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Vortex-glass transition in the (K,Ba)BiO5 cubic superconductor
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We present a detailed characterization of the vortex-glass transition in the cubic (K,Bagi€conductor
(with critical temperaturd .~ 30 K). Combining transport measurements down to 0.3 K and third-harmonic
susceptibility close tol', we show that the vortex-glass transition field can be well fitted by a power law:
Hg~(1-T/T,)" with n~1.5 over three magnetic field decades. In striking contrast with cuprates, this simple
behavior holds down to our lowest temperature. Hié characteristics are consistent with the vortex-glass
transition for bothJIIH and JLH configurations assuming that, close g, the vortex line is making an
average angle-20° with the external field. The vortex-glass correlation length reaches severah the
vicinity of the transition, showing that vortices are correlated over more thaa,2®herea, is the intervor-
tex spacin@ The characteristic exponenis=1.0=0.2 andz=5.0+0.6 are field independent and do not
depend on the relative orientation of the magnetic field and the current ddist63-182608)04942-X]

[. INTRODUCTION paper is thus organized as follows. The most characteristic
features of the transitionH-J curves, magnetic field depen-
It is now well established that both high, (Ref. ) and dence of the resistance in the Ohmic regirage briefly re-
low T, (Ref. 2 superconductors may present a vortex solidviewed in Sec. Il. In contrast to cuprates we will show in
to liquid phase transition. This transition line lies very closeSec. lll that the vortex-glass transition field deduced from
to the upper critical field in conventional loW; materials  both third harmonic susceptibility and magnetotransport
whereas the liquid phase can occupy a large part offfile  measurements can be well fitted using a simplg~ (1
phase diagram in highly anisotropic materials such as Bi-Sr=T/T)*®law down to 0.3 K, i.e., over three magnetic field
Ca-Cu-O. It has then become common to fit this transitiordecadega small deviation from this simple behavior can be
line using a simple (+T/T,)" power law. It has been observed in sample A—see belpwinally, taking advan-
shown both theoreticalfyand experimentalf/that an expo- tage of the cubic structure of our system, we will compare in
nentn=2 can be used to described the first-order melting ofSec. IV transport properties performed for different orienta-
a “pure” vortex lattice close toT.. On the other hand, the tions of the current density) vs magnetic field:JLH,
irreversibility line of a large variety of cuprates presents a(J,H)=45° andJIlH. We will show that the transition tem-
power law variation withn~3/2 at high temperature fol- perature as well as the exponents does not depend on the
lowed by a more rapid variation at lower temperatutés. relative orientation of the current versus magnetic field as
Various models have been invoked to explain this crossovegxpected for isotropic pinning by weak point disorder. We
(i) a crossover from a weakly correlated to a strongly correwill show that the vortex-glass correlation lengty is very
lated rigid lattice? (ii) a transition from three-dimensional large in the vicinity of the transition line, reaching several
(3D) vortex lines to 2D independent pancak&s?and(iii)a  um. Finally Sec. V contains a summary of the main results
crossover from 3DXY to lowest-Landau-leve{LLL ) fluc- of our work.
tuation regimes?
In this context, the (K,_Ba)Bl@.superc_ondu.ctor 1_(C Il VORTEX-GLASS TRANSITION
~30 K) appears to be particularly interesting since it pre-
sents a fully isotropic =1) cubic structure and a phase  The experiments have been performed on dark blue single
diagram which is experimentally accessible down to the low<rystals grown by electocrystallizatidhThe transport mea-
est temperaturefthe upper critical fieldH.,(0)<<30 T]. = surements have been done on sample A~<24.2 K),
We present here magnetotransp@own to T=0.3 K and sample C T,~22.1 K), and sample DT;~31.2 K) and the
up toH=27 T) and third-harmonic susceptibility measure- susceptibility measurements on samples A and B. (
ments performed on (K,Ba)BiQOsingle crystals. The exis- ~30.8 K). Samples A and D presented very sharp transi-
tence of a vortex-glass transitidnin this system has been tions in zero-field transport measurements whereas samples
previously discussefp to 20 T) in Ref. 13 and the present B and C presented somehow larger transitions (1-2 K), in-
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FIG. 1. Magnetoresistance measurements of a

' (K,Ba)BiO; single crystal(sample A from the

left to right T (K)=22-20-18-16-14-12-10-
8-4.2-3.0-1.5-0.3. In the insgti(INR)/dH] ! vs
magnetic field showing tha@=v(z—1) (i.e., the
slope of the straight lines in the vortex-glass tran-
b sition mode] is field independent down to

/ }Tgﬂ'% 0.3 K; Hy can be deduced from the zero inter-
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dicating the presence of larger sample inhomogeneities. Ammetry measurements are indicating that the irreversibility
the magnetic field is increased, all samples present a smootine may actually be rising up very fast below 1K.
decrease of the resistivity without any sign of a first-order The origin of this rather large liquid phase in the
transition (i.e., without any sharp jump in the resistivity (K,Ba)BiO; system is, however, not straightforward. Indeed
Transport data for sample A up to 27 T are presented othe strength of the thermal fluctuations is given by the Gin-
Fig. 1 down to 0.3 K. zburg numbelG; ,* which is pretty small in this 3D system:
The vortex-glass transition scaling theory appeared to b&;~4x10"° (G;~10 2-1 in anisotropic cupratgs Fol-
particularly well adapted to describe the freezing of the vordowing Ref. 3, the transition line would be expected to scale
tex liquid in presence of quenched disord&As expected asc!/G; (wherec, is the Lindemann numbgand, taking
for this transition, for sufficiently low current densiti¢see c_~0.15, the liquid phase should only exist on a very narrow
below), the electrical field(E) versus current densityJ)  temperature range close ff,. However, a vortex solid-
characteristics become Ohmic above the transition and thl&luid transition has also been observed in other isotropic
corresponding resistance is then expected to scafe as systems with similaG; values such as R, (Ref. 19 or
Wz-1) Wz—1) YNi,B,C (Ref. 20. The origin of this melting line has then
R~[1-T/T4(H)] ~[1=H/Hq(T)] Y been attributed to a small value of the Lindemann criterion

From Eq(1), one gets dIn R/dH)*lz(H—Hg)/v(z— 1); 1

v(z—1) and Hy can thus be obtained by plotting ot A

(dInR/dR) ! vs H (see the inset of Fig. 1, sample.Aor £ ol

all measured samples we obtaing@—1)=3.9+0.3 which £

does not depend od down to the lowest temperatures. *
As the current density is increased, fhel characteristics ey e

are changing from an Ohmic behavior dominated by the ther- 188 02 T

mal fluctuations to a criticdli.e., power law behavior above 001

a characteristic current” (T) (see, for instance, Fig. 2 at
H=1000 G,JIIH). At T=T, the critical regime is observed
for all J with E~J#*1)/2 and finally a change in the curva-
ture is observed as the temperature is lowered bdlgyE

~exp(10#) below T, for small J]. z can thus be extracted 0.0001
from the power law behavior aty and one getg=5.0

H = 1000G

E/E,
b
o
8

T TT l‘ ™ T HH‘ T |IIHH| 1

+0.6 and hence=1.0+0.2 up to 8 T(i.e., our highest field S : | e

for the E-J characteristids Those values are consistent with 10'0 o ool /. o — ""1
the one expected from the vortex-glass theory and are very ' ' E~J30 ™

similar to those obtained in Y-Ba-Cu-O samplés. Jo

We have shown in a Previous paf:ﬁaﬁhat the quer.C”tl' FIG. 2. E-J characteristic of a (K,Ba)Bi® single crystal
cal field extracted from tunneling measurements lies Ver}fsample A at H=1000 G forJIH [from top to bottomT (K)
close to the top of the resistive transition curves. As showr_ 22-21.5-21-20.9-20.8 -20.7-20.6-20.5-20.4-20.3-20.2-20.1}20.0
on Fig. 1, the width of the transition, i.e., the liquid phase, iSthe solid line is arE~J3° it to the data at 20.4 Kie.,T=T,) as
thus rather large in our systent—Hc~5 T~Hc/3  expected from the vortex-glass transition model. The dotted line
aroundT,/2. Surprisingly, this transition remains very large marks the onset of nonlinearity in the characteristics. In the inset;
down to the lowest temperatures-6 T at 0.3K). A similar  enlargement of the foot of the resistive transitiddoE 1 T) for
behavior has been previously observed in superconductingjfferent orientation of the current density vs magnetic field. Solid
films’ and attributed to the presence of quantum fluctuationsines are T/T,~1)"*? fits to the data withT,=18.45+0.05
(see discussion belgwNote, however, that torque magne- K and v(z—1)=4.0+0.1 for all J-H configurations.
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as predicted by Brandt for 3D systefitsAlternatively, it has 2
been shown by Blatter and Ivi&that the width of the liquid L Hy(T)=0
phase can be significantly increased by the presence of quar " 0.04
tum fluctuations or by the suppression of the order parametel L 0.22
close toH, (see also Ref. 24and the melting fieldH,, is N i 0.55
then expected to scale as = - h,.=7G
4.4 - f
Hm/Hc2~ ) 2 5 N
(14 J1+4S6T,/T)? -
with  0=c2(Bin/G)YAT/T—1) (Bi~2) and S=q y o
+¢Z(Bn/G;)Y? whereq is quantifying the strength of the - ,.05%590;%
quantum fluctuations ancf(By,/G;)*? has been introduced q;:%'x’ e
to take into account the proximity of the, line. Note, 0 == o R
0.5 0.6 0.7 0.8 0.9 1 1.1

however, that Eq(2) has been derived for the melting of a
pure system without any static disorder. This expression thus T/T,
cannot be directly used in our system for which no sign of
any first-order melting has been observed. It has been show
for instance, .that weak pomt dlsordgr can aCt“a”.V. Incr(f,'as ero marks the onset of nonlinearity in the magnetic response, i.e.,
the vortex_line Wanderlng_ and shift the transition I|r_1e the vortex-glass transition temperatyire the low-frequency limik
downwards?® Nevertheless, in the absence of any quantita-
tive expression for the position of the melting line in the
presence of weak pinning centers, we will use E). in
order to get an estimation of the position of this line. The
width of our liquid phaseHd,,/H.,~0.3 atT~T./2) would
then be consistent with E¢2) assuming that~7.

Taking ¢, ~0.15 andG;~4x 10 °, we actually get di-

FIG. 3. Amplitude of the third-harmonic susceptibilitys| for a
,Ba)BiO; single crystal(sample A; the linear extrapolation to

lation field tends towards zero and we have thus used a low
frequency f=8.9 Hz in our experimentsT,,se; CAn be
clearly identified since the onset is very shdsge Fig. 3,
sample A and does not depend on the amplitude of the
modulation field. The vortex-glass transition line deduced
from both transport and third-harmonic susceptibility is pre-

rectly cf(Bin/G;)"*~7; however, quantum fluctuations conieq on Fig. 4. As showity(T) can be well described
(i.e., q) may also play a significant role in (K,Ba)BiO using a simple (£ T/T,)® law on the entire field range

. . 3
Indeed, q is given by* q~0.15@Q/G))7, where Q ' (samples B, C, and Di.e., on three decades, although smal
=(e“/h)(pn/€) (pn is the normal state resistivity adthe  geyjiations can be observed for sample A. In this sample, the
coherence length-30 A at low temperatuie () ISa cutoff  exponent is slightly varying ranging from 1.6 close toT,
frequency of the order of c/A~2%x10"® Hz in to ~1.3 at low temperature.
(K,Ba)BiO; (M is the penetration depth; 1500 A at low An exponentn=1.5 was obtained by Mier et al® in
temperaturg and 7 an effective relaxation time of the order ga.| 5-Cu-O samples and the irreversibility line has thus
of the elastic scattering time. Taking the carrier deﬁ§|ty been called the “quasi Almeida-Thouless” line by compari-

~10% cm™® we getq>1 [q~1/n and can be pretty large in  son with spin glasses. An explanation for this behavior was
(K,Ba)BiO; due to the proximity of a metal-insulator transi-

tion, i.e., smalln]. Even though this numerical estimation 100 -
should be taken with care given the rather large error bars on :
each of the parameters, it shows that quantum fluctuations i
may actually be pretty large in our system. The origin of the 10 ¢
liquid phase in the (K,Ba)Bi@system is thus rather com- @ i
plex and a complete description of this melting would prob- E"D
ably have to take into accourit) the presence of large —
amount of pinning centers increasing the vortex wandering, &2 i
(ii) the reduction of the, coefficient in a 3D systemjii) mw 01 L

sample D x 100
1k

sample A x10

the proximity of theH,, line, and(iv) possible large quan- sample C

tum fluctuations. - 1
001 | |

Iil. TEMPERATURE DEPENDENCE sample B
OF THE MELTING FIELD 0.001 e e

. 0.01 .
Let us now discuss the temperature dependence of the 1 _qu/T 1

C

vortex-glass transition field. At high field and low tempera-

tureHy(T) has been deduced from our Er?nsport eXPerments g 4. Temperature dependence of the vortex-glass transition
as explained abOV(:-Rf[l_H/Hg(T)]_V(Z ). Close toT,, temperature deduced from transpddpen symbols and third-

T4 has been determined by measuring the onset of the anfarmonic susceptibility measuremertgwlid symbols. Hy(T) can
plitude of the third-harmonic SUSCGptibi”ty which marks the pe well described by a simple power |&%(T)~(1—T/TC)1-5 in
onset of nonlinearif in the magnetic respons@,,se;iS  the entire temperature rangsolid lineg. Small deviations can be
expected to tend towardg, as the frequency of the modu- observed for sample Athe dotted line is a guide to the eye
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FIG. 5. Temperature dependence of the curd&ntT) separat-
ing the Ohmic from the power law behaviors in tBel character-
istic as shown in the inset fddllJ (solid lineg andHLJ (dotted
lines at Hy=1000 G for two temperaturesl{=8x10* A/m?).
J*(T) is indicated by the arrows in the insghe R values forJ|H
have been shifted upwards for an easier Comparison jm]ﬁ) ever, the field-independem and z values observed in Ref.
11 do not corroborate this explanation. The origin of this
crossover temperature in cuprates thus also remains an open
question.

FIG. 6. Temperature dependence of the vortex-glass correlation
length. The solid line is a fit to the data usingég,~1/(T/T,
—1)” law with »=0.9+0.1.

then proposed by Yeshurun and Malozerfigfho assumed
that the activation energyU;) scales like HZa3é~(1
—T/T)YH close toT, and suggested that the critical cur-
rent may fall below the limit of detectability forJ.

~kT (H is the thermodynamic critical field and, the In order to perform transport measurements for diffedent
intervortex spacing;- 1/yH). Such an explanation can, how- vs H orientations, current probes have been attached on the
ever, not be used to describe our vortex-glass transition lingpposite sides of small cubic samples and two voltage probes
far away fromT.. Alternatively, Blatter and Ivie?? sug-  on the top of the sample. The magnetic fiélg to 3 T) has
gested that the exponent=1.5 may be used as an approxi- then been applied either along tBelirection, at 45° or per-
mation of the vortex-lattice melting line for a nonzero sup-pendicular to it. As shown in the inset of Fig. H¢
pression paramete$ [Eq. (2)]. However, here again this =1 T), in the Ohmic regime, the resistivity presents a very
approximation would only be valid close @, (and in any  similar temperature dependence whatever the orientation of
case only to describe a first-order transition Jinehe origin  the magnetic field. Similarly the sanzevalue has been de-
of this exponenh= 1.5 thus remains an open question whichduced from theE-J characteristics al, (see, for instance,
obviously needs further theoretical investigation. Fig. 2 for theJIlH caseé. The absence of any anisotropy in
A striking feature is the absence in our system of the fasthe scaling exponents is consistent with the vortex-glass pic-
increase oHy(T) that is usually observed in cuprates below ture, i.e., isotropic pinning induced by point disorder.
~T./2. This crossover has been attributed by Molenal."* Within the vortex-glass transition model, the vortex-glass
in Y-Ba-Cu-O thin films to a change in the fluctuation re- correlation lengthé,, can be deduced from the crossover
gime. Indeed, they assumed that the glass fluctuations coegurrentJ™(T) above which theE-J characteristics become
ist with 3D XY fluctuations close td; whereas LLL fluc- non-Ohmic(see inset of Fig. 5 and dotted line in Fig). 2
tuations become predominant at lower temperatures, i.e., at"(T) is reached when the Lorentz force energy applied on
higher fields. Even though the exponemt=3/2 is rather  a bundle of sizé, is of the order of the thermal enerdgy
close to the 4/3 value expected in the 3I¥ regime}?itis  and is thus given By
hardly believable that those fluctuations may dominate the
entire phase diagram in our system. Alternatively, this cross- I* oSy (sin(0)) ~KT, ()
over has been interpreted as the signature of a transition from
weakly correlated vortices to rigid bundles by Almasenwhere ¢, is the flux quantum t{/2e) and 6 the angle be-
et al’ The transition field is expected to correspond to atweenJ and the flux line. The Lorentz force energy will
vortex spacing of the order of/8 (or even\/4). Takingh  obviously depend on the orientation dfvs H and as ex-
~1500 A we would expect to find a crossover field of the pectedd™(T) is smaller forJL H than it is forJIH (see Fig.
order d 2 T in clear disagreement with our experimental 5). The existence of a critical regime fdilH is directly
data. related to the wandering of the vortex line which leads to a
The absence of any crossover in our system would thusonzero angle between the local flux density vector and the
rather suggest that the change of slope inTthevs H curve  current density even in thdllH configuration. Rotational
of the cuprates is related to a change in the dimensionality oéxperiment&’ indicate that this average flux density vector
the vortex system as proposed by several authdfddow-  makes an angle~20°-30° with the external field in

IV. INFLUENCE OF THE ORIENTATION OF JvsH
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(K,Ba)BiO; samplegat low fields. The\]I/J”+ ratio is thus magnetic field down to 0.3 K. The vortex-glass transition
expected to be of the order of 2—3 in good agreement withine can be fitted by a simple power lag~ (1—T/T)*?in

our experimental value. As shown in Fig. §,, [deduced the entire temperature range. This line does not present the
from Eq. (3)] rises up rapidly as the vortex-glass transitionfast increase ofi(T) that is usually observed in cuprates at
temperature is approached varying by a factds between low temperature. As expected for the glass transition in the
20.8 K and 22 K [T4~20.4 K). At our lowest tempera- presence of weak point disorder the characteristic exponents
ture, &,4 is very large,~30 um~200a,, as already ob- v andz do not depend on the orientation of the magnetic
served by Gammedt al?® in Y-Ba-Cu-O single crystals. Fi- field compared to the current. A very laree., severajum)

nally, the exponent can then be directly deduced from the vortex-glass correlation length has been deduced from the
temperature dependence §f,~1/(T/Tq—1)". We getr  crossover current separating the Ohmic and power law re-
=0.9+0.1(see dotted line in Fig.)dn good agreement with gimes in theE-J characteristics.

the R vs H data.
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