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Aniso tropic Behavior of Dilute Magnesium-Gadohnium Alloys*
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The electron spin-resonance spectrum of Mg:Gd single-crystal alloys in the concentra-
tion range 50-1000 ppm exhibits a single anisotropic line. Both the field for resonance
and the angular variation of linewidth can be described in terms of unresolved fine struc-
ture, but with substantially different values for the axial crystalline field constant. We

propose a possible explanation for this difference. We discuss discrepancies between
our conclusions and those of Salamon on a similar system.

%e report the observation of the magnetic reso-
nance of single-crystal (hexagonal) Mg:Gd alloys
with Gd concentrations between 500 and 1000 ppm
at frequencies of 8.7 and 35 GHE. The spectra
exhibit axial symmetry with a field for resonance
which is both angle and temperature dependent
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(Figs. 1 and 2). Using a conventional axial field
term in the spin Hamiltonian, using an isctropic
g factor, and taking into account the population
factors appropriate to an 8 =& resonance in a
combination of magnetic and axial crystalline
fields, we compute a first moment (shift) of the
resonance line which matches our experimental
results. Using the value for D so determined
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F1G, 1. (a) The field for resonance as a function of
the angle 8 between the magnetic field and the c axis
for Mg:Gd (500 ppm) at a frequency of 8.7 GHz. The
squares indicate measurements at 1.4'K; the triangles,
4.2'K. The dashed lines are the first moments, as cal-
culated from (2) using (1) with D =155 G and g =1.98,
at the respective temperatures. (b) The linewidth as a
function of angle for the same sample (Mg:Gd, 500

ppm). The dashed line is the square root of the second
moment, as calculated from (8) using (1) with the same
values of D and g given in (a).
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FIG. 2. The fieM for resonance as a function of the
angle 0 between the magnetic field and the c axis for
Mg:Gd (500 ppm) at a frequency of 85 GHz. The solid
circles indicate measurements at 1.6 K; the open cir-
cles, 4.2'K. The dash-dot lines are the first momehts,
as calculated from (2) using (1) with the same values
of D and g given in Fig. 1. For comparison we exhibit
also, on the same scale, the angular dependence of the
field for resonance at 8.7 0Hz for 1.4 K (dashed line).
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(155+10 g), a, computation of the second moment
mirrors somewhat the angular variation of the
linewidth but is a factor of from 3 to 4 too large.
We hypothesize that the discrepancy is caused by
exchange-relaxation narrowing of the unresolved
fine structure. These conclusions are in marked
contrast with those of Salamon' for (hexagonal)
dilute Sc:Gd alloys. He attributes the anisotropy
of the field for resonance to an anisotropic g fac-
tor. We claim that our description, which is
successful for Mg:Gd, may also be the more ap-
propriate one for Sc:Gd, and suggest tempera-
ture and frequency measurements to settle the
issue.

Our measurements were performed on single-

crystal Mg:Gd samples in the form of cylinders,
cut with the c axis perpendicular to the symme-
try axis of the cylinder. The resonance line
shapes were characteristic of a localized mo-
ment in a metal with A/B' of approximately 2.
No resolved fine structure was observed. Rath-
er, the single line which was observed possessed
an angular shift in position which was tempera-
ture and frequency dependent. These results are
exhibited in Figs. 1 and 2.

An interpretation of the angular shift of the
resonance field can be given in terms of unre-
solved fine structure. The spin Hamiltonian of
the Gd'3 ion in an axial crystalline field, assum-
ing an isotropic g value, is given by

X =gP&S, + 2D [8 2-3(S+1)S](3cos28-1)-D(S„S,+S,S„)cos8 sin 8+ 4D(S,2 +S 2) sin28.

The center of gravity of all the fine-structure lines is given by the following expression for the first
moment:

with

C„=[exp(-E„,/0 T)-exp(-E„/kT)] ((M ~ S„(M-1) [',

(2)

the E~ are the energy levels determined by (1).
The appropriate Boltzmann factors must be taken
into consideration in the computation of the first
moment (in the liquid-He range) because the Zee-
man interaction generates an overall splitting of
the spin levels of from 3 K at X-band frequencies
to. 10'K at 35 GHz. Assuming that (2) holds for
the center of gravity of the observed resonance
line, we can obtain a fit to the experimental re-
sults in Figs. 1(a) and 2 (for all temperatures
and frequencies) with the choice of D =155 G.
Note the frequency dependence of the field for
resonance, arising not only from the usual g fac-
tor (which we choose to be isotropic) but also
from the population factors.

It is interesting at this point to compare our re-
suIts with those of Salamon' on dilute Sc:Gd al-
loys. He too finds an anisotropic field for reso-
nance, but he attributes this behavior to an an-
isotropic g factor. He finds a "minimum g shift"
when the field makes an angle of roughly 60' from
the c axis. We should like to point out that an
unresolved axial field splitting also exhibits a
minimum (zero to first order) shift of the field
for resonance at cos '8 = &W3, or 8=55' (see Eq.
1). Also, the shift is greater at 8 =90' than at
8 =0', in agreement with Salamon's results.
Hence, we argue that (2) is capable of explaining
his observation of anisotropy in the field for res-

onance if we hypothesize that his signal is appro-
priate to an unresolved fine structure. The cru-
cial test is quite simple: Equation (2) exhibits
both a temperature and frequency dependence
which is quite specific. It would be of great in-
terest to see how Sc:Gd behaves in these respects.

If one hypothesizes an unresolved fine struc-
ture for Gd in these hexagonal metals, it is also
interesting to investigate the angular field and
temperature dependence of the linewidth ~. In
the presence of an axial field splitting (assumed
unresolved in our measurements), one can com-
pute a second moment arising from the fine
structure according to the formula

(des') =g„C„(E„-E„,)'/O'Q„C„-(a&)'. (3)

For the same value of D (155 G) which generates
the observed angular variation of the resonance
field, (3) results in the anisotropic linewidth ex-
hibited in Fig. 1(a) (dashed line). It is clearly
seen from Fig. 1(a) that the measured values for
the resonance line width are much smaller,
though they exhibit roughly the same angular de-
pendence as that predicted by (3) (i.e., the exper-
imental linewidth appears appropriate to a much
smaller value of D). We suggest that this "dis-
crepancy" is caused by an exchange narrowing of
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the unresolved fine structure, in much the same
way as has been argued for the hyperfine struc-
ture of localized moments in metals. ' The relax-
ation arising from the exchange coupling to the
conduction electrons (sometimes called Korringa
relaxation or 1/Tf, ), is responsible for a hopping
between axial-field-split resonance lines. This
hopping can narrow the otherwise observable
fine-structure splitting into a single line centered
at the center of gravity of the fine-structure-
split level pattern.

A lower limit for 1/Tf, may be obtained from
the temperature dependence of the linewidth at
55'. At this angle, the fine-structure lines col-
lapse to first order4 and a temperature-depen-
dent linewidth of 15 G/deg is observed. This val-
ue could be too small, however, because of the
possibility of a magnetic resonance bottleneck.
Another method for the estimation of 1/T &, arises
from a comparison with the Mg:Er system. ' We
argue that the total exchange coupling between
the localized moment and the conduction electron
should be approximately the same in both Mg:Er
and Mg:Gd for the following reasons: The total
exchange coupling is the sum of the positive
atomic exchange J„and the negative covalent
mixing J, . The former is expected to be the
same in both systems because the Fermi energy
remains the same. ' We argue that the latter is
small (compared to the former) for the case of
a Mg metal host from our experience' with rare-
earth ions in Ag and Au, and from the inherent
stability of the Gd(4f') and Er(4f") configurations. '
We therefore assume a rough equality of values
for the total exchange coupling for Mg:Gd and

Mg:Er, leading to a value of [g, /(g '+g ')]
x [(g~-1)/g~]' =2.8 for the ratio between (1/T f )Gd

and (1/T f )p (g„, g„and g~ are the values
appropriate to Mg:Er, and are given in Ref. 5.)

The measured temperature dependence of the
linewidth' in the parallel direction for Mg:Er
yields a value of (1/T&, )od= 70T G. This "—hop-
ping rate" is approximately equal. to (at 1.4'K)
or even larger (at 4.2 K) than the fine-structure
splitting D for Mg:Gd. Therefore, it could ex-
plain the apparent narrowing of our observed
spectrum. We are not prepared at this stage to
push the argument further, because of the ob-
vious fact that we are not in the extreme narrow-
ing limit. A complete microscopic theory of line
narrowing in the intermediate region, appropri-
ate to an S =-,' system, is involved. We are cur-
rently in the process of accomplishing this task.

The numerical estimates made above indicate a,

likelihood of success for such an approach.
Comparing our approach with that of Salamon, '

we note that for his case (Sc:Gd) the linewidth is
a minimum near 55' and increases rather more
rapidly towards 0' than towards 90'. This is in
agreement with (3) as can be seen from Fig. 1(b).
We suggest, therefore, that the observed angular
dependence of the linewidth in Sc:Gd can also be
explained on the basis of unresolved fine struc-
ture. Otherwise there seems little likelihood for
an explanation of the lack of correlation between
the size of the measured 'g shift" and resonance
linewidth in this alloy.

In conclusion, we feel that our analysis demon-
strates that the anisotropic resonance behavior
of Gd in hexagonal host metals, reported by us
for Mg:Gd and by Salamon' for Sc:Gd, can be at-
tributed to unresolved fine structure and not to
anisotropic g factors. We further suggest that
angular- and temperature-dependent measure-
ments can distinguish between the two models,
and that the data available at this time appear
to favor the former.

*Supported in part by the National Science Foundation
and U. S,. Office of Naval Research under Contract No.
N00014-69-A-0200-4032

)On leave from the Department of Physics, Hebrew
University, Jerusalem, Israel.

)Permanent address: Physics and Astronomy Depart-
ment, State University of New York, Binghamton,
N. Y. 13901.

M. B. Salamon, Phys. Rev. Lett. 26, 704 +971).
G. Feher and A. F. Kip, Phys. Rev. 98, 377 (1955).
S. Barnes, J. Dupraz, and R. Orbach, to be pub-

lished; R. Chui, R. Orbach, and B. L. Gehman, Phys.
Rev. B 2, 2298 (1970).

A. Abraham and B. Bleaney, EEect&on I'axamagnetic
Resonance af Transition Metals (Ciareudou Press, Ox-
ford, England, 1970) p. 157.

C. R. Burr and R. Orbach, Phys. Hev. Lett. 1S, 1133
(196+; aee also C. R. Burr, thesis, University of Cal-
ifornia, Los Angeles, 1967 (unpublished) .

~3, . E. Watson, K. Koide, M. Peter, and A. J. Free-
man, Phys. Rev. 139, A167 (1965).

L. J. Tao, D. Davidov, R. Orbach, and E. P. Chock,
Phys. Rev. B (to be published) .

B. R. Coles, D. Griffiths, R. J. Lowin, and R. H.
Taylor, J. Physics C: Proc. Phys. Soc., London 3,
121 (1970) . &-ray photoemission measurements [P. Q.
Heden, H. Lofgren, and S. B. M. Hagstrom, Phys. Hev.
Lett. 26, 432 (1971)]exhibit au approximately equal en-
ergy level difference ~E„~-EF:(for Gd (n =7) aud Er
(n =11) metals of -8 eV. This relatively large stability
energy adds weight to the arguments of Coles et al.

1440


