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The ESR linewidth of the superconducting oxide GdBa,Cu;0; in the normal state is studied experi-
mentally at 300 K. Several factors that strongly affect its shape and width—skin effect, contribution of
the w_ resonance, and chemical preparation—are examined carefully, and in this context some experi-
mental results on Gd,O; are presented. It is shown that Q-band spectra from both GdBa,Cu;0, powders
(Lorentzian line) and single crystals (isotropic spectra) are of particular interest for theoretical analysis.
The g factor of Gd** in GdBa,Cu;0; is found to be 2.01+0.01. Experimental results are given that indi-
cate the existence of an exchange-narrowed dipolar line, via the Van Vleck—Anderson mechanism and
not the Plefka-Barnes mechanism. Both the second moment of the ESR dipolar line, and the contribu-
tion of exchange to the fourth moment for a powder and for selected field orientations in the case of a
single crystal are calculated numerically. Comparison of the predictions of the Van Vleck—Anderson-
Weiss model with experimental results suggests that the nonadiabatic situation is present even at the Q
band, and the coupling constant between nearest neighbors is found to be 2J /k = —0.3 K. Finally, the
effect of the coupling with the conduction electrons is discussed, and an experimental check is made in a
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dilute sample.

I. INTRODUCTION

The mechanism of superconductivity in high-
temperature superconductors (HTSC) is not identified
yet. One suggestion is that the antiferromagnetic (AF)
couplings could play a decisive role.!™® In this context
the interest of studying the magnetic couplings with ESR
is clear. We have previously studied YBa,Cu;0,. It has
been suggested* and confirmed by single-crystal studies>®
that the Cu®™ ion is not detected by ESR at 300 K in this
material, and that the possible ESR signal comes from
traces of a spurious phase, the green phase.>’ It was then
natural to try and get information on the magnetic cou-
plings replacing the nonmagnetic Y>* ion by a magnetic
ion, and an ideal candidate is Gd** (no charge compensa-
tion, L =0). There is a second reason for the study of the
magnetic properties of GdBa,Cu;0,. The Abrikosov-
Gorkov theory® indicates that introducing a small pro-
portion of magnetic impurities induces a strong decrease
of T., and possibly a suppression of superconductivity.
However, GdBa,Cu;0; has the same 7T, (90 K) as
YBa,Cu;0,, and an explanation has to be found. This
behavior could, for instance, be related to an absence of
strong coupling between the Gd>" ions and the conduc-
tion electrons, or linked to a suggestion made by De
Gennes,! and more experimental data are necessary for
the answer to be unambiguously established.

In this paper, the ESR line in the normal state is exam-
ined experimentally, at 300 K, and theoretically. The ex-
perimental line from both single crystals and sintered
samples is found to be quite asymmetrical. We show that
this is so because the skin effect is present (X and Q
bands) and the ESR line is broad, i.e., its width is compa-
rable with the resonance field (X band). The ESR
linewidth is, moreover, found to depend on chemical
preparation, contrary to what could be presupposed. The
published literature clearly leads to this conclusion. Ex-
cluding the results from Schwartz,’ obviously obscured
by the presence of an intense and wide undesirable signal
from some impurity or unwanted phase, we note that
Nakamura'® obtained a peak-to-peak width AB,,=270
mT with both superconducting (7, ~90 K) and nonsu-
perconducting samples, which compares favorably with
results from Kikuchi:'' AB_ =250 mT (7, ~91 K) and
280 mT (nonsuperconducting sample), while on the con-
trary Mehran!? found ABPPZIOO mT (T, =90 K), none
of these results being from single crystals. We did ob-
serve similar strong differences between samples prepared
differently:"> AB_ =280 mT (sintered samples) and
AB,,=110 mT (single crystals prepared by a mineraliza-
tion process, the width was then unchanged after grind-
ing).

The samples—sintered samples (preparation A4) and
single crystals prepared either by the mineralization pro-
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cess (preparation B) or by the flux method (preparation
C)—and the experimental method are presented in Sec.
II. The experimental results are given in Sec. III, togeth-
er with the fits with analytical expressions intended to de-
scribe the skin effect and/or the presence of the w_ reso-
nance. The effect of grinding, that of removing oxygen
through annealing, and results upon the ESR of Gd*" in
Gd,0; are also presented. The theoretical determination
of the dipolar linewidth and of the effect of exchange is
given in Sec. IV.

II. SAMPLES AND EXPERIMENTAL CONDITIONS

The samples from  preparation A —sintered
samples—were obtained from a stoichiometric mixture
of CuO, Gd,0;, and BaCO; powders. This mixture un-
derwent several heat treatments (950 °C, air) separated by
grinding, then an oxygenation (960°C, 24 h) and a slow
cooling down to room temperature (RT), in an alumina
crucible. The resulting material was a brittle solid. The
x-ray-diffraction spectra could be indexed assuming or-
thorhombic structure and a =3.8369§0. 0033 ;\,
b=3.89631+0.0037 A, c=11.6881%0.0086 A, which is in
agreement with known results upon GdBa,Cu;0,.'%!
The thermal variation of the low-frequency resistivity of
a sample from preparation A4 is given in Fig. 1. The ex-
istence of the SC transition for the different samples was
checked directly by observing the change of the reflection
coefficient of the cavity at T, (contactless measurement).
The single crystals were grown by a mineralization pro-
cess (preparation B) already described>’ or by the flux
method (preparation C). All GdBa,Cu;0, samples for
which ESR results are given were superconducting, with
T, between 88 and 91 K. After annealing, the samples
are designated as GdBa,Cu;0,_;, and their superconduc-
tivity was lowered or suppressed (i.e., T, <4 K). ESR
measurements at the X band (9.3 GHz) were done with a
Bruker ESR 300 spectrometer, using a gas-flow cryostat
(Oxford ESR 9) and the Varian rectangular dual cavity
(TE,p4).- The Q-band measurements (35 GHz) were done
with the Varian E110 bridge and a cylindrical cavity, and
with a gas-flow cryostat (Oxford CF 35). The single crys-
tals were stuck at the end of a silica capillary tube. The
other samples were put into a silica ESR tube.

III. EXPERIMENTAL RESULTS

We will call H the static field in ESR experiments. In
the theoretical discussion we will use SI units. We there-
fore use B=puH both in this discussion and in the pre-
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FIG. 1. Thermal dependence of the low-frequency resistance
for a GdBa,Cu;0; sintered sample.

sentation of the experimental ESR results. In this presen-
tation, in addition to the A /B ratio, which measures the
asymmetry of the line, we have systematically indicated
the experimental results, g.4=hv/BB (3 is the Bohr mag-
neton), and AB,,, the experimental peak-to-peak
linewidth. Even if they presently have generally no direct
physical meaning, they allow easy comparison with other
experimental results and are often given in the existing
literature on ESR in superconductors (c.f. Refs. 16—17).
We have, moreover, tried to determine the intrinsic pa-
rameters: g factor, and AB, ,, the peak-to-peak intrinsic
linewidth, i.e., width in the absence of complications such
as (1) skin effect, (2) presence of the wing of the w_ reso-
nance when AB; =~ resonance field, a consequence of
the linear polarization of the rf field, when either seemed
of interest. Two facts were quite helpful in the interpre-
tation of the ESR spectra: measurements at the Q band
besides those at the X band, and comparison of the spec-
tra before and after grinding. We first present the results
obtained with the single crystals from preparation B,
which are simpler than those from the sintered samples.
The ESR spectra from a single crystal from prepara-
tion B are shown in Figs. 2, 3, curve a (X band), and 4,
curve a (Q band). We first comment about the X-band
spectrum. This spectrum is nearly isotropic (Fig. 2, and
the fact that the spectrum is independent of a rotation of
the static field around the c¢ axis) and quite asymmetrical
[Fig. 3, curve a, A/B~2.6]. The apparent values are
8er~1.82 and AB,,~128+6 mT (Fig. 3, curve a). The
spectrum is approximately described with a Dysonian
shape. Calling B, the resonance field for the Lorentzian
line, AB=V3AB,;,, the width between half-height
points of the Lorentzian line, and introducing x =B /B,
a=2By/AB, and U=a(x—1), then the theoretical ex-
pression y'=(1—2U—U?%/(1+U?)? is asymmetrical,
with 4 /B ~2.55. A fit is obtained between this expres-
sion and experimental results using the following values
for the Lorentzian line describing the absorption:
g=2.046 and AB; =115 mT. Some theoretical y’

PP
values obtained this way are reported in Fig. 3, curve a.
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FIG. 2. X-band ESR spectrum from a GdBa,Cu;0; single
crystal prepared by the mineralization process (T'=300 K,
v=9384 MHz, P=20 mW, and B, =2 mT,,). (a) static field
and ¢ both horizontal, 6 is the angle between ¢ and the static
field; and (b) static field in the ab plane.
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FIG. 3. X-band ESR spectra at T=300 K. (a) single crystal
(mineralization). Static field ||c, v=9384 MHz, P=20 mW, and
Bog=2 mT,, g4=1.82 and AB,,=128+6 mT. Theoretical
values using a Dysonian shape with g =2.046 and AB,; ,, =115
mT are indicated by *. (b) powder sample [crystal in curve a is
ground]. v=9380 MHz, P=20 mW, and B, =2 mT. g=2.02
and AB,,=112+6 mT. Theoretical lines are given for a
Lorentzian (*) and a Gaussian (@) shape. The intensity for the
same mass of the sample is increased by a factor of 7.

The corresponding Q-band spectrum (Fig. 4, curve a) is
also asymmetrical and isotropic (gegr==1.96,
AB,~124+8 mT), and is well described with a Dysoni-
an shape, with g=2.022 and AB,-,ppz 113 mT. After
grinding, the line recorded at the X band is [Fig. 3, curve
b)] nearly symmetrical (4 /B =0.9), with g=2.02 and
AB,,=112+6 mT. For the same mass of sample its in-
tensity is increased by a factor of 7 by this grinding. The
Q-band spectrum after grinding is given in Fig. 4, curve
b. It is symmetrical (4 /B =1.01%0.05), with g =2.004
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FIG. 4. Q-band ESR spectra at 300 K. (a) single crystal
(same as in Fig. 3). Static field ||c, v=34982 MHz, P=5 mW,
and B, =4 mT. g.=1.96 and AB,,=124+8 mT. Theoreti-
cal values using a Dysonian shape with g=2.022 and
AB; ,,=113 mT are indicated by (*). (b) powder sample (crystal
in curve a is ground). v=35,001 MHz, P=5 mW, and B, =4
mT. g=2.004 and AB,,=108+4 mT. The intensity for the
same mass of the sample is increased by a factor of about 20 by
grinding. Theoretical values are given for a Lorentzian (*) and
for a Gaussian (@) shape.
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FIG. 5. X-band ESR spectra at T=300 K. (a) sintered sam-
ple. v=9383 MHz, P=100 mW, B =2 mT. A4/B=~1.45,
8s=1.70, and AB,,=302 mT. The spectrum can be fitted (*)
by taking account of both the presence of x’, with an unusual
proportion, and the presence of the w_ resonance, with
g=2.013 and AB,; ,,=307 mT (see text). (b) powder sample
(sintered sample in curve a is ground). v=9380 MHz, P=20
mW, and B_.,s=2 mT. The signal is still asymmetrical, but
with 4/B<1 (A/B=0.62, g.=2.13+0.02, AB,,=281+8
mT). It can be described (*) by taking into account the presence
of the w_ resonance, with g=2.037, AB; ,,=304+10 mT (see

text).

i,pp

and AB,,=108+4 mT. The factor for the intensity in-
crease is now 20 rather than 7.

The spectra from a sintered sample are presented in
Figs. 5, curve a (X band) and 6, curve a (Q band). The X-
band spectrum obtained then (Fig. 5, curve a) is the most
complex of all those presented in this paper. It is
asymmetrical with A /B far less than 2.55 (4 /B ~1.45),
8.s=1.70, and AB,,=302 mT. The corresponding Q-
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FIG. 6. Q-band ESR spectra at 7=300 K. (a) sintered sam-
ple (same as in Fig. 5). v=34831 MHz, P=5mW, and B, =4
mT. g=1.92, AB,,=202+8 mT. The line can be fitted (*) us-
ing a Dysonian shape with g=2.013 and AB,; ,,=178+8 mT,
and an additional drift term. (b) powder sample (sintered sam-
ple as in curve a is ground). v=34792 MHz, P=5 mW,
B 0a =4 mT,,. The spectrum is symmetrical, with g =2.01 and
AB,,=170+4 mT. Theoretical values are given for a Lorentzi-
an (*) and a Gaussian (@) shape.
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band spectrum is also asymmetrical, but now with
A/B=2.6, corresponding to the conventional skin
effect. The apparent parameters are g.;=1.92 and
AB,,=202t8 mT. Before explaining how we extracted
the intrinsic parameters, it is useful to present the ESR
spectra obtained after grinding. The X-band spectrum
after grinding (Fig. 5, curve b) is quite asymmetrical but
with 4 /B <<1 (A4 /B =0.62), and the apparent parame-
ters are g.4=2.13+0.02 and AB,=281+8 mT. It can
be described by considering the presence of the w_ reso-
nance, and taking
U vV

s + 1
Y ar T 1+ vy W

with V=a(x+1). A fit is obtained with ¢ =1.16 and
one finally gets g =2.037 and AB,; ,,=304+10 mT. The
Q-band spectrum after grinding (Fig. 6, curve b) is
symmetrical, and with g=2.01 and AB_,,=170+£4 mT.
The Q-band spectrum before grinding (Fig. 6, curve a) is
well described using a Dysonian shape with g =2.013 and
AB; ,,=178+8 mT, and an additional linear correction
term describing the drift of the base line. It is not possi-
ble to describe the line obtained at the X band before
grinding using either a Dysonian shape (here 4 /B is less
than 1) or the presence of the wing of the w _ resonance,
or using both. We were able to describe it by considering
that we have both the presence of the wing of the w_ res-
onance, and a mixture of '’ and Y’ with unequal propor-
tions, which was suggested by the fact that the conven-
tional skin effect does not seem to apply presently.”!8
More precisely, we used

yoa—2U—aU? a+2V—al?

) ()

(1+U?)7? (1+p?2)?
the derivative of
o 1+alU | 1—aV
1+U%  1+v?

For consistency, we used a =1.16, the result found for
the X-band spectrum after grinding. The spectrum could
be fitted (Fig. 5, curve a) with this value and a=0.5, in-
stead of a=1 for a Dysonian line. These values lead to
g =2.013 and to the value AB; ,,=307 mT for the peak-
to-peak width of the individual Lorentzian line.

In our first experiments, after grinding of the crystals
or sintered samples, the line was still asymmetrical at the
Q band. A more efficient grinding led to the present re-
sults. The mean diameter of the grains obtained, as mea-
sured from electron microscopy, was then 4 um. The
first results with these fine powders were obtained after
dilution into paraffin,!> but subsequent measurements
showed that the same results were obtained without dilu-
tion. In this paper, subsequent results for ground sam-
ples are for these fine powders.

From these results and this discussion, it is finally
made clear that the ESR spectra can be deeply affected
by the skin effect and/or by the presence of the w_ reso-
nance, however, the results are coherent once these com-
plications are taken into account. It seems reasonable
not to treat the different results on an equal footing. The

g value obtained from the ground sample at the Q band
seems, for instance, more trustful than the corresponding
value before grinding at the X band. Having this point in
mind, we conclude, after an examination of the whole of
the results, that g =2.01%0.01 for both the crystals and
sintered samples. This should be compared to 1.9925, the
free-ion value,!® and to values found in insulators, for in-
stance, 1.9925 in CaO and 1.991 in CaF, and ThO,.?°
AB; ,,=108+4 mT at both the X and Q bands, for the
crystals, AB,-,pp=304iIO mT at the X band and 170 +4
mT at the Q band for the sintered samples.

What we have called for convenience the intrinsic line
does not have in fact, a strictly Lorentzian shape (e.g.,
Fig. 3, curve b), which explains at least partly that, in the
presence of the skin effect, the fit with a Dysonian line is
not perfect (e.g., Fig. 3, curve a). The existence of a
(nearly) Lorentzian shape suggests the existence of ex-
change, which seems more effective in the crystal than in
the sintered sample. When going from 9 to 35 GHz, the
line is not reduced (crystal from preparation B) or re-
duced only slightly (factor less than 2), which suggests
that the £ effect (cf. Sec. IV) is still effective at 35 GHz.

We now present some ESR results from the crystals
obtained with the flux method (preparation C), limiting
the presentation to the following points: (1) after grind-
ing, the results resemble those from the sintered samples
(the apparent values are A/B=1, g 4=2.03,
ABPP=158i4 mT at the Q band, and A /B =0.54,
ger=2.24, AB ;=292 mT at the X band), and (2) before
grinding the line is broader than that from the crystals of
preparation B, and is somewhat anisotropic: at the Q
band, AB, ;=232 mT for c||H and 252 mT for ¢1H, and
at the X band AB,,=314 mT for c|H and the width
varies between 240 and 270 mT when the static field is ro-
tated around the c axis.

We have not been able to establish experimentally how
the chemical preparation affects the linewidth. It is natu-
ral to imagine that the coupling between Gd>* neighbors
could be the superexchange through oxygen ions, and
that the occupancy of the oxygen sites could be slightly
preparation dependent. In fact, this does not seem to be
the case, as can be deduced from ESR observations made
after a decrease of the oxygen content by annealing. Fig-
ures 7-9 show the 300-K X-band ESR spectra from two
samples from preparation A4 (A4,, 4,) and from one sam-
ple of type B. Figures 7 and 8 are 300-K spectra, while
Fig. 9 was obtained at 100 K for a better S /N ratio, the
linewidth and shape being the same as at 300 K. Table I
gives their T, before and after annealing (500 °C, air, 10-
mm Hg): '

We observed that the decrease of the oxygen content,
which strongly affects the superconducting behavior,
does not change the measured linewidth (at 300 K, 300
mT for 4, and 4,, and 110 mT for B,, before and after
annealing). We also note that even after the annealing of
A,, which leads to a nonsuperconducting sample, the
300-K ESR line has still a Dysonian shape, which indi-
cates that conduction electrons are still present and
mobile at 300 K.

It could perhaps be objected that the whole of the ESR
results presented in this paper does not come from the su-
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FIG. 7. X-band spectra of the GdBa,Cu;0,_5 A1 sintered
sample at 7=300 K (v=9388 MHz, P=20 mW, and B,,s =2
mT,,). (a) before and (b) after annealing (T, ~=53 K).
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perconducting phase, a situation already found for Cu?*
in YBa,Cu;0;,. It is difficult to eliminate totally this ob-
jection only by reasoning, as the reason why Cu?% is ESR
silent in YBa,Cu;0; is uncertain. It can, for instance, be
argued that the AF couplings between the Gd** ions are
much weaker than between Cu?"; but the absence of the
Cu?* signal as a consequence of strong AF coupling is
only a suggestion.” We have therefore preferred to check
this point directly. Our ESR results upon the starting
powder materials (Gd,0;, CuO, BaCQO;) show that an
ESR spectrum is found with Gd,0; only. At the X band,
the signal from Gd,0; is identical (same shape, AB,,, and
ger» Fig. 10) to that from a powder of a GdBa,Cu;0,
sample of type 4. We had, therefore, to clarify this ques-
tion. We observed that (1) x-ray-diffraction spectra of a
GdBa,Cu;0, sample from preparation 4 do not show the
diffraction lines of Gd,0;; (2) intensity measurements of
the X-band ESR line from sample A after grinding and
from Gd,0; show that I(sample A4)/I(Gd,0,)=0.3 for
the same mass, the ESR signal from sample 4 cannot
originate from Gd,O; as it does not seem realistic to con-
sider that sample A contains 30% (mass proportion) of
Gd,0; (sample A is superconducting at 90 K, and does

|
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FIG. 8. X-band spectra of the GdBa,Cu;O;_5 A2 sintered
sample at T=300 K, with v=9388 MHz, P=20 mW, and
B,.ca=2 mT,,. (a) before and (b) after annealing (not supercon-
ducting).
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FIG. 9. X-band spectra of the GdBa,Cu;0,_; single crystal
B1 (mineralization process) at T=100 K, with v=9390 MHz,
P=20 mW, B,,,s=2 mT,, and the static field in the ab plane.
(@) before and (b) after annealing (T, =52 K).
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not contain the Gd,O; x-ray-diffraction lines); and (3) the
ESR line from Gd,0; has the same linewidth at the X
and Q bands (280 mT), contrary to what was observed
with sample A. One can therefore clearly eliminate the
possibility that the ESR line in sample A could originate
from Gd,0;.

We therefore finally conclude that the line is due to the
Gd>* ions. We will consider that for some still unknown
reason the exchange is not fully effective in our sintered
samples and in our single crystals prepared by the flux
method. This is in agreement with the experimental re-
sult that even in the samples prepared by the mineraliza-
tion process, the linewidth is somewhat sample depen-
dent.!> We will keep in mind that when the exchange is
fully effective, the width is isotropic and has the same
value, 1084+4 mT at the X and Q bands. The discussion
that follows confirms that the line can be attributed to
the Gd>" spins and to their internal couplings.

IV. DISCUSSION

We already know!? that if, starting from GdBa,Cu;0,
the Gd*>" concentration is decreased, the ESR linewidth
decreases, indicating that the line in GdBa,Cu;0; is asso-
ciated with the dipolar coupling. The ESR line shape is
not Gaussian but rather Lorentzian, indicating the pres-
ence of exchange narrowing. It is helpful to find experi-
mental facts establishing whether the exchange narrow-
ing has its origin in the coupling between the Gd*>" ions
(Van Vleck—Anderson narrowing mechanism),?"?? or be-
tween the Gd3" ions and conduction electrons (Plefka-
Barnes narrowing mechanism).?>2* We found that the

TABLE I: Annealing of samples 4,, A,, B;: conditions and
effect upon T,.

T,
before annealing Annealing T,
(K) duration after annealing
A, 86 1H 53 K
A, 86 2 H 40 Not superconducting
B, 92 2 H 30 52 K
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FIG. 10. X-band spectra at T=300 K, with v=9382 MHz,

P=20 mW, and B,y =2 mT,,. (@) GdBa,Cu;0; 43 sintered
sample (T, ~90 K) ground and (b) Gd,0; powder.

line shape and width in GdBa,Cu;0; is the same at 150
and 300 K, which shows that the Plefka-Barnes mecha-
nism is presently not operative. If it were, w,, the angu-
lar frequency for exchange, would be proportional to the
inverse of T}, the relaxation time of the Gd** spin under
the influence of the coupling with the conduction elec-
trons, and we would then have w, < kT (Korringa rela-
tion?’). When lowering the temperature from 300 K, the
efficiency of exchange would then decrease and the line
would broaden, contrary to what is observed. We will
therefore calculate the dipolar width, and the effect of the
exchange coupling between the Gd*t ions, for
GdBa,Cu;05, both for a powder and, in the case of a sin-
gle crystal, for several orientations of H, the static field,
using the results of numerical calculations wherever
necessary.

We consider that the Gd*" ions are at the nodes of a
lattice with tetragonal symmetry with a =b =c /3, a real-
istic model of the situation in GdBa,Cu;0,. In the case
of a single crystal, we consider H along ¢ (H||[001]), H
along a (HJ||[100]), H||[110], and the case where H is col-
inear to the vector with components a/V'3, a/V3,
¢ /V'3, which we will note H:1/V3. When H:1/V3, the
angle between H and c is roughly 25°.

If the Gd** ions are coupled by the dipolar coupling
but not by exchange (dipolar line), a Gaussian line is ex-
pected. For the moment the adiabatic approximation is
assumed to be valid, i.e., only that part of the dipolar
Hamiltonian which commutes with the Zeeman Hamil-
tonian, or secular part, is kept in the calculation of M,,
the second moment of this Gaussian line. Then M, has
the form

2
wm,= |2 8B | gs+1)3, 3)
47 43
with
3 _ (1—3c0s%0,,)?
== —_— . 4)
4 % R

In the above equations 1/ —AZ; is expressed in angular fre-
quency units, Rg, =rg,/a is the reduced distance be-
tween spin k and a spin taken as origin, and 6, is the an-
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gle between the static field and ry, joining these spins.
The corresponding width between inflection points is
AB (1/7)2V/M,. In the case of a powder, averag-

pp.dip
ing over the orientations leads to
172
a8, =288, 1 255403 5)
4T a’ 7 R

A numerical calculation gives 3 ;(1 /R 0;)=4.7 (consider-
mg the first and second neighbors only gives 4.5). Taking
=3.875 A (Ref. 14) and S= 7, one gets AB =0.425 T

for a powder. In the case of a single crystal,

B, =288, 55TV .

47T a’

Table II gives the values of = (numerical determination)
and AB , ;, for the four selected orientations.

We now examine the influence of exchange upon the
ESR linewidth, using the Van Vleck-—-Anderson-Weiss ap-
proach.?"?2 We call —2Js,-s, the exchange coupling be-
tween two spins s; and s,. We assume as above the valid-
ity of the adiabatic approximation, and compare our
theoretical predictions with experiment. Aw,.,, the
theoretical width of the exchange-narrowed line in the
adiabatic approximation measured between the half-
height points of the absorption curve and expressed in
angular frequency units, is related to M,, and to w,, the
angular frequency of exchange, through

2M,

Ao,., =~ 6)
with

M, =§M2wg . 7

M, is the contribution of exchange to the fourth moment
of the ESR line and is given, in the adiabatic approxima-
tion, by (cf. the Appendix and Ref. 26)

& gZBZ
47 g3

X {[1S(S+1)]25"

#M, = (2J)?

+L[4SAS+1)1?—38(S+1D)]="} . ©®)

+ 1

2
The expressions for 2’ and 2" in (8) are given in the Ap-
pendix. In (8) #(M})!/* and J have units of energy, and
(8) is established considering that the coupling 2J;; is a
constant, 2J, between nearest-neighbor (NN) spins and is
zero otherwise, and neglecting terms linear in J against
those in J2, as initially suggested by Van Vleck. In his

TABLE II. Theoretical dipolar peak-to-peak linewidth for
Gd*" in GdBa,Cu;0; (crystal, powder) in the adiabatic approxi-
mation.

H 001 100 110 1/V73 Powder
b3 3.54 7.81 1.83 0.44 2.82
AB,,4p (T) 0476 0708 0342  0.168 0.425
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explicit computation of the fourth moment for a simple-
cubic lattice (distance between NN =d), Van Vleck more-
over neglected dipolar terms connecting atoms separated
by distances greater than 2d, and neglected the 2"’ term,
noticing that its spin-dependent factor is zero if S=1.
We did a numerical calculation of M} without these last
two simplifications [use of numerical methods makes the
first one unnecessary, and the validity of the second one
is uncertain in the present case (S=21)]. The predicted
value of the exchange-narrowed linewidth for the
powder, and for the chosen orientations of the static
magnetic field in the case of a single crystal, are collected
in Table III, taking the width for H||c as a reference.

The theoretical widths for the powder and for H||c are
significantly different, and moreover a strong anisotropy
in the ab plane is predicted, and the width for the three
orientations in that plane should differ strongly from that
when H]|c. In fact, the experimental width is isotropic.
This discrepancy between experimental and theoretical
results suggests that our initial assumption—adiabatic
approximation—is presently invalid. Both the secular
and the nonsecular parts of the dipolar Hamiltonian
should be considered. Then the theoretical line is isotro-
pic, the second moment is % times its value calculated
for a powder in the adiabatic approximation, and this is
equally true for the part of the fourth moment associated
with exchange?’ (L effect??2). The results in Ref. 27
have been established for cubic symmetry. We will con-
sider that they constitute a first approximation in the
present case with tetragonal symmetry, without being
able to totally exclude the possibility for the Gd** ions of
occupying not the Y3 sites, as generally thought, but the
nodes of a lattice with cubic symmetry. Equation (6) is
then still valid, but with the modified M, value and can
be used to determine w, through

w, . 1 (AB Ipp,dip )2

?/ 2V3 AB pp,expt

9)

where AB, ..., is the peak-to-peak width of the experi-

mental (Lorentzian) line, and (AB 'pp)dip )? is 122 times the

3
square of the peak-to-peak width of the (Gaussian) dipo-

lar line calculated for a powder within the adiabatic ap-

proximation. We have found that AB, .,.,=0.108 T.
Therefore,
@, 1 |10 |0.425°
= |— =1.61T.
y 2v3 |3 |0.108

This value should be compared to the Zeeman angular
frequency w, (at the Q band w, /Y =1.25 T). This means
that even at the Q band w, R w,. Consequently, even at

TABLE III. Theoretical value of the exchange-narrowed
line, in the adiabatic approximation, taking the value for H||c as
a reference.

H orientation 001 100 110 1/V73 Powder
Theoretical .
exchange- 1 2.12 0.46 0.11 0.76

narrowed line
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the Q band the adiabatic approximation is expected to be
invalid. It is equivalent to say that the nonsecular part of
the dipolar Hamiltonian should manifest itself as a cause
of broadening at the X band (£ effect) and should be as
effective at the Q band. We did observe experimentally
that the linewidth was the same at 35 GHz as at 9 GHz.
We also observed that for the samples where the ex-
change is less effective, i.e., w, smaller (sintered samples
and crystals prepared by the flux method), the line was
narrower at the Q band, the difference being less than 12,
which is in agreement with our interpretation.

We are now in a position to calculate 2J, the coupling
constant between two NN Gd>* spins, using our experi-
mental results and the results of this analysis. Using Eq.
(7) and the expression for M, and M, valid in the nonadi-
abatic case, namely [Eq. (A5) and Table V of the Appen-
dix, and Eq. (3) and Table II]

2
232
M= Ho g8 (2J)22825(12) , (10
47 43 }
L 2 |2
M, = | L2088 | g5 +1)2.82(10) (1n
47 g3
one finally gets
- 2.82 fiw,
= | — —_ — =U. . 2
20 /k= | ZS(S+ DTS ;. 0-33K. (2

Before discussing this result, we note that our calcula-
tions (see the Appendix) show that neglecting the second
term of M finally constitutes a reasonable approximation
even in the present case of an § =71 spin, which was ini-
tially uncertain. We also note that replacing Eq. (8) (with
the addition of the X factor) by the approximate expres-
sion

Ho g?B

2
4 a3 (2J Y[LS(S+1)]777.8(12) (13)

MY ~

and using Egs. (7), (11), and (13), one gets
©?~1.95(2J /#)’S(S +1); in the case of a simple-cubic
lattice and with the same approximation, one would get a
result of similar form, with 2.8 instead of 1.95.26 We
finally compare our result for 2J /k with that deduced
from the knowledge of the transition temperature Ty. It
is well known that the expression deduced from the
molecular field model, 2J/k=3Ty /zS(S+1) (z is the
number of NN of a given spin) is only a poor approxima-
tion of reality. The more exact calculation by Rush-
brooke and Wood gives 2J /k =1.79[3T, /zS(S +1)] for
a simple-cubic lattice and S=1.2® Accepting this result
for the present case (S=1), one gets J/k=0.2 K
[Ty=2.24 K (Ref. 29)]. The difference between this
value and our result from ESR is not surprising, due to
the assumptions made in both approaches. On the con-
trary, we think that the whole of our results clearly
confirms that the 300-K ESR spectrum observed in
GdBa,Cu;0, does come from the Gd>" spins and their
internal couplings, and that it is possible to neglect their
coupling with the spin of either the Cu®" ions or the con-
duction electrons at this level of approximation.
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FIG. 11. X-band spectra for a Y, ¢sGdg ¢,Ba,Cu;0,_5 single
crystal prepared by the mineralization method. v=9388 MHz,
P 20 mW, and B, =2 mT,,. The spectra have been record-

(a) before annealing (7, =90 K), at 300 K (curve a, 300 K)
and at 4 K (curve a, 4 K); and (b) after annealing (superconduc-
tivity has been suppressed, see caption Fig. 12), at 300 K (curve
b, 300 K) and at 4 K (curve b, 4 K).

V. CONCLUSION

Based on experimental and theoretical results, the fol-
lowing picture finally emerges: in GdBa,Cu;0, one can
consider two distinct systems, the Gd** ions and the con-
duction electrons. The Gd*" ions are coupled by both
the dipolar and the antiferromagnetic exchange cou-
plings. The efficiency of the dipolar coupling is reduced
by the AF coupling, which at the ESR scale appears as a
narrowing of the ESR dipolar line. The exchange con-
stant between NN deduced from ESR spectra is
2J /k=—0.33 K. The exchange coupling between the
Gd** spins and the conduction electrons is weaker than
between Gd** spins and has no effect upon the width of
the ESR line at 300 K. It is tempting to suppose, howev-
er, that this coupling is responsible for (1) the small g
shift observed in ESR (Hasegawa mechanism?®) and (2)
the difficulty to observe a well-resolved fine structure in
Y,_,Gd,Ba,Cu;0, with low Gd** concentration at 300
K. Before concluding, we have tried to check one of
these suggestions experimentally. The g shift is small,
and we therefore preferred to test the question of the fine
structure. We recorded the X-band ESR spectrum from a
single crystal with x =2% Gd, at both 300 and 4 K, be-
fore and after annealing. In our interpretation, before an-
nealing, at this concentration the 300-K spectrum (Fig.
11, curve a 300 K) is exchange narrowed by the Plefka-
Barnes mechanism, and the fine structure is unobserved.
We will discuss the effect of the passage through 7, in

M, =
4 4

2
&gZBZ] N*] ‘ '

X[LS(S+ 1P+ 3 bj(21)5 [£SHS+1)*—

k>j

i _bkl) +2(2J Jk(ZJ)k[(

25 ‘
zoL -

[ 1 \
. |
15 ‘

RMQ)
T_,
[

T

FIG. 12. Thermal dependence of the resistance of the
Y.9sGdg 0.Ba,Cu30,_5 crystal used in Fig. 11, after 17-h an-
nealing at 800°C, in a 2.5-mm Hg N, atmosphere. After this an-
nealing the sample was not superconducting even at 4 K.

both the x =1 and dilute samples separately, and here we
just present the ESR spectrum recorded at 4 K in this su-
perconducting material (Fig. 11, curve a, 4 K). After an-
nealing, the material is no longer superconducting. At
300 K, conduction electrons are, however, still present
and mobile (see Sec. III). When the temperature is de-
creased, the resistivity increases strongly (Fig. 12), and at
a low enough temperature the concentration of the car-
riers can be expected to be low enough for the exchange
coupling to become inefficient. Exchange narrowing will
then be absent and the fine structure will be observable.
The fine structure in the Y, ¢3Gd, ¢,Ba,Cu;0, annealed
sample did appear in a spectacular manner below roughly
100 K. Figure 11, curve b, 4 K shows the spectrum
recorded at T'=4 K. From the general discussion of our
experimental results, we will also keep the idea that addi-
tional experiments seem of interest, in order to measure
the Ty value in GdBa,Cu;0, samples from both prepara-
tions 4 and B, to check the positions of the Gd3" ions,
and to study more systematically the ESR in samples
with partial gadolinium substitution.
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APPENDIX: CALCULATION OF M

We write —2Js;'s;, the exchange coupling between
two spins, as in Ref. 28 (see Sec. IV). The starting expres-
sion for M, where (#*M)!/* has units of energy, is

bjk )(bjl_bkl)]

IS+, (A1)
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TABLE IV. The values of the dimensionless sums 2’ and ="
for a powder and for selected orientations of the field for spins
at the nodes of a lattice with tetragonal symmetry.
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TABLE V. M|, the exchange contribution to the fourth mo-
ment of the ESR line (first and second terms, and their sum).

H 001 100 110 1/V73 Powder
s

il 001 100 110 /v3 Powder @1y 2355 5511 1876 553 2145
3’ 42.73 99.97 34.03 10.03 38.91 945 3" 851 2126 213 0 680
x" 9.0 22.5 2.25 0 7.2 Total 3206 7637 2089 553 2825
where by =3[(1-3 00529)/rﬁc ]. This expression for M and
is equivalent to Van Vleck’s results.?! In the expression S =3 p2 (Ad)
for M}, the terms linear in the exchange coupling are far 2 =ivop -

smaller than the quadratic terms and have been neglect-
ed. N is the number of spins, the sum ¥, ; ;.. means that
the three indices j, k,/ must be different. Taking J,, =J if
a and b are nearest neighbors and J,, =0 otherwise, then

2

Mo (2.])2

Ll P
47TgB

X{[LS(S+1)]2%,

#M, =

+HI[4SHS+1)12—1S(S+1)]2,} .

5

(A2)

In this expression

=3 z(bjzl_bﬂb()l)+ > [bj'ZI_ZbOijl+b0jbol] ’
il il

(A3)

In the expressions for =, and 2,, a spin (spin 0) is taken
as origin, jis a NN of 0. In the expression for =, / is dis-
tinct from O and j, and is otherwise arbitrary for the two
first terms, while it is a NN of O for the three remaining
terms. Concerning the case of identical spins at the
nodes of a lattice with tetragonal symmetry
(a=B=vy=m/2) and a =b =c /3, we have calculated the
dimensionless sums 3'=a%3, and ="=a%%, for a
powder and for the three chosen orientations of H in the
case of a single.crystal. The “spin-independent” results
for 2’ and X" are given in Table IV.
When S =1, Eq. (A2) gives

7’ 2B2 2
—2 8B | (277415 4+94.55"] .

#M, =
4 4 a3

(AS)

The two contributions to M, are given separately in
Table V.
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