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89Y NMR study of the exchange coupling constant between the Cu02 layer and the Gd ion
in Gd Yt-xBa2Cu307 —b
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Free-induction decays of Y NMR are observed in magnetically dilute alloys Gd Y& — Ba2-

Cu30&-& for x 0, 0.005, and 0.01. It is shown that the excess decay by Gd is almost completely
due to its direct dipolar interactions. From an analysis of the indirect Ruderman-Kittel-Kasuya-
Yosida interaction, the exchange coupling constant is estimated to be less than 0.01 eV.

In the superconducting compounds YBa2Cu307 s the
substitution of the Y ion for most rare-earth elements has
no influence to the superconducting state. ' It is therefore
considered that the coupling is weak between a Y layer
and a Cu02 layer having the essential role of supercon-
ductivity. However, the exact knowledge of the coupling
will be required to understand the interaction that is re-
sponsible for the antiferromagnetic ordering of rare-earth
magnetic moments in RBa2Cu307 s, where R is a rare-
earth element. 2 As possible mechanisms of the ordering,
the direct dipole-dipole interaction and the indirect
Ruderman-Kittel-Kasuya- Yosida (RKKY) interaction
via conduction electrons in the Cu031ayer are considered,
which is, however, still controversial.

Information on the exchange coupling constant J, be-
tween the conduction electron and the rare-earth magnet-
ic moment, can be obtained by analyzing the influence of
the RKKY interaction on s9Y NMR signals in magneti-
cally dilute alloys R,Yt —„Ba2Cu307-s. Since the spin of
the s9Y nucleus is 2 and no complexity due to quadrupole
moments is present, the s9Y nucleus is suitable for probes
to investigate the magnetic interactions. In the present
work we measured the Y NMR in Gd, Y~-,Ba2Cu3-
07 —s (x 0, 0.005, and 0.01), where Gd concentrations
are 0, 0.5, and 1 at. %, respectively. Although the value of
J is expected to be very small, we tried to estimate its
upper limit within the results of the s9Y NMR measure-
ments.

The samples were prepared with the citric-acid methods
to obtain homogeneous mixtures of appropriate quantities
of Y, Ba, Cu, and Gd. The homogeneity of constituents is
especially important to our samples containing a very
small amount of Gd atoms. The mixtures were fired at
800'C for 10 h and then ground. The powders were
pressed into pellets, sintered in air at 930'C for 10 h, and
then annealed in Oz atm at 450'C for 24 h. After four
repetitions of this process, they were quenched to room
temperature. The pellets, of which superconducting tran-
sitions were observed at 92 K (zero resistance tempera-
ture), were reground and packed into glass tubes. Each of
them contained about 2 g of the powder sample. We ob-
served free-induction decays (FID) after a 90' pulse at
10.7 MHz by using a usual pulse method. All measure-
ments were performed at 100 K, where the samples were
in the normal state. The static field of about 5 T was ap-
plied by a superconducting magnet. The signals were ac-

cumulated for 2-10 h because the signal-to-noise ratio
was poor.

Figure 1(a) shows the FID of Y NMR for YBa2-
Cu307 —s. The time for which the intensity of the FID de-
creased to I/e (T2 ) was about 0.3 ms and the spin-spin
relaxation time (T3) obtained by the spin-echo method
was about 6 ms. These values were consistent with the re-
sults by Markert et al. The FID's for Gd, Y&,Ba2-
CU307 —s (x 0.005 and 0.01) are shown in Figs. 1 (b)
and 1(c) with solid lines. We notice that the decay time
constant of the FID decreases with increasing x. The lo-
cal field, which causes the decay on the Y nucleus, consists
of two parts: Hq and Haxttv. For x 0, Hd is the local
field due to the dipolar interactions with both Y and Cu
nuclear magnetic moments. For xwO, in addition to Y
and Cu, the dipolar interactions with Gd electronic mag-
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FIG. 1. Solid lines are FID's of Y NMR in the magnetical-
ly dilute alloys Gd Yl — Ba2Cu307-& at 100 K. The beat is due
to a difference between the Larmor and the rf frequency.
Necessary information is the decay time constant of the intensi-
ty and not the presence of the beat. Dashed lines are calculated
decay curves from the dipolar local fields. (a) x 0, (b)
x 0.005, and (c) x 0.01.
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The direction of the applied magnetic field is along the z
axis and R is the distance from a Y nucleus at the origin
to the mth Gd ion. A is the hyperfine coupling constant
between a magnetic moment of Y and a conduction elec-
tron, and its value was obtained from the result of the
Knight shift measurement. " EF, Fermi energy, was es-
timated from its two-dimensional rehtion to the Pauli sus-
ceptibility gF (Ref. 11) and then kF, Fermi wave vector,
was calculated from EF, where the free-electron band was
assumed. 2n and N are the total number of carriers and
that of lattice sites, respectively, and n/N was obtained
with the value of 2n for b 0. The averaged magnitude of
the spin of the Gd ion i (S,) i was calculated on the as-
sumption that the Curie law was valid. Their numerical
values are listed in Table I. The formula in the summa-
tion is an expansion of the exact solution to the second
term. Although this asymptotic form is invalid when the
magnitude of kFR is small, this approximation was used

TABLE I. Numerical values used in the calculation of the
local-field distribution density of H«K+.

EF n/N i&S, &i

3.9x 10 eV 0.3 eV 2.7x lp' cm 0.5 0.36

netic moments also contribute to Hd. HRKKv is due to the
RKKY interaction in which a nuclear magnetic moment
of Y couples indirectly with electronic ones of Gd via a
conduction-electron spin polarization in the CuOz plane.
The above-mentioned decrease of the decay time constant
with an increase of the Gd concentration x shows the
effect of the local fields originating from the Gd moments.

For 0.5 and 1 at. % of Gd concentration, we obtained
the predicted decay curves as the product of a curve which
fitted to the decay of the FID for x 0 and a curve whose
decay was due to only the dipolar fields of the Gd elec-
tronic spins. The latter curve was calculated with the as-
sumption that Gd ions were randomly distributed in the Y
layer after the method by Walstedt and Walker' to calcu-
late field distributions in magnetically dilute alloys. The
obtained curves are given in Figs. 1(b) and 1(c) (dashed
lines). They fit the observed decays very well. Conse-
quently, it is considered that the Hd dominates the decay
and that the HRKKv is negligibly small, as is expected.

Our next discussion is to evaluate the J value by calcu-
lating the local field due to the RKKY interaction. The
expression of HRKKv is given by Yosida in three dimen-
sions. However, a two-dimensional expression of HKKKv
is required for this analysis because conduction electrons
exist in Cu02 planes in the materials. Taking into ac-
count some discussions, 9'0 we obtained the following ex-
pression for the two-dimensional HaKKv..

n '2
HRKKY

to calculate the contributions of all Gd sites, because there
are few sites near the origin compared with the total num-
ber of lattice sites and they have a statistically lower
weight. After the method by Mizuno, ' we calculated the
local-field distribution density of HKKKv in Eq. (1) re-
garding the unknown J as a parameter.

The result of this calculation gives an absorption
linewidth broadened by HKKKv. In general, an absorption
line is a Fourier transform of a FID, and vice versa. In or-
der to compare the calculated linewidths with the experi-
mental decay rates, the half-width for the FID was ob-
tained as a reciprocal of the decay time constant. The full
width at half maximum of each calculated line shape is
shown in Fig. 2 as a function of the concentration of Gd.
The results for 0.1 and 0.2 at. % are also given there, but
they are not used in this discussion.

We thought that if the calculated width was larger than

,'0 of the width estimated from the observed FID (Fig. 1),
there would be a significant difference between the FID
and the decay curve calculated from only the dipolar local
field. Since there was no difference between them as seen
in the preceding discussion, the width due to the RKKY
interaction was estimated not be be larger than, '0 of the
observed width. The calculated widths are 74J Oe for 0.5
at. % and 110JOe for 1 at. % from Fig. 2, while the widths
from the FID's are 5.6 and S.6 Oe for 0.5 and 1 at. %, re-
spectively. Thus, the following inequalities were obtained,

74J & 10 (0.5 at. %)

110J& —"
, (1 at. %),

and from them

J &0.01 (ev) .

As a result, we estimated the upper limit of the J value to
be 0.01 eV. This value is compared with 0.3 eV for Gd in

Ag,
' for example. It is found that the J in the present

material is smaller than that in AgGd by more than 1 or-
der of magnitude.
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FIG. 2. Calculated linewidths due to the RKKY interaction
as a function of the concentration of Gd. Each of them is ob-
tained as a full width at half maximum of the local-field distri-
bution density of HRKK&. The exchange coupling constant J
enters as a parameter. The data for O. l and 0.2 at. % are not
used in the text.
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In summary, we observed the Y NMR in the magnetically dilute alloys Gd„Y~ „Ba2Cu307 —s. The decay of the sig-
nal is caused only by the dipolar local fields, and the RKKY interaction is not eff'ective. The exchange coupling constant
J is less than 0.01 eV.
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