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Critical currents and order-disorder phase transition in the vortex states of YBa2Cu4O8
with chemically introduced disorder
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A series of YBa22xSrxCu4O8 single crystals was measured to study the influence of site disorder on the
transition lineHss(T) between quasiordered vortex lattice and highly disordered vortex glass, as well as on the
maximum critical current density within the glass phase,j c

max. When 32% of Ba is replaced by Sr,j c
max is an

order of magnitude higher than in the unsubstituted compound. In contrast, the transition fieldHss first drops
by a factor of about 5 with a substitution of just 10% of Sr for Ba, and then remains approximately constant for
higher Sr contents. Our results indicate that in very clean systems the order-disorder transition is affected very
strongly by any crystallographic disorder, while above a certain threshold it is relatively robust with respect to
additional disorder. In all substituted crystalsHss decreases monotonically with an increase of temperature.
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I. INTRODUCTION

The vortex matter of cuprate superconductors has a
phase diagram in theH-T plane~see, e.g., Ref. 1!. Not long
after the discovery of cuprate superconductors it was es
lished that there are at least two phases: a fluid~liquid or
gas!2 phase at high temperatures and fields, and a solid~lat-
tice or glass! phase at low temperatures and fields. It w
shown that the transition between these two phases is of
order, at least in low fields up to a critical point.3–5 Recently,
it was shown6–13 that there are two distinct solid phases.
low fields the vortices form a quasiordered lattice in a
called Bragg glass,14,15 which is stable against the formatio
of dislocations. In higher fields they form a highly diso
dered, entangled1 solid. The nature of the high-field phase
not well understood. It could be anything from a highly vi
cous fluid to a vortex glass with unbounded barriers aga
vortex movement.16,17 Henceforth we will simply term it
‘‘glass.’’

The high-field glass phase is caused by weak, rand
and uncorrelated disorder due to pointlike defects such
oxygen vacancies.1 This type of disorder is present even
the most pure crystals of cuprate superconductors. Str
correlated disorder due to extended defects, such as
boundaries or columnar irradiation defects, has a differ
influence on the vortex matter, and can lead to additio
phases, e.g., a ‘‘Bose glass’’ phase18 located at low fields.19

Correlated disorder may not be present in all crystals. In
following, when we simply speak of ‘‘disorder,’’ we are re
ferring to weak random pointlike disorder.

The pinning induced by the disorder has two effects
the vortex lattice.20 First, it localizes vortices by trapping
them in low-lying metastable states, hardening the so
Second, it promotes a transverse wandering of vortices f
their ideal lattice positions. The mechanism of the destr
tion of the lattice, triggering the transition to the gla
phase,15,20–23is very similar to the mechanism of melting
higher temperature. Similar to the way the lattice loses tra
0163-1829/2002/65~9!/094518~11!/$20.00 65 0945
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lational order and melts into a fluid, when thermal fluctu
tions become of the order of the lattice spacing, it loses tra
lational order and ‘‘melts’’ into a glass when the disorde
induced line wandering becomes of the order of the latt
spacing. In both cases the stability against the formation
topological defects, such as dislocations, is lost. The mas
proliferation of dislocations accompanying the destruction
translational order leads to an entangled configuration of v
tices, i.e., topological order is lost as well. In highly anis
tropic superconductors, the lattice-glass transition may
together with a decoupling between the layers,22,23 of which
there is some evidence in Bi2Sr2CaCu2O81d ~BSCCO!.24

This is not expected in less anisotropic systems, l
YBa2Cu3O72d ~Y123!.22,23 There is considerable evidenc
that the phase transition between the lattice and the gl
like the melting transition between the lattice and the fluid
of first order13,24–26and is even a continuation of the meltin
line.27

Since the solid-solid transition is an order-to-disord
transition with the disordered phase located at high fields,
transition lineHss(T) can be expected to shift to lower field
with the introduction of additional disorder in the cryst
structure. Calculations20–23 of Hss, based on a Lindemann
criterion, confirmed this expectation. Indeed, there seem
be a correlation between the position ofHss and the purity of
a sample, as can be seen by comparing different meas
ments on Y123 crystals. Also, studies of the effect of el
tron irradiation on the transition between the lattice and
glass found a systematic decrease ofHss with increasing ir-
radiation dose.7,12

An alternative way to introduce structural disorder into
system is to partially substitute an element of the compou
However, the generally varying level of oxygen with
samples, which is difficult to measure and control, con
tutes a serious problem. YBa2Cu4O8 ~Y124! is a compound
very well suited for studying the dependence ofHss on
chemically introduced disorder, because in this compou
the oxygen content is fixed to eight per unit cell. Anoth
©2002 The American Physical Society18-1
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advantage of Y124 is that twinning, which leads to stro
correlated disorder, does not exist in this compound.28 Fi-
nally, Y124 has an intermediate anisotropyg'12,28 which,
as compared to Y123, shifts the glass phase down to fi
more easily attainable experimentally. To exclude or at le
to minimize concurrent sources of disorder in the system
is advisable to use single crystals for any measurements

If vortices are not ordered in a lattice, they can bet
adapt to the local pinning potential. Therefore, critical c
rent densities can be expected to be higher in the glass ph
High critical currents in high magnetic fields are desira
for many applications. Investigations of the disordered so
state and its boundaries are thus very important in view
practical applications. Many irradiation studies found th
critical current densities can increase by orders of magnit
upon irradiating a sample.29 Studies of compounds with
chemical disorder also found increases ofj c and even the
development of a second peak.30

In this work, we study the influence of a substitution
isovalent Sr for Ba in YBa22xSrxCu4O8 on the lattice-to-
glass transition lineHss(T), the irreversibility lineH irr(T),
and the critical current densitiesj c . We provide evidence o
an enhancement of the maximum critical current density
the glass phasej c

max by more than an order of magnitude, du
to structural disorder introduced by Sr substitution. T
change of the vortex matter phase diagram due to the in
ence of relatively strong quenched disorder will be p
sented.

II. EXPERIMENT

Single crystals of Y124, with and without Sr substitutio
were grown using a high-pressure technique; the detail
crystal growth are reported elsewhere.31 Single crystals of
YBa22xSrxCu4O8, with a Sr content up tox50.64 or 32%,
were obtained. The crystals were checked with energy
persive x-ray analysis~EDX! and their structure analyze
with single-crystal x-ray analysis.31 The transition tempera
turesTc of the crystals were determined with a supercondu
ing quantum interference device~SQUID! magnetometer by
temperature sweeps~both zero field and field cooled! in an
applied field of 1 Oe. All samples chosen for further ma
netic measurements had a well-resolved transition wit
transition width~10–90 %! smaller than 2 K~see Fig. 1!.

Measurements of the dc magnetization were perform
with a Quantum Design MPMS5 SQUID magnetometer. A
ditional measurements were performed with a noncomm
cial SQUID magnetometer with a sensitivity better th
1026 emu. All measurements were done with the magne
field applied parallel to thec axis of the crystal, and gene
ally the magnetization was measured at fixed temperature
a function of the external field being swept up and dow
After each change of the field, we waited for a time
5 min before measuring the magnetic moment four tim
using a scan length of 2 cm. The relatively short scan len
was chosen to ensure maximum homogeneity of the app
field, and was necessary to ensure a sufficient resolutio
all features of interest discussed below. A wait time of 5 m
was chosen to avoid effects of the initial relaxation of t
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field of the superconducting magnet without extending
time of measurements too much. Throughout the papeH
denotes the applied field, i.e., no correction of the demag
tization was made. This is not a problem, however, since
magnetization is always much smaller than the external fi
except in the low-field range, which is not the particul
interest in this paper.

The critical current density32 j c was calculated from the
width of the hysteresis loop using an extended Bean mod33

The irreversibility field H irr was determined as the fiel
where increasing and decreasing field branches of theM (H)
hysteresis loop meet, or equivalently as the field where
critical current density vanishes. A uniform criterion ofj c
550 A cm22 was used. For the crystals studied it corr
sponds to a criterion of in between 4.4 and 26memu, which
is not far from the accuracy limit of our experimental setu

III. RESULTS AND DISCUSSION

In the following we will discuss the influence of Sr sub
stitution on disorder and structure, critical current densiti
the irreversibility line, and the transition from lattice to glas

A. Disorder and structure

Sr substitution increases the disorder in the structure,
denced, for example, by a dramatically increased N
linewidth.31 No evidence of an introduction of correlated di
order was found, and, since twin boundaries are absen
YBa22xSrxCu4O8, the assumption of the disorder in ou
crystals to be purely random and pointlike seems justifie

The Sr substitution also induces a variation of structu
parameters, causing a charge redistribution. Bond vale
sum calculations and nuclear quadrupole resonance mea
ments indicate a transfer of holes from oxygen to cop
atoms in the CuO2 planes and from copper to oxygen in th
chains.31 The charge redistribution can explain the increa
of Tc upon substituting more than 10% Sr for Ba. The init
decrease ofTc may be due to the increased site disorder.34

An important structural modification due to Sr substit
tion is a decrease of the thickness of the blocking layerdb

FIG. 1. NormalizedM (T) curves of the crystals used in thi
work, showing sharp superconducting transitions. The cur
shown were measured in a magnetic field ofH51 Oe, under zero-
field-cooled conditions.
8-2
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CRITICAL CURRENTS AND ORDER-DISORDER PHASE . . . PHYSICAL REVIEW B 65 094518
separating the superconducting CuO2 planes, linear with Sr
content. A substitution of 32% Sr for Ba causes the block
layer to shrink by about 1%,31 which leads to an improved
coupling between the superconducting planes. Torque m
surements indeed indicate a corresponding decrease o
anisotropyg.35

B. Critical current densities

Figure 2~a! shows one of the half hysteresis loops me
sured. The second peak is clearly discernible and domin
M (H). In all crystals, the second peak was observed over
whole temperature range measured, even just 1 K be
Tc . The form of the hysteresis loop and thus ofj c(H) can be
linked to the different phases of vortex matter. In low fiel
hysteresis is small, and the hysteresis loop is rather an
tropic, which indicates that the major source of hysteresi
low fields is not of bulk origin~also see Sec. III C!. The
origin of the low bulk hysteresis is probably that the vortic
are in the lattice phase in smallH. Weak random point dis-
order is not effective in pinning an ordered dislocation-fr
lattice of vortices. The magnitude of the critical current de

FIG. 2. ~a! One of the hysteresis loops measured. The direc
of the field change is shown by arrows. The onset of the sec
peak, the second peak maximum, and the kink inM (H) between
them are denoted asHon, H2p, and Hss, respectively. Note tha
there are small differences between the respective fields betw
the two directions of field change~see the text and Fig. 10!. The
irreversibility field, where field increasing and decreasing branc
meet, is denoted asH irr . ~b! Additional parts of hysteresis loop
showing the kink region at three different temperatures.
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sity in low fields gives an indication of the degree of disord
in the system. For our samples, measurements of the cri
current density at reduced temperatures ofT/Tc50.4 and
0.7, in fields of 1 and 2 kOe, suggest that the disorder
creases monotonically up to the highest substitution le
measured, with the largest rate betweenx50.4 andx50.64.

When, upon raising the field, the lattice is destroyed in
glass state and the vortex system has an additional ‘‘dislo
tion degree of freedom,’’22 individual vortices can much bet
ter adapt to local minima in the pinning potential. This r
sults in a higher effective pinning force and thus a high
critical current densityj c and relaxation barrier.23 Addition-
ally, the entanglement itself was also suggested to incre
critical current densities, due to an increased intervor
viscosity,36 provided the barriers to flux cutting are enoug
high.21,22In our case, a steep rise of the magnetization occ
just below the kink field, denotedHss in Fig. 2~a! ~also see
Sec. III D!. Local magnetic measurements on a BSCC
crystal revealed a sharp increase inuM (H)u, followed by a
monotonic decrease afterward.6 The so-called ‘‘second peak’
~or ‘‘fishtail’’ ! effect in BSCCO can thus be accounted for
an order-disorder transition. On untwinned Y123 crystals
similar sharp increase inuM (H)u was observed by local mag
netic measurements,11 but, contrary to the situation fo
BSCCO,uM (H)u continues to increase upon increasing fie
although with a slower rate, which leads to a sharp kink
M (H). Only in even higher fields does the magnetizati
start to decrease with increasing field.

Independently of vortex matter phase transitions, the s
ond peak or fishtail effect in Y123 was attributed to a cro
over from elastic to dislocation-mediated plastic creep.8,37

This mechanism is closely connected to the lattice-glass t
sition, however, since in the lattice phase dislocations
strongly suppressed while in the glass phase dislocat
proliferate, as mentioned above.38 From collective creep
theory a rise of the experimentally observable critical curr
density with the field is expected,1,37 as long as elastic cree
can be assumed and the bulk pinning is relevant. From
shape of the hysteresis loops shown in Fig. 2, it follows t
in YBa22xSrxCu4O8 the situation is similar to the one in
Y123. After raising the field even more, aboveH irr , the vor-
tex matter finally enters the fluid phase, where critical curr
densities are zero.

The dependence of the hysteresis loop of an unsubstit
Y124 single crystal on defects created by fast neutron i
diation was studied in Ref. 39. Fast neutron irradiation le
to improved pinning properties due to collision cascad
~strongly pinning extended defects of spherical shape! and
agglomerates of smaller defects. A clearly discernible sec
peak was observed in the untreated crystal. In the wea
irradiated crystal the second peak was less pronounced,
after irradiation to a fluence of 1017 cm22 it disappeared. At
the same time,j c drastically increased in low to medium
fields, and the hysteresis loops became more symmetric

The effect of fast neutron irradiation to remove the seco
peak may be understood from the different defect structu
The disorder resulting from the collision cascades is to so
extent correlated, and fast neutron irradiation can there
create a Bose glass phase in low fields. Bulk pinning is a
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M. ANGST et al. PHYSICAL REVIEW B 65 094518
strong in the Bose glass phase, and, if the irradiation-indu
correlated disorder is strong enough, the Bose glass p
may well destroy the entire Bragg glass phase. In high fie
fast neutron irradiation is not as effective in enhancingj c and
the irreversibility fieldsH irr are not increased.

In our case of Sr substitution the significant fields sh
but the qualitative form of the hysteresis loop remains
same. As with fast neutron irradiation, Sr substitution
creasesj c , but the effect is most pronounced in mediu
fields, in the second peak region. The maximum critical c
rent densities there,j c

max(T)[jc(H5H2p,T), dramatically in-
crease upon Sr substitution, as can be seen in Fig. 3.
temperature of 60 K, the critical current density reaches
most the values of critical current densities for Y123: for
crystal with 32% Sr substitution j c

max(T560 K)56
3104 A cm22, while for a Y123 single crystalj c

max(T
560 K)56.33104 A cm22.40 This is not the case, how
ever, at the lower temperature of 50 K, where Y123 crys
have a maximum critical current density roughly three tim
higher39 than the one measured on Sr-substitu
YBa22xSrxCu4O8. The main panel of Fig. 4 shows the d
pendence on Sr content of the maximum pinning force d
sity Fpin

max5H2pj c(H2p), corresponding to critical current den
sities measured atT565 K. It can be seen thatFpin

max

increases by more than an order of magnitude upon Sr
stitution. The lower right inset of Fig. 4 shows the Sr depe
dence ofFpin

max at a fixedreducedtemperature. The initially
approximately linear rise of the maximum pinning force de
sity saturates forx'0.4, indicating that increasing the su
stitution level tox50.64 no longer drastically increases th
pinning. The critical current density itself also shows a sa
ration behavior, but for lower Sr content~see the inset of Fig
3!. The difference is due to the substitution dependence
the second peak field, shown in the upper left inset of Fig
The dependenceH2p(x) is similar to the substitution depen
dence ofHss, discussed in Sec. III D.

C. Irreversibility fields

The irreversibility fieldsH irr , as a function of tempera
ture, are, for different Sr substitution levels, presented in F

FIG. 3. Critical current density atH2p vs reduced temperatur
for different Sr contents. It can be seen that unsubstituted Y124
much lower maximum critical current densities than substitu
Y124, at all temperatures. Inset:j c(H2p) vs Sr contentx at T/Tc

50.7.
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5. The theoretical meaning of the irreversibility field is n
very clear; often parts of it are controlled by surface or ge
metrical barriers~see below!. In high fields, it was often
found to be located near the transition from glass to flu
~see, e.g., Refs. 10 and 12!. However, whether a true phas
transition between the glass phase and the fluid phase e
exists, is not a settled question. Not much is known about
properties of the highly disordered entangled solid loca

as
d

FIG. 4. Dependence of the maximum pinning force dens
Fpin

max5H2pj c(H2p) on Sr content, at a temperature of 65 K. Th
maximum pinning force density increases by more than an orde
magnitude upon substituting 32% of Sr for Ba. Upper left ins
second peak field vs Sr content atT/Tc50.7. Lower right inset:
maximum pinning force density vs Sr content, atT/Tc50.7.

FIG. 5. The graph summarizes the dependence on the red
temperature of the irreversibility fields~full symbols! andHss ~open
symbols!, for different Sr contents in YBa22xSrxCu4O8: circles cor-
respond tox50, diamonds tox50.2, down triangles tox50.35, up
triangles tox50.4, and squares tox50.64. Error bars have been
omitted for clarity. Full lines are fits of theHss(T) data to Eq.~2!.
Except for x50, fitting was restricted to the range 0.65<T/Tc

<0.9. Dashed lines are guides for the eye indicating an expone
temperature dependence ofHss at lower temperatures. Variations o
H irr(T) generally are relatively small, and the details depend on
temperature.Hss(T) of the unsubstituted crystal is located in muc
higher fields thanHss(T) of all substituted crystals, and for high
temperatures is practically located in the region of the irreversibi
fields.
8-4
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CRITICAL CURRENTS AND ORDER-DISORDER PHASE . . . PHYSICAL REVIEW B 65 094518
aboveHss, apart from properties that distinguish it from th
lattice phase. The feature differentiating the glass phase f
the liquid phase is a rapid freezing of the dynamics, but i
not sure whether this freezing of the dynamics is a pro
phase transition or merely a crossover. The existence
separate so-called vortex glass~VG! phase, distinguished b
an unbounded distribution of the heights of barriers betw
metastable states, was proposed early after the discove
high-Tc superconductivity.16 Vortex glass scaling of the
current-voltage relations was used to determine the vo
glass transition lineHg experimentally, and also provide
strong support for the VG theory~see, e.g., Refs. 3 and 10!.
However, later experiments and numerical calculations fo
discrepancies~see Ref. 17 and references therein!, and sug-
gested a glass phase more akin to window glass. Des
these uncertainties,H irr(T) is certainly important from a
more practical point of view, as it limits the field range f
applications.

It is hard to see a clear trend in the Sr substitution dep
dence of the measured irreversibility fields. Differences
tweenH irr of the different samples measured are relativ
small, and the details depend on the temperature as w
Now it is important to remember that bulk pinning is not t
only source of magnetic hysteresis. There are additional c
tributions due to Bean-Livingston surface barriers41,42 and
geometrical barriers.43 The significance of surface and ge
metrical barriers depends on several factors. One of the
the strength of the bulk pinning: the smaller the~bulk! criti-
cal current density the larger the relative importance of b
riers. In YBa22xSrxCu4O8 the critical current densities de
pend strongly onx, as discussed above, and are very low
the unsubstituted crystal. Indeed, while the hysteresis lo
of substituted crystals are generally rather symmetric, thi
not the case for the unsubstituted crystal, which is an ind
tion that barrier hysteresis is more important than b
hysteresis.42 Another factor is the sample shape: bulk hyst
esis depends linearly on the sample diameter, while the
rier hysteresis scales with the ratio of thickness to diame
Thus barrier effects are more important for thicker a
smaller~in diameter! crystals. The thickness-to-diameter r
tio varies from 0.1 to 0.3 for the crystals used in this stu
Finally, an important factor is the temperature, since the b
hysteresis is depressed by thermal depinning, while the
due to geometrical barriers is less affected by temperatu44

In the second peak region, the main part of the hysteres
clearly of bulk origin, as follows from the shape of the hy
teresis loops~see Fig. 2!. However, since the total hysteres
observed is simply the sum of bulk and barrier hysteresis,
irreversibility field may still be determined by surface
geometrical barriers, since the bulk hysteresis goes to 0 fa
at higher fields.42,45 In high fields, bulk critical current den
sities were found to go exponentially to zero.46 A linear re-
lationship betweenj c and ln(H) is indeed followed in the
crystals we measured. Figure 6 shows this relationship
YBa1.8Sr0.2Cu4O8. The figure also shows, however, that the
are systematic deviations below a certain temperat
dependent threshold of critical current densities. For hig
temperatures the deviation appears at larger critical cur
09451
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densities. This may indicate that the irreversibility lines a
indeed considerably influenced by barrier hysteresis at hig
temperatures.

On the other hand, measurements of the influence of
neutron irradiation on the high-temperature part of the ir
versibility field on a Y124 single crystal found a slight d
crease ofH irr upon irradiating the crystal.47 Irradiation may
reduce Bean-Livingston-type surface barriers, but those
like bulk pinning, strongly temperature dependent, and w
generally not found to be important nearTc . Geometrical
barriers, on the other hand, should not change upon irra
tion. As the irradiation did change the irreversibility field
high temperatures, this would indicate thatH irr at high tem-
peratures cannot be due to Bean-Livingston or geometr
barrier hysteresis.

However, as mentioned above, the importance of barr
strongly depends on the sample shape, and we canno
completely sure to what extent barriers influenceH irr , espe-
cially in the case of the unsubstituted crystal, where b

FIG. 6. Critical current density vs logarithm of the magne
field, for a sample with 10% Sr substitution. The relationship
linear for high critical currents. Below a temperature-depend
threshold, deviations appear. Dashed lines extrapolate the linea
lationship toj c50.

FIG. 7. Sr dependence ofHss at temperatures of 0.7Tc ~open
diamonds!, 0.4 Tc ~open circles!, and H irr (0.7 Tc) ~full dia-
monds!. For both temperaturesHss drops significantly by a smal
substitution of Sr for Ba, but remains essentially constant up
further Sr substitution.H irr also drops by a small Sr substitution, b
less significantly. It rises again upon further substitution, and
higher forx50.64 than forx50. Thex error bars have been omit
ted for clarity.
8-5
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M. ANGST et al. PHYSICAL REVIEW B 65 094518
pinning is very weak. In order to explain the effect of the
substitution on the bulk properties, it is therefore advisable
compareH irr(T) at not too high reduced temperatures.
comparison ofH irr(T) at T50.7 Tc is shown in Fig. 7. The
position of the irreversibility field is not changed much, b
the general trend thatH irr rises withx is consistent with the
also rising maximum critical current density. The only irr
versibility field that does not fit into this trend is the one
the unsubstituted crystal, which may be attributed to bar
effects that still are not negligible at this temperature for t
weakly pinned compound.

An increasing glass-to-liquid transition field can be jus
fied theoretically in a way similar to that for the decrease
the lattice-to-glass transition field. Since the glass-to-liq
transition line depends on the relation between the pinn
energy and the thermal energy, and because the pinning
ergy is increased upon introducing more disorder into
system, it would seem natural that the transition occurs
higher temperatures.

The dependence of the glass to fluid transition on disor
was studied, for electron-irradiated Y123, by Nishiza
et al.12 They measured both the glass transition tempera
Tg resistively, and the irreversibility fieldH irr , and found
that the two linesTg(H) and H irr(T) coincide. Nishizaki
et al. found an opposite disorder dependence of the glass
fluid transition; in their caseHg and H irr decreased with an
increasing fluence of electron irradiation.

There are different possible explanations for the oppo
behavior of the glass-to-liquid transition line when the dis
der is increased between the present measurements and
of Nishizakiet al. First, the disorder introduced by substitu
ing 10% or more Sr for Ba in Y124 is much stronger than
disorder introduced by an irradiation of 2.5 MeV electro
with a fluence of up to 231018 electrons/cm2 in untwinned
Y123. This can be seen by comparing the phase diagra
The irradiated Y123 crystals show a first-order melting tra
sition in fields up to 50–100 kOe, while all of our S
substituted Y124 crystals show no first-order melting tran
tion at all up to temperatures very nearTc . Nishizaki et al.
noted that the decrease ofHg upon increasing disorder the
measured is consistent with a theoretical prediction made
systems with weak pinning.48 The disorder in our substitute
crystals may be too large for this to be applicable.

Second, the rise ofH irr with Sr substitution could also b
explained by a decreased anisotropy of the substituted c
tals, sinceH irr was found to scale withg22s21, wheres is
the distance between two adjacent superconducting plan2

If the rise ofH irr in YBa22xSrxCu4O8, with x for x.0.2, is
due to a decreased anisotropy caused by the decreased b
ing layer thickness, the initial drop forx,0.2 may be due to
the disorder, in which case the dependence ofH irr on disor-
der would be qualitatively the same as the one found
Nishizaki et al.

D. Transition from lattice to glass

As noted in Sec. III B, a kink inM (H) ~denotedHss) is
visible between onset and maximum of the second pea
the hysteresis loop shown in Fig. 2. According to previo
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studies performed on Y123,10–12 it is likely that the kink
corresponds to the transition line from the lattice to the gl
state of vortices. In Ref. 13 it was argued that the equilibri
phase transition corresponds to the kink inM (H) in decreas-
ing field, while the kink in increasing field corresponds to t
upper limit of metastability of the lattice phase. Howeve
since the pinning is much stronger in the glass phase,
equilibrium transition can be expected to be located qu
close to the upper limit of metastability. This was inde
found from the measurements of Ref. 13. Also in our ca
while we have more data on the increasing field branch,
kink in decreasingH was checked at representative tempe
tures, and the difference in the two kinks was found to
rather small indeed~see Fig. 2!. We should mention that the
actual equilibrium transition is a little bit lower than the fie
of the kink in M (H↑), which we callHss ~see Fig. 10!. It is
interesting to note that generally the kink positions~for both
directions of field changes! do not depend on the waiting
time ~we tested between 30 s and 10 min) after changing
the field. Additionally the kink field location does not depen
on the field change step size or on the small inhomogene
of the magnetic fields (;0.02%) tested by using differen
scan lengths, but theshapeof the M (H) curve around the
kink doesdepend on step size and scan length. On the o
hand, the onset fieldsHon, defined as the fields where th
absolute value of the magnetization is at a minimum, hav
slight tendency to shift to lower fields upon increasing wa
ing time, while the absolute value of the magnetization at
onset is decreased significantly upon increasing waiting ti
Additionally, the onset measured in decreasing fields can
much lower~up to 50% at low temperatures! than the onset
measured in increasing field. Figure 8 shows a selection
magnetization curves measured in the region where the
is located. The sharpness of the kink varies with temperat
and depends on the sample as well. The inset of Fig. 8 sh
an enlarged image of the onset region of one of the cur
and the derivative of the magnetization~average of the four
scans!, which can help to locateHss. Within a range of a few
K below Tc , the unambiguous determination ofHssnonethe-
less becomes difficult.

The increase of the absolute value of the magnetiza
aroundHss observed in our measurements is hardly sh

FIG. 8. M (H) curves for increasing field near the onset of t
second peak. Dashed lines are guides for the eye pinpointing
kink in the magnetizationHss.The inset shows a magnification o
the onset region of aM (H) curve and its derivative atT558 K.
Hss is located at the position of the steepest increase of dM /dH.
8-6
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CRITICAL CURRENTS AND ORDER-DISORDER PHASE . . . PHYSICAL REVIEW B 65 094518
enough to be called a ‘‘jump.’’ One reason for this is t
spatial averaging of the inhomogeneous induction inside
sample. Additionally, the difference between the onset of
second peak in increasing fieldsHon

↑ , defined as the mini-
mum of the absolute value of the magnetization before
second peak, and the kink fieldHss can be explained by the
existence of a region of metastability around the ph
transition.13 Recent experiments25,26 indicated that an abrup
change of the field injects a transient disordered vortex ph
at the sample edges. If the thermodynamically stable pha
the lattice phase, the transient disordered vortex phase
decays. This decay occurs with a rate decreasing to 0 as
field reachesHss. In our measurements, the fieldsHon

↑ , Hon
↓ ,

andHss
↓ were found to follow the same dependence on te

perature and Sr content asHss (Hss
↑ ). Below the onset, both

the magnitude of the critical current density and the aver
value of the magnetization for the two branches of the h
teresis loop suggest that in this region surface and geom
cal barriers are more important than bulk pinning in o
samples; i.e., bulk pinning seems to be relevant only if
vortex matter is in the glass phase.

TheHss(T) lines, as determined by the kink in theM (H↑)
curves for the measured samples, are also shown in Fi
For all samples,Hssdecreases monotonically with increasin
temperature. A monotonically decreasingHss was also found
on Nd1.85Ce0.15CuO42d ,9 but measurements on Y123~Refs.
10–13! showed anHss increasing with temperature. The po
sition of the phase transition between quasiordered lat
and highly disordered glass is determined by the interp
between elastic and pinning energy. For the case of w
random disorder due to pointlike defects, the theory of c
lective pinning was developed in Ref. 49. The defects
interact with the vortices in two ways.1 They can cause a
spatial variation of the transition temperature (dTc pinning!,
described by a modulation of the linear term of t
Ginzburg-Landau free-energy functional. Alternatively, th
can cause a spatial modulation of the mean free pathd l
pinning!, described by a modulation of the gradient term
the free-energy functional. In both cases, the influence
disorder is described by a disorder parameterg̃, proportional
to the defect density. However, the temperature depend
of g̃ is different for the two cases. FordTc pinning, g̃

}1/l4, while for d l pinning, g̃}1/(lj)4, wherel andj are
the penetration depth and the coherence length.1 The order-
disorder transition position was calculated analytically by
ing a Lindemann criterion.20,21 For the case of not too larg
anisotropy and disorder, following the calculation of Ref. 2
we obtain

Hss5H0S U0

Uc
D 3

, ~1!

with H052cL
2F0 /j2, U05F0

2cLj/(16A2p2l2g), and the

collective pinning energyUc5@(g̃F0
2j4)/(16p2l2g2)#1/3.

Here F0 is the flux quantum, andcL'0.120.2 the Linde-
mann number.Hss is inversely proportional to both the an
isotropy g and the disorder parameterg̃. Concerning the
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temperature dependence, as long as we are below the d
ning temperatureTdp'Uc /kB , we obtain

Hss}j23}@12~T/Tc!
4#3/2 ~2!

in the case ofdTc pinning, and

Hss}j}@12~T/Tc!
4#21/2 ~3!

in the case ofd l pinning.50 The calculation of Ref. 21 lead
to qualitatively the same results. SinceHss decreases with
temperature in our case, the pinning in YBa22xSrxCu4O8
cannot bed l pinning. The temperature dependence ofHss of
the unsubstituted crystal agrees satisfactorily with the f
mula proposed fordTc pinning. In the case of substitute
crystals, however, the agreement is limited to values ofT/Tc
between about 0.65 and 0.9@see Fig. 5; the full bold lines are
fits to Eq.~2!#. The loweredHss in the vicinity of Tc may be
attributed to the finite transition width.

However, at low temperatures, the temperature dep
dence is rather exponential in the case of the substituted c
tals, as indicated by dashed lines in Fig. 5, with some in
cations of a flattening at the lowest temperatures measu
This behavior is clearly at odds with Eq.~2! and to the best
knowledge of the authors is not predicted by any pres
theory of the order-disorder transition. An exponential uptu
in theonsetfield Hon

↑ at low temperatures was also found o
a Nd22xCexCuO42x single crystal by Andradeet al.,51 who
attributed it to Bean-Livingston surface barriers. Howev
since the observed magnetic hysteresis is the sum of
and barrier hysteresis, it is difficult to imagine why the kin
in M (H) at Hss should be influenced by surface or geomet
cal barriers, and in our case a clear kink is observable at
temperatures whereHsshas already clearly departed from th
@12(T/Tc)

4#3/2 dependence observed at higher tempe
tures.

A possible cause for a changed temperature dependen
a dimensional crossover. Due to the layered structure of
cuprate superconductors, vortex lines should be thought o
being composed of stacks of ‘‘pancake’’ vortices.1 Only be-
low the two-dimensional/three-dimensional~2D/3D! cross-
over fieldH2D'F0 /(g2s2), wheres is the distance betwee
two adjacent layers, is the interlayer interaction between p
cake vortices larger than their intralayer interaction, and
pancakes form well-defined vortex lines. For all our crysta
H2D*77 kOe is estimated well above the upper limit of t
fields attainable in our magnetometers. Also,Hss
}j25/2(j5/2) for 2D anddTc(d l ) pinning,20 i.e., the tempera-
ture dependence should be even flatter in the 2D regim
dimensional crossover can therefore not be responsible
the observed upturn ofHss at low temperatures. In principle
a second pinning mechanism, which is very effective at l
temperatures, could be overlaid. However, pointlike disor
should rather~additionally! suppressHss, while the influence
of correlated disorder should be more visible at high te
peratures or low fields.19 Figure 9 showsHss andH irr of two
of the substituted crystals in the vicinity of the transitio
temperature. No sign of a tricritical point, where the tw
8-7
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lines would meet, can be seen. A tricritical point would ha
to be located very nearTc , where reliable measuremen
become increasingly difficult.

It can be seen from Fig. 5 that any substitution of
lowersHss very significantly. For two values ofT/Tc , Hss vs
strontium contentx is shown in Fig. 7. After a substitution o
just 10% Sr for Ba,Hss drops roughly by a factor of 5, a
both temperatures. A further increase of Sr substitution, h
ever, does not reduce the magnitude ofHss any further.
Rather,Hss(x) remains essentially constant. We do not co
sider the peak atx'0.4 to be large enough to be significan

The initial decrease ofHss upon Sr substitution is no
unexpected. It follows from Eq.~1! that Hss}(gg̃)21. Sr
substitution increases the disorder parameter and decre
the anisotropy~see Sec. III A!. The large decrease ofHss
upon substituting 10% of Sr indicates that the influence
the Sr substitution on disorder is much larger than its in
ence on the anisotropy.

What is more surprising is the apparent saturation of
influence of the additional disorder for a substitution lev
x*0.2, while the maximum pinning force is still linearl
increasing up tox'0.4. In the case of weak pointlike pin
ning, Hss}g̃21}ndis

21 , whereg̃ is the disorder parameter an
ndis the defect density, is expected.1 It would seem natural to
assume the defect density to be proportional to the Sr su
tution level x. On the other hand, the blocking layer thic
ness, which is the structural factor with the greatest influe
on the anisotropy, decreases linearly withx.31 A large initial
decrease ofHss, followed by the almost independence onx,
is therefore difficult to explain.

A downward shift ofHss upon introducing more disorde
was also found in electron-irradiated crystals of BSCC
~Ref. 7! and Y123.12 The notable difference between bo
these irradiation experiments and Sr substitution in Y124
that in both cases of electron irradiation there is no sign
any saturation of the disorder-induced lowering ofHss. As
discussed above, the disorder induced by Sr substitutio
probably, even for the lowest substitution level ofx'0.2,
already much higher than the disorder induced by the e
tron irradiation with the largest fluence measured in Refs
and 12. It may be that in our substituted crystals the disor
is already too large for the applicability of formulas deriv
for weak disorder.

FIG. 9. Hss and H irr in the vicinity of Tc , for substitutions of
10% and 32% Sr.
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The resulting phase diagrams for YBa2Cu4O8 and
YBa1.36Sr0.64Cu4O8 are contrasted in Fig. 10. The glas
phase of YBa1.36Sr0.64Cu4O8 has, as compared to
YBa2Cu4O8, expanded dramatically from a rather small pa
of the easily experimentally accessible phase diagram to
phase covering the largest area in fieldsH<55 kOe. The
most dramatic shift is the lowering ofHss, which is to be
expected as the~quasi!ordered phase should become smal
upon introducing more disorder into the system. The reg
of metastability is much smaller for the substituted cryst
indicating that strong disorder tends to reduce overhea
and especially undercooling effects. We speculate that
may be connected to our observation that, for unsubstitu
Y124 with very weak disorder,Hss depends strongly on the

FIG. 10. Phase diagrams of the crystals with the lowest@x50,
~a!# and highest@x50.64, ~b!# Sr substitution. The quasiordere
lattice phase at low temperatures and fields is separated from
highly disordered glass phase by the transition lineHss

↓ ~full down
triangles, thick line!. Around the transition is a region of metasta
bility ~Ref. 13! where both phases can coexist~shaded!. The lower
limit of metastability is marked byHon

↓ ~open down triangles! and
the upper limit, very close to the equilibrium transition, byHss

↑ ~full
up triangles!. Also shown isHon

↑ ~open up triangles!. The irrevers-
ibility field H irr ~full circles! is assumed to correspond roughly t
the transition line between glass and fluid phases. BothHss andH irr

decrease monotonically with increasing temperature. For the cry
with x50 the region of a possible tricritical point was not me
sured, and is blurred in the figure. For the crystal withx50.64 a
tricritical point could not be detected and would have to be loca
very nearTc .
8-8
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CRITICAL CURRENTS AND ORDER-DISORDER PHASE . . . PHYSICAL REVIEW B 65 094518
exact amount of disorder, while for substituted Y124 w
rather strong disorder it almost does not depend on the e
level of disorder. In real crystals, the disorder density
pends on the position on a mesoscopic scale. Soibelet al.52

observed that, for melting, supercooling exists only at lo
maxima of the transition field. In a first approximation th
width of metastability can be linked to the difference b
tween maximal and minimal transition fields within th
sample. In our case the same spatial variation of diso
should produce a much larger variation of the local transit
field for the unsubstituted crystal than for the substitu
ones.

IV. CONCLUSIONS

We investigated the influence of structural disorder, int
duced by a substitution of Sr for Ba in YBa2Cu4O8, on the
critical current density at elevated fields and on the bord
of the glass phase of vortices. We stress that the diso
introduced chemically by means of Sr substitution, is rand
and pointlike, rather than disorder due to extended defe
This is shown by the hysteresis loops keeping their gen
form, similar to the case of electron irradiation, and unli
the case of neutron irradiation, where at least partially
effect is to introduce extended defects.

Our main conclusion is that the introduction of even
small amount of disorder into very clean systems changes
phase diagram drastically by lowering the order-disor
transition lineHss(T), and also changing its temperature d
pendence. When the disorder reaches a certain thres
however, introducing additional disorder does not contin
this tendency. With other words, in highly disordered s
tems~probably including most systems with partial chemic
substitutions!, the vortex matter phase diagram is relative
robust with respect to variations in the exact degree of
order.

This conclusion is supported by the rather small variat
of the measured kink location as an indication of the ord
disorder transition at fixed reduced temperature for any
substitution levelx>0.2, especially as compared to the co
responding transition in a clean, unsubstituted crystal. T
the disorder is still increasing with increasing substituti
level for x.0.2 is indicated both by an increasing NQ
linewidth,31 by increasing critical current densities at lo
fields, and by the increasing maximum pinning force dens

In strongly disordered systems, metastability is less
portant than in very clean systems, and especially the re
of undercooling of the glass phase is much smaller. T
might be linked to the observation that the position of t
transition line does not depend much on the exact amoun
disorder in strongly disordered systems, since variations
the disorder density on a mesoscopic scale do not prod
d

Ki
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large positional differences of the local transition field in th
case.

Similar to the robustness of the phase diagram abov
disorder threshold, both the maximum pinning force dens
and the maximum critical current density in the glass ph
initially increase with increasing disorder, and the critic
current density increases by an order of magnitude upon
stituting 10% Sr. But they then show a saturation behav
i.e., the pinning force density and critical current densit
can be raised only up to a certain point by introducing ra
dom pointlike disorder. This may be relevant for possib
applications where high critical current densities are
quired.

It should be noted that current detailed theories of
order-disorder transition generally assume the disorder to
very weak. Our measurements indicate that in systems w
high amount of disorder, the phase diagram, and in partic
the order-disorder transition, differ qualitatively from th
weak disorder case. Theoretical investigations beyond
weak disorder limit would be very helpful.

Both the pinning of unsubstituted Y124, and the pinni
of Sr substituted Y124 is likely to be ofdTc , rather thand l ,
type, indicated by the temperature dependence of the or
disorder transition at intermediate temperatures. For the s
stituted crystals this can be expected, since there are v
tions of Tc upon Sr substitution. However, the exponenti
like temperature dependence of the order-disorder trans
of substituted crystals at low temperatures is also emp
sized. The dependence cannot be linked to the influenc
surface barriers, at least not in any straightforward way,
same dependence of all significant fields~onsets and clearly
discernible kinks for both field directions! suggests it is a
true bulk property of the transition. We stress that the o
served temperature dependence is at odds with curre
published theoretical formulas.

Note added in proof. Recent measurements53 on
La22xSrxCO4 found a temperature dependence ofHsssimilar
to the one reported here on Sr substituted Y124. The aut
propose a crossover between disorder-induced and the
melting as an explanation for the unusualT dependence. We
should point out, however, that in our case the unusual
turn of Hss(T) at low T is stronger in crystals with highe
disorder, contrary to what is expected by the model propo
in Ref. 53.
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