The anisotropic pinning behavior of the Bose glass
demonstrated by the plot of the angular-dependent resist
when the magnetic field is tilted away from the column

FIG. 3. Superconducting phase diagram of the 1.4-G
208Pb56.41-ion irradiated and unirradiated crystals showing the fir
order melting transitionTm in the reference unirradiated crysta
~closed circles!, zero resistivity temperatureTzero from a r
50.01-mV cm criterion~open triangles!, the Bose glass transition
TBg from E-J scaling~closed diamonds!, and the Bose glass irre
versibility line Tirr from the onset of nonohmic behavior~open
squares!. Inset: Angular dependence of the resistivity before~open
circles,T590.4 K!, and after~open squares,T590.8 K!, irradiation
for H51 T.
0-3
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defect direction, as shown in the inset of Fig. 3. For co
parison, the angular-dependent resistivity of the unirradia
crystal is also plotted. The minimum dissipation atu50° for
the irradiated sample indicates that columnar defects
most effective as pinning sites when the vortices are alig
along the defect direction. Dissipation increases with incre
ing angle, up tou5ua , beyond which pinning by columna
defects effectively disappears and the angular dependen
the dissipation is dictated by the intrinsic superconduct
anisotropy.

Within the Bose glass phase, theory predicts an infinite
modulus for vortices that remain aligned to the defect trac
At some finite applied transverse fieldH'

c (T), the Bose glass
state is transformed into a kinked vortex configuration.30 The
transition from the ‘‘lock-in’’ phase to the ‘‘kinked’’ phase i
characterized by a sharp increase in the measured resist
due to the relatively free motion of the kinks as they mo
along the columnar defects. In the lock-in phase, the re
tivity is effectively zero, since the vortices remain pinn
along the columnar defects. As the temperature is lowe
the transverse field where the transition occurs increases.
lock-in transition is expected to scale from above
TBg(0)2TBg(u);uH'

cu1/y.12,29 The transition cannot be

FIG. 4. ~a! Angular-dependent resistivity of the irradiated crys
at H50.5 T, 89.56,T,91.27 K in approximate steps of 0.1 K.~b!
Bose glass scaling of the angular-dependent resistivity data o~a!
using r50.01-mV cm criterion. Other resistive criteria gav
slightly higher values.
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scaled from below, sincel i is essentially infinite~equal to the
sample thickness! below the transition.

At H51.0 T and at very small angles21°,u,1°, we
measured severalE-J curves at various temperatures ne
TBg . We can collapse theE-J data with the same scalin
procedure as theu50° data and we obtainn51.5760.4, z
53.5560.5, ands5n(z22)52.460.10, in excellent agree
ment the results foru50°. This is demonstrated in Fig. 2~c!,
which shows scaled data foru51°. Thus within the 1° win-
dow the vortices behave as if they are perfectly aligned w
the pins. Beyond 1° the data no longer can be scaled in
manner. We therefore use a different approach to investig
the lock-in transition, using the angular dependence of
resistivity.

The angular-dependent resistivity shown in Fig. 4~a! is
zero within our sensitivity limit over a finite range of angle
nearu50°, then increases sharply with angle. We take

l

FIG. 5. Irreversibility lines of three untwinned YBCO crysta
irradiated with 1.4-GeV U ions to a dose matching field of~a! BF

51, ~b! BF52, and~c! BF54 T. Arrows indicate the ‘‘kink’’ very
close to the corresponding matching field. The lines are guides
the eye.
0-4
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intersection of the sharply rising resistivity with our sensit
ity cutoff value as the operational definition of the lock-
transition. We choose a sensitivity criterion ofr
50.01mV cm, the same as that used to determineTzero in
Fig. 3, where it gave good agreement withTBg determined
from scaling theE-J curves. As shown below, other resistiv
criteria yield consistent results, indicating the abrupt jump
the resistance nearu50° when the field is tilted. Therefore
we take our criterion as a reasonable estimate of the B
glass-liquid transition at finite angle. The angular dep
dence of the Bose glass transition temperature using this
teria is shown in Fig. 4~b!, along with best fits to the lock-in
transition function TBg(0)2TBg(u);uH'

cu1/y, where
H'

c/H'u for small angles. As a check, other resistive c
teria were also investigated, with consistent results forn.
From this analysis, using bothr50.05 and 0.1mV cm crite-
ria, we obtainedy51.760.4, in good agreement with ou
previous analysis. Furthermore, it is also in good agreem
with recent transport and magnetization measurements a
the defect direction on untwinned YBCO crystals irradia
with 4 GeV Au ions,23 which foundy '1.960.2. However,
for larger angles, the magnetization measurements div
from the transport measurements, yieldingy '1. The origin
of the difference between the critical exponents from m
netization and transport measurements is not yet clear.
further discussion, see Ref. 23.

Finally, we report on the kink found in the Bose gla
irreversibility line of the irradiated crystal. This kink occu
very close to the matching field ofBF51 T as shown in Fig.
3. Similar kinks in the irreversibility line were reported ea
lier in irradiated twinned YBCO crystals atH5 1

2 BF .31 Sub-
sequent studies on irradiated untwinned crystals sho
kinks very close to the matching field.32 A study of
(K,Ba)BiO3 with columnar defects also finds different cu
ig
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vature in the melting line above and below the match
field, with the Bose glass transition approaching the prei
diation melting line forH@BF .28 The kink in the irrevers-
ibility line is related to the change in pinning behavior wh
the density of vortices becomes greater than the defect
sity with increasing applied magnetic field. Figure 5 displa
the Tzero lines for three samples cleaved from a 1500l )
3500(w)318(t)-mm3 untwinned crystal irradiated with
1.4-GeV238U ions to dose matching fields ofBF51, 2, and
4 T. Similar to the Pb-ion irradiated crystal, all three samp
exhibit a kink inTzero close to the matching fieldBF , with a
linear temperature dependence above, and positive curva
below, the kink. The linear behavior aboveBF can be inter-
preted as a weakening of the pinning efficiency when
vortices outnumber the columnar defects.33

In summary, we have demonstrated the Bose glass sca
behavior in a single crystal of YBCO free from twin boun
ary pinning. We determined the scaling exponents fr
voltage-current measurements near the transition temper
and found them to be in good agreement with values
ported by Monte Carlo simulations. We also inferred
lock-in transition from measurements of the angular dep
dence of the resistivity and found the resultant critical ex
nent from the angular dependence to be in good agreem
with the scaling analysis forH i defects. Finally, we demon
strated that the kink in the Bose glass irreversibility line
irradiated untwinned YBCO occurs very close to the mat
ing field and is associated with a weakened pinning beha
when vortices outnumber the columnar defects.

This work was supported by the U.S. Department of E
ergy, Basic Energy Sciences–Material Sciences under C
tract No. W-31-109-ENG-38~R.J.O., W.K.K., A.M.P., and
G.W.C.! and by the National Science Foundation throu
Grant No. DMR-0072880~L.M.P.!.
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