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Vortex-glass transition in the „K,Ba…BiO3 cubic superconductor
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We present a detailed characterization of the vortex-glass transition in the cubic (K,Ba)BiO3 superconductor
~with critical temperatureTc;30 K). Combining transport measurements down to 0.3 K and third-harmonic
susceptibility close toTc we show that the vortex-glass transition field can be well fitted by a power law:
Hg;(12T/Tc)

n with n;1.5 over three magnetic field decades. In striking contrast with cuprates, this simple
behavior holds down to our lowest temperature. TheE-J characteristics are consistent with the vortex-glass
transition for bothJiH and J'H configurations assuming that, close toTg , the vortex line is making an
average angle;20° with the external field. The vortex-glass correlation length reaches severalmm in the
vicinity of the transition, showing that vortices are correlated over more than 200a0 ~wherea0 is the intervor-
tex spacing!. The characteristic exponentsn51.060.2 andz55.060.6 are field independent and do not
depend on the relative orientation of the magnetic field and the current density.@S0163-1829~98!04942-X#
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I. INTRODUCTION

It is now well established that both highTc ~Ref. 1! and
low Tc ~Ref. 2! superconductors may present a vortex so
to liquid phase transition. This transition line lies very clo
to the upper critical field in conventional low-Tc materials
whereas the liquid phase can occupy a large part of theH-T
phase diagram in highly anisotropic materials such as Bi
Ca-Cu-O. It has then become common to fit this transit
line using a simple (12T/Tc)

n power law. It has been
shown both theoretically3 and experimentally4 that an expo-
nentn52 can be used to described the first-order melting
a ‘‘pure’’ vortex lattice close toTc . On the other hand, the
irreversibility line of a large variety of cuprates presents
power law variation withn;3/2 at high temperature fol
lowed by a more rapid variation at lower temperatures5–8

Various models have been invoked to explain this crosso
~i! a crossover from a weakly correlated to a strongly cor
lated rigid lattice,9 ~ii ! a transition from three-dimensiona
~3D! vortex lines to 2D independent pancakes,8–10and~iii ! a
crossover from 3DXY to lowest-Landau-level~LLL ! fluc-
tuation regimes.11

In this context, the (K,Ba)BiO3 superconductor (Tc
;30 K) appears to be particularly interesting since it p
sents a fully isotropic (g51) cubic structure and a phas
diagram which is experimentally accessible down to the lo
est temperatures@the upper critical fieldHc2(0),30 T].
We present here magnetotransport~down to T50.3 K and
up to H527 T) and third-harmonic susceptibility measur
ments performed on (K,Ba)BiO3 single crystals. The exis
tence of a vortex-glass transition12 in this system has bee
previously discussed~up to 20 T) in Ref. 13 and the prese
PRB 580163-1829/98/58~18!/12411~5!/$15.00
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paper is thus organized as follows. The most character
features of the transition (E-J curves, magnetic field depen
dence of the resistance in the Ohmic regime! are briefly re-
viewed in Sec. II. In contrast to cuprates we will show
Sec. III that the vortex-glass transition field deduced fro
both third harmonic susceptibility and magnetotransp
measurements can be well fitted using a simpleHg;(1
2T/Tc)

1.5 law down to 0.3 K, i.e., over three magnetic fie
decades~a small deviation from this simple behavior can
observed in sample A—see below!. Finally, taking advan-
tage of the cubic structure of our system, we will compare
Sec. IV transport properties performed for different orien
tions of the current densityJ vs magnetic field:J'H,
(J,H )̂545° andJiH. We will show that the transition tem
perature as well as the exponents does not depend on
relative orientation of the current versus magnetic field
expected for isotropic pinning by weak point disorder. W
will show that the vortex-glass correlation lengthjvg is very
large in the vicinity of the transition line, reaching sever
mm. Finally Sec. V contains a summary of the main resu
of our work.

II. VORTEX-GLASS TRANSITION

The experiments have been performed on dark blue sin
crystals grown by electocrystallization.15 The transport mea-
surements have been done on sample A (Tc;24.2 K),
sample C (Tc;22.1 K), and sample D (Tc;31.2 K) and the
susceptibility measurements on samples A and BTc
;30.8 K). Samples A and D presented very sharp tran
tions in zero-field transport measurements whereas sam
B and C presented somehow larger transitions (1 –2 K),
12 411 ©1998 The American Physical Society
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FIG. 1. Magnetoresistance measurements o
(K,Ba)BiO3 single crystal~sample A! from the
left to right T (K) 522-20-18-16-14-12-10-
8-4.2-3.0-1.5-0.3. In the inset@d(ln R)/dH#21 vs
magnetic field showing thatb5n(z21) ~i.e., the
slope of the straight lines in the vortex-glass tra
sition model! is field independent down to
0.3 K; Hg can be deduced from the zero inte
cept of the lines~as indicated by the arrows!.
. A
oo
e

o

b
or

t

g

e

t
d
-

d

th
ve

er
w

, i

e

ti
on
e-

ility

e
ed
in-
:

ale

ow

pic

ion

.0

line
set:

lid
dicating the presence of larger sample inhomogeneities
the magnetic field is increased, all samples present a sm
decrease of the resistivity without any sign of a first-ord
transition ~i.e., without any sharp jump in the resistivity!.
Transport data for sample A up to 27 T are presented
Fig. 1 down to 0.3 K.

The vortex-glass transition scaling theory appeared to
particularly well adapted to describe the freezing of the v
tex liquid in presence of quenched disorder.14 As expected
for this transition, for sufficiently low current densities~see
below!, the electrical field~E! versus current density~J!
characteristics become Ohmic above the transition and
corresponding resistance is then expected to scale as12

R;@12T/Tg~H !#n~z21!;@12H/Hg~T!#n~z21!. ~1!

From Eq.~1!, one gets (d ln R/dH)215(H2Hg)/n(z21);
n(z21) and Hg can thus be obtained by plottin
(d ln R/dR)21 vs H ~see the inset of Fig. 1, sample A!. For
all measured samples we obtainedn(z21)53.960.3 which
does not depend onH down to the lowest temperatures.

As the current density is increased, theE-J characteristics
are changing from an Ohmic behavior dominated by the th
mal fluctuations to a critical~i.e., power law! behavior above
a characteristic currentJ1(T) ~see, for instance, Fig. 2 a
H51000 G,JiH). At T5Tg the critical regime is observe
for all J with E;J(z11)/2 and finally a change in the curva
ture is observed as the temperature is lowered belowTg @E
;exp(1/Jm) below Tg for small J#. z can thus be extracte
from the power law behavior atTg and one getsz55.0
60.6 and hencen51.060.2 up to 8 T~i.e., our highest field
for theE-J characteristics!. Those values are consistent wi
the one expected from the vortex-glass theory and are
similar to those obtained in Y-Ba-Cu-O samples.14

We have shown in a previous paper16 that the upper criti-
cal field extracted from tunneling measurements lies v
close to the top of the resistive transition curves. As sho
on Fig. 1, the width of the transition, i.e., the liquid phase
thus rather large in our system:Hg2Hc2;5 T;Hc2/3
aroundTc/2. Surprisingly, this transition remains very larg
down to the lowest temperatures (;6 T at 0.3 K). A similar
behavior has been previously observed in superconduc
films17 and attributed to the presence of quantum fluctuati
~see discussion below!. Note, however, that torque magn
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tometry measurements are indicating that the irreversib
line may actually be rising up very fast below 1 K.18

The origin of this rather large liquid phase in th
(K,Ba)BiO3 system is, however, not straightforward. Inde
the strength of the thermal fluctuations is given by the G
zburg numberGi ,1 which is pretty small in this 3D system
Gi;431025 (Gi;1022–1 in anisotropic cuprates!. Fol-
lowing Ref. 3, the transition line would be expected to sc
as cL

4/Gi ~wherecL is the Lindemann number! and, taking
cL;0.15, the liquid phase should only exist on a very narr
temperature range close toTc . However, a vortex solid-
liquid transition has also been observed in other isotro
systems with similarGi values such as Rb3C60 ~Ref. 19! or
YNi2B2C ~Ref. 20!. The origin of this melting line has then
been attributed to a small value of the Lindemann criter

FIG. 2. E-J characteristic of a (K,Ba)BiO3 single crystal
~sample A! at H51000 G for JiH @from top to bottomT (K)
5 22-21.5-21 -20.9-20.8 -20.7-20.6-20.5-20.4-20.3-20.2-20.1-20#.
The solid line is anE;J3.0 fit to the data at 20.4 K~i.e., T5Tg) as
expected from the vortex-glass transition model. The dotted
marks the onset of nonlinearity in the characteristics. In the in
enlargement of the foot of the resistive transition (H051 T) for
different orientation of the current density vs magnetic field. So
lines are (T/Tg21)n(z21) fits to the data withTg518.4560.05
K and n(z21)54.060.1 for all J-H configurations.
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as predicted by Brandt for 3D systems.21 Alternatively, it has
been shown by Blatter and Ivlev23 that the width of the liquid
phase can be significantly increased by the presence of q
tum fluctuations or by the suppression of the order param
close toHc2 ~see also Ref. 24! and the melting fieldHm is
then expected to scale as

Hm /Hc2;
4.u2

~11A114SuTc /T!2
, ~2!

with u5cL
2(b th /Gi)

1/2(Tc /T21) (b th;2) and S5q
1cL

2(b th /Gi)
1/2 where q is quantifying the strength of the

quantum fluctuations andcL
2(b th /Gi)

1/2 has been introduced
to take into account the proximity of theHc2 line. Note,
however, that Eq.~2! has been derived for the melting of
pure system without any static disorder. This expression t
cannot be directly used in our system for which no sign
any first-order melting has been observed. It has been sh
for instance, that weak point disorder can actually incre
the vortex line wandering and shift the transition lin
downwards.22 Nevertheless, in the absence of any quant
tive expression for the position of the melting line in th
presence of weak pinning centers, we will use Eq.~2! in
order to get an estimation of the position of this line. T
width of our liquid phase (Hm /Hc2;0.3 atT;Tc/2) would
then be consistent with Eq.~2! assuming thatS;7.

Taking cL;0.15 andGi;431025, we actually get di-
rectly cL

2(b th /Gi)
1/2;7; however, quantum fluctuation

~i.e., q) may also play a significant role in (K,Ba)BiO3 .
Indeed, q is given by23 q;0.15(Q/AGi)Vt, where Q
5(e2/\)(rn /j) (rn is the normal state resistivity andj the
coherence length,;30 Å at low temperature!, V is a cutoff
frequency of the order of c/l;231015 Hz in
(K,Ba)BiO3 (l is the penetration depth,;1500 Å at low
temperature!, andt an effective relaxation time of the orde
of the elastic scattering time. Taking the carrier density25 n
;1022 cm23 we getq.1 @q;1/n and can be pretty large in
(K,Ba)BiO3 due to the proximity of a metal-insulator trans
tion, i.e., smalln#. Even though this numerical estimatio
should be taken with care given the rather large error bar
each of the parameters, it shows that quantum fluctuat
may actually be pretty large in our system. The origin of t
liquid phase in the (K,Ba)BiO3 system is thus rather com
plex and a complete description of this melting would pro
ably have to take into account~i! the presence of large
amount of pinning centers increasing the vortex wander
~ii ! the reduction of thecL coefficient in a 3D system,~iii !
the proximity of theHc2 line, and~iv! possible large quan
tum fluctuations.

III. TEMPERATURE DEPENDENCE
OF THE MELTING FIELD

Let us now discuss the temperature dependence of
vortex-glass transition field. At high field and low temper
tureHg(T) has been deduced from our transport experime
as explained above„R;@12H/Hg(T)#n(z21)

…. Close toTc ,
Tg has been determined by measuring the onset of the
plitude of the third-harmonic susceptibility which marks t
onset of nonlinearity26 in the magnetic response.Tonset is
expected to tend towardsTg as the frequency of the modu
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lation field tends towards zero and we have thus used a
frequency f 58.9 Hz in our experiments.Tonset can be
clearly identified since the onset is very sharp~see Fig. 3,
sample A! and does not depend on the amplitude of t
modulation field. The vortex-glass transition line deduc
from both transport and third-harmonic susceptibility is p
sented on Fig. 4. As shown,Hg(T) can be well described
using a simple (12T/Tc)

1.5 law on the entire field range
~samples B, C, and D!, i.e., on three decades, although sm
deviations can be observed for sample A. In this sample,
exponent is slightly varying ranging from;1.6 close toTc
to ;1.3 at low temperature.

An exponentn51.5 was obtained by Mu¨ller et al.5 in
Ba-La-Cu-O samples and the irreversibility line has th
been called the ‘‘quasi Almeida-Thouless’’ line by compa
son with spin glasses. An explanation for this behavior w

FIG. 3. Amplitude of the third-harmonic susceptibilityux3u for a
(K,Ba)BiO3 single crystal~sample A!; the linear extrapolation to
zero marks the onset of nonlinearity in the magnetic response,
the vortex-glass transition temperature~in the low-frequency limit!.

FIG. 4. Temperature dependence of the vortex-glass trans
temperature deduced from transport~open symbols! and third-
harmonic susceptibility measurements~solid symbols!. Hg(T) can
be well described by a simple power lawHg(T);(12T/Tc)

1.5 in
the entire temperature range~solid lines!. Small deviations can be
observed for sample A~the dotted line is a guide to the eye!.
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then proposed by Yeshurun and Malozemoff6 who assumed
that the activation energy (Uc) scales like Hc

2a0
2j;(1

2T/Tc)
1.5/H close toTc and suggested that the critical cu

rent may fall below the limit of detectability forUc
;kT (Hc is the thermodynamic critical field anda0 the
intervortex spacing,;1/AH). Such an explanation can, how
ever, not be used to describe our vortex-glass transition
far away fromTc . Alternatively, Blatter and Ivlev23 sug-
gested that the exponentn51.5 may be used as an approx
mation of the vortex-lattice melting line for a nonzero su
pression parameterS @Eq. ~2!#. However, here again thi
approximation would only be valid close toTc ~and in any
case only to describe a first-order transition line!. The origin
of this exponentn51.5 thus remains an open question whi
obviously needs further theoretical investigation.

A striking feature is the absence in our system of the f
increase ofHg(T) that is usually observed in cuprates belo
;Tc/2. This crossover has been attributed by Moloniet al.11

in Y-Ba-Cu-O thin films to a change in the fluctuation r
gime. Indeed, they assumed that the glass fluctuations c
ist with 3D XY fluctuations close toTc whereas LLL fluc-
tuations become predominant at lower temperatures, i.e
higher fields. Even though the exponentn53/2 is rather
close to the 4/3 value expected in the 3DXY regime,12 it is
hardly believable that those fluctuations may dominate
entire phase diagram in our system. Alternatively, this cro
over has been interpreted as the signature of a transition
weakly correlated vortices to rigid bundles by Almas
et al.7 The transition field is expected to correspond to
vortex spacing of the order ofl/8 ~or evenl/4). Takingl
;1500 Å we would expect to find a crossover field of t
order of 2 T in clear disagreement with our experimen
data.

The absence of any crossover in our system would t
rather suggest that the change of slope in theTg vs H curve
of the cuprates is related to a change in the dimensionalit
the vortex system as proposed by several authors.8–10 How-

FIG. 5. Temperature dependence of the currentJ1(T) separat-
ing the Ohmic from the power law behaviors in theE-J character-
istic as shown in the inset forHiJ ~solid lines! and H'J ~dotted
lines! at H051000 G for two temperatures (J0583104 A/m2).
J1(T) is indicated by the arrows in the inset~theR values forJiH
have been shifted upwards for an easier comparison withJ'H).
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ever, the field-independentn and z values observed in Ref
11 do not corroborate this explanation. The origin of th
crossover temperature in cuprates thus also remains an
question.

IV. INFLUENCE OF THE ORIENTATION OF J vs H

In order to perform transport measurements for differenJ
vs H orientations, current probes have been attached on
opposite sides of small cubic samples and two voltage pro
on the top of the sample. The magnetic field~up to 3 T! has
then been applied either along theJ direction, at 45° or per-
pendicular to it. As shown in the inset of Fig. 2 (H0
51 T), in the Ohmic regime, the resistivity presents a ve
similar temperature dependence whatever the orientatio
the magnetic field. Similarly the samez value has been de
duced from theE-J characteristics atTg ~see, for instance
Fig. 2 for theJiH case!. The absence of any anisotropy
the scaling exponents is consistent with the vortex-glass
ture, i.e., isotropic pinning induced by point disorder.

Within the vortex-glass transition model, the vortex-gla
correlation lengthjvg can be deduced from the crossov
currentJ1(T) above which theE-J characteristics becom
non-Ohmic~see inset of Fig. 5 and dotted line in Fig. 2!.
J1(T) is reached when the Lorentz force energy applied
a bundle of sizejvg is of the order of the thermal energykT
and is thus given by12

J1f0jvg
d21^sin~u!&;kT, ~3!

where f0 is the flux quantum (h/2e) and u the angle be-
tween J and the flux line. The Lorentz force energy wi
obviously depend on the orientation ofJ vs H and as ex-
pectedJ1(T) is smaller forJ'H than it is forJiH ~see Fig.
5!. The existence of a critical regime forJiH is directly
related to the wandering of the vortex line which leads to
nonzero angle between the local flux density vector and
current density even in theJiH configuration. Rotational
experiments27 indicate that this average flux density vect
makes an angle;20° – 30° with the external field in

FIG. 6. Temperature dependence of the vortex-glass correla
length. The solid line is a fit to the data using ajvg;1/(T/Tg

21)n law with n50.960.1.
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(K,Ba)BiO3 samples~at low fields!. TheJ'
1/Ji

1 ratio is thus
expected to be of the order of 2–3 in good agreement w
our experimental value. As shown in Fig. 6,jvg @deduced
from Eq. ~3!# rises up rapidly as the vortex-glass transiti
temperature is approached varying by a factor;5 between
20.8 K and 22 K (Tg;20.4 K). At our lowest tempera
ture, jvg is very large,;30 mm;200a0 , as already ob-
served by Gammelet al.28 in Y-Ba-Cu-O single crystals. Fi-
nally, the exponentn can then be directly deduced from th
temperature dependence ofjvg;1/(T/Tg21)n. We get n
50.960.1 ~see dotted line in Fig. 6! in good agreement with
the R vs H data.

V. CONCLUSION

In summary, we have presented a detailed characte
tion of the vortex-glass transition in the cubic (K,Ba)BiO3
superconductor. The transport and third-harmonic susce
bility data can be very well described by the vortex-gla
transition theory withn(z21)53.960.3 independent of the
,
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ti-
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magnetic field down to 0.3 K. The vortex-glass transiti
line can be fitted by a simple power lawHg;(12T/Tc)

1.5 in
the entire temperature range. This line does not presen
fast increase ofHg(T) that is usually observed in cuprates
low temperature. As expected for the glass transition in
presence of weak point disorder the characteristic expon
n and z do not depend on the orientation of the magne
field compared to the current. A very large~i.e., severalmm)
vortex-glass correlation length has been deduced from
crossover current separating the Ohmic and power law
gimes in theE-J characteristics.
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