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The introduction of columnar defects in �K;Ba�BiO3 single crystals shifts both the irreversibility and
thermodynamic transition lines, respectively, deduced from ac susceptibility (and/or transport) and
specific heat measurements, upwards. This shift can be attributed to the defect-induced decrease of the
difference (�F) between the free energies in the superconducting and the normal states, assuming that
the position of the superconducting transition is given by the condition j�Fj � kBT=�

3. This criterion
also perfectly reproduces the influence of the angle between the tracks and the external field. This result
suggests that no vortex liquid phase exists in this system.
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The �B-T� phase diagram of high Tc cuprates has been
the topic of a large amount of theoretical and experimen-
tal work. One of the most important discoveries has been
the first order melting of the flux line lattice to a vortex
liquid phase [1] due to strong thermal fluctuations, en-
hanced by the combination of high critical temperatures
and large crystalline anisotropies.

The strong upward curvature of the irreversibility line
Birr�T� (IRL), determined from the (critical) scaling
properties of the current-voltage (I-V) characteristics
(and/or from the onset of harmonics in ac-susceptibility
measurements), suggests that a vortex liquid phase also
exists in the �K;Ba�BiO3 (KBBO) compound, in spite of
its cubic structure and its moderate Tc � 30 K. Both in
cuprates [2,3] and KBBO [4], Birr�T� progressively shifts
towards higher values when increasing the density of
amorphous columnar defects by successive irradiation
with swift heavy ions. Together with its dependence on
the orientation of the magnetic field relative to the ion
tracks and the scaling of the I-V characteristics, this
seemed to justify the identification of Birr�T� with the
transition from the so-called Bose glass [5] to the vortex
liquid. However, we have recently shown that the main

thermodynamic transition line BCp�T� deduced from spe-
cific heat measurements also presents a concave curvature
[6] and is shifted together with Birr�T� following heavy-
ion irradiation (HII) [7]. The possible influence of local
superconductivity along the tracks or mean-free path
effects on the transition has been ruled out in Ref. [7]
so that the origin of this behavior remained an open
question.

In this Letter, we present a complete investigation of
the influence of the irradiation dose and the relative ori-
entation  between the tracks and the external field on the
superconducting transition. The location of the BCp�T; �
and Birr�T; � lines can be very well reproduced by a
field-dependent criterion [8], j�F�H�j � jFn � Fs�H�j �
�kBT=�

3. Here Fs�H� and Fn are the free energy densities
in the superconducting state with quenched disorder (i.e.,
the pinned vortex solid) and in the normal state, ��T� is
the Ginzburg-Landau (GL) coherence length, and � is a
constant. Such a criterion is often used to estimate the
width of the critical region, but we show below that the
temperature calculated from this criterion actually coin-
cides with the location of the jump in Cp at the onset of
superconductivity. In other words, due to thermal fluctua-
tions, the field B��T� at which the superconducting tran-
sition occurs is significantly smaller than the mean-field
upper critical field BMF

c2 � 0=2��
2. The effect of vortex

localization on the ion tracks is to lower Fs�H�, thereby
shifting the superconducting transition to higher tem-
perature. These results impose a new interpretation of
the �B-T� phase diagram of KBBO, in which no vortex
liquid phase exists but in which the vortex solid directly
‘‘sublimates’’ into the normal state.

The ac susceptibility and specific heat measurements
were performed on HII �K;Ba�BiO3 single crystals with
dose-equivalent matching fields (at which the track den-
sity is equal to the vortex density 0=B) of B � 1, 2,
and 6 T. The irradiation, with 7.2 GeV Ta57	 ions, was
performed at the Grand Accélérateur National d’Ions
Lourds in Caen, France. Further details on the experi-

P H Y S I C A L R E V I E W L E T T E R S week ending
23 JANUARY 2004VOLUME 92, NUMBER 3

037005-1 0031-9007=04=92(3)=037005(4)$22.50  2004 The American Physical Society 037005-1



mental procedure can be found in Refs. [4,6,7]. The
critical temperatures Tc of the different crystals ranged
from 31.5 K to about 31.9 K. In what follows, all Tc values
have been scaled to 31.5 K for a better comparison be-
tween crystals. At Tc, Cp is dominated by the phonon
contribution and the superconducting jump is only on the
order of 5
 10�3 of the total specific heat. Therefore,
Fig. 1(a) displays only the temperature dependence of the
difference between the specific heat in the superconduct-
ing and normal states [�Cp � Cp�H; T� � Cp�7 T; T�] for
various irradiation doses. Indeed, the baseline Cp�7 T; T�
represents the normal state specific heat in the tempera-
ture range of the figure. The specific heat jump is pro-
gressively shifted towards higher temperatures with
increasing irradiation dose, in the same way as the IRL
[4]. Moreover, the specific heat jump moves back to lower
temperatures when the magnetic field is tilted away from
the track direction [see Fig. 1(b)], finally coinciding with
the transition measured in the pristine sample when the
field is applied perpendicularly to the tracks (see also [7]).

Generalizing the approach proposed by Cooper et al. [8]
to the case of irradiated samples, we obtain a character-
istic field B� by solving

�F � �F0 � nt�B
��Up�1� B�=Bc2� � �kBT=�

3; (1)

where �F0 � �B2
c=�0�1� B�=Bc2�

2, B2
c=2�0 � Fn�

Fs�0� is the condensation energy, nt�B� � �B=0� 

�1� exp���B=B��=��B=B�f�T=Tdp� is the number
of trapped vortices [9], Up is the pinning energy per
unit length, � � 2�=�c0 	 �� (with c0 the track radius),
f�x� is a thermal smearing function [1], and Tdp�T� is the
depinning energy. The depression of the order parameter
due to the proximity of the mean-field Bc2 line is taken
into account by the factor �1� B�=Bc2�. From Eq. (1), one
directly sees that the decrease of the free energy by
irradiation implies an increase of B�. However, we show
below that, more than being just qualitative, this simple
model provides a very good quantitative description of
the location of the specific heat jump after irradiation,
justifying the identification of B� with the superconduct-
ing transition field. This a posteriori confirms the as-
sumption previously made by the authors of Ref. [8] (in
crystals without columnar defects), who only compared
B� to nonthermodynamic resistive transition fields.

The transition temperatures deduced from specific heat
measurements (open symbols) in a pristine and irradiated
samples are displayed in Fig. 2 together with B��T�
deduced from Eq. (1) (closed symbols). As shown, the
model very well reproduces the progressive shift of the
superconducting transition line with increasing irradia-
tion dose. Here, we have determined the coherence

FIG. 1. Temperature dependence of the magnetic field depen-
dent contribution to the specific heat at (a) B � 2 T for various
irradiation doses (H being parallel to the tracks) and (b) B �
3 T and B � 6 T for various angles between the tracks and the
external field.

FIG. 2. B-T phase diagram of a pristine (diamonds) and
irradiated KBBO samples with B � 1 T (circles), B � 2 T
(squares), and B � 6 T (triangles) showing good agreement
between the experimental data (open symbols) deduced from
specific heat measurements and the values predicted from
Eq. (1) (closed symbols). The dotted line is the prediction
derived from Eq. (2) and the hatched area indicates the location
of the mean field transition for 0:7  �  1 (see text for
details).
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length, � � 32� 2 �A, from the low temperature upper
critical field (Bc2�0� � 30 T). The penetration depth
��0� � 3000–3500 �A can be estimated from neutron scat-
tering data [10], while Up � c"1, with "1 the vortex line
tension and c � 0:7–0:8 (see below). The only free pa-
rameters are the mean field critical temperature (TMF

c ) and
�. The determination of � would require some micro-
scopic model but, as previously obtained by [8], we as-
sume that � is of order unity. As an example, the values
reported on Fig. 2 have been calculated taking � � 1
which yields TMF

c � 35–36 K but very similar values
can be obtained by slightly reducing � to � 0:7 which
brings TMF

c down to � 33 K.
In the Bose glass melting scenario, the shift of the

melting temperature [BBG�T�] with irradiation dose can
be estimated in the so-called single-line–many-defects
regime (in which individual flux lines are weakly pinned
by many columns) to dBBG=dT / 1	 AB1=2

 . This depen-
dence is well verified in both cuprates [2] and �K;Ba�BiO3

[4]. However, the coefficient A is about twice smaller in
�K;Ba�BiO3 than in YBa2Cu3O7��, whereas one would
expect it to be about 20 times larger [4]. On the other
hand, our model, with the same parameters as above,
provides very good quantitative agreement with the ex-
perimental data and, as shown in the inset of Fig. 3,
predicts an evolution of dB�=dT with irradiation dose
that closely matches the empirical B1=2

 law.
Another striking feature is the ‘‘matching field effect’’

which shows up in the irreversibility line as a kink for

B � B [4]. In the Bose glass melting scenario, the
presence of ever more unpinned interstitial vortices for
B > B is expected to drive progressively the IRL of the
irradiated sample towards that of the pristine sample.
This effect also occurs in our model as nt saturates at
high fields. In the present sample, this effect is rather
small but in perfect agreement with what the model
predicts [11] (open circles in Fig. 3, this effect is best
visible when Birr is plotted as a function of 1� T=Tc). A
much larger effect was observed in an overdoped sample
(Tc � 21 K) for which the IRL already starts to bend over
for B > B=2. This latter sample, however, is much more
inhomogeneous and the presence of a larger matching
field effect is presumably due to a large amount of point
defects, which are not taken into account here.

We finally discuss the influence of the angle  between
the tracks and the direction of the external field on the
position of the transition line. Let r, s, and t be the aver-
age length of the vortex segments trapped on the tracks, of
the vortex sections joining tracks, and of a hypothetical
vortex section following the average field direction, re-
spectively (see inset of Fig. 4). The pinning energy per
unit length Up in Eq. (1) can then be recalculated as
Up�� � �rUp � �r	 s� t�"1�=�r	 s� [1]. Minimizing
this expression with respect to r at a fixed angle leads to
s=d � �1� �1�UP="1�

2��1=2 (d is the average distance
between tracks) and

Up�� � Up

2
41�

2s
d
sin	 "1

Up
�cos� 1�

cos	 UP
"1

s
d
sin

3
5: (2)

FIG. 3. Irreversibility field as a function of 1� t (where
t � T=Tc) in the B � 2 T irradiated sample (solid circle)
compared with the calculated values (open circles). The
‘‘matching field effect’’ is better visible in the overdoped
sample which contains more point defects (open squares,
from [4]). Inset: Dependence of the linear slope of the tran-
sition line deduced from specific heat measurements on B for
�K;Ba�BiO3 (solid squares) as compared to the values deduced
from the model (open squares).

FIG. 4. Angular dependence of the transition temperature at
B � 3 T in an irradiated KBBO sample (B � 6 T) showing
good agreement between experimental data (open symbols) and
theoretical values deduced from Eqs. (1) and (2) (closed
squares). Inset: Schematical drawing of the staircase structure
formed by vortices in irradiated samples for an external field
rotated with an angle .
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Solving Eq. (1) with the newUp�� value, one obtains the
angular dependence of the transition line. The calculated
values (solid squares) are presented in Fig. 4 together
with the experimental values from specific heat data
(open squares). Very good agreement is obtained between
the experimental and theoretical values taking UP="1 �
0:7–0:8. This corresponds to an accommodation angle
a � arctan�UP="1�

1=2 � 60�–70�, above which the vor-
tex staircase structure becomes unstable and vortices
follow the external field. The angular dependence de-
duced from Eqs. (1) and (2) actually closely resembles
the j sin��j law (solid line in Fig. 4) that has been
predicted from scaling arguments for the Bose glass
transition [12] and has been previously used as yet an-
other argument in favor of the Bose glass melting sce-
nario [4]. We show here that this angular dependence can
also be reproduced by combining Eqs. (1) and (2).

At this point, we have shown that the shape of the
transition line [B��T�], its gradual increase with irradia-
tion dose, as well as its angular dependence, can be well
described if the mean-field transition temperature TMF

c �
33 to 36 K; irradiation then reduces the difference #c �
�T� � TMF

c �=TMF
c for B � 0. To justify this order of mag-

nitude, #c�B � 0� can be estimated using the Brout cri-
terion to #c / Gi

1=2 (Gi is the Ginzburg number—see
[13] for a discussion of the application of this criterion
to high Tc superconductors). Given the small value of �,
the Ginzburg number Gi� 10�4–10�3 is much larger
than in classical superconductors and the expected shift
of Tc is therefore on the order of 0.3–1 K. Moreover, a
direct calculation of #c can also be performed within an
Hartree-Fock approximation for the quartic term in the
GL expansion of the free energy in the presence of a
magnetic field:

F GL �
X
nk

"�
n	

1

2

�
$h!c 	 a�T � TMF

c �

	 b
X
n0k0

4hj n0k0 j2i

#
j nkj

2: (3)

a is the usual harmonic term, b is the mode coupling
strength, !c is the cyclotron frequency,  nk is the nth
Landau Level of the order parameter with the sums
running over the wave vectors k in the range ��1

c < k<
��1, and �c tis he GL correlation length evaluated at Tc �
TMF
c �1	Gi�. Tc�H� is obtained by setting the term within

the square brackets to zero [14]. This again leads to
#c�B � 0� � 2Gi1=2; i.e., TMF

c � Tc � 0:6–2 K. These es-
timations are therefore consistent with our model taking
� slightly smaller than 1 (�0:7), but a more microscopic
model is needed to explain the physical origin of this �
value. Note that Eq. (3) also reproduces the strong positive
curvature in Tc�H� (dotted line in Fig. 2).

The close relationship between the thermodynamic and
irreversibility lines suggests that there is no vortex liquid
phase in KBBO but that the Bose glass directly subli-
mates into the normal state in which superconducting
fluctuations still exist. Note that the critical exponents
deduced from the scaling properties of the I-V character-
istics [7] are very similar to those predicted for the Bose
glass melting. This indicates that the superconducting
transition (in the presence of strong thermal fluctuations)
and the Bose glass transition belong to the same univer-
sality class reflecting the fact that the normal state cannot
be distinguished from the so-called entangled liquid state
in which unlimited vortex loops can proliferate.

We would like to thank T. Giamarchi and D. Feinberg
for very fruitful discussions.

[1] G. Blatter, M.V. Feigel’man, V. B. Geskenbein, A. I.
Larkin, and V. M. Vinokur, Rev. Mod. Phys. 66, 1125
(1994).

[2] A.V. Samoilov, M.V. Feigel’man, M. Konczykovski, and
F. Holtzberg, Phys. Rev. Lett. 76, 2798 (1996).

[3] C. J. van der Beek, M. Konczykowski, A.V. Samoilov,
N. Chikumoto, and M.V. Feigel’man, Phys. Rev. Lett. 86,
5136 (1999).

[4] T. Klein, A. Conde-Gallardo, I. Joumard, J. Marcus, C. J.
van der Beek, and M. Konczykowski, Phys. Rev. B 61,
R3830 (2000).

[5] D. R. Nelson and V. M. Vinokur, Phys. Rev. Lett. 68, 2398
(1992); Phys. Rev. B 48, 13 060 (1993).

[6] S. Blanchard, T. Klein, J. Marcus, I. Joumard, A. Sulpice,
P. Szabo, P. Samuely, A. G. M. Jansen, and C. Marcenat,
Phys. Rev. Lett. 88, 177201 (2002).

[7] C. Marcenat, S. Blanchard, J. Marcus, L. M. Paulius, C. J.
van der Beek, M. Konczykowski, and T. Klein, Phys. Rev.
Lett. 90, 037004 (2003).

[8] J. R. Cooper, J.W. Loram, and J. M. Wade, Phys. Rev. B
51, 6179 (1995).

[9] L. Trappeniers et al., Physica (Amsterdam) 313C, 1
(1999); C. J. van der Beek et al., Phys. Rev. B 61, 4259
(2000).

[10] I. Joumard, J. Marcus, T. Klein, and R. Cubitt, Phys. Rev.
Lett. 82, 4930 (1999).

[11] The IRL lies below the onset of the specific heat anomaly
and slightly different parameters: �� 35 �A and ��
3300 �A have been used in this simulation.

[12] M. Wallin and S. M. Girvin, Phys. Rev. B 48, R6845
(1993); J. Lidmar and M. Wallin, Europhys. Lett. 47,
494 (1999).

[13] A. Kapitulnik et al., Phys. Rev. B 37, 537 (1988).
[14] See B. I. Halperin and D. R. Nelson, J. Low Temp. Phys.

36, 599 (1979) for a similar approach in superconducting
films.

P H Y S I C A L R E V I E W L E T T E R S week ending
23 JANUARY 2004VOLUME 92, NUMBER 3

037005-4 037005-4


