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Positive muon spin-rotation (@SR) measurements on GdBa2Cu30„(x = 7) have been conduct-
ed in the temperature interval 5.8-300 K. A temperature-dependent relaxation, attributable to
Korringa relaxation of the Gd ion, as well as vortex-state relaxation are observed. Magnetic 6eld
penetration depths of approximately 1550 and 1900 A (two samples) are extracted from the data
Two muon stopping sites exist for T 80 K, one being associated with normal regions of the sam-
ple and the other with superconducting regions.

The discovery of superconductivity in YBa2Cu&O,
(x =7) (Ref. 1) was quickly followed by similar observa-
tions in rare-earth barium-copper oxides. Not only are
the transition temperatures in the rare-earth compounds
similar to YBa2CusO„(T, =90 K) but, remarkably, the
superconductivity is unaffected by the magnetic dopants
(Gd and Er, for example). Previous research has demon-
strated the utility of muon spin rotation (@SR) to probe
the magnetism of the nonsuperconducting compound
LaqCu04-y, s as well as the superconducting state of
Lai.s5Sroi5Cu04 (T, =40 K) (Refs. 9 and 10) and

YBa2CuiO, ." Additionally, GdBa2CuiO„has been stud-
ied by zero field ltSR-in the temperature interval 30 mK
to 130 K. '2 In this paper we report transverse and zero-
field pSR studies of GdBa2CuiO, in the temperature in-

terval 5.8 to 300 K.
A sintered disk 25.4 mm in diameter and 3.9 mm in

thickness (rrt 12.174 gm) was prepared by the methods
of Ref. 13. Assuming the theoretical density pth to be 6.94
gmcm i (Ref. 14), our sample is characterized by a den-

sity fraction p/pth 0.89. Moreover, magnetization mea-
surements indicate a 30% Meissner effect with 81%
shielding (applied field 100 Oe). The superconducting
transition deduced from susceptibility measurements is

T, = 92 K (sample 1). X-ray diffraction and Rutherford
backscattering measurements indicate that the sample is
high-quality, single phase, and has the correct stoichi-
ometry. Direct-current resistance and ac eddy-current
measurements also suggest that the sample is a high-

quality, single-phase superconductor. A second sample
with similar properties was also prepared and measured.

Standard @SR techniques'5 were used to obtain positive
muon (p+ ) Gaussian depolarization rates A(T) in

GdBa2CuiO„ for both 1 and 5 kOe externally applied

transverse fields and for zero applied field; in the latter
case the residual field was less than 20 mOe.

Figures 1 and 2 show the p+ Gaussian depolarization
rates for two samples of GdBa2Cu30„ taken in a trans-
verse field of 1 kOe. Two relaxation rates (indicated by
circles and triangles in Figs. 1 and 2) are observed for
T (T„corresponding to two distinct muon environments.
Unlike previous isSR results in YBa2CusO„, " where a
constant relaxation rate is observed for T & T„we find a
1/T dependence, presumably due to Korringa relaxation
of the Gd ion. For T (T, the p+ relaxation rate in-
creases (solid circles of Figs. 1 and 2) due to the magnetic
field inhomogeneities produced by the vortex state. As-
suming a square Abrikosov lattice for the mixed state
(H /

(H pp (H 2) the field inhomogeneity is given by
'6

Hspp A(l&HI'&- '"', [ I+(4~' ')IH pp)/Pl
'- (1)

ip
where A is the p+ depolarization rate, y„ is the muon
gyromagnetic ratio, A, is the magnetic field penetration
depth, and p is the flux quantum. By subtracting the
a+(b/T) contribution (a is the constant relaxation rate
at 300 K) from the p+ depolarization rate, and extra la-
tion A to 0 K, we find k(T 0) to be 1550 and 1900 for
the two samples, respectively. These values are similar to
those previously reported for Lai s5Srp i5CuO4 (Ref. 10)
(2000 A) and YBa2Cus07 (Ref. 11) (1400 A). The tem-
perature dependence of the magnetic field penetration
depth for an ordinary Bardeen-Cooper-Schrieffer (BCS)
superconductor is given by'7

)t.(T) -X(0)[1 —(T/T )'] (2)
Substitution of Eq. (2) into Eq. (1), with X,(0) 1900 A
(1550 A.), yields the solid line shown in the inset of Fig. 1
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FIG. 1. Muon Gaussian depolarization rates in GdBa2CuiO, (:ample 1) taken in a 1-kOe transverse applied field. The triangles
and circles correspond to the muon precessional frequencies identified with the same symbols in Fig. 3. See text for a description of
the fit to the data. Inset depicts the temperature dependence of the magnetic field penetration depth.

(Fig. 2). Similar temperature dependences have been pre-
viously reported. ' "

The fit to the p+ depolarization rate, shown as the solid

lines of Figs. 1 and 2, are obtained in the following way.
It is assumed that there exists a temperature-dependent
component to the relaxation rate determined by the
strength G and correlation time r, of the Gd-ion/p+ in-

teraction, ' i.e., A~Gz„and that the ion spin-lattice re-

laxation rate is assumed to have the Korringa form

r, 'a: T. Additionally, there exists the vortex-state relax-

ation for T & T„ for which A(T) has the form
[1 —(T/T, ) ]. Thus the solid line fit shown in Fig. 1 is
given by A(T) =17/(T+2)+0.25 for T & T, ; and
A(T) =5/(T+2)+0. 25+1.6[1 —(T/T, ) ] for T & T,
(A is in ps and T is in K). Similarly in Fig. 2,
A(T) =17/(T+2)+0.25, for T )T„and A(T) =5/
(T+2)+0.25+2.3[1—(T/T, ) ] for T & T,. Note that
T, found from the fit is 80 K for sample 1 (Fig. 1) and 95
K for sample 2 (Fig. 2). Eddy-current measurements in-
dicate that a relatively sharp superconducting transition
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FIG. 2. Muon Gaussian depolarization rates in GdBa2Cu30„(sample 2) taken in a 1-kOe transverse applied field. See text for a
description of the fit to the data. Inset depicts the temperature dependence of the magnetic field penetration depth.
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occurs in sample 2, whereas a broad transition is seen in

sample l. '9 The coeflicient of the [I —(T/T, )4] term in
the relaxation rate expression may be associated with this
sharpness, and, accordingly, is larger for sample 2 than
sample 1. Moreover, the coeflicients a and b, described
above, are identical for the two samples, although b
changes in magnitude for T» T„perhaps reflecting a
change in the p+/Gd ion coupling strength. For selected
muon sites a compares favorably with our calculated Van
Vleck linewidths in GdBa2Cu30, . The denominator of
the first term is T+2 rather than T because of the antifer-
romagnetic ordering that occurs near 2 K.

Owing to the paucity of data and large error bars in
A(T) for T & T, (circles in Figs. 1 and 2), the 1/T depen-
dence in this interval is somewhat speculative. In analogy
with NMR experiments, where it is known2a that the
spin-lattice relaxation rate follows an Arrhenius relation
for T« T„we attempted to fit the relaxation data in this
region with an exponential A(T)~exp(bgkgT), where 6
is the gap amphtude, and for the isotropic BCS case
2h/kqT, 3.53. Although a reasonable fit was achieved
for A(T), the resulting value of 8 K for 6 was unreason-
able yielding 2+kg T, =0.2. Thus we do not believe that
the exponential form is the correct description for A(T) in
this interval.

An interesting feature of our relaxation data is the ap-
pearance of two p+ precession frequencies for T & T„as
shown in Fig. 3. Both samples exhibit qualitatively simi-
lar behavior so only one data set is shown (sample 1). Re-
call that the p+ precessional frequency in a 1 kOe 6eld is
13.55 MHz. Of the two observed frequencies, one (filled
triangles) remains approximately constant, whereas the
other decreases with decreasing temperature. One ex-
planation for this behavior is the existence of two distinct-
ly different p+ stopping sites; one associated with normal
regions and the other with superconducting regions of the
sample. A reduction in the magnitude of the local 6eld
seen by the p+ as T decreases is consistent with flux ex-
pulsion in the superconducting state; however, note that at

1 3.6

T 5.8 K the muon frequency corresponds to a local mag-
netic field of 930 Oe. Thus the sample expels only 7' of
the external field. Taken together with the measured re-
laxation rate (filled circles of Fig. 1), the temperature
dependence of v is associated with muons stopping in su-
perconducting regions of the sample. We note, however,
that the exxeted frequency spectrum, as predicted by
Abrikosov, is not realized. Of course flux pinning is ex-
pected to smear this theoretical distribution and may ac-
count for our experimental results. Because our @SRdata
are taken over a 10-ps interval, we cannot resolve two fre-
quencies closer than -0.1 MHz. To minimize flux pin-
ning we measured relaxation rates by field cooling the
sample from RT.

Relaxation rates for those muons stopping in normal re-
gions of the sample at low temperature are shown as 6lled
triangles in Figs. 1 and 2. Unfortunately the error bars
are too large to allow elucidation of any functional form
for A(T); however, it is clear that these rates are much
smaller than would be expected if one extrapolated the
value of A at RT (0.25 ps ') to 5.8 K, assuming a 1/T
dependence. Thus the normal-state p+ environment at
low T is quite different than the one at high T. Qualita-
tively similar results were obtained for an applied field of
5 kOe, with the relaxation rates being proportionately
higher. Previous transverse-field @SR studies'2 of Gd-
Ba2Cu307 were con6ned to the interval 30 mK & T & 130
K. Only one muon stopping site was reported for Tg
(2.24 K) & T & 130 K. However, the sample was multi-
phased, exhibiting both 90 and 60 K superconducting
transitions with a measured muon depolarization rate ap-
proximately three times that of the present study. It is
likely that the large depolarization rate is attributable, in
part, to spurious phases. A broad frequency spectrum
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FIG. 3. Positive muon spin precessional frequencies in

Gdaa2Cu30 taken in a l-kOe transverse applied field. The
corresponding depolarization rates are sho~n by the same sym-
bols ln Fig. 1.
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for GdBa2Cu30 measured in zero applied field.
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(large A) may mask weak secondary peaks and render
them unobservable, thus explaining the absence of two
muon stopping sites in that study. '

Zero-field p+ exponential relaxation rates and asym-
metries for GdBa2Cu30, are shown in Fig. 4. With de-
creasing temperature there is a drop in the asymmetry
and concomitant increase in relaxation rate near T,. Typ-
ically one only observes a loss of asymmetry with decreas-
ing temperature if there is a rapid depolarization of some
fraction of the stopped muons, usually associated with
magnetic or structural phase transitions. To our
knowledge neither of these types of transitions has been
observed near T, for this compound; however, position-
annihilation studies have shown that there is a change in
the electronic structure as the material becomes supercon-
ducting. 2 If this effect is accompanied by a change in the
local magnetic field at the muon site, one would expect
some change in the muon depolarization rate at T,. Al-
though conventional superconductors do not show any
change in zero-field muon relaxation rate as the supercon-
ducting state is entered, it has been shown that the
heavy-fermion superconductor UPt3 does exhibit a
5%-10% increase at T,.23 Perhaps the electronic struc-
ture modification experienced in high-T, materials is

sufftciently large to cause a measurable alteration of the
local magnetic field sensed by the muon. This does not,
however, explain the observed change in asymmetry. Fur-
ther work will be required to understand this effect.

In summary, transverse-field @SR in superconducting
GdBa2Cu30, demonstrates temperature-dependent relax-
ation, presumably due to Korringa relaxation of the Gd
ion, in addition to the expected vortex-state relaxation as-
sociated with superconductivity. Magnetic field penetra-
tion depths of 1900 A (sample 1) and 1550 A (sample 2)
(T 0 K) are derived from the data. Evidence for the ex-
istence of both normal and superconducting regions of the
sample for T(T, is given. It is suggested that a mea-
sured shift in zero-field relaxation rate at T, may be asso-
ciated with a change in the electronic structure, which
produces a concomitant change in the local magnetic field
sensed by the muon.
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