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of the individual metals. Thus any calculation
of the residual values of L will probably re-

2

quire a consideration of features pertinent to
the metal of interest. To the best of this au-
thor's knowledge, this has been carried out
only in the case of Pd, where a recent refine-
ment' of the s-electron-paramagnon scattering
theory provides an estimate of the low-temper-
ature value of L in terms of the Stoner enhance-
ment factor (1/K, ')." The experimental L,
of 0.7 then yields a 1/K, ' of approximately 5.
The value of 1/K, ' for Pd is not known, but
the above result is in fair agreement with a
recent estimate of 8.'

The author is indebted to B. C. La Roy and

R. Williams for the preparation of the Pd spec-
imen and to A. C. Ehrlich for help in data ac-
quisition. He is particularly grateful to A. I.
Schindler and M. J. Rice for many stimulating

discussions and for communication of the re-
sults of their work prior to publication.
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The anisotropic electron-paramagnetic-resonance spectrum of an erbium-doped sin-
gle crystal of magnesium metal is characteristic of a uniaxially distorted p& doublet of
the free-ion 1&5&2 multiplet. The observed linewidth anisotropy is consistent with an iso-
tropic conduction-electron-localized-electron exchange interaction.

We wish to report what we believe to be the
first observation of an anisotropic electron-
paramagnetic-resonance signal in a metal.
We have observed the resonance spectrum of
erbium-doped single-crystal magnesium met-
al in the liquid-helium range at both 9 and 35
Gc/sec. The g tensor is uniaxial, with@~~ =8.90
+0.1 and g&= 5.77+0.1. If it is assumed that
the uniaxial component of the crystalline field
is small compared with the cubic field splitting,
and the "parent" state is the I; level of the
free-ion I»&, multiplet, these values obey the
relation'g~~ +2& =3g, where g =6.8. The
line shape is found to be that predicted by Bloem-
bergen' with a width which increases linearly
with temperature. The broadening is anisotrop-
ic, the temperature-dependent part varying
from 120+20 G in the parallel direction to 140
+ 20 G in the perpendicular direction at 4.2'K.
This anisotropy can be accounted for on the
assumption that the conduction-electron-local-
ized-electron exchange interaction is isotrop-

ic, and yields a value for the exchange integral
of +0.13 eV. This value yields a calculated
residual X-band (T= 0) linewidth' (cut-off Lo-
rentzian) of 25 G for h f & c axis, to be com-
pared with an observed extrapolated T= 0 width
of -110+30 G. The residual linewidth was found
to be -80+ 30 G for hrf ll c axis.

Previous measurements~ of the resonance
properties of localized moments in metals were
performed in cubic hosts. The first observa-
tion of the resonance of a non-8-state ion was
reported recently by Griffiths and Coles. ' They
observed the resonance of Er dissolved in Ag
in small-particle samples. Geschwind~ observed
the resonance of Mn in single crystals of Cu
and found results similar to those reported
earlier by Owen et al.~ In order to examine
the effects of a crystalline field on a moment
dissolved in a metal, single crystals of mag-
nesium doped with a variety of rare-earth met-
als were grown. The local symmetry of a rare-
earth atom, assumed to substitute for a mag-
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nesium atom, is expected to be nearly cubic,
but with a small hexagonal distortion. Erbium
was chosen as a dopant because of the great-
er solubility of the second half of the rare-earth
series in magnesium metal. ' Single crystals
of magnesium were grown by the Bridgman
technique containing concentrations of erbium
in the 0.1% range. No additional phases were
observed by inspection of the crystal, and back-
reflection x-ray photographs showed only the
hexagonal structure typical of magnesium met-
al. Microprobe measurements demonstrated
rough uniformity of concentration, varying from
a minimum of 0.08 at.% to a maximum of 0.15
at.% over distances of the order of a few mi-
crons. At no time were concentrations observed
which would have corresponded to the known

compounds of the form ErMg . Magnetic sus-
ceptibility measurements' were made from
room temperature down to 2.5'K, and displayed
a Curie-like behavior, indicating the absence
of magnetic ordering. The samples were ori-
ented using x-ray photographs and cut to ap-
proximately cylindrical shape with an acid string
saw.
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FIG. 1. X-band resonance line (derivative of absorp-
tion) for a 0.1% Er:Mg single crystal at 4.2'K.

Observations of the resonance were made
between 4.2 and 1.4'K (see Fig. 1) and showed
a characteristic' metallic line shape with an
A/B ratio (low-field peak height to high-field
peak height) of about 2.6. The resonance sig-
nal was observed to disappear very rapidly
as the sample warmed up above helium temper-
ature. We could not determine whether this
was caused by a decrease of signal intensity
(as found by Griffiths and Coles') or by a rap-
id increase in linewidth.

The observed linear increasee of the linewidth
with temperature is expected from the usual

i

Heitler -Teller-Qverhauser" formula. We adopt
an s-f exchange interaction of the form"

X = -(2J /n )Q .5. s(r) 5(R.-r)sf 0 ii Z

=-(2Z /n )[(g -1)/g ]Q gg 3. s (r)+g [S. s (r)+3. s (r)]]5(R.-r),

where Si is the spin of the ith erbium ion; s(r) the spin of the conduction electron at the position r
-R;, relative to the ith erbium ion; n, is the number of lattice sites per unit volume; g& is the Lan-
dd g factor (=6/5 for Er'+); and (1~, 3&,Iz) (s= &) is the effective spin. We have projected" Si onto

S;, assuming a 'I,«, term value appropriate to an f" configuration. Moriya's"~" expression for
the linewidth (derived for nuclear relaxation) yields, for H ll c axis,

~4& =(2J /@) [(k" -1)/g ] [g fo &(6s (~)5s ))d~+g f &(5s (~)5s ]&d~];
2

for H&c axis,

=(2& /@) [(a I)/g ] [-g2f &(5s (~)5s ]&«+ 'a~l fo -&(5s (~)5s )&d~].
2

(3)

These expressions are valid in the short-cor-
relation-time limit. This is certainly appro-
priate here, since the conduction-electron cor-
relation time is of the order of 8/Ef. In (2)
and (3), $5s.(~)5s.j) is the symmetrized time-
correlation function of the ith component of
the conduction-electron spin fluctuation. We
have assumed in (2) and (3) that the spin fluc-
tuations in the x and y directions (the z axis

taken along the c axis of the Mg crystal struc-
ture) are the same. If we make the addition-
al assumption that the spin fluctuations are
isotropic (as should be the case for Mg, since
ultrasonic measurements' have shown that
the electrons are nearly free), we can then
relate the widths (2) and (3). In particular,
we find, for the ratio of the temperature-de-
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pendent part of the linewidth in the parallel
and perpendicular orientations,

ll 2 2
4Hi 2g g +g

2

2 2-0.81)

II

(4)
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where we have used g
ll

—8.9 and gz= 5.77, as
found in this investigation. Though our rath-
er large error limits in the parallel direction
(+20 G) do not allow a precise experimental
determination of this ratio, the most probable
value appears to be in excellent agreement with
the result of (4).

The agreement with the predictions of the
simple relation (4) for the linewidth anisotro-
py, and the observed linear temperature depen-
dence of the linewidth (Fig. 2), give us some
confidence that this simple broadening mech-
anism is dominant. This enables us to estimate
the magnitude of the localized-conduction-elec-
tron exchange integral J~ f. We have measured
the (static) susceptibility of pure Mg metal,
and find g= 13.7&& 10 emu/mole, in rather
close agreement with previously published val-
ues. " This magnitude of g is a factor of 2 larg-
er than that which would be estimated for a
free electron gas with a density appropriate
to Mg metal, after the inclusion of diamagnet-
ic corrections. Vfe attribute this difference
to exchange enhancement. ' ~ Using Moriya's'
wave-vector-dependent susceptibility average
in the static limit, we obtain a value for I Js f I

=0.13 eV. The magnitude of Js f is larger than
that found by Kasuya" for pure Er metal (0.056
eV) and may be due to a differing magnitude
of the covalent" (antiferromagnetic) exchange
for the rare-earth ion in Mg metal, as com-
pared with the concentrated rare-earth metal.

The Ruderman-Kittel- Yosida" indirect ex-
change interaction, in conjunction with the ob-
served anisotropy of the field for resonance,
results in a nonvanishing second moment if
the microwave field has a component perpen-
dicular to the c axis of the Mg host crystal.
Using the value l J~ gl =0.13 eV, determined

pJ
from the temperature-dependent part of the
linewidth, and making use of the IQttel-Abra-
hams' result for the (cut-off Lorentzian) line-
width of a dilute paramagnet, we calculate a
(T=0) residual width 5=25 G for h f, H0&c
axis. This contribution must vanish for hrf
ll c axis. Experimentally, we find 5= 110+30
G for hrf, H0 L c axis, and 5=80+30 G for Arf II,
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FIG. 2. Temperature dependence of the peak-to-peak
resonance linewidth for a 0.1% Er:Mg single crystal.

H0&c axis. The error limits are unavoidably
large, but we do believe we have observed a
difference in residual width for the two orien-
tations of the microwave field in agreement
with our theoretical estimate. We attribute
the remainder of the residual width for A, f ll c
axis to a distribution of g values, arising from
random strains in the crystal. Unfortunately,
however, the low signal-to-noise ratio of our
high-frequency (35 Gc/sec) measurements makes
it impossible at this time to determine if this
assumption is valid.

We have also observed the magnetic resonance
of Gd- and Eu-doped Mg metal, but as yet on-
ly in polycrystalline samples. The observed
g shifts (positive) are consistent with a ferro-
magnetic J~ q exchange coupling, but a precise

pJ
value cannot be reported at this time because
the line shape deviates from the expected shape.
We expect that single-crystal measurements
will remove this difficulty and enable us to es-
timate the magnitude of J'~ f. , We also expect
to observe the axial field splitting associated
with an 8-state ion in a hexagonal crystalline
field.

We wish to thank Dr. S. Schultz, Dr. E. Sim-
&ek, Dr. Z. Sroubek, and Dr. R. S. Rubins
for many helpful discussions. Special thanks
are given to Dr. M. Tachiki for his consider-
able help in the analysis of our results, and
to Dr. L. Hirst for pointing out an error in an
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earlier version of this Letter.
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