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Impurities in metals! have been the subject
of numerous studies,? both theoretical and ex-

perimental. They have been of interest to many-

body theorists® because they provide a reali-
zation of the system of a positive charge in

a Fermi sea. Experimental studies of such
diverse phenomena as their effect on electri-
cal resistivity,* and on the Knight shift?® and
nuclear resonance intensity,? have lent support
to the theoretical ideas of Mott,® Friedel,?
Blandin and Friedel,” Kohn and Vosko,? and
many others on the screening. Magnetic im-
purities have also been extensively studied
both theoretically? and experimentally.? In
this Letter we report the results of a new type
of experiment, measurement of the effect of
impurities on the spin-orientation lifetime

of conduction electrons.? We have measured
directly the spin-flip scattering cross sections
for Fermi electrons of 14 different nonmag-
netic elemental impurities in metallic lithium
and seven impurities in metallic sodium. For
impurities whose valence is close to 1, we
can account for the cross sections by a sim-
ple theory which considers as a perturbation
the interaction of the conduction-electron spin
with its orbital motion in the electric field of
the impurity (spin-orbit coupling).® Since the
spin-orbit interaction occurs well inside the
ion core of the impurity, these measurements
provide information about thel> 0 terms of

the conduction-electron wave function in the
vicinity of the impurity nucleus. For the high-
Z elements of Group III or IV, the simple the-
ory deviates from the results, in some cases
by rather large amounts.

The large spin-orbit interaction character-
istic of higher Z impurities enables them to
produce easily measurable effects for concen-
trations as low as one atom in 107. As a re-
sult, we are able to observe the spin-flip scat-
tering from numerous elements not ordinar-
ily believed to form primary base alloys with
Li or Na.!° In some cases we have observed
solubility limits. When no effect is observed,
it is possible to estimate an upper bound of
the solubility limit.

The existence of a nonvanishing spin-flip
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cross section implies that the lifetime of a
spin in a given orientation is limited. That

is, there is an impurity contribution to the
spin-lattice relaxation rate.!* This contribu-
tion can be observed by measuring the effect
of various concentrations of added impurity
on the linewidth of the conduction-electron-
spin resonance (CESR), since 7, (the spin-lat-
tice relaxation time) equals T, (the transverse
relaxation time).!? Such studies are, there-
fore, only possible in materials for which the
CESR can be observed.*?

Our measurements were made at X band and
primarily room temperature using a superhet-
erodyne epr spectrometer! which was frequen-
cy locked to the sample cavity. Field modu-
lation and a lock-in amplifier at 35 cps were
also employed. The “local oscillator” of the
superheterodyne was obtained by generating
a 60-Mc/sec sideband?®® on a fraction of the
klystron output power. The samples were
small particles of approximately 20-u mean .
diameter produced by doping bulk metal with
impurity, melting the metal in mineral oil,
and subjecting the molten alloy to 10000-rpm
agitation. For particle sizes such as ours,
the absorption line shape shows the character-
istic asymmetric shape analyzed by Dyson.®
Since the linewidth of our undoped lithium (so-
dium) is 1 G (6 G), and since our apparatus
has sufficient sensitivity to measure lines 250
G broad for Li alloys and 100 G for Na alloys,
the extra broadening due to the impurities was
readily measured.

Using the one-electron approximation and
considering the spin-orbit interaction as a
perturbation, one can easily find the equation
for the impurity contribution!” to the spin-lat-
tice relaxation time,

1 2m ’ 2
E:—;[—NOCI(BIVSOIB )!av p(EF). (1)

The states |B) are the exact one-electron states
of electrons moving in the electric field of

the lattice and the impurity, but neglecting

the spin-orbit interaction Vg, (with a single
substitutional impurity). The symbol “av”
means to average the square of the matrix
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FIG. 1. The CESR linewidth AH in dilute sodium base
alloys as a function of the thallium impurity concentra-
tion. The two independent master alloys were produced
by direct doping. The samples were made by dilution of
the master alloys.

element for both |B) and |B’) at the Fermi
surface. N, is the number of host atoms per
cm?®, c is the fractional concentration of im-
purity, and p(E ) is the density of states at
the Fermi level Ef. We can relate the line-
width AH =1.1/T,," where v is the electron
magnetogyric ratio, to the spin-flip cross sec-
tion o by the equation

v dAH
1.1N dc

0= ) (2)
0'F
where v is the Fermi velocity.

To illustrate the basic data, Fig. 1 shows
AH vs ¢ for thallium in sodium. In Table I
we give the experimental ¢’s for Ag and Au
in Li and Au in Na. Since these substituents
have the same valence as their hosts, no com-
plications from screening of excess nuclear
charge arise. However, it would not be appro-
priate to take the states |B) to be the well-known
IE) states of the pure metal, since the poten-

Table I. Experimental and theoretical spin-flip scatter-
ing cross sections for monovalent impurities in lithium
and sodium.

Uexg Otheor
Alloy (cm?) (cm?)
LiAg (3.5+0.3) x10~18 9.1x10—18
LiAu (6.8 £1.0) x10—17 1.1x10-16
NaAu (2.9+0.3) x10~17 3.5 x10~17

tial in the vicinity of the impurity atom is dif-
ferent from that of Li or Na despite the iden-
tity of valence.

The simplest approximation for impurity atoms
which produce large scattering compared with
their hosts is to take the |B)’s as plane-wave
states orthogonalized to the impurity core states.
As is well known, orthogonalization!® (1) guar-
antees that the Pauli exclusion principle is
satisfied and (2) produces atomiclike oscilla-
tions in the wave function in the vicinity of the
nucleus. The resulting theoretical expression
involves overlap integrals with core states
(which we have evaluated numerically using
the wave functions of Herman and Skillman?°)
and spin-orbit couplings of core states (obtain-
able experimentally from x-ray spectra'!).

The theoretical cross sections from this cal-
culation (Table I) are seen to agree with ex-
periment within a factor of 2.6 despite the fact
that the experimental o’s cover a range of 20.

When the valence of the impurity differs from
the host, the extra nuclear charge must be
screened. Table II gives the experimental
cross sections for nonmonovalent impurities.
Since a single impurity adds a negligible total
number of electrons to the band, the screen-
ing results from a change in the amplitude of
the wave function of band electrons at the im-
purity, not a change in the number of occupied

Table II. Experimental and theoretical spin-flip scat-
tering cross sections for impurities having a valence
difference V-1 with respect to lithium and sodium.

Oex Otheor

Alloy V-1 (cm?) (cm?)

LiMg +1 (6.4 +0.5) x10=21 2.7x10~21
LiAl +2 (1.6 £1.0) x 1020 1.5%x10—20
LiZn +1 (6.8 +0,6) x10~1? 2.9x10~19
LiGa +2 (1.5 £0.1) x10~18 1.6x10~18
LiPd -1 (2.0%0,3)x10~18 2.4x10—-18
Licd +1 (7.5+0,7) x10~18 1.9x10-17
Liln +2 (1.0 £0.1) x 1017 5.2x10—17
LiSn +3 (2.2+0.3) x10—18 4.0x10—16
LiPt -1 (2.5 0.4) x10—17 2.0x10-17
LiHg +1 (1.1£0.1) x10—18 2.6x10=18
LiTl +2 (8.9 £0.9) x10—17 6.8 x10~18
LiPb +3 (1.6 £0.3) x 1017 3.0x10—15
NaCd +1 (6.6+0.8) x10~18 6.6x10—18
Naln +2 (2.3 £0,3)x10~17 2.0x10—17
NaSn +3 (2.8 £0.6) x 1018 2.2x10-16
NaHg +1 (9.6 £1.5)x10~1T  8.5x10-17
NaTl +2 (2.7+0,3) x 1018 2.5 x 1016
NaPb +3 (2.0 £0.3) x 10—18 1.9x10-15
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states. Thus, if the impurity has two valence
electrons, there must be approximately a
charge of two electrons in the impurity atomic
cell. This implies that a typical band wave

function is V2 bigger within the impurity cell.
From Eq. (1) we see this will increase the
linewidth by approximately (V2)*=4. Roughly
we expect the valence difference to lead to

a V2 dependence, where V is the number of
valence electrons of the impurity. To make
these ideas more rigorous, we have numeri-
cally integrated the Schrddinger equation using
a screened Coulomb potential?,® with its screen-
ing length adjusted to satisfy the Friedel sum
rule,? keeping only the s-, p-, and d-wave
phase shifts. The p-wave contribution is the
most important for this potential (s waves have
vanishing spin-orbit coupling). We have or-
thogonalized the resultant solutions to the cores
obtaining the theoretical values shown in Ta-
ble II. For Pd and Pt (which present repul-
sive potentials) and the Group-I or -II elements,
this simple procedure gives excellent account
of the results, over a wide range of experi-
mental values. This demonstrates convincing-
ly that (1) the mechanism of spin flip is indeed
spin-orbit coupling® and (2) there is a valence
effect of the sort we have outlined.

The discrepancy with the Group-IV elements
gives striking testimony to that fact that the
simple theory has broken down. A similar
though less marked effect is seen for the Group-
III elements. Retaining perturbation theory,
we have tried to resolve the difficulty by per-
forming numerical integration of the s-, p-,
and d-wave radial equations at E g using the
Herman-Skillman atomic potentials® for var-
ious impurities. The potentials are atomic
inside a radius R and uniform outside; R was
adjusted to satisfy the Friedel sum rule. The
results are substantially the same as those
found using orthogonalized screened Coulomb
functions.

We can suggest three possible explanations
for the discrepancy. (1) The one-electron,
weak-collision approximation is correct, but
to be self-consistent the screened potential
may have substantially different radial depen-
dence than the potentials we have so far con-
sidered. (2) Possibly a one-electron theory
is inadequate for the high-valence atoms.
Certainly in free atoms the exclusion princi-
ple is important in limiting the possible total
spin and total orbital angular momentum. The

’
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large energy differences from the different
L -S multiplets give rise, for example, to
Hund’s rules. It is natural to suppose that in
the metal one should describe the impurity
in terms of the lowest lying free-atom states.
For a low valence, these are nearly one-elec-
tron states since there are many states com-
pared to the electrons which occupy them.
The deviations should be more marked for
atoms with larger valence. (3) A third explan-
ation is that perturbation theory is failing for
impurities with large spin-orbit coupling and
large valence difference. One way of seeing
this is to consider the precession of a spin
in the spin-orbit field of a free atom. If this
precession occurs for a time necessary for
a Fermi electron to cross an atomic cell (about
10715 sec), the precession angle is not small,
It is possible to check the third hypothesis
by additional calculations. The scattering
problem is set up in the j, ! representation?
instead of the more usual /,s representation.
The phase shifts are the 7/, described by quan-
tum numbers j,l. The spin-flip cross section??
is found to be

_4m I1+1) . f 1+1/2 1-1/2),
Tk 2Ly ore1 T M - G)
o

Since p-wave scattering predominates, Eq. (3)
predicts 0= 0 if n,¥2-n,Y2=7, The,! phase
shifts must satisfy a Friedel sum rule appro-
priate to a spin-dependent interaction, which
is easily shown to be

A ; J j
ZU-ﬂZ(zﬁl)(nj_% +nj+%>, 4)
J

where Z, is the valence difference. Using
atomic potentials and carrying out such cal-
culations, we have not found significantly bet-
ter agreement for the Group-IV impurities.
We wish to thank Professor C. P. Flynn
for many interesting and useful discussions,
Professor H. J. Stapleton for the use of sam-
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Strong evidence now exists that an F A center
is simply an F center with an impurity ion at
a nearest-neighbor site.!”* While similarly
perturbed centers involving F aggregates would
likewise be expected, their existence has not
been clearly demonstrated. The purpose of the
present note is to report evidence in KCI of the
simplest such association, an M center with
a Na' ion neighbor, i.e., an My center.

The usual M center consists of two nearest-
neighbor F centers along a {110) lattice direc-
tion.®~® Its main transition, the M band, lies
on the low-energy side of the F band. Figure
1 shows the absorption in this spectral region
for three crystals which differ primarily in their
Na't concentration. Curve @ shows the M band
in an undoped crystal with a natural content of
0.003 mole% NaCl. Compared to this spectrum,

curve b reveals a weak absorption at about 820
mp in a crystal with 0.04 mole% NaCl. The rel-
ative size of this shoulder absorption increases
for crystals with increasing NaCl content until
it predominates. This is evidently the case for
a crystal containing 0.35 mole% NaCl, as shown
in curve c. Similarly, the size of the F 4 band
(at about 580 mp) relative to that of the F band
is very small for the crystal of Fig. 1, curve
a, but is comparatively larger for crystals with
increasing Na* concentration.

The M center has three symmetry axes along
which its optical dipole moments lie. One is
the (110) vacancy axis, which is the direction
for the M band. The other two are the (110)
and (100) directions perpendicular to this axis.
M-center transitions with moments along these
normally overlap the F band. A common pro-
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