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We report the first measurement of the magnetic penetration depth A(7,8) in single crystals of

YBazCU307 -5 (5~0. 1 )

Results are consistent with conventional s-wave pairing, and yield

penetration depths of A45(0) =1415=+30 A and A.(0) > 7000 A, parallel and perpendicular to the
basal plane, respectively. Comparative data on sintered YBa,Cu3O; are also shown to be con-
sistent with the single-crystal results. The muon-spin-rotation data, together with specific-heat re-
sults, indicate a two-dimensional carrier density of n2p==8x10!* carrierscm 2 and a basal-plane

effective mass of mg/m. = 10.

The magnetic penetration depth (1), which measures
the length over which magnetic fields are attenuated near
the surface of a superconductor, is one of the most funda-
mental properties of superconductors. It is, therefore, not
surprising that there is a rapidly increasing literature on A
for the new high-T. superconductors.! Many techniques,
most notably muon-spin-rotation (u *SR), polarized neu-
tron reflectometry, and ac susceptibility, have already
been used to measure A for the R-Ba-Cu-O (R denotes
rare earth) and La,—,Sr,CuQy superconductors.! ™3 Of
particular relevance to the present work is an earlier
utSR study2 of sintered YBa;Cu3QOg9, which provided
the first evidence for conventional s-wave pairing in this
material. Variations in the values of the penetration
depth extracted from the various measurements on (nomi-
nally) equivalent materials have been attributed to the
powdered nature and preparation differences of the speci-
mens studied to date. In view of this and the extreme an-
isotropy of the copper-oxide based superconductors, a
study of oriented single crystals is clearly desirable. To
this end, we have performed the first measurements of the
temperature- (7T°) and orientation- (8) dependent penetra-
tion depth A (T",0) for single crystals of YBa;Cu3;07—5.

The YBa;Cu307 -5 crystals were grown from a partially
melting CuO-BaO-Y,0;3; mixture and then annealed in
oxygen, as described previously.* The crystals grow as
platelets with the ¢ axis normal to the growth surfaces,
and with significant microtwinning in the a-b plane. A
relatively small oxygen deficiency (6§~0.1) was achieved
by annealing the crystals for three weeks at 500°C in O,.
The dc magnetization curve for these nearly stoichio-
metric (6~0.1) crystals is shown (filled circles) in Fig. 1,
along with corresponding data for oxygen-deficient
(0.355<0.4) crystals and a fully stoichiometric (5§ =0)
sintered powder. The (§~0.1) crystals, with typical di-
mensions 2x2x0.1 mm?, where assembled into a flat mo-
saic sample, with the ¢ axes aligned perpendicular to its
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face, and mounted on 99.999% pure aluminum (high-
purity aluminum exhibits no appreciable relaxation of the
muon spin).

The time-differential u ¥ SR technique is described else-
where,> so only a brief description will be given here. En-
ergetic (4.2 MeV) positive muons, produced at the TRI-
UMF Cyclotron, are stopped in the sample where they de-
cay via the weak interaction u*— e * +v,+ v,, emitting
the positron preferentially along their final spin polariza-
tion direction. Since the muons are created with spins
aligned opposite to their momentum, it is possible to fol-
low the time evolution of the muon-spin direction after
thermalizing in the sample; normally a clock is started
when the muon enters the sample region, and stopped
upon the subsequent detection of the decay positron.
Each data point shown in the present work represents an
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FIG. 1. dc magnetization (Hcx =25 Oe) measured in field-
cooled sintered (squares) and single-crystal (circles) YBa;Cus-
O7-5. The filled circles correspond to §~0.1 and the open cir-
clesto 0.3<6<0.4.

851 . ©1989 The American Physical Society



RAPID COMMUNICATIONS

852 D. R. HARSHMAN et al. 39

ensemble average of ~10° such events. Only transverse-
field geometry was used in the present work, where the
magnetic field is applied perpendicular to the initial muon
polarization. Such a configuration yields a spin-relaxation
function Gy, (¢) consisting of a relaxation envelope which
modulates a precessing muon amplitude. The experi-
ments were conducted on field-cooled samples with the
external field (>10 kG) applied along the initial beam
momentum to help focus the incident muons onto the
samples. In order to conform with transverse-field
geometry, the muon spins were rotated perpendicular to
their momentum using a crossed-field separator upstream
of the sample.

Asymmetry spectra (in arbitrary units) for single-
crystal YBa;Cu3;0O7-5 (§~0.1), taken with the field (11
kG) applied parallel (§=0) to the c¢ axis, are shown in
Fig. 2. For clarity and display, the data have been
transformed to a rotating reference frame where the pre-
cession frequency is shifted by an amount corresponding
to the muon precession frequency in the aluminum back-
ing. Note that the data exhibit a full initial asymmetry,
which is independent of temperature throughout the tem-
perature range studied. The time-dependent relaxation
function G, (¢) is essentially the Fourier transform of the
internal field distribution p(B) in the sample; slowly and
rapidly decaying G, (¢)’s correspond to narrow and broad
distributions p(B), respectively. Upon entering the (type
IT) superconducting state below 7., the formation of the
vortex lattice induces an inhomogeneous broadening in
p(B) and a concomitant increase in the decay rate of
Gy (1), as can be seen in Fig. 2.

In our analysis of the single-crystal data, we approxi-
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FIG. 2. Asymmetry spectra (plotted in the rotating reference
frame) for single-crystal YBa,CuO7 -4, with §~0.1. The curves
are fits to the data assuming the line shape given in Eq. (1). All
data shown here and in Fig. 3(a), except for that with 7 =30 K,
were taken on field cooling.

mate® the internal field distribution p(B), associated with
an Abrikosov flux lattice, by an exponential distribution
with a cutoff at low fields. Within this model, p(B) is
defined as

1
— €X
p(B)=1{Bo "
0, for B<B..

_ (B-B.)

, for B=B,,
By

(1)

Here, B, corresponds to the minimum strength of the field
in the superconductor, while the exponential tail is due to
the high fields near the vortex cores. Of course, the latter
should be cutoff at high fields as well because of the
finite-pair coherence length & we ignore this effect be-
cause of the extreme type-II nature of YBa,Cu3;O7-s.
While Eq. (1) is not an exact expression for the field dis-
tribution, it is a simple analytical form which approxi-
mates existing numerical calculations’ of p(B) better
than either the Gaussian or Lorentzian line shapes used in
the analysis of high-T, data to date. The curves shown in
Fig. 2 represent the best fits to the data assuming the form
of Eq. (1), multiplied by a Gaussian function associated
with nuclear dipolar fields.

For a perfect triangular vortex lattice, the width of the
field distribution (|AB|?) is related to the penetration
depth A via the asymptotic equation’

(|AaB|?% =B§=0.00371¢31 ~*, 2)

where ¢o is the magnetic flux quantum (=2.068 x 1077
Gcem?). Note that the choice of lattice geometry (i.e., tri-
angular versus square) introduces a small (~4%) varia-
tion in the calculated A value. The resulting values of the
hard-axis penetration depth A(T,0) =i, (T) are plotted
as a function of temperature in Fig. 3(a). As is evident,
A(T,0) is independent of temperature below ~ 30 K, indi-
cating consistency with conventional s-wave pairing, in
agreement with earlier measurements® on sintered
powders. For conventional superconductors, the tempera-
ture dependence of the magnetic penetration depth is well
described by the equation

714
1—[76] } . (3)

Although Eq. (3) is a good approximation, it is not identi-
cal to the exact numerical calculation in which A(T") de-
pends on individual material parameters such as the mean
free path and coupling strength. The dashed curve in Fig.
3(a) is the fit to the data assuming the form of Eq. (3),
which gives A4, (0) =1415+ 30 A, with a corresponding
transition temperature of 82 0.3 K. Infrared reflectivity
data® on crystals similar to those used in the present work,
indicate a penetration depth (calculated from the oscilla-
tor-strength sum rule®) of A2*™2 =~ 1400 A [for the polar-
ization in the basal (a-b) plane] that compares well with
our u TSR determination. Preliminary high-field (~18
kG) data on oxygen-deficient (0.3 S58<0.4) single crys-
tals (a typical dc-magnetization curve is shown in Fig. 1)
indicate a A4(0) of 2550+ 60 A (T.~65 K), which is
nearly twice that found for §~0.1. This result has been
substantiated by measurements® on a single-phase sin-
tered sample of YBa,Cu3Og 77, and directly contradicts a

A(T) =1(0)
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6000 — 77— the single-crystal data of Fig. ?(a) show even less T2

n YBa,Cuz0,_5 (CRYSTAL) (a) 4 dependence. Equally evident is the abs&.-:nce of any

5000 & 5 — | measurable linear increase in (A(7,0)) with T at the

_ A % ANISOTROPY | § | lowest temperatures, in contrast to specific-heat measure-

o< 2.l Me/Mab1 | i ments'” which indicated linear terms near 7 =0 in various

3 4000~ = ,’ . oxides of copper. Thus, if genuinely present, the excita-

& F & B —- / . tions probed in the specific-heat experiments do not ap-
— 30001 3 'f - / — pear capable of inducing pair breaking in these materials.

= -V 05530 40 & 8o 100 / 1kG To explore the anisotropy of the magnetic penetration

2000 | 8 (deg) _ §~04 dqpth in YBa;Cu3O7—s, we repeated the measurements

L e _!__‘___5_,/’ | wgth the external field a!ppllcd at an angle 6 =r/4 'rad¥ans

1000 | L L with respect to the ¢ axis. The width of the field distribu-

tion (| AB | %) for 8 =r/4 is compared to the =0 value in

7000 ‘ — : ’ ‘ | : [ the inset of Fig. 3(a). The dashed line in t.he inset corre-

L YBa,Cux0- (SINTERED) (b) - spond's to the angle-averaged value. Assumlqg that a sim-

6000 - e ¢ ple triangular (or square) vortex lattice continues to exist

L AN osp 42008 .- A I for > 0, and that a single-band description with a diago-

°< 5000 S [ e . ,’ ] nal effective-mass tensor is applicable, one can calculate'®

A Y ozr //’fJBe@,S,QOOAj I 4 the expected angular dependence of the effective-mass

@ 4000 A oif o - 4 ,’ — tensor. Representative curves, calculated from Ref. 18 for

= - OW 1 '// 4 various values of m*/mJ,, are shown in the inset of Fig.

T 3000 3 St ./ - 3(a) and clearly indicate that the supex;comiuctivity in

n : (‘T/TC)VZ = 1BKG - YBa,Cu30, -5 is sFr.ongly anlsotropv‘:'(mc /m}, = 25),_m

2000~ 1y ves o oo a. e "~ $=0 agreement with critical-field and critical-current density

- - measurements.'* Correspondingly, the c-axis penetration

1000 : ' ' ’ ! . L depth associated with the carrier momentum along the ¢

© 20 40 60 80 100 axis is then A.> 7000 A. For large anisotropies (i.e.,

T (K) m},/m¥* 2 25), the angular dependence of (|AB|?2) be-

FIG. 3. The temperature dependence of (a) A(T,0) in  comes independent of the effective-mass ratio. In this lim-

single-crystal YBa;Cu3O7-5 (§~0.1), and (b) (A(T,0)) in sin-
tered YBa,Cu3O7. The dashed curves are fits to the data assum-
ing Eq. (3). The inset in frame (a) shows (| AB | ?2) as a function
of 6 (open circles), along with the expected behavior (solid
curves) derived from Ref. 18. The dashed line represents the
angle-averaged value. The inset in frame (b) shows the relative
incremental penetration depth for T < 40 K (open circles) plot-
ted against (7/T.)2. Results for UBe;3 (Ref. 16), assuming
A(0) =4200 and 8000 A, are also shown (dashed lines).

previous study. '°

Comparative high-field (18 kG) measurements were
also conducted on a fully stoichiometric sintered YBa,-
Cu307 sample (dc-magnetization results are shown in Fig.
1) prepared as described elsewhere.'"'? The resulting
angle-averaged penetration depth {A(7,0)) deduced as-
suming a Gaussian line shape and Eq. (2) is plotted
against temperature in Fig. 3(b) and compared to a fit
(dashed curve) of Eq. (3) assuming a low-temperature
value of (1(0,8))=1740 A. Note that by using Eq. (2),
our earlier (3.4 kG) data? give (1(0,6)) = 1690 A; the
slight increase in the penetration depth with field follows
from the field dependence of the vortex core density.!® In
view of possible dirty-limit corrections,'* anisotropy, and
flux-pinning'> effects, agreement between the data and
Eq. (3) is excellent. The inset shows the relative incre-
mental penetration depth for T=<40 K (open circles)
plotted against (7/T.)? and compared to a linear fit
(solid line) assuming a zero y intercept. As is evident,
these data exhibit a small (7/7.)? contribution, well
below the corresponding data'é for UBe;; (dashed lines);

iting case, the hard-axis and angle-averaged values of the
magnetic penetration depth are related via the expression
A(T,0) =(a(T,0))/1.23.'® Applying this formula to the
sintered powder data of Fig. 3(b), then gives AZ¥o"
~1415 A, in good agreement with the single-crystal re-
sult.

In type-II superconductors, the penetration depth is
given by the London formula,

m*(6)c? ]1/2_[m*(9)/me ]1/2’ @

X(T=O,6)z[4” > il ey
nse Nsre

where r, =e?/m.c?=2.82x 10 ~° A is the classical elec-
tron radius, 7, is the superfluid carrier density which, for
ordinary superconductors at 7 =0, is identical to the
normal-state carrier density n, m* is the effective mass,
and m, is the free-clectron mass. According to Eq. (4),
the penetration depth is completely determined by the two
unknowns, 7 and m*. A second fundamental quantity,
having a different functional dependence on the same two
unknowns, is the Sommerfeld constant y which, for an iso-
tropic three-dimensional system, can be written as

12
y=kj|=— 7 n'’3, (5a)

3

while, for a stack of two-dimensional systems with spacing
A between them,

*
T, am
_kg

oL (sb)

D=

y=
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In the absence of information on the anisotropy of the
effective mass, Eq. (5a) has generally been used to obtain
estimates of m*/m,. From the present work, however, it
is clear that the m™* relevant for A is extremely anisotrop-
ic, and therefore likely that the same is true for the ther-
modynamic m*. Thus, Eq. (5b) is more applicable than
Eq. (5a) in determining the extent of the effective-mass
renormalization in the high-7, copper oxides. Assuming
that the layer spacing A is the mean distance between the
square CuO; planes in YBa,Cu3;O07 (A=5.85 A) and a
Sommerfeld constant of y=10 mJ/(moleCuK?),% we
find that mpy/m, == 10. Since 1 does not appear in Eq.
(5b), A and y alone are sufficient to determine the thermo-
dynamic mg, which, in this case, agrees with the in-plane
effective mass determined from a detailed analysis?' of
the infrared data for the 60 K (0.3 $§50.4) phase. By
further assuming that the m* appearing in Eq. (4) is the
same as that in Eq. (5b), and using our value for A,4(0),
the carrier density obtained from Eq. (4) is n=1.4x10??
carrierscm ~3, in good agreement with Hall-effect mea-
surements. > Before concluding, we emphasize that while
quite successful, our calculations of n and mg/m, are
merely approximate, especially in view of the clean-limit
assumed and electronic-structure calculations?? which in-

dicate that at least three bands cross the Fermi level for
6=0.

To summarize, we have measured the temperature and
orientation dependence of the magnetic penetration depth
A(T,0) for single-crystal YBa,Cu307-5 (with §~0.1).
Results are consistent with conventional s-wave pairing,
yielding a value of 2(0,0) =X, (0) =1415 % 30 A parallel
to the basal plane, and an effective-mass anisotropy of
mX/mp, = 25. The angle-averaged penetration depth for
a fully stoichiometric sample is also shown, using the for-
malism of Ref. 18, to be consistent with the single-crystal
result. The extreme anisotropy of A suggests that the car-
riers in YBa;Cu3O7-5 belong to a relatively dense
(n2a =nA=8x10" carrierscm ~%, 1/\/na =3.5 A)
two-dimensional Fermi liquid with effective mass,
mpy/m. = 10.
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