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We explore the combined pressure and finite-size effects on the in-plane penetration depthlab in
YBa2Cu4O8. Even though this cuprate isstoichiometricthe finite-size scaling analysis of 1/lab

2 sTd uncovers
the granular natureand reveals domains with nanoscale sizeLc along thec-axis.Lc ranges from 50.8s1.0dÅ
to 39.3 s8dÅ at pressures from 0.0 to 10.2 kbar. These observations raise serious doubts on the existence of a
phase coherent macroscopic superconducting state in cuprate superconductors.
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I. INTRODUCTION

There is increasing evidence that inhomogeneities are an
intrinsic property of cuprates(see, e.g., Ref. 1 and references
therein). Studies of different cuprate families revealed the
segregation of the material in superconducting and nonsuper-
conducting regions. In particular, neutron scattering,2 elec-
tron paramagnetic resonance(EPR),3 scanning tunneling mi-
croscopy(STM),4 and x-ray diffraction5 provide evidence for
granular superconductivity in the cuprates. Although crystals
of the cuprates are not granular in a structural sense, it occurs
when microscopic superconducting domains are separated by
nonsuperconducting regions through which they communi-
cate for instance by Josephson tunneling to establish the
macroscopic superconducting state.

On the other hand, there is evidence for nearly isolated,
homogeneous and superconducting domains of nanoscale ex-
tent embedded in a nonsuperconducting matrix.1,6–8 It stems
from a finite-size scaling analysis of the thermal fluctuation
contributions to the specific heat6 and magnetic field penetra-
tion depth data.1,7,8 In an isolated domain there is a finite-size
effect because the correlation length cannot grow beyond the
length of the superconducting domain in directioni. Accord-
ingly there is no sharp phase transition and the specific heat
coefficient will exhibit a blurred peak with a maximum at
Tp,Tc, whereTc is the transition temperature of the homo-
geneous bulk system. AtTp the correlation lengthjsTd
reaches the limiting lengthL of the domain. Similarly, 1 /l2,
where l is the magnetic field penetration depth, does not
vanish atTc, but exhibits a tail with an inflection point atTp.
This raises serious doubts on the existence of macroscopic
phase coherent superconductivity, suggesting that bulk su-
perconductivity is achieved by a percolative process. There-
fore, superconducting properties and the spatial extent of the
domains can be probed by thermal fluctuations and the finite-
size effects. This includes the effects of oxygen isotope ex-
change and pressure on the domain size. Recently a signifi-
cant change of spatial extent of the superconducting domains
upon oxygen isotope exchange has been demonstrated in

Y1−xPrxBa2Cu3O7−d.
7 It revealed the relevance of local lattice

distortions in the occurrence of superconductivity.
In this paper we address the pressure studies of the finite-

size effect in YBa2Cu4O8, which exhibits a rather large
and positive pressure effect(PE) on Tc, with dTc/dp
.0.50s1d K/kbar.9–11 Even though this cuprate isstoichio-
metric the finite-size scaling analysis uncovers the existence
of nanoscale domainswith a spatial extentLc along the crys-
tallographicc-axis. The value ofLc decreases from 50.8(1.0)
to 39.3s8d Å with increasing pressure from 0.0 to 10.2 kbar.
Accordingly, Tc increaseswith reduced thickness Lc of the
domains.

The paper is organized as follows. In Sec. II we sketch the
finite-size scaling theory adapted for the analysis of penetra-
tion depth data. In Sec. III we describe the sample prepara-
tion procedure and the experimental technique, adopted to
deduce the in-plane magnetic field penetration depthlab
from the Meissner fraction measurements. In Sec. IV we
perform the finite-size analysis of the data for the in-plane
magnetic penetration depthlabsTd taken at different pres-
sures. Section V comprises the analysis of the pressure de-
pendence of the domain lengthsLc along the crystallographic
c-axis.

II. THEORETICAL BACKGROUND

The detailed description of the finite-size scaling theory
adopted for the analysis of the magnetic field penetration
depthl can be found in Refs. 1, 6, and 7. Briefly, the main
signatures for the existence of finite-size behavior appearing
in the temperature dependence of the in-plane magnetic pen-
etration depthlab can be summarized as follows:1

(i) Denoting the spatial extent of the domains along the
crystallographic a-, b- andc-axes withLa, Lb and Lc, the
transverse in-plane correlation lengthsjab

t cannot diverge at
T=Tc but are limited by

jab
t sTd ø Lc. s1d

Consequently, for finite superconducting domains, the pen-
etration depth is a smooth function of temperature. As a rem-
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nant of the singularity atTc, lab
−2 exhibits a so called finite-

size effect,1 namely aninflection pointat Tpc
so that

Udlab
−2sTd
dT

U
T=Tpc

= extremum. s2d

sii d The absolute value of the superconducting domain
size along thec-axis sLcd can be estimated knowinglab at
T=Tpc

as1,6,7

Lc .
16p3kBTpc

lab
2 sTpc

d

F0
2 , s3d

where F0 is the flux quantum, andkB is the Boltzmann’s
constant.

siii d Apart from the inflection point, an essential charac-
teristic of a finite size effect is the finite-size scaling
function.12 According to Ref. 1 it is defined in terms of

gsyd =
l0ab

2

lab
2 utu−n, s4d

wherey is equal to

y = signstdU t

tpc
U ,

t=T/Tc−1, tpc
=Tpc

/Tc−1, n is the critical exponent, and
l0ab is the critical amplitude.1

For the homogenous systemsLc→`d and tÞ0 syÞ0d,
gsyd corresponds to the stepwise function

g`sy , 0d = 1, g`sy . 0d = 0, s5d

while for the system confined by the finite geometrysLc

Þ0d the scaling functiongsyd diverges att→0 sy→0d as

gsy → 0d = g0cy
−n = g0cSU t

tpc

UD−n

. s6d

III. EXPERIMENTAL DETAILS

A. Sample preparation and characterization

The polycrystalline YBa2Cu4O8 samples were synthe-
sized by solid-state reactions using high-purity Y2O3, BaCO3
and CuO. The samples were calcinated at 880–935°C in air
for 110 hours with several intermediate grindings. The
phase-purity of the material was examined using a powder
x-ray diffractometer. Only YBa2Cu3O7−x and CuO phases
were revealed. The synthesis was continued at a high oxygen
pressure of 500 bar, at 1000°C during 30 hours. The x-ray
diffraction measurements performed after the final stage of
the synthesis revealed 95% of the YBa2Cu4O8 phase. The
sample was then reground in mortar for about 60 min and
passed through the 10mm sieve in order to obtain suffi-
ciently small grains, as required for the determination ofl
from Meissner fraction measurements. As it was shown in
Ref. 13 the grounding procedure does not introduce any ad-
ditional defects. The grain size distribution of the powder
was then determined by analyzing SEM(scanning electron

microscope) photographs. The measured particle radius dis-
tribution NsRd and the distribution of the volume fraction
NsRdR3 are shown in Fig. 1.

The field-cooled(FC) dc-magnetizationsMd measure-
ments were performed with a Quantum Design SQUID mag-
netometer in a field of 0.5 mT for temperatures ranging from
5 K to 100 K. The absence of weak links between grains has
been confirmed by the linear magnetic field dependence of
the FC magnetization, measured at 0.25 mT, 0.5 mT,
0.75 mT and 1.0 mT for each pressure atT=8 K (see the
inset in Fig. 2).

The hydrostatic pressure was generated in a copper-
beryllium piston cylinder clamp that was especially designed

FIG. 1. The volume fraction distributionNsRdR3 of YBa2Cu4O8

sieved powder derived from the SEM photographs. The dashed line
is the stepwiseGsRd function used for thelsTd determination by
means of Eq.(8). The inset shows the grain size distributionNsRd.
Errors are statistical.

FIG. 2. The temperature dependence of the Meissner fractionf
obtained from low-field(0.5 mT, FC) dc-magnetization measure-
ments for various pressures. The inset showsMsHd at p
=10.2 kbar. Each point was measured after FC fromT.Tc to 8 K.
The linear scale ofM vs H data confirms the absence of the weak
links between grains.
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for magnetization measurements under pressure.14 The
sample was mixed with Fluorient FC77(pressure transmit-
ting medium) with a sample to liquid volume ratio of ap-
proximately 1/6. With this cell hydrostatic pressures up to
12 kbar can be achieved.14 The pressure was measuredin
situ by monitoring theTc shift of the small piece of In
fTcsp=0d=3.4 Kg included in the pressure cell.

B. Determination of the temperature dependence ofl
from Meissner fraction measurements

The temperature dependence ofl−2 was extracted from
the Meissner fractionf deduced from low-fields0.5 mT FCd
magnetization data using the relation15

fsTd = S H

MsTd
− ND−1

, s7d

where H denotes the external magnetic field andN is the
demagnetization factor.N=1/3 wastaken assuming that the
sample grains are spherical. Figure 2 shows the temperature
dependence of the Meissner fraction close toTc for different
pressures. Three important features emerge:(i) The transition
temperatureTc increases with increasing pressure. The value
of dTc/dp=0.50s1d K/kbar is found, which is in good
agreement with the literature data.9–11 (ii ) The value of f
(Fig. 2) is much smaller than 1, confirming that the average
grain size of the sample is compatible withl. The reduction
of f is caused by the field penetration at the surface of each
individual grain for distances of the order ofl.16 (iii ) The
absolute value of the Meissner fraction increases with pres-
sure. Since the average grain size does not change under
pressure and the grains are decoupled from each other, the
rise of f must be attributed to a decrease of the magnetic
penetration depthl.

The temperature dependence of the penetration depthl
was analyzed from the measuredfsTd by using the Shoen-
berg formula17 modified for the known grain size
distribution:18

fsTd =E
0

` S1 −
3lsTd

R
coth

R

lsTd
+

3l2sTd
R2 D

3GsRddR ” E
0

`

GsRddR. s8d

Here GsRd=NsRdR3, andNsRd is the grain size distribution
(see Fig. 1). By solving this nonlinear equation,l for each
value of f was extracted, and then the set oflsT,pd’s was
reconstructed. Since the sample consists of an anisotropic
nonoriented powder, the extractedl is the so called effective
penetration depthleff (powder average). However, for suffi-
ciently anisotropic extreme type II superconductors, includ-
ing YBa2Cu4O8, leff is proportional to the in-plane penetra-
tion depth in terms of leff =1.31lab.

19 The resulting
temperature dependencelab

−2sT,0d at ambient pressure is
shown in Fig. 3. Note, thatlab

−2sTd curves of the present work
(see Fig. 3) are very similar to those reported in Ref. 20,
obtained for YBa2Cu4O8 using the same experimental tech-
nique. The fast increase oflab

−2 close toTc and change of the

linear slope at low temperatures in Ref. 20 was attributed to
the contribution of the double chains tolab

−2.
To estimate the error in theabsolutevalue ofls0d intro-

duced by the uncertainty in the grain-size distribution we
performed reconstructions with two “extreme” conditions.
For the first we took the grain-size distribution in the form
N−sRd=NsRd−ÎNsRd; for the second we tookN+sRd=NsRd
+ÎNsRd. Appropriatelab

−2sTd dependencies forN+sRd, NsRd
andN−sRd are shown in the inset of Fig. 3. The linear fit of
the low temperature part oflab

−2 yields 142 nm for the lowest
and 170 nm for the highest values ofls0d. From these the
absolute value of lab can be estimated aslabs0d
=156s14d nm that is in good agreement with thelabs0d ob-
tained by means ofmSR.21–23

Now we are turning to analyze the pressure dependence
of lab. As it was already mentioned, the procedure of the
l−2sTd reconstruction is sensitive to the grain-size distribu-
tion. The good thing here is that we studyrelative effects
measured with the same sample in the same pressure cell,
where most of the systematic errors are eliminated. The main
systematic error for such measurements comes from mis-
alignments of the experimental setup after the cell was re-
moved from the SQUID magnetometer and put back again.
We checked this procedure with a set of measurements at
constant pressure. The systematic scattering of the magneti-
zation data is of about 0.5%, giving a relative error inl−2sTd
of about 2%. Temperature dependencies oflab

−2 evaluated at
different pressures are depicted in Fig. 4. The solid lines
indicate the leading critical behavior oflab

−2sTd for homog-
enous and infinite domains,1,24

lab
−2sTd = l0ab

−2 utun, s9d

with n.2/3 in the 3D-XY universality class,1,7 and the criti-
cal amplitude

FIG. 3. The temperature dependence oflab
−2 for YBa2Cu4O8 fine

powder at ambient pressure calculated for different grain-size dis-
tribution functions. From top to bottom:N+sRd, NsRd and N−sRd.
The solid lines are the linear fits to the low-temperature behavior of
lab

−2sTd. The labs0d’s were obtained from the linear fits.
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l0ab
−2 =

16p3kBTc

F0
2j0ab

t . s10d

The values ofl0ab andTc obtained from the fit of Eq.(9) to
the experimental data presented in Fig. 4 are summarized in
Table I. Since Eq.(9) is valid in the vicinity ofTc only, we
restricted the fit to the interval fromTc to Tc−10 K.

IV. THE FINITE-SIZE ANALYSIS

The essential characteristic of a homogeneous bulk
cuprate superconductor is a sharp superconductor to normal
state transition. A glance to the inset of Fig. 4 shows that in
the samples considered here that is not the case. The transi-
tion occurs smoothly and there is a tail pointing to a finite-
size effect associated with an inflection point at some char-
acteristic temperatureTpc

. As outlined above[Eqs. (1) and
(2)] at Tpc

the transverse correlation lengthjab
t attains the

limiting length along thec-axis. To substantiate the occur-
rence of an inflection point we show in Fig. 5,dlab

−2sTd /dT
versusT for YBa2Cu4O8 samples at different pressures. The

extreme in the first derivative oflab
−2sTd clearly reveals the

existence of an inflection point atTpc
,Tc. The absolute val-

ues ofTpc
obtained from a parabolic fit to experimental data

around maximum point are summarized in Table I.
To substantiate the finite-size scenario further, we explore

the scaling properties of the data with respect to the consis-
tency with the finite-size scaling function. Noting thatn
.2/3 in the 3D-XY universality class,1,7 Eq. (4) can be re-
written as

l0ab
2

lab
2 utu−2/3 = gS t

utpc
uD . s11d

Figure 6(a) shows the resulting scaling function. For a com-
parison, we included the limiting behavior of the finite-size
scaling functiong` [see Eq.(5)] for a homogeneoussLc

→`d system[the solid line in Fig. 6(a)]. As it is seen, there
is quite a good agreement between the experimental data and
g` function for t / tpc

far from 0 (T far from Tc), whereas in
the vicinity of 0 sT,Tcd the data are completely inconsistent
with such a stepwise behavior. The experimental data have to
diverge att / tpc

→0. As outlined in Sec. II divergence of the
scaling functiongst / utpc

ud at t / tpc
→0 implies that the system

is confined by a finite geometry. To strengthen this point we

TABLE I. Finite size estimates forTpc
, l0ab

−2 , lab
−2sTpc

d and the resulting relative shiftsDTpc
/Tpc

and Dlab
2 sTpc

d /lab
2 sTpc

d for different
pressures.Lpc

andDLpc
/Lpc

are deduced from Eq.(3).

Tc (K) Tpc
(K) l0ab

−2 smm−2d lab
−2sTpc

d smm−2d Lc (Å)
DTc

Tc
(%)

DTpc

Tpc

(%)
Dlab

−2sTpc
d

lab
−2sTpc

d
(%)

DLc

Lc
(%)

0.0 kbar 79.07s1d 77.5s1d 34.3s7d 2.44s5d 50.8s1.0d - - - -

4.29 kbar 81.40s1d 79.7s1d 39.2s8d 2.92s6d 43.7s9d 2.95s2d 2.84s5d 19.7s2.8d −14.0s3.0d
7.52 kbar 82.73s3d 81.1s1d 44.1s9d 3.29s7d 39.4s8d 4.63s4d 4.65s5d 34.8s2.8d −22.4s3.0d
10.2 kbar 84.22s3d 82.5s1d 45.0s9d 3.36s7d 39.3s8d 6.51s4d 6.45s5d 37.7s2.8d −22.6s3.0d

FIG. 4. The temperature dependence oflab
−2 for various pres-

sures obtained from thefsTd data (see Fig. 2) using Eq.(8). The
solid lines indicate the leading critical behavior of a homogenous
bulk system according to Eq.(9) with the parameters listed in Table
I. The inset showslab

−2sTd in the vicinity of Tc at ambient pressure.
The deviations of the data points from the theoretical curves clearly
uncover the finite-size behavior of the system.

FIG. 5. dlab
−2sTd /dT vs T at different pressures. The maximum of

dlab
−2sTd /dT is at a T=Tpc

. The solid lines are the corresponding
derivatives of Eq.(9) indicating the leading behavior for a homog-
enous bulk system.
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display in Fig. 6(b) the comparison with the leading finite-
size behaviorgcst→0d=g0cut / tpc

u−2/3, as it is follows from
Eq. (6). Noting that the amplitudeg0c depends on the shape
of the domains and on the boundary conditions,1 it is remark-
able that the experimental data collapses on two branches.
Accordingly, the shape of the domains and the boundary con-
ditions on the interface do not change significantly under
applied pressure. The straight line in Fig. 6(b) corresponds to
g0c.0.40. This value is compatible withg0c

.0.5 found for
YBa2Cu3O6.7 oriented powder and for Bi2Sr2CaCu2O8+d thin
films.1 Much larger values,g0c<1.1–1.6, have been found
for Bi2Sr2CaCu2O8+d single crystals1 and for
Y1−xPrxBa2Cu3O7−d powders with 0.0øxø0.3.7

To summarize, the finite-size scaling analysis of the in-
plane penetration depth data for YBa2Cu4O8 is fully consis-
tent with a finite-size effect. Indeed we established the con-
sistency with all three characteristics of a finite-size effect
(see Sec. II). The finite-size estimates forl0ab

−2 andlab
−2sTpc

d at
different pressures are summarized in Table I.

V. THE PRESSURE DEPENDENCE OF THE DOMAIN
SIZE

Using Eq.(3) and the estimates forTpc
andlab

−2sTpc
d listed

in Table I, the domain sizeLc along thec-axis is readily

calculated. In Fig. 7 we display the pressure dependence of
Lc, Tcspd and Tpc

spd. It is seen thatLc decreases with pres-
sure, whereasTcspd and Tpc

spd increase almost linearly. On
the other handTc andTpc

increase with decreasingLc. This
agrees with the behavior found in Y1−xPrxBa2Cu3O7−d, where
Tc andTpc

were found to increase with reducedLc.
7 HereTc

andTpc
have been reduced by increasing the Pr contentx. In

this context it is interesting to note that in granular aluminum
Tc was found to increase with reduced grain size.25 Another
striking feature is the nanoscale magnitude ofLc, even
though YBa2Cu4O8 is stoichiometric.

To check the consistency of our estimates we plot in Fig.
8 the relative shifts ofTpc

, lab
2 sTpc

d andLc versus the relative
shift of Tc. According to Eq.(3) these shifts are not indepen-
dent but related by

FIG. 6. Finite size scaling functiong [Eq. (11)] versust / utpc
u (a)

and versusut / tpc
u in a logarithmic scale(b) for different pressures.

The solid stepwise line in(a) is theg` function for the homogenous
sLc→`d system[see Eq.(5)]. The solid line in(b) is the leading
finite-size behaviorg0cut / tpc

u−2/3 at t→0 with g0c=0.40 as it follows
from Eq. (6).

FIG. 7. The pressure dependence ofLc the domain size along
the c-axis sjd, transition temperatureTc sPd, and inflection point
temperatureTpc

ssd in YBa2Cu4O8.

FIG. 8. The relative shifts of Dlab
−2sTpc

d /lab
−2sTpc

d s.d;
DLc/Lc sjd, and DTpc

/Tpc
ssd vs the relative shift of

DTc/Tc. The solid lines represent the linear fits with
DLc/Lc=−4.0s5d ·DTc/Tc, DTpc

/Tpc
=1.00s7d ·DTc/Tc and

Dlab
−2sTpc

d /lab
−2sTpc

d=6.4s5d ·DTc/Tc.

FINITE-SIZE AND PRESSURE EFFECTS IN… PHYSICAL REVIEW B 70, 144515(2004)

144515-5



DLc

Lc
=

DTpc

Tpc

−
Dlab

−2sTpc
d

lab
−2sTpc

d
. s12d

The straight lines correspond to the linear fits with
DLc/Lc=−4.0s5d ·DTc/Tc, DTpc

/Tpc
=1.00s7d ·DTc/Tc and

Dlab
−2sTpc

d /lab
−2sTpc

d=6.4s5d ·DTc/Tc, revealing that Eq.(12)
is almost satisfied. Furthermore, these estimates show that
the reduction ofLc with pressure reflects the fact that the
pressure effect onlab

−2sTpc
d exceeds the effect onTc consid-

erably. Having established the consistency of our estimates it
is essential to recognize that the occurrence of nanoscale
superconducting domains is not an artefact of YBa2Cu4O8
and our samples. Indeed the existence of nanoscale domains
has been established in a variety of cuprates, including films,
powders and single crystals.1,6–8

VI. CONCLUSION

To summarize, we reported the observation of combined
finite-size and pressure effects on the lengthsLc of the su-
perconducting domains along thec-axis and the in-plane
penetration depthlab in a cuprate superconductor. The evi-
dence for a finite-size behavior of the system stems from the
tail in lab

−2sTd observed in the vicinity ofTc. We have shown
that the scaling properties of the tail are fully consistent with
a finite-size effect, arising from domains with nanoscale size
along thec-axis. Indeed the essential characteristics of a
finite-size effect, as(i) the limiting properties of the scaling

function gst / utpc
ud, (ii ) the existence of an inflection point in

l−2sTd and(iii ) the extremum indl−2sTd /dT at Tpc
have been

verified. Even though YBa2Cu4O8 is stoichiometricwe have
shown that the size of the domains along thec-axis is of
nanoscale only, ranging from 50.8s1.0d Å to 39.3s8d Å at
pressures from 0.0 to 10.2 kbar. This raises serious doubts on
the existence of macroscopic phase coherent superconductiv-
ity. Contrary-wise, this does not exclude a percolative resis-
tive superconductor to normal state transition, when the su-
perconducting domains percolate. Indeed, a granular
superconductor is usually characterized by two parameters:26

the first is the domain’s size and the second the coupling
between them. The coupling is accomplished randomly with
a temperature dependent probability. Such a mechanism is a
percolation process; at the temperature where the coupling
probability is equal to the percolation threshold, an infinite
cluster of coupled superconducting grains is formed. This
suggests that resistive bulk superconductivity is achieved by
a percolative process, while the phase coherent supercon-
ducting properties and the spatial extent of the domains can
be probed by thermal fluctuations and finite-size effects.
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