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Bose glass transition in columnar-defected untwinned YB#Zu3;0,_ 5
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We demonstrate the Bose glass scaling behavior in a single crystal ofC¥iga; _ ; (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 dis- radiation due to the presence of twin boundaries and edge
order on the vortex phase diagram of the high-temperaturdislocations? Recent measurements on twin-free crystals
superconductor YB&£u;0;_ 5 has been studied extensively with the field tipped off the columnar defect direction show
in recent years~* In clean crystals of YBgCu;O,_ 5, ther-  glassy transitions apparently outside the classical Bose glass
modynamic measurement§ have established a first-order descriptior?® Indeed, the demise of a transverse Meissner
vortex lattice to liquid transition. With the introduction of effect associated with the Bose glass was found to lie several
increasing disorder, first-order transitions are generally extens of Kelvin below the disappearance of the linear resistiv-
pected to transform into continuous transitidnsin ity, suggesting an intermediate vortex regime where vortices
YBa,Cw0;- 5 (YBCO), a variety of disordered vortex solid are pinned against lateral motion arising from transport cur-
states have been proposed, depending on the type and dimegnts but are allowed to change their orientation in response
sionality of the disorder. In the presence of weak randomyg the applied field direction. Thus, to our best knowledge, a

point (ilisorder, a vortex glass phaSer a polymerlike glass  gefinitive investigation of the Bose glass transition in YBCO
phasé! has been predicted, whereas in the presence of CO[3 still lacking.

related disorder, a Bose glass pHase expected. Both types In this paper we show unambiguous evidence for a Bose

O.f 'def'ects can transform the f|r'st'-orde.r yorth melting .tran'glass transition in a completely untwinned single crystal of
sition into a second-order transition, giving rise to a critical

regime dominated by diverging correlation lengths. |_|0W_YBCO, irradiated with heavy ions to induce straight colum-

ever, there are marked differences. The vortex glass phasen r defects in the sample. Unlike previous studies on weakly

i
characterized by isotropic pinning due to point disorder,

twinned crystal$>®our unirradiated and untwinned crystals
whereas the Bose glass phase is characterized by anisotrogfd®"/ @ clear first-order vortex melting transition, demon-

pinning due to correlated defects, represented, for exampl€trating their high quality and nearly defect-free nature. We

by one-dimensional columnar tracks induced by heavy-iorfl€termine the static and dynamic critical exponengndz,
iradiation or by two-dimensional planar twin boundaries. @Spectively, associated with the Bose glass scaling theory
Several experiments claiming to demonstrate the existence #fom voltage-current scaling behavior and compare them
these two phases have been reported. However, earlier ewith those obtained from the angular dependence of the re-
periments contained preexisting defects in the sample leadistivity. In addition, we find a sharp kink in the Bose glass
ing to ambiguity as to the nature of the glassy phase. In manifreversibility line at the dose matching fiel,where the
cases, what was reported as a vortex glass phisen  density of columnar defects equals the density of vortices.
YBCO thin films and crystals may in fact be more related toThe position of the kink scales directly with the dose match-
a Bose glass phase due to the existence of twin boundariesiing field, indicating a fundamental change in the vortex pin-
the sample$>~1’In addition to acting as correlated defects, ning behavior when vortices outnumber columnar defects.
twin boundaries can also introduce added complications in Single crystals of YBCO were prepared using the flux-
transport measurements due to such phenomena as guidgwth method. The crystals were detwinned by applying
motion of the vortices parallel to a twin plat&?°Many of  uniaxial pressure at 420 °C in flowing oxygen and then pol-
the previous studies on YBCO crystals with columnar dedshed down to less than 30m along thec axis to ensure that
fects induced by heavy-ion irradiation were performed onthe heavy ions traverse the entire cross section of the sample,
twinned crystals, confounding the separation of vortex localas described byriM calculations™>?® No vestiges of twins
ization by columnar defects from twin boundary pinning. were observed by polarized light microscopy after detwin-
Although in some of the earlier studies, the crystals conhing. Two crystals were cleaved from a larger single piece
tained only widely spaced twin planes aboytth apart!®® (780X 740x 19 um?®). One crystal was irradiated with 1.4-
other measurements have shown that even two twin boundseV 2°%P®4" jons along the crystallographic axis to a
aries can have a dramatic effect on pinning, especially alose matching field d4=1 T and the second cleaved piece
temperatures nedr,.?! It has also been noted that approxi- was kept as a reference. Cleaving the crystals from a larger
mately the same critical scaling behavior has been observaguece for this experiment ensures that the starting underlying
in thick films of YBCO both before and after heavy-ion ir- quality of the crystals prior to irradiation is equivalent.

0163-1829/2002/68.0)/10452@6)/$20.00 65 104520-1 ©2002 The American Physical Society



ROBERT J. OLSSONet al. PHYSICAL REVIEW B 65 104520

1 — . 1 matching field ofB=1T, the kink representing the first-
I ] order vortex melting transition is completely suppressed and
replaced with a smooth decrease in the resistivity at all mea-
sured fields, reaching zero resistivity at a much higher tem-
J: ] perature than the first-order vortex melting temperature.
£ 20 Aom® £ 1 Although the kink associated with first-order melting is
1% 02 wom? $€ absent after irradiation, the initial overlap and subsequent
RS ] splitting of two resistivity curves measured at 2 and 20
1 Alcm? indicates that nonohmic behavior persists below a
characteristic temperatufé as shown by the arrows in the
inset to Fig. 1. The disappearance of the kink suggests that
the transition is no longer first order, and the appearance of
nonohmic behavior at more than 30% of the normal-state
resistancep(95 K) demonstrates that vortex motion in the
ol ‘ A . ] liquid state is dramatically affected by the columnar defects.
80 84 88 92 It is within this measurable nonlinear fluctuation regime that
T (K) the Bose glass critical scaling theory appli.es. The. ir]s'et to
Fig. 1 also shows that boffi* and the normalized resistivity
FIG. 1. Normalized resistivity versus temperature for the unir-Pir/Pn, Where nonohmic behavior occurs, shift down in
radiated reference crystéhin lines and theBy=1 T Pb-ion irra- ~ Magnitude with increasing field.
diated crystalthick lines for H=0, 1, 2, 4, and 8 T. The arrows In the presence of correlated defects, the Bose glass
mark the first-order melting temperatuflg, for the unirradiated theory predicts a continuous transition that is described by
crystal. Inset: Semilog plot of the temperature-dependent resistivitjransverse and longitudinal correlation lengths givenl by
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of the irradiated crystal & =1 and 2 T measured with two differ- ~1/|Tg,—T|* and l,~12, respectively, whereTgg is the
ent transport currents. Arrows indicate the onset of nonohmic beBose glass transition temperature, ani$ a critical scaling
havior atT*. exponent? The relaxation time of a fluctuation is expected

to diverge with a dynamic scaling exponentgiven by 7

Transport measurements were carried out using the stan=!7 - From the anisotropic Ginzburg-Landau free energy,
dard four-probe technique. Gold contacts were first evapothe current densityd~1/,1;, while the resultant electric
rated onto the surface of the crystal and sintered at 420 °dield produced by vortex motion scalests- 1/, 7, leading
Gold wires were subsequently attached to the contacts witip a scaling ansatzfor the current in the critical regime,
silver epoxy, resulting in contact resistances of aboQt Ac ~ Where EI}"?=F (1,1, J®,/cT) and F. is the universal
resistivity measurements were performed with transport curscaling function. Whilé=_. andF_ are unknown, the scaling
rent densities typically in the range of 2 to 20 Afcat 23 hypothesis allows current-voltage data for different tempera-
Hz. Dc resistivity andl-V measurements were carried out tures to be collapsed onte, above, and-_ below, Tgg.
with a nanovoltmeter using current reversal to minimize ther-The two divergent lengths cancel®t Tggy, giving a power-
mal effects. The crystal was placed in the center of a 1.5-Taw dependenc&~J(*+273,
superconducting split coil magnet that resides in the bore of Figure 2a) shows the voltage-current curves for the irra-
an 8-T superconducting solenoid magnet. The magnetic fieldiated crystal, taken at various temperaturesHer1 T ap-
could be rotated with respect to the sample by energizing thplied parallel to the defects. The curves clearly show a cross-
magnets independently. For the irradiated crystélis de-  over from a linear to nonlinear critical regime. In Figb2
fined as the angle between the applied magnetic field and thee E-J curves have been scaled according to the scaling
columnar defect direction. The measuring current was apansatz, with an excellent collapse of the data both above and
plied in theab plane and perpendicular to the applied mag-below Tg,. The critical exponents and z, as well as the
netic field and columnar defect directions. Bose glass temperature, were varied to obtain the best overall

Figure 1 shows the temperature dependence of the resifit where deviations were kept within 20% over several de-
tivity for the unirradiated reference crystéhin lineg and  cades. From this analysis we obtair 1.67+0.10,z=3.44
the irradiated crystafthick lines. The zero-field supercon- =+0.10, ands=v(z—2)=2.4+0.2, where the latter is the
ducting transition of the crystal before irradiation 1§,  scaling exponent for the temperature dependence of the re-
=93.83 K with width AT ,~300 mK. After irradiation, sistivity nearTgg, p~(T—Tgg)® in the limit of low excita-
T.0=92.57 K, with a slight broadening of the transition tion current. The values of and z are greater and smaller,
width to AT.,~500 mK, and the normal-state resistivity in- respectively, than the values reported by Grigeral®’ on
creased by approximately 6%. The high quality of the unir-twin boundaries and the values obtained from cuKicBa)
radiated crystal is underlined by the sharp kink in the resisBiO; samples with columnar defecalthough the value of
tivity associated with the first-order vortex lattice freezings is consistent with Grigerat al’s result. Our value ot is
transition?’ The onset of the sharp kink &t, also separates also similar to that obtained from recent Monte Carlo simu-
ohmic resistive behavior above from nonohmic resistive belations by Lidmar and Wallif? that foundz=4.6+0.3. Also
havior below this temperature. After irradiation with a doseplotted in Fig. Za) is the expected power-law dependence
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; M‘/ 3 circles,T=90.4 K), and afteopen squared,=90.8 K), irradiation
1024 . . for H=1T.

. voltage curves at various magnetic fields are shown in Fig. 3
(closed diamonds along with the first-order vortex melting
1 line for the unirradiated reference crystalosed circlesde-
] termined from the onset of the kink in the resistivity and the
9=1° 1 T* line (open squargsdetermined from the onset of nono-
hmic behavior after irradiation. Also shown are the zero re-
8 sistance temperature3,,,, (open triangles using a p
=0.01 1€} cm criterion, the resolution limit of our measure-
ments with a current density of 2 A/émAt high magnetic
fields above 4 T, oup=0.01xQ cm criterion falls in the
vortex liquid regime, and hence represents an upper bound to

=1T nonlinearE-J curves <91.70 K) with the Bose glass scal- the Bose glass transition. At lower fields, beléw=3 T, p

ing ansatz(c) Scaling of theH=1-T voltage-current curves faf =0.01,4) ¢m resides in the nonohmic r_eglme anc! Closely
—1° follows the Tgq curve obtained from scaling. After irradia-

tion, both T* and T, are shifted to higher temperatures

compared to the first-order melting line.
E~J"4" at Tgy, where we have user=3.44. This power- Above Tg, but within the critical regime, and in the limit
law behavior is consistent with the experimental data, anaf very low current density, the resistivity is expected to be
separates the two regions of the voltage-current curves wherhmic. In this limit the functior , (x) ~x and the resistivity
concave upward and downward behaviors are observeghould vanish a(T—Tgy,J—0)~(T—Tgg) " 2. In
Similar analysis forH=0.2, 0.5, and 2 T yielded theame order to determine the Bose glass transition temperature
critical exponents. As indicated in the inset to Fig. 1, theaboveH=3 T, the tail of the temperature-dependent resis-
fractional resistivityp;, / p,, at the onset of the critical regime tivity should be fitted to this power law. However, we were
characterized by nonohmic behavior is shifted to lower temnot able to obtain the ohmic regime since it lay below our
perature with increasing field. AH>3 T, the resistivity sensitivity limit for low current excitations.
value p;, / p,, falls below the resolution of our measurement  The anisotropic pinning behavior of the Bose glass is
and we are no longer able to perform the scaling analysis. demonstrated by the plot of the angular-dependent resistivity

The values ofTg, obtained from scaling the current- when the magnetic field is tilted away from the columnar

p N(T-T_)"*?
=

10" 10% 16® 10* 10® 10° 10" 10
JIT-T )
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FIG. 2. (a) E-J curves of the irradiated crystal takentat=1 T
for 90.50<T<91.90 K in intervals of 0.1 K(b) Scaling of theH
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FIG. 4. (a) Angular-dependent resistivity of the irradiated crystal
atH=0.5T, 89.56<T<91.27 K in approximate steps of 0.1 K) 2t
Bose glass scaling of the angular-dependent resistivity dafa) of (c)
using p=0.01-uQ cm criterion. Other resistive criteria gave 076 78 80 82 84 86
slightly higher values. T(K)

defect direction, as shown in the inset of Fig. 3. For com- F!G. 5. lreversibility lines of three untwinned YBCO crystals
parison, the angular-dependent resistivity of the unirradiate§r2diated with 1.4-GeV U ions to a dose matching field@f By,
crystal is also plotted. The minimum dissipationfat 0° for _ll’ () B(hp=2, and(c) if"=4T' Ar‘:.mw]f 'Ir:jd'iite Fhe kink V?(;y .
the irradiated sample indicates that columnar defects arg0se to the corresponding matching field. The lines are guides for
most effective as pinning sites when the vortices are aligne © eye.
along the defect direction. Dissipation increases with increas-
ing angle, up tod=6,, beyond which pinning by columnar scaled from below, sindg is essentially infinité€equal to the
defects effectively disappears and the angular dependence gfimple thicknegsbelow the transition.
the dissipation is dictated by the intrinsic superconducting At H=1.0 T and at very small angles1°<#§<1°, we
anisotropy. measured severdt-J curves at various temperatures near
Within the Bose glass phase, theory predicts an infinite tilfTzg. We can collapse th&-J data with the same scaling
modulus for vortices that remain aligned to the defect tracksprocedure as thé=0° data and we obtain=1.57+0.4,z
At some finite applied transverse figitf (T), the Bose glass =3.55+0.5, ands=v(z—2)=2.4+0.10, in excellent agree-
state is transformed into a kinked vortex configurafidihe ~ ment the results foé=0°. This is demonstrated in Fig(c,
transition from the “lock-in” phase to the “kinked” phase is which shows scaled data fér=1°. Thus within the 1° win-
characterized by a sharp increase in the measured resistiviypw the vortices behave as if they are perfectly aligned with
due to the relatively free motion of the kinks as they movethe pins. Beyond 1° the data no longer can be scaled in this
along the columnar defects. In the lock-in phase, the resismanner. We therefore use a different approach to investigate
tivity is effectively zero, since the vortices remain pinnedthe lock-in transition, using the angular dependence of the
along the columnar defects. As the temperature is loweredgsistivity.
the transverse field where the transition occurs increases. The The angular-dependent resistivity shown in Figa)4is
lock-in transition is expected to scale from above aszero within our sensitivity limit over a finite range of angles
Teg(0)— Teg(0)~[H, ¢[¥".12?° The transition cannot be near§=0°, then increases sharply with angle. We take the
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intersection of the sharply rising resistivity with our sensitiv- vature in the melting line above and below the matching
ity cutoff value as the operational definition of the lock-in field, with the Bose glass transition approaching the preirra-
transition. We choose a sensitivity criterion op  diation melting line forH>Bg, .?® The kink in the irrevers-
=0.01x0 cm, the same as that used to deternilg, in ibility line is related to the change in pinning behavior when
Fig. 3, where it gave good agreement willg, determined the density of vortices becomes greater than the defect den-
from scaling theE-J curves. As shown below, other resistive Sity With increasing applied magnetic field. Figure 5 displays
criteria yield consistent results, indicating the abrupt jump inth€ Tzero lines for thsree samples cleaved from a 1300(
the resistance ne#=0° when the field is tilted. Therefore, X500(W)2>§ 18(t)-um” untwinned crystal irradiated with
we take our criterion as a reasonable estimate of the Bosk4-G€V**U ions to dose matching fields &;=1, 2, and

glass-liquid transition at finite angle. The angular depen T. Similar to the Pb-ion irradiated crystal, all three samples

dence of the Bose glass transition temperature using this cr .-Xh'b't a kink inT,erq Close to the matching fielBy, , with a

o - : : . linear temperature dependence above, and positive curvature
:(ra;r?s;:osnhovﬁzrllztgg' @.?_)’ z(:t(l)c;rlg_rwn(ha;) ETLfIt°S| f,? thev\lltacel:em below, the kink. The linear behavior abof2g, can be inter-
Bg Bg L ) i inni i
H,“/H~ 0 for small angles. As a check, other resistive cri- preted as a weakening of the pinning efficiency when the

. . ; . . vortices outnumber the columnar defetts.
teria were also investigated, with consistent results ifor

. . . X In summary, we have demonstrated the Bose glass scaling
From this analysis, using bog=0.05 and 0.Ju{dcm crite-  yopavior in a'single crystal of YBCO free from twin bound-
ria, we obtainedv=1.7+0.4, in good agreement with our

. ; 0 - ary pinning. We determined the scaling exponents from
previous analysis. Furthermore, it is also in good agreemenys e current measurements near the transition temperature
with recent transport and magnetization measurements alongq “found them to be in good agreement with values re-
th.e defect diregtion (3)n u.ntwinned YBCO crystals irradiatedported by Monte Carlo simulations. We also inferred a
with 4 GeV Au ions;® which foundv~1.9+0.2. However, jocy in transition from measurements of the angular depen-
for larger angles, the magnetization measurements diverggsnce of the resistivity and found the resultant critical expo-
from the transport measurements, yielding- 1. The origin - hent from the angular dependence to be in good agreement
of the difference between the critical exponents from magyyit, the scaling analysis forl | defects. Finally, we demon-
netization and transport measurements is not yet clear. FQfrateq that the kink in the Bose glass irreversibility line in

further discussion, see Ref. 23. irradiated untwinned YBCO occurs very close to the match-

. Finally, we report on the kink found in the Bose glassjn field and is associated with a weakened pinning behavior
irreversibility line of the irradiated crystal. This kink occurs \, nan vortices outnumber the columnar defects.

very close to the matching field &, =1 T as shown in Fig.

3. Similar kinks in the irreversibility line were reported ear-  This work was supported by the U.S. Department of En-
lier in irradiated twinned YBCO crystals &t=} By, .31 Sub-  ergy, Basic Energy Sciences—Material Sciences under Con-
sequent studies on irradiated untwinned crystals showettact No. W-31-109-ENG-38R.J.0., W.K.K., A.M.P., and
kinks very close to the matching fiefd. A study of G.W.C) and by the National Science Foundation through
(K,Ba)BiO; with columnar defects also finds different cur- Grant No. DMR-007288(@L.M.P.).
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