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Muon-spin-rotation (uSR)

experiments on a high-quality sintered YBa,Cu;O,

sample

[x=6.970(1)] were performed, in order to obtain an accurate knowledge of the magnitude and the
temperature dependence of the magnetic penetration depth in this copper oxide superconductor.
Special attention was given to the data analysis. In particular, the systematic errors introduced by
different types of analyses were estimated. Our results show that the temperature dependence of the
effective penetration depth A.; into the sintered sample is well described by the two-fluid model,
with A.g{0)=155(10) nm. This behavior of A.{T) is consistent with conventional s-wave pairing.
With the anisotropy ratio y =A, /A, =5(1) measured in a previous uSR experiment, the penetration
depths A,,(0)=130(10) nm and A.(0)=500-800 nm (parallel and perpendicular to the CuO, planes,
respectively) were extracted. Our results are compared with those obtained by other experimental

techniques and theoretical predictions.

I. INTRODUCTION

Due to the potential applications of superconductivity
at temperatures near or above that of liquid nitrogen, a
world-wide effort has been made to understand the physi-
cal properties of high-T, superconductors. Among these
copper-oxide-based materials, YBa,Cu;O, has been the
subject of a great number of experimental and theoretical
investigations. However, the nature of the pairing mech-
anisms and the origin of the high critical temperature are
still unknown. A possible way to learn more about the
microscopic behavior of YBa,Cu;0, is by studying one
of its characteristic quantities, the magnetic penetration
depth A. In the clean limit (mean free path much greater
than the coherence length) the London penetration depth
is given by

A=(m*/pgen,)?, (1

where m* is the effective mass of the superconducting
carriers and n, is the superconducting carrier density.
Since n, is closely related to the superconducting order
parameter W (n, =|W¥|?), the temperature dependence of
A contains crucial information on the involved pairing
mechanism (s or p wave, weak or strong coupling). In
addition, the zero-temperature value A(O) sets a scale for
the screening of an external field B,,,. In order to deter-
mine the magnitude of A and its temperature dependence
in the copper oxide superconductor YBa,Cu;0,, different
techniques such as muon spin rotation (uSR),' ~7 magne-
tization experiments,g_12 kinetic inductance,'’ and mi-
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crowave absorption'* have been applied. However, the
interpretation of the experimental data is controversial.
While some groups observe a BCS-like behavior!! ™13 of
AMT), other groups report a temperature dependence
which is described by the empirical two-fluid model.!*~’
Factors such as different sample preparation, surface
effects, or macroscopic averaging can be the cause of the
disagreement among the published results.

In this paper we present uSR experiments on a high-
quality sintered YBa,Cu;O, sample. By applying the
uSR technique to the study of superconductors, one can
gain important information on the magnetic flux line
structure in the bulk of a sample. The muon, which acts
as a microscopic probe of the local magnetic field distribu-
tion p(B, ), provides an elegant way to measure the Lon-
don penetration depth A. Due to the rather large sample
size required for uSR measurements, most of the experi-
ments were performed on polycrystalline sintered sam-
ples. Until now, uSR spectra were, in general, analyzed
by assuming a standard Gaussian field distribution p(B,,).
As shown by Brandt, !’ this type of data analysis can lead
to significant systematic errors if performed on an isotro-
pic type-II superconductor. However, the consequences
of this analysis method with respect to a polycrystalline
sintered sample were never studied in detail. The motiva-
tion of this work was to determine accurately the magni-
tude and the temperature dependence of the penetration
depths in YBa,Cu;0, and estimate the influence of possi-
ble systematic errors on the results. The basic principles
of the uSR technique are described in Sec. II. Special at-
tention was given to the experimental setup in order to
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optimize the signal-to-noise ratio. Section III is a sum-
mary of the theory underlying this work. A precise
knowledge of the second moment of the uSR frequency
spectrum allows one to determine A4, the effective mag-
netic penetration depth into the sintered sample. A study
of the magnetic behavior of a uniaxial superconductor
such as YBa,Cu;0, would not be complete without tak-
ing into account the anisotropy of the magnetic field dis-
tribution in the sample. Based on theoretical results of
Barford and Gunn,'® the penetration depths A,, (screen-
ing currents flowing along the crystallographic @ and b
axes) and A, (screening currents flowing along the ¢ axis)
can be calculated from A, provided that the strength of
the anisotropy is known. The uSR measurements and the
different types of fitting procedures used to extract the
uSR frequency spectra are presented in Sec. IV. In Sec.
V our results are discussed and compared with theoreti-
cal calculations and experimental results obtained by oth-
er techniques.

II. THE uSR TECHNIQUE

The positive muon (") is a lepton with a mass of
m,~207m, (electron mass m,) and a spin S=4. In a
uSR experiment, spin-polarized positive muons are im-
planted (one at a time) into a sample that is situated in an
external field B,,, perpendicular to the initial polarization
direction. The incoming muon is detected by a muon
counter which starts a clock (¢ =0). During the thermal-
ization process (107 s), the muon keeps its polarization
and subsequently precesses in the local magnetic field B,
(at the muon) with the Larmor frequency w,=vy,B,,
where y,=2mX135.5 MHz/T is the gyromagnetic ratio
of the muon. The muon then decays into a positron and
two neutrinos with a lifetime of 2.2 us. Due to parity
violation, the decay positron is preferentially emitted
along the muon-spin direction. When registered by one
of the two positron counters (arranged under 180° along
the initial muon-spin polarization), the decay positron
stops the clock. The observed uSR time histograms may
be written in the form

N(t)=Ngexp(—t/7,)[1+ AP(1)]+b , (2)

where N is a normalization constant, 7, the muon life-
time, A the maximum experimental decay asymmetry
(precession amplitude), P(¢) the time evolution of the
muon-spin polarization, and b a time-independent, un-
correlated background. In the simplest case of a homo-
geneous magnetic field B, the time-dependent muon-spin
polarization is given by!®!”

2 2
B}+B]

2
By

P, (1)=P,(0) cos(y,B,t) (3)

where x is the direction parallel to the initial muon-spin
polarization P (0), z is the direction parallel to the exter-
nal field, and B,, By, B, are the components of the local
field Bu' For an arbitrary field distribution p(BH), the
general form of P, (?) is
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B}+B} ,
P(1=P,(0) [ ——5—cos(y,B,1)p(B)d°B . (4)
M

The equation is only valid if the muon does not diffuse in
the sample. An integration over polar coordinates leads
to the expression

P()=P,(0)y, [ "F(y,B,)cos(y,B,1)dB, ,  (5)

where F(y,B,) is a weighting factor for the signal with
the precession frequency w,=v,B,. Note that in the
special case where all the local magnetic fields are parallel
to the applied field B, F(w,) is related to p(B,) by
means of the equation

"

plo,/v )=y . Flo,) .

For a Gaussian distribution of static internal fields, P, (?)
has the following simplified form:'’

P.(1)=P, (0)exp(—o’t*)cos(y,(B,)t) , (6)

where (Bll ) is the first moment of p(B,) and o the muon
depolarization rate. The second moment (AB}) of
p(B,) can then be determined from o by means of

(aB})= [ “(B;,—(B,))p(B,)dB,=20"/y}; . (]

At this point, one should remark that a slightly different
definition of o also appears in the literature. For in-
stance, in Refs. 3, 4, and 18, the uSR depolarization rate
o is defined by the relation (ABi)=02/yi. Therefore,
the values of o quoted in Refs. 3, 4, and 18 have to be di-
vided by V"2 for comparison with the present values of o.

In general, the field distribution in a sample is far from
Gaussian and the desired information concerning p(B,,)
has to be extracted in some other way. It will be shown
in Sec. IV that F (w“), here called the uSR frequency
spectrum, is obtained from the real part of the Fourier
transform of P, (¢) or by numerically solving Eq. (5). Al-
though F(w,) is not always proportional to p(B,), it still
contains important information on the local magnetic
field distribution in the bulk of the sample and can, for
instance, be compared with results from theoretical cal-
culations.

The experiments presented in this work were per-
formed in the mM3 area of the Paul Scherrer Institute
(PSI, Switzerland) using low-momentum muons (29
MeV/c). A helium-flow cryostat allowed a temperature
range between 8 and 300 K, with a stability of £0.1 K.
A Helmholtz coil was used to apply external magnetic
fields up to 380 mT. An important aspect of uSR experi-
ments on high-T. superconductors is to ensure that ail
the muons stop in the sample. Muons stopping in the
sample holder or in the cryostat windows precess in the
external field. This ‘‘correlated background” has the
form of a spectral line at the frequency vy ,B.,, and is su-
perimposed on the signal originating in the sample. Due
to the complicated shape of the field distribution in a su-
perconductor (see Sec. III), the separation of both signals
(sample and sample holder) is not straightforward and
can be the source of systematic errors. A spin rotator
was used to reduce the correlated background to a
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minimum. With this experimental setup the external
field was applied parallel to the muon momentum, focus-
ing the particles on the sample. Although the samples
had diameters between 14.5 and 25 mm, the beam was
collimated to a diameter of only 8 mm in order to keep
the correlated background as low as possible. In addi-
tion, the samples were mounted on a hematite (Fe,O3)
target holder. Fe,O; is an antiferromagnet and muons
stopping in this material see a local field of the order of
1.6 T. The corresponding spectral line does not interfere
with the signal originating from the sample. To minimize
the number of muons stopping somewhere in the beam
line (muon counter, cryostat windows, etc), the range of
the material between the production target and the sam-
ple was reduced to about 60 mg/cm?. With all these pre-
cautions only 5(1)% of the detected muons contributed to
a correlated background signal. With the density of the
samples being of the order of 5.3 g/cm’, the low-
momentum muons (range 150 mg/cm?) stopped in a
depth of approximately 280 um. The uSR technique is
therefore an important method to study the bulk proper-
ties of high-temperature superconductors.

III. VORTEX LATTICE
AND MAGNETIC PENETRATION DEPTH

In the Shubnikov phase of a type-II superconductor,
the external magnetic field (B, > B,;) penetrates the
sample in the form of a (more or less) regular vortex lat-
tice. For external fields B,,, <B,.,/4, the London picture
applies and the local magnetic field in an isotropic super-
conductor can be written as'’

_ exp(iQ-r)
B(r)=B, > ——— , (8)
'% 1+A%Q?

where the Q’s are the reciprocal-lattice vectors. Calcula-
tions of the expected field distributions for different
values of the applied field B, were performed by
Brandt.!> In the case of an isotropic superconductor, the
local fields are parallel to the applied field and the field
distribution p(B) can directly be compared to the uSR
frequency spectrum. The second moment of p (B) is then
given by'®

(AB?) otropic=0.003 7105 %, 9)
where @ is the elementary flux quantum and A the Lon-
don penetration depth. This equation is only valid for
high magnetic fields (B,,, >2B,,), where (AB?) is in-
dependent of B,,,."

The generalization to the anisotropic case is obtained
by replacing the effective mass m* in Eq. (1) by a diago-
nal mass tensor m*.2° In uniaxial superconductors, the
tensor m* has a degenerate eigenvalue m,, associated
with supercurrents flowing in the ab planes and an eigen-
value m,_ associated with supercurrents flowing along the
¢ axis. Consequently, the London equation (1) has a more
general form

ext

}\'ab,cz(ma*b,c /IJ'Oezns)l/2 5 (10)

where A, and A, are the penetration depths when the

screening currents are flowing in the ab planes and along
the ¢ axis, respectively. Theoretical calculations?® %3
show that there are substantial differences between the
magnetic field distributions in uniaxial and isotropic
type-II superconductors. The two field distributions are
only similar if the external field is parallel to the crystal-
lographic ¢ axis of the uniaxial superconductor. In this
case, the local magnetic fields are parallel to B,,, and the
equilibrium lattice structure consists of equilateral trian-
gles. For B,,, perpendicular to the ¢ axis, the local mag-
netic fields in the uniaxial superconductor are still paral-
lel to the external field but the vortex lattice is probably
distorted to isosceles triangles.’>?* Considering these
effects of anisotropy, Barford and Gunn'® derived the fol-
lowing expressions for the second moment of p (B):

(AB?),=0.003 7T19%A " (11)
and
(AB?) =0.003 7103V A A ) "4 (12)

for B.llc and B,,lc, respectively. Equation (12) shows
that, for B,,, perpendicular to the c¢ axis, the effective
penetration depth is the geometric mean of A,, and A,.
In this geometry, the supercurrents flow in the ab planes
and along the ¢ axis*’ so that the screening of B,,, de-
pends on A, as well as on A, . An important quantity
with respect to uniaxial superconductors is the anisotro-
py ratio ¥ which, according to Eq. (10), is given by

y=(mr/mi )V 2=X. /Ay - (13)

Together with Egs. (11) and (12), we obtain the useful re-
lation

y=((AB?*) /{AB*) ). (14)

Using single crystals, it would be possible to determine
the values of A, A, and y directly. Unfortunately, good
single crystals which are large enough for uSR experi-
ments (at least 5X5X 1 mm?) are not easy to obtain. On
the other hand, sintered polycrystalline samples can
nowadays be produced in large sizes and of high purity.
In such samples, the observed field distribution is an
average over all orientations. Note that, for an arbitrary
orientation of B, with respect to the c axis, transverse
field components are present in the sample and the equi-
librium lattice has a complicated structure.”’~%* To get
an idea of the shape of the uSR frequency spectrum
F(w#) in a sintered sample, see Refs. 24 and 25, where
uSR frequency spectra were calculated under the as-
sumption of an extreme anisotropic type-II superconduc-
tor with A, = «. Due to the components of the local field
B,, (at the muon) which are transverse to B, the second
moment of p(B,) cannot be calculated from our pSR
data. Nevertheless, an effective penetration depth A 4 can
be defined by means of!¢

(AWL) poiyerysiat =0-003 71y 1 DA (15)

where (Awi) is the second moment of the uSR frequen-

cy spectrum F(w,). As for Egs. (9), (11), and (12), this
equation is only meaningful for high magnetic fields
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where (Aw?), or (AB?), is independent of B.,,. Barford
and Gunn'® showed that, in the special case of a large an-
isotropy ratio (y = 5), A is solely determined by A, :

Ag~1.231, . (16)

This equation indicates that, for a uniaxial superconduc-
tor with large anisotropy, the screening of the external
field is mainly influenced by the currents flowing in the ab
planes. Thus, A,, and A, can be determined from a uSR
experiment on a polycrystalline sample by means of Egs.
(13) and (16) if the anisotropy ratio is known a priori.

So far we have neglected the influence of the tempera-
ture on the penetration depth A However, Eq. (15) is
valid for all T <T,, and the temperature dependence of
the penetration depth can answer a number of questions
concerning the nature of the pairing mechanism in the
superconductor. For example, the fact that A(T) in the
heavy-fermion superconductor UBe,; varies as T* for
T /T, <<1 has been interpreted as evidence for p-wave su-
perconductivity.’® For conventional s-wave supercon-
ductors with the weak-coupling ratio 2A,/kzT.=3.52
(A, is the superconducting energy gap), the temperature
dependence of A is given by the mean-field BCS theory?’

MT)=A0)VI—[0InA(T)/31InT] , 17

where A(T) represents the superconducting gap energy.
Due to the large range of coherence lengths, penetration
depths, mean free paths, or coupling strengths observed
in superconductors, it is not surprising that deviations
from the BCS behavior can occur. For conventional s-
wave superconductors, the experimentally observed tem-
perature dependence of A is often described by the empir-
ical two-fluid model:

MT)=MO)1—(T/T,)*]" 2. (18)

The theoretical meaning of such a temperature depen-
dence will be discussed in Sec. V.

At this point, one should emphasize that the equations
in this section are only valid under the assumption that a
vortex lattice is formed in the superconducting sample.
Although several experimental’® 3! and theoretical’®33
investigations report evidence for a glassy behavior in
YBa,Cu;0, at temperatures near T, Bitter pattern ex-
periments®* 736 show that a short-range ordered vortex
lattice does exist at low temperatures. This justifies the
use of Egs. (15) and (18) at low temperatures to extrapo-
late the value of the magnetic penetration depth A 4{(0) in
YBa,Cu;0,.

IV. EXPERIMENTS AND RESULTS

uSR experiments were performed on two sintered near-
ly “equilibrium” samples of YBa,Cu;O, [x=6.970(1)
and 6.962(1)] which were prepared at the Eidgendssische
Technische Hochschule (ETH) Zurich.)” No zirconium
gettering or quenching have been used because they lead
to more or less nonequilibrium samples. Instead, it was
tried to come as near as possible to the thermodynamic
equilibrium using long times for the solid-state reaction
at 950°C and slow cooling to room temperature. The re-
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FIG. 1. Magnetic susceptibility of a sintered YBa,Cu;0,

sample measured with a SQUID susceptometer as a function of
temperature in a field of 1.42 mT (after field cooling, FC). Note
the large Meissner fraction (=~60%) and the sharp transition at
T.=89.5K.

sults for both samples are essentially consistent, so that
only those for x =6.970(1) will be presented in detail.
The method for the accurate determination of the oxygen
concentration has been described elsewhere.*® Magnetiza-
tion measurements exhibit a very sharp transition at
T,.=89.5 K with a width of 8 K (10-90 %) and a Meiss-
ner fraction of approximately 60% in a field of 1.42 mT
(Fig. 1). The disk-shaped sample had a diameter of 14.5
mm and thickness of 3.5 mm. Its density was about
p=~5.3 g/cm®. The external field was applied perpendic-
ular to the plane of the disk, giving rise to a demagnetiza-
tion factor N =0.7. To make sure that the applied field
was high enough to use Eq. (15), a field scan between 5
and 350 mT was performed (Fig. 2). Every single point of
this scan was obtained after field cooling (FC) the sample
from above T, to 10 K. In a first step, the data were ana-
lyzed by performing least-square fits to the time histo-
grams N (?) given in Eq. (2), assuming a Gaussian field
distribution p(B,) with a depolarization rate o [see Eq.
(6)]. As shown in Fig. 2, o [which, by means of Eq. (7), is

4 T T T T T B T
e— . 10K (FC), |
3t ]
/

Y 2p/ YBa,Cu0, .

27 x=6.970 (1)
b 1T- i
O”-. { ] L] RT |

O 50 00 180 200 250 300 350

Beyy (MT)

FIG. 2. Depolarization rate o as a function of the external
field B.,, (FC) for a sintered YBa,Cu;0, sample at 10 K and at
room temperature (RT), respectively. The lines are guides to
the eye.
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proportional to (ABJ)'/?] increases almost linearly
below 20 mT ( <B,,) until reaching a maximum at 100
mT. Above 150 mT, the depolarization rate is indepen-
dent of the external field. For comparison, the corre-
sponding field dependence of o measured at room tem-
perature (RT) is also displayed in Fig. 2. As expected,
only a small and field independent o,~0.1 us™' is ob-
served, arising most likely from nuclear copper moments.
The maximum of o(B) as observed for the superconduct-
ing sample (10 K) at 100 mT can be explained by a distor-
tion of the flux-line lattice due to pinning.? Such a disor-
der typically contributes to an enhancement of the second
moment {AB i ). At higher magnetic fields, the average
intervortex spacing is small compared to the penetration
depth and the interaction between the flux lines tends to
reduce this disorder. The fact that the “bump” in Fig. 2
is only observed for relatively low fields? indicates that
the sample is very homogeneous and of high quality. To
summarize, the behavior of ¢ (B) implies that, for a deter-
mination of the London penetration depth A, the ap-
plied field must be larger than 150 mT.

Based on these preliminary measurements, a FC tem-
perature scan was performed in a magnetic field of 350
mT. Figure 3 shows the depolarization rate o(T) after
subtraction of a small temperature-independent contribu-
tion (0y~0.1 us™!) which was determined above T,.
Note that, according to Egs. (6) and (15), o(T) is propor-
tional to A_(T). The solid line is a fit to the data using
the temperature dependence

o(T)=0(0)[1—(T/T,)*]

given by the two-fluid model [Eq. (18)] with 0(0) and T,
as fit parameters. The inset of Fig. 3 displays the depo-
larization rate o as a function of 1—(T/T,)*. The agree-
ment between our uSR data and the two-fluid model is
excellent, indicating conventional s-wave pairing. The
effective penetration depth A was calculated from the
depolarization rate o by means of Eqgs. (7) and (15) and is
shown in Fig. 4.

So far the uSR time histograms were analyzed by as-

T T T T T T T
3r 4
. e
3L "0\‘\ ~ e B
o e 4
., g2 o
e ; P
'I'A 2F \. i /_/' 14
\u’i \. /.I - 1 i 1
b YBa,Cu30, * 00 02 04 06 JEEEER l
1F x=6.970 (1) 2 1= (T/T)
350mT (FC) by
.
.
o+ \e, o—e
1 1 1 1 1 1 L
0] 20 40 60 80 100 120 300

TEMPERATURE (K)

FIG. 3. Depolarization rate o as a function of temperature
for a high-quality sintered YBa,Cu;O, sample measured in a
field of 350 mT (FC). The solid curve is a fit to the data using
the empirical temperature dependence of the two-fluid model
[Eq. (18)]. In the inset the same data points are plotted as a
function of 1—(T/T,)*.

700 T T T T T T T T II
| YBa,Cus0, too
x=6.970 (1)
 s00L  Tc=89.5(5)K |
£ 350mT (FC) /
c
£ L J
3 /
~ 300} Vi .
1 1 1 1 1 1 1 1 1
1005 20 20 60 80 100

TEMPERATURE (K)

FIG. 4. Effective penetration depth A as a function of tem-
perature for a high-quality sintered YBa,Cu;0, sample mea-
sured in a field of 350 mT (FC). The solid curve is a fit to the
data using the temperature dependence of the two-fluid model
[Eq. (18)].

suming a Gaussian field distribution p(B ). However, as
mentioned in Sec. III, the field distribution in a type-II
superconductor can be very complicated. A critical dis-
cussion on the consequences of fitting a Gaussian func-
tion to the local magnetic field distribution in an isotropic
type-1I superconductor is given in Ref. 15. The situation
is somehow different in a sintered sample of a uniaxial
type-II superconductor. In order to estimate the sys-
tematic error introduced by the choice of a Gaussian
fitting function, two more general types of data analysis
were performed, allowing a model-independent deter-
mination of the uSR frequency spectrum F(w,) and its
second moment {Aw},). In method I, the uSR frequency
spectrum F(w,) is extracted from the muon-spin polar-
ization by performing a complex Fourier transform. In
method II, Eq. (5) is solved numerically.

It was shown by Brandt and Seeger® that, in a sample
where all the local fields are parallel to the external field,
the muon-spin polarization transverse to B,,, can be de-
scribed by the complex quantity P. =P, +iP,, where P,
and P, are the x and y components of the polarization.
Based on Eq. (5) and Ref. 17, the complex muon-spin po-
larization P.(t) can then be written as

P.()=P,(0) [ "Flo,)explio,t)do

0 w (19)

where P.(0)=P,(0) is the initial muon-spin polarization.
However, for the experiment described in this paper, the
geometry of the uSR apparatus allowed only the mea-
surement of P, and the local magnetic fields in the sin-
tered YBa,Cu;0, were not necessarily parallel to B,,,.
For these reasons, Eq. (19) must be understood as a
mathematical extension of Eq. (5). Since, in a uSR exper-
iment, the polarization is only measured for times

Loin <t <tn., and P.(t)=0 for t <t or t>t_,., the
complex Fourier transform is equal to*’
P(0,)=P ' 0) [ © P.(Dexp(—iw,t)dt
,max
=P, (0) [ ""P.(t)exp(—iw,t)dt . (20)

min

By using Eqgs. (19) and (20), the real part of f’c may be
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written as®

Re[f’c(w#)]=ﬂ'F(w#) , (21

where F(w,) is the weighting function defined in Eq. (5).
This relation is only valid if t;, =0 and ¢_,, — . Thus,
F(w,) is proportional to the real part of the complex
Fourier transform of the muon-spin polarization P,(z).*’
This statement is also valid if P.(¢) is replaced by the real
polarization P (t), as long as one assumes that no com-
ponents of the local fields are antiparallel to B,,,. Al-
though the detour over the complex plane is not neces-
sary to extract F(w,), this derivation clearly shows that
the power of the complex Fourier transform (which is a
standard Fourier transformation used in uSR data
analysis) has only a limited physical significance. To il-
lustrate this, the Fourier transforms of two simulated
muon-spin polarizations are displayed in Fig. 5. Note
that the real part of the complex Fourier transform (solid
circles) shows exactly the same behavior as the input fre-
quency distribution (thick solid line). The jump in the
muon-spin polarization at ¢, produces a nonvanishing

0.08+

0.04/

0.004

= 1
x \
o . ‘
v -004F Im[Rlw,)]- ) 1
Z ‘L _
x 42 4 46 48 50

’__

@ o ' 1
W 020 Hb) fmn=Ops 4
ot tmax= OpLS
o]

(]

[

| g w7 :
E Pt |

L “hass 1
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wy /27 (MHz)

FIG. 5. Complex Fourier transforms of two simulated
muon-spin polarizations P.(¢). The input frequency distribution
F(w,) is represented by a thick solid line. The other three spec-
tra are proportional to the real part of the Fourier transform
Re[P.(w,)] (solid circles), the imaginary part of the Fourier
transform Im[f’f(wu)] (dot-dashed line), and the Fourier power
|P.(w,)| (thin solid line). The input field distribution is (a) a
Gaussian function, (b) an arbitrary frequency distribution. Note
that the real part of the Fourier transform (not the power) is
equal to the input frequency distribution.

imaginary part Im[ﬁc(a)#)]. Due to this contribution of
Im[f’c(w#)], the shape of the Fourier power can be total-
ly different from the input frequency distribution [Fig.
5(b)]. Figure 6 shows some artifacts arising from the
finite time window over which P.(¢) is known. In most
uSR experiments, the first few channels of a time histo-
gram are lost, due to noise produced by “fly-through”
particles. Consequently, ¢, is different from zero and
Eq. (21) is not valid anymore. The resulting difference
between Re[P.(0,)] and F(w),) is illustrated in a comput-
er simulation in Fig. 6(a), where ¢, is equal to 50 ns.
For the experimental results presented in this paper, ¢,
was equal to 10 ns (eight channels with 1.25 ns) and
tmax =4.5 ps. Simulations performed with this value of
t.in Showed that the difference between Re[f’c(w#)] and
F(®,) is not as dramatic as in Fig. 6(a) and that the devi-
ation in the second moment of a Gaussian curve with
o~3 us~ ' is equal to 7%. The oscillations in Fig. 6(b)
are a well-known phenomenon, appearing when the
width of a spectral line is of the order of magnitude of
1/t max-

Some typical Fourier spectra (real part of the complex
Fourier transform) for two different samples taken in an
external field of 350 mT at 10-K FC are displayed in Fig.
7. Figure 7(a) shows the uSR frequency spectrum F(w,,)
as measured in the sintered sample. The sharp peak is an

(a) trin=50Ns ]
0.08- Fo( tmax™ SpLs il
w/_L)
[P (wy) ;
004~ '/ \ i
A N ‘
- P ~__
B ; !
0.00F . i . —
LA TTTT PPt . reveenieseest
Re [R (wy)]
-0.04- Im[R(w,)] 1

42 44 46 48 50

FOURIER TRANSFORM

Re[R(w, )] .
-05: . : i
Im[PC(wP_)] -
455 460 465 470 475
w#/Zvr(MHz)

FIG. 6. Computer simulations to illustrate possible artifacts
arising from a numerical Fourier transformation. The symbols
follow the same convention as in Fig. 5. In (a) ¢, is different
from zero. In (b) the width of the input distribution is of the or-
der of 1/t ...
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artifact, arising from a small fraction of the muons
(=~5%) stopping in the cryostat window and precessing
in the external magnetic field. This signal corresponds to
the ‘“‘correlated background” described in Sec. II. In-
dependent of this weak signal, the Fourier spectrum is
slightly asymmetric, displaying a “‘shoulder’ on the low-
frequency side and a “tail” on the high-frequency side.
Although the details of the spectral line are smeared out
by various effects, which will be discussed in Sec. V, the
results are qualitatively similar to the theoretical line
shapes calculated in Refs. 24 and 25, where A, is assumed
to be equal to infinity. The agreement between this
theory and our uSR data is an indication for the strong
anisotropy ratio y present in YBa,Cu;0,. The field dis-
tribution in the sintered sample with large ¥ seems to be
mainly influenced by the currents flowing in the CuO,
planes (ab planes) and almost independent of A.. This re-
sult is consistent with calculations by Barford and
Gunn'® [see Eq. (16)]. The data of Figs. 7(b) and 7(c)
were taken on a c-axis oriented polycrystalline
YBa,Cu;0, sample (x =6.9) and are presented in Refs. 6
and 7. The shape of F(w,), which in this case is directly
proportional to p(B,), shows characteristic features of
the magnetic flux distribution for an Abrikosov lattice

(a)
sintered sample
0 N /\/\ AA /\..A
YAAAER U )Y

L L L L L L 1 L

44 46 48 50

c-axis—oriented
polycrystalline sample

Byt llc

REAL PART OF FOURIER TRANSFORM (arb. units)

| c-axis-oriented
polycrystolline sample

B, Llc

ext

|

O KV | 1 1

46.5 470 47.5 480
wy /27 (MH2)

FIG. 7. Fourier spectra (real part of complex Fourier trans-
form) of uSR time histograms taken on two YBa,Cu,O, sam-
ples in an external field of 350 mT (FC) at 10 K: (a) high-quality
sintered sample (average over all orientations), (b) c-axis orient-
ed crystal (B,]c), (c) c-axis oriented crystal (B,,lc). See also
Refs. 6 and 7.

and is qualitatively in good agreement with Ref. 15.
Note that the powder-averaged frequency spectrum [Fig.

a)] for a uniaxial superconductor is considerably more
symmetric than when the external magnetic field is paral-
lel [Fig. 7(b)] or perpendicular [Fig. 7(c)] to the ¢ axis.
This confirms our previous assumption that F(w,) in the
sintered sample can be approximated by a Gaussian dis-
tribution.

A second method to obtain a model-independent value
of (Aw}) consists of solving the integral in Eq. (5) nu-
merically. The frequency distribution

F(w#)zzajcos(y#BjH-qS)

with variable amplitudes a; and constant values of B; and
¢ was fitted to the measured muon-spin polarlzatlon 40
The step between two consecutive values of B; was typi-
cally equal to 1 mT, which corresponds to the resolution
determined by the finite time window of a uSR spectrum.
The span between the minimal and the maximal value of
B; was chosen large enough to ensure that all the
nonzero parts of the uSR frequency spectrum were
within the range of the fitting frequencies.

As an example, the same uSR time spectrum (in this
case at 350 mT, 10-K FC) was analyzed (a) by performing
a least-squares fit to the time histogram assuming a
Gaussian field distribution, (b) by taking into account the
muons stopping in the cryostat window and fitting a su-
perposition of two Gaussian lines, (c) by calculating the
real part of the complex Fourier transform of the muon
polarization, and (d) by numerically solving Eq. (5). The
frequency spectra F(w,) obtained with the four different
analysis methods are displayed in Fig. 8. The corre-
sponding values of the square root of the second moment

(a) [ (b)

O,/\ W,

44 46 48 50

"33 a6 a8 50
[ (c) I r (d)
I

T \ ‘
r
L \/V\/\AI\.‘/\‘r» 0

1 l J 1 1 1 1 1 1 1 1
44 46 48 44 46 48 50
#/ZW(MHU

Amplitude (arb units)
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FIG. 8. Frequency spectra F(w,) obtained from the same
uSR time spectrum (10-K FC, 350 mT) by using different types
of data analysis: (a) Gaussian field distribution, (b) superposi-
tion of two Gaussian distributions, (c) real part of the complex
Fourier transform, (d) numerical solution of Eq. (5). See also,

Table I for the corresponding values of the second moment
(Awi).
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TABLE 1. Results obtained by analyzing the same uSR time spectrum (10-K FC, 350 mT) with four
different methods (for a detailed explanation see text and Fig. 8).

Analysis <A“’;24 yis2 Ag
method (us™h (nm)

(a) Gaussian fit with one line 4.56(08) 1532(14)
(b) Gaussian fit with two lines 5.01(10) 1464(14)
(c) Real part of complex Fourier transform 4.64(15) 1521(25)
(d) Numerical solution of Eq. (5) 5.12(71) 1447(100)

of F(w,) are listed in Table I. As expected, the spectra
obtained with methods (c) and (d) are almost identical.
This indicates that numerical artifacts, if present, play
only a minor role. The deviations from the mean value of
(Aw?)'"* lie between 4 and 7 %. Figure 8 and Table I
show that the local magnetic field distribution in a sin-
tered, unoriented YBa,Cu;0, [x=6.970(1)] sample is
relatively well approximated by a Gaussian distribution.
However, one must keep in mind that the systematic er-
rors introduced by the corresponding analysis method are
certainly bigger than the calculated statistic errors.

The four methods (a)-(d) described above were applied
to analyze all the measured points, provided the corre-
sponding fits converged. This means that all the uSR
time spectra were analyzed with methods (a) and (b),
while only the range between 10 and 87 K (10 and 65 K)
was analyzed with the method (c) [method (d)]. For each
method, the effective penetration depth A7) deduced
from Eq. (15) was extrapolated to 7 =0 K by using the
temperature dependence of the two-fluid model [Eq. (18)].
As a result of this procedure, a weighted average of
Ag{0)=155(10) nm was obtained. The error, which is
mainly due to systematic effects, was estimated from the
deviations between the four analysis methods.

V. DISCUSSION

The value of the anisotropy ratio y [see Eq. (13)] in
YBa,Cu;O, has been measured with pSR experi-

ments,’”’ dc magnetization,'°”!2 Bitter pattern decora-
tion experiments,’® and torque measurements.*"*? For
comparison, an incomplete list of values of ¥ measured
with various experimental techniques is given in Table II.
For the rest of this paper, we will assume that the anisot-
ropy ratio in YBa,Cu;0, is equal to y =5(1), as mea-
sured in a previous uSR experiment by our group.®’ By
means of Egs. (13) and (16), we then obtain
A4,(0)=130(10) nm and A.(0)=~500-800 nm, which are
in good agreement with the values obtained with other
experimental techniques on different types of samples (see
Table II). Moreover, the present experimental values for
Ag,(0) and A.(O) agree well with the theoretical values
calculated by Schneider and Frick.*> Their results were
obtained by using a BCS-type tight-binding model with
an anisotropic energy gap, as observed by tunneling* and
infrared reflectivity.®

Note that the values of the penetration depth obtained
from puSR experiments should be regarded as lower lim-
its. Field inhomogeneities other than those due to the
regular vortex lattice can cause a broadening of the ob-
served uSR frequency spectrum which will result in a sys-
tematic error in the calculated value of A_; One obvious
source for an unwanted line broadening is flux pin-
ning.!>* Due to the small coherence lengths in
YBa,Cu;0,, the flux lines are pinned at point defects,
twin planes, and grain boundaries.>>*’ However, the
constant behavior of the depolarization rate ¢ above 150
mT (Fig. 2) seems to indicate that the pinning effects are

TABLE II. Values of the penetration depths A,,(0), A.(0), and the anisotropy ratio y =A.(0) /A,,(0) for Y-Ba-Cu-O measured by
various experimental techniques. A(T) indicates whether the temperature dependence of the penetration depth (over the whole tem-
perature range) is in better agreement with weak-coupling BCS theory (BCS), the two-fluid model (TF), or any other model (other).
Samples: sintered sample (S), c-axis oriented polycrystalline sample (OP), single crystal (SC), c-axis oriented film (OF).

Agp(0) A(0)

Method (sample) (nm) (nm) Y AT) References
uSR (S/0OP) 130(10) 500-800 5(1) TF This work, Refs. 6, 7
uSR (OP) 146 TF Ref. 4
uSR (SC) 141.5(3.0) > 700 >5 TF Ref. 5
Bitter decoration (SC) 5.5(1.0) Ref. 36
Magnetic torque (SC) 68(20) 500(70) =7 Ref. 41
Magnetic torque (OP) 4-5 Ref. 42
Magnetization (SC) 140(50) TF? Ref. 8
Magnetization (SC) 130 450 3 Ref. 10
Magnetization (OP) 130-170 640-850 5 BCS Ref. 11
Magnetization (OP) 140(20) 610(100) =4.5 BCS Ref. 12
Kinetic inductance (OF) 150 BCS Ref. 13
Microwave absorption (SC) > 420 other® Ref. 14

?For comments on the data analysis, see Ref. 9.

®The temperature dependence observed with this method obeys the law A(T)=A(0)[2(1—T/T.)] '~
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unlikely to be the cause of a strong enhancement of the
second moment (Awﬁ). In addition, demagnetization
effects in a polycrystalline sample due to the irregularly
shaped and sized grains could also be the cause of line
broadening.!® These effects may be strong in a loose
powder sample, but it is probable that, for a densely sin-
tered sample, only the demagnetization of the whole sam-
ple plays an important role, resulting in a shift but not a
broadening of the spectral line.*®* More theoretical
work on this topic has to be done. Note that a misinter-
pretation of (Awi) by 25% would change the resulting
value of the penetration depth by only 7%. We conclude
that, although the effects mentioned above are certainly
present, their influence on A.4(0) is rather small. Thus,
the exact value of the penetration depth most probably
lies within the given error bars.

Independent of the absolute value of A.4(0), the tem-
perature dependence of the penetration depth yields im-
portant information on the coupling mechanisms in-
volved in YBa,Cu;0,. A comparison of various theoreti-
cal models with our experimental results is shown in Fig.
9, where the quantity A%(0)/AX(T) is displayed as a func-
tion of the reduced temperature T /T,. The solid circles
correspond to the normalized depolarization rate
o(T)/o(0) which, according to Egs. (7), (15), and (16), is
equal to A2,(0)/A%,(T). As mentioned earlier (see Figs. 3
and 4), the temperature dependence of our experimental
data is well described by the empirical two-fluid model
(solid line). The dot-dashed and dashed curves are from
Rammer™ and describe the behavior of an s-wave super-
conductor with weak and strong electron-phonon cou-
pling (clean and dirty limits), respectively. Note that, in
the literature, the weak-coupling clean limit?’ is often
denoted as conventional BCS behavior.">”'* In the
weak-coupling limit, the superconducting energy gap A,
is related to the critical temperature T, as
2A/kpT,=3.52. Superconductors with 2A,/kgT.
> 3.52 belong to the strong-coupling limit. As shown in
Ref. 51, the weak- and strong-coupling limits can also be

T T T T T T T T T
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\‘\\ \\,\\\ /sirong clean
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FIG. 9. Temperature dependence of AM0)?

/MTY[=0(T)/0(0)]. The solid circles correspond to the ex-
perimental data presented in this paper. Various theoretical
temperature dependences of the magnetic penetration depth are
shown for comparison: weak-coupling (Refs. 26 and 50),
strong-coupling (Ref. 50), tight-binding BCS model with aniso-
tropic gap (Ref. 42), and two-fluid model (figure after Ref. 48).

characterized by means of the parameter kT, /%o,
where #iw is a typical energy associated with the
electron-phonon spectral density. Within this notation,
the weak-coupling limit corresponds to the case where
kgT,/fiw~0, while the strong-coupling limit corre-
sponds to kpT./#iw<0.25.%" In order to calculate the
temperature variation of the penetration depth in the
strong-coupling limit, Rammer applied the Eliashberg
theory for a specific model of electron-phonon spectral
density.®® Since strong-coupling effects are not very sen-
sitive to the shape of the spectral density,’*°! the dashed
curves in Fig. 9 are representative of a whole class of
similar spectral functions. Note that the Eliashberg
theory was originally derived and used to describe
electron-phonon coupling. Nevertheless, Blezius et al.”!
argue that, in a first approximation, it should be possible
to apply the same theory to investigate the behavior of
superconductors based on other boson-exchange mecha-
nisms. The dotted curve in Fig. 9 was calculated by
Schneider and Frick*® and illustrates the influence of an
anisotropic gap on the temperature behavior of a conven-
tional BCS superconductor. For small values of the gap
anisotropy, the temperature dependence of the penetra-
tion depth does not differ markedly from the behavior ob-
served in the isotropic BCS limit (lower dot-dashed curve
in Fig. 9). Schneider and Frick* found that the quantity
AX0)/AXT) decreases with increasing anisotropy and
that substantial deviations from the isotropic case (see,
for instance, the dotted line in Fig. 9) require the proxim-
ity to nodes in the temperature-dependent gap. As
displayed in Fig. 9, none of the theories discussed above
provides an absolutely satisfying description of our exper-
imental data. Nevertheless, it has been shown by Ram-
mer® that the empirical two-fluid model [Eq. (18)] gives
an approximation of A(T) for a local (£ <<A) s-wave su-
perconductor with strong coupling. Our experimental re-
sults are thus consistent with strong-coupling s-wave
pairing (see Fig. 9). Note that the temperature depen-
dence of our data differs significantly from the behavior
expected for a weak-coupling s-wave superconductor
with isotropic or anisotropic gaps. One should, however,
mention that the analysis performed by Schneider and
Frick was restricted to systems with only one CuO, layer
(and no CuO chain) per unit cell.** Therefore, the results
presented in this paper should not be used to rule out the
possibility of an anisotropic gap in YBa,Cu;O0, .

It is striking that most of the uSR experiments per-
formed on YBa,Cu;0, show a temperature dependence
of A which is well described by the two-fluid model."3~”7
On the other hand, kinetic inductance!® and magnetiza-
tion experiments'"'? report a BCS-like behavior of the
penetration depth. At this point, however, one should re-
mark that magnetization experiments cannot always
determine A(7) unambiguously.®® These contradictory
results indicate that a measurement of the temperature
dependence of the magnetic penetration depth is very
sensitive to systematic errors. An important advantage
of uSR experiments in this context is that the muon is a
microscopic probe of the local magnetic field in the bulk
of the sample. In order to reach a better understanding
of the temperature dependence of the penetration depth,
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more experimental work must be performed on oxygen
deficient YBa,Cu;O, (6.4<x<7.0) and on other
perovskite superconductors. It is, for instance, possible
that the CuO chains, which are present in YBa,Cu;0,
have an influence on the coupling strength between su-
perconducting charge carriers. In fact, uSR experiments
performed on Bi-Sr-Ca-Cu-O (a high-T, superconductor
without CuO chains) show a temperature dependence of
A(T) consistent with weak-coupling s-wave superconduc-
tivity (with isotropic or anisotropic gap).”? A systematic
analysis of the changes in A(T) as a function of the oxy-
gen concentration x in YBa,Cu;O, may be helpful in
answering a number of questions.

In conclusion, SR experiments were performed on a
high-quality sintered YBa,Cu;0, sample [x =6.970(1)].
Special attention was given to the experimental setup and
to the data analysis, in order to reduce systematic errors
to a minimum. The observed uSR frequency spectra are
in good agreement with theoretical calculations assuming
the existence of a vortex lattice in the bulk of the super-
conductor.!>?*2>  From the second moment of these
spectra, the effective penetration depth A.; was deter-
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mined. It was found that A _(T) is well described by the
empirical expression of the two-fluid model with
Aer{0)=155(10) nm. This observation is consistent with
s-wave pairing and suggests evidence for strong coupling.
From the anisotropy ratio ¥y =5(1) measured in a previ-
ous uSR experiment®’ and the present value of A.0),
Agp(0)=130(10) nm, and A.(0)=500-800 nm were es-
timated. These values are in good agreement with results
obtained by other experimental techniques on different
types of samples (Table II).
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