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Evidence of a Bose-Glass Transition in Superconducting YBazCu307 Single Crystals
with Columnar Defects
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Experimental evidence of a Bose-glass transition in the vortex state of YBa2Cu30& single crystals with

columnar defects along the c axis is manifested by the universal critical exponents v&, vt (=(v~), and z'

derived from the (d'+ 1 )&imension critical scaling of the frequency-dependent ac resistivity from lOz to
2.5x lO~ Hz. The Bose-glass transition temperature (TaG) is found to decrease with the increasing an-

gle (8) between the applied magnetic field and the c axis. The finding that ( vt/v~ -1.1+ 0. 1 & d'-2
suggests an incompressible Bose glass at tern peratures below Tgg.

PACS numbers: 74.25.Dw, 74.60.Ec, 74.60.Ge, 74.72.Bk

Nelson and Vinokur [I] recently proposed a "Bose-
glass" to "superfluid" transition [2] in the vortex state of
high-temperature superconductors with columnar defects.
In the case that the density of vortices is smaller than

that of the columnar defects (or, equivalently, if the ap-

plied magnetic field 0 is smaller than the "matching
field" Bv,), it is argued [I] that strong pinning of the

artificially created columnar defects [3] results in an

equivalent "Bose localization" efl'ect on vortices at low

temperatures. At high temperatures, vortices could
"hop" into neighboring empty columns via the formation

of "superkinks, " thereby resulting in an entangled vortex

liquid [1] which resembles a superfluid state [2]. The

theoretically well-defined Bose-glass transition difkrs
from the vortex-glass transition for YBa2Cu307 single

crystals with random point defects [4-91 in that the tilt

modulus in the former is infinite. Furthermore, for

columnar defects along the sample c axis, the Bose-glass

transition temperature (Tao) is predicted to decrease

with the increasing angle (8) between the applied mag-

netic field and c axis [1,10], in sharp contrast to the in-

creasing vortex-glass melting temperature (Tss) due to

the sample anisotropy [6-81.
Despite its sound theoretical foundation, experimental

verification of a Bose-glass transition may be complicated

by large electronic anisotropies as weil as by the presence

of point defects or twin boundaries which would compete

with the effect of columnar defects on vortices [10]. It is

therefore important to se1ect superconducting single crys-

tals with minimal defects and smaller anisotropies before

creating columnar defects in them. In this Letter, we

provide the erst experimental evidence for a second-order
Bose-glass transition by demonstrating unit ersal (2+ 1)-
dimension critical scahng of the ac resistivity (p„)taken

on YBa2Cu307 sing1e crystals irradiated with 0.9 GeV Pb

ions. %Ye 6nd that for 8&45', umversaI scaling func-

tions for the amplitude and phase of p~ taken at frequen-

cies from 10 to 2.5x 10 Hz can be achieved with a sin-

gle set of critical exponents, v~ = 1.0, vt=(v~ =1.1

~0.1, and z'=2.2+ 0.2, independent of the magnitude

and orientation of the magnetic field. In addition, the

Bose-glass transition temperature Tag is found to de-

crease with the increasing angle 8 for 8 (45', following

the predicted "cusp" shape [1,10]. The difl'erent critical

exponents and the sharp contrast in the angular depen-

dence of TaG for YBa2Cu307 single crystals with colum-

nar defects distinguish the Bose-glass transition [51 from

the vortex-glass transition [6-8]. Finally, we show that

the finding of (& 2 suggests a long-range Bose interac-

tion [11] in the incompressible Bose-glass phase at T
& TqG, which is consistent with recent numerical simula-

tion results [12].
The sample used for the heavy-ion irradiation in this

work is a YBa2Cu30i single crystal of dimensions 0.65
X0.50X0.020 mm, with 100% superconducting volume

and low twin boundary densities averaging —10 Itm sep-

aration. The 0.9 GeV Pb ion irradiation was performed

at liquid nitrogen temperature, with the ion beam aligned

along the sample c axis. The total fluence was -5X10'0
ions/cm2 which corresponds to a matching field Bv, = 10

kG and an average column separation =490 A. The

creation of amorphous columnar defects is confirmed by

high-resolution electron microscopy which reveals the for-

mation of continuous tracks extending throughout the en-

tire thickness of the sample with diameters -70 A.

Measurements on two other YBa2Cu307 single crystals,

one an as-grown crystal and the other irradiated with 3

MeV protons with a fluence of 1 x10' protons/cm were

also performed for comparison. Details of the prepara-

tions and characterizations of these crystals have been

given in Refs. [6-81.
To study the frequency (f) dependent ac resistivity,

four-probe ac transport measurements are carried out by

using the technique described in Ref. [7]. An HP4194

impedance analyzer is used to supply a uniform ac
current to the entire thickness of the sample through a
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serial 1 ko noninductive resistor. The resulting voltage is
enhanced by an 80-dB low noise amphfier. Impedance
versus frequency isotherms are taken in various applied
dc magnetic fields with the field direction tilted at an an-
gle 8 of 0 to 90o from the e axis of the sample. Each
isotherm constitutes 400 frequencies from 10 Hz to
2.5x10 Hz, and the temperature stability is better than
10 mK. For three diferent magnetic fields H 3, 6, and
15 kOe, two below and one above the matching field

B„10kG, an average of 50 such isoterms are taken in

each field and at a given angle. The angular dependence
is investigated at 8 0, 7.5' (9.4'), 15', 22.5', 30', 45',
60, 75', and 90'.

To find the Bose-glass to superfluid transition tempera-
ture (TaG) and the corresponding critical exponents, we

follow the discussion in Ref. [I] that the transverse and
longitudinal correlation lengths of vortex dislocations
both diverge at TisG with the temperature dependence
&i- )1 —T/Tacil

"
and gi —I I —T/TaGI "', where vi

and v~ are the static exponents. The dynamic exponent
z' may be defined by rf&, where r is the characteristic
thermal relaxation time [1]. Assuming vi=—gv& and a
(d'+l)dimensional phase transition with d' 2 [1,2],
the generalized scaling form for the ac resistivity p„is
given by [5]

p„(f;T;H) il"' p(f(~', bg~ "',h ~(~(i/@p),

b-=I I —T/TaGI,

where h~= Hsin8 is the local transverse magnetic field
[1], and ~ is the flux quantum. For a constant field H
(we have assumed the induction 8 = H), and in the limit
that 8&&90', Eq. (1) yields the following frequency-
dependent scaling relations for )p„land pp [5]:

Ip, (f;T,H)l-~"" "Ip~(f)l,

yp(f, T,H) -y~(f), f=—fl 1
—T/TBGI

where lp~) (p+) and Ip I (p —) are the universal scaling
functions for the amplitude (phase) at T& TaG and
T & T~, respectively. Defining ) p) —= Ip„lb ' and
f=fb, where a= v~(z' —g) and b= v&z', we find that
)p„(f)I and Pp(f) isotherms for all data taken at H & Bp
and 8&45 can be simultaneously scaled into universal
functions p+ and p+ with the same set of parameters
a 1.1~0.1 and b 2.2~0.2, and with the Trso(H, 8)
value as a fitting parameter, as shown in the insets of
Figs. 1(a), l(b), 2(a), and 2(b). In addition, since
scaling analysis asserts that I p ~ I f ' ~' and
y ~ —y, -(ir/2) ( I —g/z') if f [5], the data
)p+ I

—f in the insets of Fig. I and the phase
45 ~5 in the insets of Fig. 2 both confirm the

finding that g/z' 1 a/b =0.5. This d—emonstration of
universality provides strong support for a second-order
phase transition ai T~. The values of T~ have been
determined to 30 iiiK accuracy by using Eq. (2), and are
shown in Fig. 3 as a function of 8 and for H 3 and 6
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FIG. l. Amplitude of the ac resistivity ) p I vs frequency (f)
isotherms taken at (a) H 3.0 kOe, 8 7.5'; (b) H 6.0 kOe,
8 22.5'; and (c) H 15.0 kOe, 8 15'. The arrows indicate
the isotherms in the critical regime which are scaled into
universal functions )p+(f)) in the insets by using Eq. (2). The
temperature increment in the critical regime is hT =0.03 K.
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kOe. We note that the drastic cusp feature at 8 0 is the
signature of the Bose-glass transition [1,10], and is in
sharp contrast to the smooth increase of the vortex-glass
melting temperature (Tsr) with increasing 8 in as-grown
and proton-irradiated YBa2Cu307 single crystals [5-8].

Although the ratio of g/z'=0. 5 has been obtained, ad-
ditional information is still needed in order to find the
values for v&, g, and z'. If the Bose-glass phase were
compressible as suggested in Ref. [I], so that the
compression modulus Ci i

—f~/gi approached a finite
value at Tao, the necessary condition would be g=d'=2
[2], yielding the exponents v& =0.5 and z'=4.0 as re-
ported previously [5]. However, the value v~ =0.5
violates the theoretical constraint vi) 2/d' I [2,13],
thereby implying that the assumption (' 2 is incorrect.
In fact, theoretical evidence shows that g 1 can be real-
ized in the limit of a long-range Bose interaction [11].
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FIG. 3. The reduced Bose-glass transition temperature

( Tao/ T) for a YBazCu307 single crystal with columnar defects
(T, -91.77 K) and the reduced vortex-glass temperature
(T~/T„ thick solid line) for an as-grown YBa2Cu307 single
crystal (T, 92.95 K) are shown as functions of the angle (8).
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FIG. 2. Phase of the ac resistivity p~ vs frequency (J) iso-

therms taken at (a) H 3.0 koe, 8 7.5'; and (b) H 6.0 kOe,
8 22.5'. The arrows indicate the isotherms in the critical re-
gime which are scaled into universal functions ip~(f)i in the
insets by using Eq (2). .the temperature increment in the criti-
cal regime is h, T=0.03 K.
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Since the magnetic penetration depth (-1400 A at
T 0) in our sample is much larger than the separation
of the columnar defects, it is not surprising that the vor-
tex interaction is long ranged and that g may differ from
2 even if H &B~. Recent numerical simulations [12]
have also shown evidences supportive of g l.

To find an additional scaling relation to determine the
absolute values of (; v~, and z', consider Eq. (I) in the
limit of f 0. The angular dependence of the ac resis-
tivity becomes

ip„i-b"' "ip (e)f, e=—S ""'"sine, (3)
'-) )so that p+ -8 ' ~ '+~ at T Tgg. Figure 4 shows

the real part of the resistivity versus temperature curves
taken at various angles for H 6 kOe and f 0. We
find that for 8 & 45, the p„vsT data at various angles
near TaG(8) can be scaled into universal functions

p~ (8), as shown in the inset of Fig. 4 for both H =3 and

6 kOe. The power-law dependence p+ -8 yields
(z' —g)/(I + () 0.53 ~ 0.03. Knowing that g/z' =0.50
~0.03 and b—= v~z'=2. 2~0.2, we obtain /=1. 1~0.l,
v& 1.0~0.1 and z' 2.2~0.2.

In the case of H 15 kOe (H & B~) and 8 & 45', the
same scaling functions ip+ i and p~ can be obtained with

the same set of exponents v~ 1.0, g= 1.1, and z'= 2.2,
as shown in the inset of Fig. 1(c). The angular depen-
dence of the phase transition temperatures (which we also
call TaG) is also similar to that for H & B„and8 & 45',

as shown in Fig. 3. Since an effective Bose-glass to
superfluid transition is also possible for H & B~ [1,2], we

speculate that the critical phenomena observed for both
H & B„and H & B„,and for 8 & 45', are governed by
the same type of phase transition.

Next, we consider the scaling behavior for 8&45'.
For all three fields we find that neither ip„(f)i nor 8~(f)
isotherms at 8&45' can be scaled with the critical ex-
ponents derived from the low-angle (8 & 45') scaling
analysis. Rather, different scaling functions iP~i and

p ~ can be achieved for all data taken at 8 & 45' by using
a different set of exponents vi vi = —', and z z'= 3,
which is consistent with the three-dimensional XY model
predicted in Ref. [I] for 8 90' in systems with c-axis
columnar defects. The difference between the scaling be-
havior for 8 & 45' and that for 8 & 45' can be further
contrasted by considering the critical phases P, at the
transition temperatures. We find that for 8)45, the
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FIG. 4. The angular dependence of the resistivity Relp I vs

temperature (T) curves at H 6.0 kOe are shown for the

YBa2Cu307 single crystal with columnar defects and for
8&45'. The upper inset shows Re[p I vs T for 8~ 45'. The
lower inset shows that p~(T, 8) data near Tao(H, 8) can be
scaled into universal functions p~ (8) by using Eq. (3).
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FIG. 5. The low-angle (8&45') H vs T vortex phase dia-

gram for a YBa2Cus07 single crystal with columnar defects
(T, 91.77 K). The inset shows the high-angle (8&45')
phase diagram. The thick solid lines denote the vortex-glass
melting lines Hsti(T) and Hsti(T) for an as-grown YBazCu307
single crystal (T, 92.95 K), and the thin solid lines are those
for a YBa2Cu307 single crystal irradiated with 3 MeV protons
(T, 91.62 K). The data for all samples have been scaled to
the same T, for comparison.

critical phase p, (T Tst) (tr/2)(l —I/z) =60' is con-
sistent with z=3.0 for the XY model [7]. In contrast,
y, (T TaG) = 45' is found for all data taken at 8 & 45',
as shown in the insets of Figs. 2(a) and 2(b). Further-
more, the phase transition temperatures obtained for
8&45' (see Fig. 3) are found to increase with increasing
8, resembling the angular dependence in samples with
point defects.

The differences in the angular-dependent transition
temperatures between the data for 8& 45 and those for
8&45' may be understood by the following argument.
At sufficiently small angles, columnar defects become less
efficient in confining vortices when the applied field is tilt-
ed away from the c axis, thereby resulting in a decreasing
transition temperature TttG with increasing 8. On the
other hand, at sufficiently high angles intrinsic electronic
anisotropies in YBazCu307 become dominant, giving rise
to an increasing T~ with increasing e. The anisotropic
phase transitions for the sample with columnar defects
are delineated in the H vs T phase diagram in Fig. 5. For
comparison, we also show the anisotropic vortex-glass
melting lines [Hsts &(T)] for 8=0' and 90' in samples
with random point defects. At 8& 45', the Bose-glass to
superfluid transition line HaG(8, T) moves to lower tem-
peratures with increasing 8. In contrast, the effective
"vortex-glass" transition line at 8~ 45' (see the inset of
Fig. 5) shifts towards higher temperatures with increas-
ing 8.

Finally, we emphasize that the result (&d'=2 sug-
gests a diverging compression modulus C~~ at TgG, indi-
cating that the Bose interaction is long ranged and the
Bose-glass incompressible. However, it is likely that g is
a parameter dependent on both the density of columnar
defects (i.e., the matching field) and the strength of the
other types of defects. We speculate that a compressible
Bose-glass transition with (=2 may be achieved in super-

conducting samples nearly free of point and twin defects
and with columnar defects of separations greater than the
magnetic penetration depth.

In summary, we have demonstrated the first experi-
mental evidence of a second-order Bose-glass transition in

YBa2Cu307 single crystals with columnar defects by
showing universal critical scaling of frequency-dependent
ac resistivity data from 10 to 2 x 10 Hz. The signature
of the transition, that the Bose-glass transition tempera-
ture TaG decreases with the increasing angle (8) between
the applied magnetic field and the c axis, has been
confirmed and is in sharp contrast to the smooth increase
of the vortex-glass temperature (Tst). For 8 & 45', the
static and dynamic exponents v& = 1.0, vt = gv& = 1.1,
and z'= 2.2 are found to be independent of the magni-
tude and orientation of the magnetic field. The different
set of critical exponents distinguishes the Bose-glass tran-
sition from the universality class of the vortex-glass tran-
sition. The diverging compression modulus at TaG sug-
gests an incompressible Bose glass with long-range in-
teraction at temperatures belo~ TgG.
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