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We report transmission electron-spin-resonance and EPR measurements on unbottle-
necked Al:Er dilute alloys. We have derived theoretical expressions for the effects of
the exchange and crystal-field interactions on the properties of the resonances. A com-
puter fit of these expressions to the data yields the crystal-field parameters, the sign,
magnitude, and a measure of the k dependence of the exchange interaction, and the spin-
flip scattering cross section and free-ion g value of the Er impurities.

In this paper we would like to show, using the
unbottLenecked system of A/:Er as our example,
that the properties of the conduction-electron
spin resonance (g —=2) combined with the proper-
ties of the normal reflection EPR of the Er"
ions (g =6.8) yield useful information about the
magnitude, sign, and k dependence of the ex-
change coupling between the two spin systems,
the crystal-field splittings of the rare-earth f
shell due to its cubic metallic environment, and
the spin-flip scattering cross section and free-
ion g value of the Er impurities.

The conduction-electron spin resonance was
measured by using the transmission electron-
spin-resonance (TESR) technique. ' Aluminum
was chosen as the host metal because it has a
strong TESR signal up to liquid-nitrogen temper-
atures, it has a nearly-free-electron conduction
band, and there is no charge contrast between it
and the trivalent rare- earth impurities. Because
of the high reactivity and low solid solubility of
rare-earth impurities in aluminum, reliable
samples could not be prepared by conventional
methods. Instead, a "getter-sputtering" tech-
nique' was used to prepare Al foils of appropriate
thickness (0.05 mm) containing Zr impurities in
the 5-35-ppm concentration range. Consistent
scaIing of neutron-activation analysis, TESR re-
sults, and resistivity measurements indicate that
the samples are metallurgically satisfactory,
with absolute concentrations accurate to + 10/o.

The experimental points in Figs. 1 and 2 show
the temperature dependence of the impurity-in-
duced g shift and linewidth of the TESR for two
Al:Er alloys. ' The main features of the experi-
mental data can be understood qualitatively as
follows:

(1) g value. —The dramatic increase in g value
as the temperature is lowered can be attributed
to a positive (ferromagnetic) exchange interac-
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FIG. 1. Temperature dependence of the impurity-in-
duced TESR fractional g shift Ags/go, per Er impurity
concentration c (expressed in at.%). The solid lines in
both figures are theoretical fits to the data, as de-
scribed in the text. All measurements were made at
9.2 GHz and referenced to the pure-Al g value go,
=1.997 (Ref. 2).

tion between the conduction-electron spins and
the temperature-dependent magnetization of the
Er ions, the converse of the Knight shift. Al-
though the temperature dependence of the rare-
earth magnetization is dominated by the 1/T con-
tribution of the ground-state I', doublet of the Er
impurities, a complete analysis shows that Brill-
ouin saturation effects at low temperatures and
contributions from higher crystal-field multi-
plets produce significant deviations from a sim-
ple Curie-like temperature dependence.

(2) Iinesvidtk. We assume —that the impurities
contribute to the TESR linewidth in two ways.
There is a temperature-independent term AB, ,
due to spin-flip scattering via spin-orbit interac-
tion in the outer electron shells of the rare-
earth ions' (a process assumed to be independent
of the presence of a local moment), and a tem-

904



VOT.UME $3, NUMBER 15 PHYSICAL REVIEW LETTERS 7 OcroBER 1974

I I I I
I

I I I I
I

I I I I
I

I I I I
I

I I I I

l6-

C =55 x IO AT. %

14-
c]

C=I9 x IO AT%

I 2 ~ II II

/

~ I I
Ii~ I I

II (I

IO I I I I I I I I I I I I I I I I I I I I I I I I

0 IO 20 50 40 50
T( K)

FIG. 2. Temperature dependence of the impurity contribution to the TESH fractional linewidth ~ /If (where ~
1/yT2} —per Er impurity concentration c (expressed in at. /~}, where H is the measured resonance field. The back-

ground linewidth of pure Al over this temperature range (Ref. 2) was assumed to be additive and was subtracted out.

b II,„ II Pc( g~- 1)'(iJ(k, k') i')s.
H g,gslJ

(2)

where g~ is the Lande g factor, c is the fraction-
al impurity concentration, and p is the density of
states, per atom, of conduction electrons of one
spin direction at the Fermi energy. We have de-
fined J(k, k') =No(kiJ(r) ik'), where No is the host
atomic density and the states ik) are the exact
one-electron states of electrons moving in the

perature-dependent term AH due to exchange
scattering with the local moment of the rare-
earth 4f shell. This latter process is tempera-
ture dependent because the magnetic moment,
and therefor e the exchange scattering, depends
sensitively upon the thermal populations of the
various crystal-field levels of the rare-earth f
shell. Although both contributions scale with
concentration, this temperature dependence al-
lows us to study the exchange-scattering mecha-
nism separately.

This qualitative description can be formalized
by assuming an exchange interaction of the form
—(g~-1)J(r)Z s, where J(r) characterizes the
strength and the range of the interaction between
a conduction-electron spin s and a local moment
of angular momentum J. Neglecting electron-
electron enhancement of the host, we then com-
pute expressions for the local-moment contribu-
tion to the fractional change in g value and line-
width of the TESR as'

c(gz- 1)(J(k, k))s, ( )
gos g S»&

electric field of the lattice and the impurity, but
neglecting the exchange interaction. In the ex-
pressions above the value of the k-dependent ex-
change energy is averaged over the Fermi sur-
face. The dependence of the g shift and linewidth
on temperature and crystal-field splittings is
contained in the thermal averages'

(J,) =Z 'g.(aiJ, ia) exp(-E, /kT),

(E, —E,)/kT
exp(E, /kT) —exp(E, /kT) '

where ia) and E, are the 2J+1 exact eigenstates
and eigenenergies of the rare-earth f shell in the
presence of both the host crystal field and the
external magnetic field applied in the z direction,
and Z is the appropriate partition function. (J,)
is just the mean z component of the total ionic
angular momentum, and (G) is a similarly de-
fined function that characterizes the exchange
scattering. In the high-temperature limit, (G)
saturates at -', J(J+1), and Ecl. (2) reduces to the
usual form for exchange scattering from a de-
generate multiplet. '

A computer program is used to determine
these averages for arbitrary temperatures, mag-
netic fields, and crystal-field parameters. The
solid lines in the figures give the best simulta-
neous theoretical fits to the g-value and line-
width data. These curves were obtained by using
the cubic-crystal-field parameters 5'=0.6 and x
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= —0.3, and establish a (45+ 20)'K separation be-
tween the I", ground state and the I', "first excit-
ed state, the most sensitive parameter in deter-
mining the fit. ' At high temperatures the data
deviate significantly from the theoretical curves.
This is not surprising since with increasing tem-
perature the relaxation rates are becoming fast
enough that dynamical or bottlenecking effects,
neglected in our derivation of Eqs. (1) and (2),
may well be influencing the measured shifts and
linewidths. ' Therefore, we have 'emphasized the
lower part of the temperature-dependent data in
making the fits.

In addition to the crystal-fieM parameters,
these theoretical fits give values for the two
measures of the strength of the exchange inter-
action appearing in Eqs. (1) and (2), namely,
{J(k,k)&~ =0.19+0.02 eV and (~J(k, k') ~'&s '"
=0.135+0.025 eV. (p has been computed from
specific-heat measurements to be 0.21 states/eV
atom spin. ') Furthermore, the f-shell exchange
and outer-shell spin-orbit contributions to the
linewidth can now be separated to deter mine the
outer-shell spin- flip scattering cross section
o, q =(2~f/cN, V~)(bH, , /H) =(4.6~0.V) &&10 "' cm',
where VF is the Fermi velocity for aluminum and

f is the microwave frequency.
The small but significant difference between

the two exchange averages is to be expected, as
a partial-wave expansion for J(k, k') shows, ' and

we find that our experimental results are in good
agreement with the predictions of this simple 0-
dependent exchange model. Recently however,
Schultz et al. ' suggested that their data on spin
resonances in Ag:Er were just barely consistent
with the J(k, k') model, because of the large dif-
ference they found between the two exchange av-
erages. In particular, they found (J(k, k)&E
=0.75 eV, a value over 3 times larger than the
(~J(k, k') ~'&z

'~' =0.23 eV they determined from
the temperature dependence of the linewidth of
the rare-earth resonance. However, a computer
fit to their data using our theoretical model,
which includes contributions from higher crystal-
field multiplets (neglected by them), gives (J(k,
k)&s =—0.5 eV, where we have assumed a ground-
state isolation of 35'K. ' Using this value we find
that the difference between the exchange averag-
es is still markedly larger in Ag than in Al, but
is now much more consistent with the J'(k, k')
model.

If we now combine the results of normal EPR
measurements of the rare-earth resonance near
g=6.8 with our TESR results, we obtain addition-

al information about the alloys. In particular,
the rare-earth resonance is characterized by a
g shift (Knight shift) relative to the free-ion val-
ue g,&, and a temperature-dependent linewidth
(Korringa broadening) of the form a+bT. Again
by assuming the J'(k, k') exchange model, the the-
oretical expressions for the conduction-electron
contribution to the g value and linewidth of the
rare-earth resonance' can be combined to yield
the ratio

(5)

Qur experimental values for the rare-earth reso-
nance in the temperature range 1-4'K are g&
=6.805+ 0.01 and b =10.5+ 1.5 G/'K. (Within ex-
perimental error, these results agree with inde-
pendent EPR measurements on A/:Er. ') Putting
these results, along with the TESR values for
the exchange averages, into Eq. (3), we obtain

g« —-6.74+ 0.03. This result is to be compared
with the theoretical g value for the Er I, ground
state of 6.77, which has been corrected for the
breakdown of Russell-Saunders coupling in the
free atom, but does not include the effects of
covalent bonding or crystal-field admixture of
excited states on the Er" ground-state orbital
angular momentum. "

It should be noted that the Er g shift, as deter-
mined by Eq. (5), is significantly different from
that predicted by the Knight-shift expression (gz
-g,~)

= (g,~/g~)( g~ —1)p (J(k, k)&s . This discrep-
ancy can be attributed to our neglect of electron-
electron enhancement in the host metal. " For
the special case of a spherical moment and Fer-
mi surface, expressions modified to include the
effects of enhancement have been calculated for
the Knight shift, Korringa broadening, and TESR
exchange linewidth, "and can be used to resolve
the above inconsistency as well as to determine
the host susceptibility enhancement factor. How-
ever, our calculations show that only the deter-
mination of (~J(k, k') ~'&~,'" is affected by enhance-
ment (it is reduced by about 10%). In view of the
inadequacies of a spherical-model approximation
for A/:Er, this result is probably not quantita-
tively significant. It is significant to note that
the consistent inclusion of enhancement effects
in all three of Eqs. (1)—(3) leads to an expres-
sion for the free-ion g value in terms of the ex-
perimentally observed widths and shifts which is
unaffected by the enhancement, which is the justi-
fication for using Eq. (5) rather than the more
familiar Knight-shift expression. A more de-
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tailed discussion of the effect of enhancement on
our results will be given in Ref. 1.

In summary, these experiments demonstrate
that the TESR technique can be used effectively
in determining some of the details of the exchange
coupling and crystal-field splittings for rare-
earth impurities in a metallic environment. In
addition, direct measurements of the rare-earth
resonance can be combined with the TESB re-
sults to determine the free-ion g value of the
host. Note, however, that direct observation of
the rare-earth resonance is not necessary in or-
der to extract the exchange and crystal-field pa-
rameters. The TESB, technique is applicable as
well to ions whose ground states are nonmagnetic
as long as there are magnetic low lying crystal-
field levels which can be thermally populated. In-
deed, we have studied thulium, which has a sin-
glet and hence nonmagnetic ground state, and
again we observe an easily measurable tempera-
ture-dependent broadening and shift of the TESR
line. '
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In a forthcoming publication we will present the re-
sults of TESB, EPB, and resistivity measurements on
several rare-earth-aluminum dilute alloys, along with
a detailed description of the TESH apparatus and sam-
ple preparation technique.
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