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We have performed muon-spin-relaxation (ttSR) measurements on Lai sqSrv iqCu04 above and

below its superconducting transition temperature, T, =37 K. From transverse-field pSR at 6 K,
the magnetic penetration depth is X = 2500 A, which, together with previous thermodynamic data
and the London formula, implies a carrier density of 0.3X10 cm '. The temperature depen-
dence of X in our sintered powder sample diA'ers from that for an ordinary homogeneous super-
conductor. We also show that the longitudinal- and transverse-field @SR techniques are sensitive

probes of H, l and flux-pinning eff'ects.

Compounds of the form Mz —„Z„Cu04 [M =La (Refs.
1-4) or Y (Ref. 5) and Z =Ba, ' Sr, or Ca (Ref. 2)]
are superconductors with unprecedentedly high transition
temperatures. For example, for M =La, Z =Sr, and
x =0.15, the bulk T, is 37 K, and, correspondingly, the
upper critical field H, 2 exceeds 220 kG. In the present pa-
per, we describe experiments in which positive muons are
used as microscopic probes of the internal fields in

Lai ssSro ~sCu04 below T, . Muon spin relaxation (pSR)
is especially suited to measuring quantities such as the
magnetic penetration depth (X) because it does not re-
quire special-purpose samples, such as thin films or
spheres of controlled dimensions.

We performed our @SR measurements at the M15 sur-
face muon channel of TRIUMF. The sample, a sintered
polycrystalline pellet, 1 cm in diameter and 2 mm thick,
was prepared by means described elsewhere and mounted
perpendicular to the incident beam. In time-diA'erential
@SR experiments, muons are stopped one at a time in the
sample, where they decay, emitting positrons preferential-
ly along their final polarization. Data are collected as a
function of time t after arrival of the individual muons in
the sample by counting the numbers N+(t) and N —(t) of
positrons emitted in the directions parallel and antiparal-
lel to the incident muon spin. The resulting ratio,
[N+ (t ) —N —(t )]/[N+ (t ) +N —(t ) l, is proportional to
the time-dependent polarization of the muon ensemble.
A magnetic field can be applied either parallel (longitudi-
nal) or perpendicular (transverse) to the initial muon po-
larization, yielding, respectively, a T

& -type relaxation
function G„(t) or a T2-like relaxation envelope G„„(t)

modulating a precessing muon decay asymmetry, just as
for the free induction decay in NMR.

Figure 1 shows the transverse-field (TF) @SR preces-
sion signals for a field of 80 G at room temperature and at
10 K after zero-field cooling (ZFC). The enhanced relax-
ation rate at 10 K is obvious. The solid lines are the re-
sults of fits made to a Gaussian relaxation function,
G„„(t)=exp[ —(At) ], which corresponds to a Gaussian
distribution of internal fields. The low field in these spec-
tra is convenient for illustrative purposes, but for mea-
surements of X, we used an external field H«, =4 kG,
which is well above H, i (=150 G at 10 K, from other
measurements3 in addition to our data described below)
and well below H, 2 for T & 35 K. Figure 2 displays the
muon depolarization rate A as a function of increasing
temperature after cooling in an external field of 4 kG.
Above T, =37 K, the fitted A, which is due to static nu-
clear dipole relaxation, is small [0.102(2) X10s s '];
below T„A increases by an order of magnitude indicating
that the internal field becomes more inhomogeneous as
the superconducting state is entered. NMR (Ref. 9) and
pSR (Ref. 10) experiments on other type-II superconduc-
tors have revealed the same eAect, due to the vortex lat-
tices formed when the external field penetrates the materi-
als. The mean square inhomogeneity in the field sampled
by the muons in pSR or nuclear spins in NMR is

' 2 —1

+ 2%k

d

where X is the London penetration depth and d is the spac-
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FIG. 2. Temperature dependence of (a) (circles) the Gauss-
ian relaxation rate A obtained for a transverse field H,„t=4 kG
after cooling in zero applied field; and (b) (triangles) the mag-
netic penetration depth X inferred from A using Eq. (2) after
correcting for a fixed nuclear dipolar relation rate
AO=0. 102(2)x10 s ', assumed to add in quadrature with the
depolarization rate due to the vortex lattice. The solid curve is a
guide to the eye.
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FIG. 1. Muon-spin-relaxation signal in a transverse field of
80 G for T above and below T, =37 K. The 10-K data were ob-
tained after cooling in a 4-kG field.

ing between vortices. For the square vortex array as-
sumed in the derivation of Eq. (1), d =p/H, „„where p is
the magnetic Aux quantum, 2.068 X 10 Gcm, so that
Eq. (1) can be rewritten as

2 2H«t& 1+ 4x ~ H,„
4z)

(2)

r ' 1/2m*

4zn, e c

r &/2
m */m,

4zn, r,
(3)

where r, =e /me =2.82x10 s A is the classical radius
of the electron, m* is the eA'ective carrier mass, and n., is
the superfluid density, which, for ordinary superconduc-
tors at T=O, is identical to the carrier density (n) for

Because AJ2=y„(~AH
~

)'/ (y„=2zrx13.55 MHz/kG
is the gyromagnetic ratio of the muon), Eq. (2) implies
that A. can be extracted from pSR data. In particular, for
high fields, d ((X and Eq. (2) becomes A(ps ')
= [2364/k(A)] . For La~ ssSro ~sCu04, the correspond-
ing value for k at 6 K is 2500 A, which is comparable to
those of 215 compounds such as Nb3Sn and V3Si. It is
also not far from what may be obtained using estimated
values'' of IC (=X/go= 100) and go (=30 A), where jo
is the coherence length. In type-II superconductors, the
London formula gives an approximate value for X,

T & T, . The Sornmerfeld constant can also be expressed
in terms of m* and n, ,

y=k2( /3) 2/3m*n 1/3/I 2 (4)

k(T) =X(0) [1 —(T/T, )'1' ', (5)

which generally describes the behavior of ordinary super-
conductors, failed. The failure can be due to inhomo-
geneities, which lead to a distribution of T, 's or to the
pressed powder's granularity, which causes percolation,
finite size, and weak link eAects. ' We note also that
when the electronic mean free path I becomes comparable
to go, which might well be the case for La~ ssSro ~sCu04, '

the standard expressions, Eqs. (3) and (5), for X(0) and
k(T) become invalid.

Figure 3 displays the field dependence of A for several
temperatures and sample histories. Upon decreasing H,„t

Simultaneous solution of Eqs. (3) and (4), using the mea-
sured values of k and y (=6 mJ/moleK from Ref. 4)
yields a small n, 0.3 x 10 carriers/cm (=0.3
carriers/formula unit), and a sizable m*/m, of 7. For the
band structure of Mattheiss, ' n (=—10 carriers/cm ) is
larger and m*/m, (-3.5) somewhat smaller. Compar-
ison of our result for m*/m, and that of Mattheiss indi-
cates that the electron-phonon coupling strength X, ~h in

La~ 85Sro ~5Cu04 is not unusually large; indeed, k, ~h is of
order unity, in agreement with a recent calculation. ' We
emphasize that our values for n and m*/m, are merely es-
timates based on Eqs. (3) and (4); it remains to be seen
whether the uncorrected London formula is valid for sam-
ples such as ours.

Figure 2(b) shows the temperature dependence of X

computed from A and Eq. (2). Attempts to fit the present
data to the form,
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FIG. 3. Dependence of muon spin depolarization rate on
transverse-field strength for various temperatures and sample
histories. (Squares, ZFC at 10 K; triangles, FC at l0 K; circles,
ZFC at 30 K; crosses, FC at 30 K.)

FIG. 4. Dependence of the fitted value of the Gaussian relax-
ation rate (a measure of the mean-squared internal field trans-
verse to the applied field) found upon increasing the external
field after zero-field cooling to T =10 K.

at T = 10 K, A is essentially field independent until
H,„i= H, ~

=150 6, as it should be according to Eq. (2).
Subsequent reductions in H,„t lead to a monotonic de-
crease in A. Due to flux-pinning and finite-size eAects,
some flux still penetrates for H,„t & H, &. The hysteresis in
A (see Fig. 3) is clear evidence for flux pinning at 10 K.
The near reversibility of the 30-K results indicates that
there is considerably less flux pinning at higher T.

The zero-field (ZF) and longitudinal-field (LF) pSR
techniques measure G„(t), the relaxation of the muon po-
larization component parallel to the initial muon-spin
direction (z); muons are depolarized only by fields with
components perpendicular to z. After cooling the sample
to 10 K in zero field (ZFC), we observe a slowly decaying
ZF relaxation function indistinguishable from that found
at 60 K and well described by a Gaussian Kubo-Toyabe
form. ' Quite difl'erent behavior obtains after cooling the
sample to 10 K (from 50 K) in a field of 4 kG applied
along z and subsequently removing the field (FC). Here,
the zero-field relaxation is rapid and G„(t) resembles a
Lorentzian Kubo- Toyabe function. ' We conclude that
the ZF relaxation after ZFC is due to static nuclear dipole
moments, while the ZF relaxation after FC is derived
from trapped flux lines with components perpendicular to
z. The LF measurements also demonstrate the existence
of H, „t-induced internal fields transverse to z. To under-
stand such results, it is important to recall that a vortex
lattice in which the flux lines are parallel to H,„t cannot
enhance the LF relaxation. Indeed, we expect that in the
normal vortex core regions, H,„, will serve to quench any
such relaxation. This familiar decoupling eA'ect, where
lim, G„(t) increases rapidly with H, „t because H,„i
serves to maintain the initial muon polarization, was de-
scribed by Kubo and Toyabe and has been observed in
many LF pSR experiments on nonsuperconducting ma-

terials. ' ' Comparison of the ZF and LF relaxation
functions at 10 K shows that the expected decoupling also
occurs for superconducting La~ 85Sro ~5Cu04. However,
as shown in Fig. 4 the initial Gaussian relaxation rate in-
creases monotonically with H,„t until H =H, ~

= 150,
beyond which it appears to be field independent. The
latter result is anticipated for the vortex state, while the
original increase is probably due to flux lines forced to
bend around small superconducting grains, thus generat-
ing transverse local fields with amplitudes roughly propor-
tional to H,„t.

In summary, we have measured the magnetic
penetration depth in the high-T, superconductor
La~ s5Sro~sCu04. The result at 6 K, K=2500 A. , taken
together with earlier thermodynamic measurements, in-
dicates a low density of carriers in this oxide. The temper-
ature dependence of X is inconsistent with the standard
form for ordinary superconductors, a result which is hard-
ly surprising when the morphology and chemical nature of
the sample are considered. Our LF @SR measurements
demonstrate the existence of random internal fields, in-
duced by H, „t & H, ~, but with components perpendicular
to H,„t. Thus, pSR is a useful probe not only of X for
H ))H, ~, but also of internal field distributions for
H & H, ~ in inhomogeneous samples such as our sintered
powder specimen.
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