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Paramagnetic resonance of Gd in single crystals of Pd in the very
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The ESR of 300- and 25-ppm Gd in single crystals of Pd at 35 and 9 GHz below 4.1 'K is re-

ported. It is shown that at 1.35 K and at 35 GHz a simple single-ion spectrum was obtained that
is straightforward to analyze. The Gd collective resonance line (cluster line) at 35 6Hz and
1.35 'K shows a diA'erent behavior than at 9 GHz.

INTRODUCTION

Recently, Devine et al. ' and Moret et al. ' have in-
vestigated the EPR spectrum of Gd in single crystals
of Pd at concentrations of 1500—300 ppm and at X
band. A resolved spectrum was reported below 4 K.
The spectrum was explained' as the superposition of
two spectra: (a) the resolved EPR spectra of individu-
al Gd ions in Pd and (b) a collective resonance line of
interacting Gd atoms due to the Gd-Gd spin-spin in-
teraction. The intensity of the collective resonance
line (called cluster line) decreases by lowering the Gd
concentration and its g value is very close to the g
value (g =1.795) of the single Gd ion. The spectrum
of the Gd single ion was calculated by Moret et al. 2

using the Barnes theory' which shows that at
pumped-helium temperatures and around the [100]
and [111]directions, the —, —, line does not appear

due to the large 4M~ = ~1 spin-flip matrix elements
for small Mq levels of the Gd ions. Hence, the
resolved resonance line observed close to g =1.795 is
due to the cluster line only. '

The existence of the collective resonance line even
for low concentrations could be anticipated, since it is
known' that the spin-spin interaction via the indirect
exchange coupling of Gd in Pd is long range. Using a
model of spherical range of interaction, Moret et al. 2

have estimated that the sphere of interaction is en-
closed in a volume of 200 lattice sites. For the Gd
concentration of 1500 and 300 ppm, 16'/o and 6'/0 of
the ions correspondingly should belong to the cluster
line. '

In this work we report the investigations of the EPR
Gd in Pd single crystals in extremely dilute alloys
down to 25 ppm at 9 and 35 GHz. This is an exten-
sion of the experimental work reported earlier. ' By
reducing the concentration to 25 ppm the interaction
between the Gd ions is reduced and therefore the in-

tensity of the cluster line should be very small (less
than 0.5'/0 in a sphere of interaction of 200 lattice
sites). The use of the 35 GHz simplifies the spectrum
of the Gd single-ion spectra: At 1.35 'K only the
three lowest Gd S7~2 levels are significantly populated,
therefore, the single-ion spectrum should contain
fewer lines and should be easier to analyze. We,
therefore, expect to study the behavior of the cluster
line without it being superimposed on the spectrum of
the individual ion.

EXPERIMENTAL RESULTS

Single crystals of Pd with a nominal concentration
of 300- and 25-ppm Gd that were grown by the recry-
stallization method' were measured at X-band and Q-
band frequencies and at liquid-helium temperatures.
One of the 25-ppm samples was small enough
(1.5 x 5 x0.3 mm) to be measured both at X-band and
Q-band frequencies.

Figure 1 shows the experimental results for the 25-
ppm sample at Q-band and 1.35 'K frequency, for the
magnetic field in the [100] direction and for the col-
lapsed angle direction. (H is 30 from the [100] direc-
tion and perpendicular to the [0111 direction. ) The
high-field line in the [100] direction corresponds to
the —

—, ——, transition. The low-field line
7 5

corresponds to the exchange narrowed —— ——and
5 3

2 2
3 [——, transitions. The other transitions were not

observed because of depopulation of higher levels. At
X band and 1.7 K the intensity of the resonance line
at the collapsed angle was large. However, the signals
at the [100] and [111]directions were weak. At these
two directions we could identify a line at a position

] 1where the ——, —, transition should occur. Other
transitions were also identified, but due to their weak
intensities they will not be discussed further.
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DISC USSIONS

At 35 GHz and 1.35 K only the lowest Gd S7/2
7 5 3

levels: —
—, , ——,, and ——, are significantly populated.

This has an advantage for the study of the Gd spectra,
particularly in cubic-field symmetry. For Gd in cubic
environment in the [100] direction two lines

5 3 3 1——and —— ——are very close and on one
2 2 2 2

side of the center of the spectrum the other line
——is on the other side. For Gd in Pd at Q

7 5

2 2

band we have obtained a very simple spectrum con-
7 5

sisting of two lines: the ——, —
2

and the exchange
5 3 3 1

narrowed line —— ——and —— ——.From these
2 2 2 2'

spectra were obtained the crystal-field parameters with
3% accuracy in a straightforward calculation (without
the need for the quite complicated calculation of
Barnes, ' used by Moret er al. ) Measur. ing at Q-band,
therefore, has an advantage in obtaining a better
resolved Gd spectra in cubic symmetry that is simple
to analyze. Chock et al. 5 have reported a partly
resolved spectra for Gd in Au at X band. Measuring
at Q band should produce a better resolved spectra
and may clarify some controversy about the signs of
b4 for Gd in Au. '

The linewidth observed at the —— —position for
I 1

2 2

the 25-ppm Gd in Pd sample, at X band and in the
[100] direction, was too narrow to be attributed to a

1 1
real —

2
—, transition and we therefore attribute it to

a cluster line. Using the criteria of a Gd-Gd sphere of
interaction of 200 unit cells we obtain a stronger in-
tensity for this line than expected from a random dis-
tribution of the Gd atoms. This might indicate a
metallurgical clustering even at such low Gd concen-
trations.

The most interesting result is the disappearance of
the cluster line for the 25- and 300-ppm sample at 35

GHz and 1.35 'K in the [100] direction [Figs. 1 and
2(a)]. The relative intensity of the cluster line for the
300-ppm sample at 1.35 K at X band is about 8%.
The cluster line is clearly observed for the 300-ppm
sample at Q band and 2.13 'K [Fig. 2(b)]. A possible
explanation for the decrease in intensity of the cluster
line with decreasing temperature at 35 GHz is the
depopulation of the higher levels of the S7t2 state.
The depopulation in the case of cubic field symmetry,
produces an eA'ective increase of the distance between
adjacent lines of the Gd spectra. Thus the exchange
narrowing between these lines is decreased and the in-

7 5
tensity is distributed between the —— ——and the

2 2
5 3 3 1

exchanged narrowed —— ——and —— ——transi-
2 2 2 2

tion. More experiments at Q band at higher Gd con-
centrations are needed in order to verify these as-
sumptions.

A Korringa broadening of 8 ~ 1 G/ 'K obtained for
the 25-ppm sample between 1.4 K (at X band and Q
band) is slightly smaller than the value of 9.3 ~ 0.4
G/'K obtained at above helium temperatures as re-
ported by Moret et al. ' The smaller value reported
here may result from some magnetic ordering at
helium temperatures even for samples with such a low
concentration. The approach to ordering in the 300-
ppm sample at helium temperature is expressed by the
minimum in the linewidth at 2.5 'K.

The residual linewidth of 38 G observed at X band
in one of the 25-ppm samples is remarkably small; for
lower concentration in carefully grown crystals smaller
residual linewidths should be obtained. Recently,
Dahlberg' has analyzed the residual linewidth of Er in
Ag as a function of concentration and frequency as-
suming dipole-dipole interaction and oscillations of the
charge density. A similar study is intended in order to
understand the origin of the residual linewidth in Pd
whose range of interaction is long.

'Work is part of the research program of the Sonder-
forschungsbereich 161 of the DFG.
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