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The electron-spin resonance of Gd, Er, and Dy of nominal concentrations between 40 and
3250 ppm in the actinide metal Th is reported. The temperature dependence of the linewidth
yields values for the exchange coupling Jy; between the rare-earth localized moment and the
conduction electrons. We find Jy, to be almost independent of the 4f occupation number, in
agreement with the values of Jy obtained previously by others from superconducting-transi-
tion-temperature measurements in the same alloys.

I. INTRODUCTION

We wish to report the observation of the electron-
spin resonance (ESR) of the rare earths Er, Dy,
and Gd in the cubic actinide metal thorium (the ob-
servation of Er in Th has been reported previously).
The temperature dependence of the linewidth, as
well as the sign of the g shift, yield values for the
localized-moment-conduction-electrons exchange
coupling J;,. We find that J;, is positive, and al-
most equal for the three solutes. This behavior can
be understood using the usual model of a total ex-
change interaction generated from a positive atomic-
like contribution expected to be nearly independent
of the 4f occupation number, and a (negative) cova-
lent mixing contribution which does vary across the
rare-earth series, but which is expected to be
small in comparison to the atomiclike term,% The
values of J;, so derived are in agreement with the

1

values of J;; obtained by fitting the Abrikosov-
Gorkov model® with the experimental decrease of
the superconducting transition temperature 7', of
Th when alloying with the same rare earths, as
measured by Guertin, *

II. SAMPLE PREPARATION

The ESR measurements were conducted at 3-cm
wavelength and as a function of temperature in the
liquid-helium range (1.4=T=4,2 °K), The ap-
paratus and technique of measurement are described
elsewhere. ®

The samples were arc melted from thorium of
99.99% purity and rare earths of minimum 99. 9%
purity in an argon atmosphere. After melting, the
samples were prepared by two different methods:

(8) Rapid quenching. The rapid quenching was
accomplished by splattering the molten alloys on a
cold copper wall with a jet of He gas. The “splat-
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TABLE I. Nominal concentrations of the rare-earth
elements (in ppm) in thorium for samples whose ESR was
observed.

Gd Dy Er
1300 3250 2600
330 860 570
330% 450 5702
95 180? 230
952 180 230*
100
100*
40

38plat-cooled samples.

cooled” samples formed small thin pieces which
were directly used in the ESR measurements.

(%) Filing of the avc-melted alloys into powder.
This was accomplished by filing the samples either
in a glove box in an argon atmosphere, or in air,

It was found that the experimental results were

the same for both cases, indicating that oxidation
is negligible. The nominal concentration of the
rare-earth element in the sample varied from 3250
to 40 ppm. The list of samples whose ESR was ob-
served is given in Table I.

III. EXPERIMENTAL RESULTS
A. Th:Gd

The ESR spectrum for Th: Gd is a single line
with a metallic resonance shape. The peak
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FIG. 1. Electron-spin-resonance linewidth of Gd in
Th: Gd as a function of temperature.
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FIG. 2. Electron-spin-resonance spectrum of splat-
cooled sample of 230-ppm Er in Th at 1.4°K. The
central line corresponds to Er isotope with I=0. The sur-
rounding satellites [they are clearly seen in the enhanced
spectrum (b)] arise from Er isotope with I=%

amplitude ratio® A/B equals, approximately, 2.7,
The field for resonance, for all Gd concentrations,
is appropriate to a g value of 2,07+0.01. The
temperature dependence of the linewidth can be fit-
ted to the formula a+b7 (Fig. 1) where b is concen-
tration independent (at low concentrations) and equal
to 31+5 G/deg. This behavior indicates that the
Th: Gd alloy is probably not bottlenecked.” The
residual linewidth a depends on Gd concentration

as well as on the method of sample preparation.

It is clearly seen from Fig. 1 that decreasing the
Gd concentration decreases a. At the same Gd con-
centration the values of a are smaller for the splat-
cooled samples than for the powdered samples., This
behavior is also observed for Th:Er and Th: Dy
alloys.

B. Th:Er

The spectrum for the 230-ppm Th:Er splat-
cooled sample is exhibited in Fig. 2. It is of the
same character as that of Ag:Er and Au:Er pub-
lished previously.® A strong “central” line (cor-
responding to Er isotopes with /=0) is surrounded
by several hyperfine line satellites (corresponding
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to the Er'® isotope with I= . Using the second-
order hyperfine splitting formula, we find the hy-
perfine constant A'® to be 75+2 G. The resonance
field of the central (I=0) line corresponds to a g
factor of 6.84 +0, 05, appropriate to a I'; crystal-
field ground state.® The slope of the linewidth of
the central line versus temperature (Fig. 3) is
b=14+3 G/deg. The values for a exhibit the same
dependence on concentration and sample preparation
as for Th:Gd.

C. Th:Dy
The ESR spectra of Th: Dy exhibit the same char-

IV. ANALYSIS OF EXPERIMENTAL RESULTS

The exchange interaction of the type Jj, S . %) be-
tween the localized spin S and the conduction-
electron’s spin §, leads to a thermal broadening
of the linewidth given by the formulal

_1\2
b-Mha (LmlY (g e Klo) )

where kg is the Boltzmann factor, u, is the Bohr
magneton, g, is the Landé g factor, 7 is the “bare”
density of states for one spin direction at the Fermi
level, and « is the enhancement factor. Both a

acter as the spectra of Ag:Dy published previously.®

A single isotropic line was observed, with the field
for resonance appropriate to a g value of 7.61+0.1.
This value is very close to that expected for the
cubic T, state of the Dy 4f° configuration (g =17. 55).
The observed linewidth increases linearly with
temperature, The standard deviation, however, is
larger than in the Th:Er and Th:Gd samples (Fig.
4). The average value of b is equal to 33 +'7 G/deg.
The line shape for all the samples measured was
appropriate to a localized moment in a metal with
a peak amplitude ratio A/B, varying between 2 and
3. One expects® additional resonance splittings
arising from the hyperfine interactions between the
T, electronic state and the nuclear isotopes Dy!®
(I=%) and Dy'®® (I=%). This hyperfine splitting is
not resolved because of the low relative intensity of
the hyperfine lines, as well as the large residual
width (relative to the expected hyperfine splittings:
A®l-57 G, A'%-80 G). Numerical calculations
show that for a Lorentzian linewidth of 200 G the
Dy'®! and Dy!® isotopes increase the linewidth by
20%. This partly explains the larger residual line-
width of Th: Dy relative to Th: Er (both Dy and Er
have a doublet ground state).
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FIG. 4. Electron-spin-resonance linewidth of Dy in
Th: Dy as a function of temperature.



1714

TABLE II

DAVIDOYV et al. 5

Comparison of Jz, determined from the ESR experiment [for K () =0.4] and the values of J¢s determined

from measurements on the suppression of the superconducting transition temperature, using the Abrikosov-Gorkov

(AG) formula,

TrleV) B¢
b g value ESR cale AT./Ac Jss(eV) Ag
(G/deg) expt K(a)=0.4 K(@)=0,4 (°K/at.% rare earth) AG expt
Th: Gd 315 2,070,015 +0, 042 0,055 2.7 0,045 +0,08:+0,015
Th: Er 14 +3 6.84+0.05 +0, 046 0,077 0.2 0.030 +0.07+0,05
Th: Dy 337 7.61+0.1 +0. 044 0,11 0.5 0.030 +0,06+0,1

*Relative to the g value in insulators: ggq=1.993; gg,=6.77; gp,="7. 55.

and the function K(a) are defined by Narath and
Weaver!® and by Shaw and Warren. !

Following Maple'?’!® we can estimate the various
quantities appearing in Eq. (1). The value 7 can
be determined from specific-heat measurements
according to the relation

Ye=3TEEN(1+20). 2)

Here, A is the electron-phonon mass enhancement,
which we estimate using McMillan’s strong-coupling
model.'* We find A=0.53, The specific-heat pa-
rameter 7, was measured experimentally'® to be
¥,=4.3 mJ/moledeg®. Using Eq. (2), we find
1=0.55 states/eV atom spin,

Susceptibility measurements, corrected for core
and diamagnetism contributions, ** yield a value of
Xe = 10™ emu/mole for the spin susceptibility of the
conduction band.!® The density of states appropri-
ate to this value, 7, (calculated using the free-
electron model), is much larger than the value of
7 obtained from specific-heat data. We attribute
this discrepancy to exchange enhancement of the
conduction-electron susceptibility. Using the re-
lation x,=2u%7n/(1 - @) we find @ =0.6. Values of
K(a), as a function @, have been calculated by var-
ious authors. %' For the case of alkali metals,
Shaw and Warren'! calculate K(a)=0.45 for a=0.6,
while the calculation of Narath yields K(a)=0.6.
This difference in K(a) results from different as-
sumptions about the character of the electron-
electron interaction, as well as its ¢ dependence.
It has been stressed by Shaw and Warren!! that K(a)
is very sensitive to the latter property.

Substituting the appropriate values of g, g,, «,
1, and K(a)=0.4 in Eq. (1), one can compute the
absolute value of the exchange interaction J;,. The
sign of J;; is determined as follows.

For Er and Dy, the cubic I'; ground states yield
theoretical g values of 6. 77 and 7,55, respectively.
The g value of Gd in nonmetallic hosts is 1,993
+0.005. The g values obtained experimentally for
the Th alloys, however, are slightly larger (more
positive), indicating positive values for J;, for all
the three alloys. The derived values of J;; are
listed in Table II.

Using the values of J;; determined above [taking
K(a)=0.4], one can calculate the g shift due to the

exchange interaction with the conduction electrons
according to the formula

Ag=g %Js,nf%. 3)
The calculated g shift can explain (within the limits
of experimental error) the observed g values for
Th:Er and Th:Dy (Table II). However, Eq. (3)
cannot account for the large g shift (Ag=0.08) ob-
tained experimentally for Th:Gd (the experimental
error in g for Gd is +0.015, as compared to +0. 05
and £0. 08 for Er and Dy, respectively).

The deviation of the experimental g shift of
Th: Gd (or, perhaps, even for Th:Er and Th:Dy)
relative to the calculated exchange-shifted value
can be attributed to two possible reasons:

(i) An inappropriate choice of a or K(a). The
value of @ was determined macroscopically by
taking the ratio of the corrected susceptibility to
the specific heat. However, the effective value of
a may be different microscopically if there is a
local enhancement of the susceptibility in the im-
mediate vicinity of the paramagnetic ions. Narath
and Weaver!” have indicated that the value of a of
the impurity atom determined microscopically (by
NMR) may be different from the value of o of the
host atom determined macroscopically. There
may also be an error in the determination of K(a),
since this parameter is very sensitive to the ¢ de-
pendence of the electron-electron interaction and
may, therefore, be completely different for Th
than for other materials, for the same a.

(ii) An additional positive contribution to the g
shift which does not originate from the exchange
interaction (e.g., the spin-orbit coupling of the
host). Such a contribution has been anticipated
previously for Au:Gd, 18

Should we assume that the g shift (Ag=0.08) ob-
served experimentally for Th: Gd originates from
the exchange interaction alone, we can calculate
K(a) and J;, from Eqgs. (1) and (3) [and thus, de-
termine these values independent of previous cal-
culations of K(a)]. Itis found in this manner that
K(a)=0.21. The value of J;, obtained for Th:Gd
is 0.058 eV, to be compared to 0.042 eV which
would be obtained for K(a)=0,4; the difference is

less than 40%,
It is of great interest to compare these values of
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dJ;¢ with those obtained by means of other experi-
mental techniques. When small amounts of rare-
earth impurities are alloyed with Th metal, the
critical superconducting temperature of the latter
is reduced appreciably from its pure value of T,
=1.4 °K. This behavior has been interpreted in
terms of the Abrikosov-Gorkov pair-breaking the-~
ory.® At low paramagnetic-ion concentrations, the
transition temperature 7, is depressed linearly
with concentration. In the absence of crystal-field
splittings, it is given by the formula®!®

2
AL |- g, - 1P g @

where c is the concentration. The measured val-
ues* of AT,/Ac are listed in Table II. From (4),
one can extract values of J;, (these are also listed
in Table II, column 6) which lie within 30% of those
determined by magnetic resonance techniques (Ta-
ble II, column 3). If, however, one goes to the
opposite extreme, and assumes a very large crys-
tal-field splitting such that only the I'; ground state
is important for Dy and Er, the equivalent to (4)
would yield values of 0.048 and 0.045 eV for J

in Th:Dy and Th:Er, respectively. These values
are closer to the ESR values found in our work
(column 3 of Table II) than those generated by (4).
Clearly, the real situation lies somewhere between
these extremes. Fulde ef al.?® have examined the
intermediate case. States at energies much greater
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than T, can contribute to a reduction in 7', by virtue
of pair-breaking off-diagonal (“Van Vleck”) ex-
change-induced transitions. Unfortunately, no
information is available for the magnitude of the
crystal-field splitting in Th, so that application of
this theory is not possible. Our two extremes
bracket the result, and when accurate values are
known for the crystal-field parameters, the mea-
sured AT,/A, can be used to obtain J,, accurately.

An examination of the ESR results for J,, (col-
umn 3 of Table II) demonstrates an independence
of the 4f occupation number. It should be stressed
that near independence of the exchange interaction
on the 4f occupation number has been obtained pre-
viously in LaAl,,'® as well as for rare earths (Gd,
Er) in Au®!® and in Rh.?! This independence can
be understood from the fact that J;, arises from
(i) a (positive) atomiclike contribution, expected
to be nearly independent of 4f occupation number??
and (ii) a negative covalent mixing contribution®
which is believed to be small because of the sta-
bility of the Er, Dy, and Gd 4f shells, The mea-
sured (positive) sign of J,, is consistent with this
argument,

In conclusion, we have demonstrated that the
magnitudes of the exchange interaction J;¢ of dilute
alloys of Er, Dy, and Gd in Th, derived both from
resonance and suppression of T, measurements,
are in agreement. We also confirm the near inde-
pendence of J;, on the 4f occupation number.
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Results are presented for the measured electron spin resonance (ESR) spin susceptibilities
of “metallic” phosphorus-doped silicon with Np=1x 10! donors/cm®. These results agree
closely for the case of Np 2 4% 10" donors/cm?® with values calculated on the basis of a “rigid-

band” model of noninteracting Pauli electrons.

Evidence for a non-Pauli temperature-depen-

dent-susceptibility component was found in the lower portion of our sample-concentration

range.

Static-susceptibility data are used together with our results to obtain the diamagnetic

susceptibility which exhibits a concentration dependence consistent with the predictions of

Kjeldaas and Kohn.

Measurements of g values and linewidths are presented as evidence for

the proposal that the Fermi level enters the host conduction band at a concentration Np

~2x10" donors/cm3,

These data are also used to verify Elliot’s theory of impurity-scatter-

ing spin relaxation and to demonstrate g-value anisotropies characteristic of the silicon con-

duction band.

I. INTRODUCTION

In a previous publication! we have presented
relative magnetic-spin-susceptibility data for sil-
icon samples having phosphorus impurity concentra-
tions Np near to or in excess of NS~3x%10'® donors/
cm®,  The critical donor impurity concentration N%,
has been associated? with a semiconductor-metal
or “Mott” transition in these materials. Our sus-
ceptibility measurements indicated the existence of
qualitative differences in the concentration and
temperature dependences of samples with concen-
trations above and below N, ~10'® donors/cm®,
respectively. For the purposes of the present dis-
cussion and because of the details of these depen-
dences, we have designated these concentration
regions as “metallic” and “impurity banded, ” re-
spectively. This classification is similar to that
previously proposed by Holcomb and Alexander?
based on the assumption that an “impurity banded”
to “metallic” transition occurs when the Fermi
energy enters the normal conduction band of the

host lattice.
We have now extended our measurement techniques

to obtain absolute spin-susceptibility values. This
article will outline and briefly discuss these tech-
niques prior to a presentation and discussion of the
data for specifically “metallic” samples. It will be
seen that the spin susceptibility approaches that of
a Pauli electron gas when the donor concentration
is above roughly 4 X10'° donors/cm®. There is

evidence of a non-Pauli-like temperature-dependent
susceptibility in the lower portion of our sample-
concentration range. Further, diamagnetic sus-
ceptibilities, obtained through the use of previous
static-field data,? exhibit a concentration dependence
reasonably consistent with the predictions of the
Kjeldaas-Kohn calculation, *

In the course of our susceptibility measurements
it was possible to accurately measure the linewidths
and g values of the observed signals. These data
will also be presented and discussed in the light of
previous theories and the “rigid-band” model in-
ferred from our susceptibility results.

II. EXPERIMENTAL DETAILS

Our electron spin resonance (ESR) measurements
were carried out on powdered silicon samples in a
standard x-band microwave spectrometer utilizing
phase-sensitive detection relative to a modulated
magnetic field. The samples were prepared by
mortar and pestle grinding of slices cut from pur-
chased® single-crystal boules. Sample concentra-
tions were obtained by four-point-probe resistivity
measurements® of the slices prior to grinding. The
“surface” ESR line produced by the grinding was
eliminated by an HF-HNO, etch and a subsequent
heating to 600 °C in air.” All powders were sepa-
rated into portions of relatively uniform powder size.
The data to be presented here were obtained through
the use of powders having particle sizes ranging



