VoLUME 14, NUMBER 13

PHYSICAL REVIEW LETTERS

29 MARCH 1965

courtesy in providing the NiO sample. We also
wish to express our appreciation to Dr. J. Ap-
pel for his continuing interest in this work and
for many fruitful conversations on all theoret-
ical aspects of the work.

!Evidence for hopping in the vicinity of lithium impu-
rities in sintered samples of NiO has been given by
temperature- and frequency-dependent mechanical loss
measurements by S. Van Houten, J. Phys. Chem. Sol-
ids 23, 1045 (1962).

M. Pollak, in Proceedings of the International Con-
ference on the Physics of Semiconductors. Exeter,
July, 1962 (The Institute of Physics and the Physcial

Society, London, 1962), pp. 86-93.

3F. Stern, in Solid State Physics, edited by F. Seitz
and D. Turnbull (Academic Press, Inc., New York,
1963), Vol. 15.

‘R. Newman and R. M. Chrenko, Phys. Rev. 114,
1507 (1959).

SMeasurements have also been performed on sintered
samples of NiO (light green in color) and on a single-
crystal sample (black in color and grown by the flame-
fusion method) obtained from the Linde Company. The
sign of the Seebeck coefficient indicated p-type conduc-
tion at room temperature in these materials, in agree-
ment with previous reports [see, for instance, F. J.
Morin, Phys. Rev. 93, 1199 (1954)].

8R. E. Cech and E. I. Alessandrini, Trans. Am. Soc.
Metals 51, 150 (1959).

SPIN DENSITY OF s ELECTRONS IN IRON

T. A. Kaplan

Lincoln Laboratory,* Massachusetts Institute of Technology, Lexington, Massachusetts
(Received 26 January 1965)

Recently Overhauser and Stearns! (OS) have
interpreted M&ssbauer measurements? on Fe-Al
alloys. They concluded that there is a large
qualitative difference between the true 4s-elec-
tron susceptibility and the free-electron sus-
ceptibility x,(g) due to interactions between 4s
electrons. The main purpose of this note is
to argue that their conclusion is premature
since their neglect of the £ dependence of the
periodic part of the 4s Bloch functions is prob-
ably serious. Although our treatment of this
effect is not intended to be quantitatively accu-
rate, it does indicate a considerable sensitiv-
ity of the results to such 2 dependence, and
suggests that a detailed theory neglecting s-s
interactions might indeed give approximate
agreement with experiment.

Following OS, we consider the theory of s-d
exchange, obtaining Yosida’s® Eq. (2.14) to first
order, from which one finds the spin density
at lattice site R to be

S(R) = J explia-R)o@daq, )
V uo(O)*u- -»(0)
q) =— K K¥  L.ER):
O'(Cl)“4n3 ZE P I(k+q,Kk); (2)
k<ky *a

V =crystal volume, uE(O) is the periodic part
of the Bloch function ¥}, evaluated at a nucleus,

and €j; is the energy associated with yi;. Also,
T %Y= (e *(r * (T b (7!
16,0 = [yg,* © g * g, Eopp 6)
xv(r-1')drdr’, ®3)

where y3,(F) is the localized electron orbital,
and v () is the Coulomb interaction. The ap-
proximations made by OS in treating this, which
are essentially the same as those made in the
standard theory,® are

uE(O) = constant, independent of k. (@)

& P = p = T .-..-. 2
I(k+q,k)—F3d(q) fdrexp(zq r)I¢3dI . (b)
EE « k2, (C)

Although the “justification” of (b) given by OS
is valid if the band orbitals are simply

o« exp(ik-r), it is not a valid justification in
general: Even in the case v (F=T') < 6(F-1'),
I(k +q, k) does not reduce to the magnetic form
factor F 3y [because of the factor ui(Fluf . §(F)
which also occurs in the integrand of I].

As is well known, these approximations give
0(@) =xg(@)F 3;@), where x,(g) is the free-elec-
tron spin susceptibility. Furthermore, as point-
ed out by OS,'* this yields a spin density S,(R)
which, for R#0, can give reasonably good agree-
ment with the hyperfine field measurements
(see Fig. 2). For this we have used kp=1.2 A—1

499



VoOLUME 14, NUMBER 13

PHYSICAL REVIEW LETTERS

29 MARCH 1965

(in agreement with OS), giving a 4s conduction
electron/atom ratio of 0.66. But, as OS point
out, S,(0) is then about a factor of 7 larger than
a value which would give consistency with the
hyperfine field in pure iron.

Let us first consider (a), leaving (b) and (c)
as assumptions. Putting uz(¥) = const (indepen-
dent of k) is clearly poorest when T is inside
the atomic core, and so it is for the hyperfine
experiment. However, it is only the % depen-
dence of uj(0) that is pertinent here, since the
discussion is concerned only with the ratios
of hyperfine fields at the different R. To get
a rough idea as to the effect of (a), we have
taken yp(¥) to be a single plane wave orthog-
onalized to the core electrons. Neglecting over-
lap between core electrons on different atoms,
this gives uk(O) Ak{l Z}Czpc(o)f (k)}, where
fe (k) is the Fourier transform of y.*, Ag™*
—V"z{l—nZ)c If (&) /2, n =nnumber of atoms
per unit volume, and the sum is over one core.
We then approximated ¢ () by hydrogenic wave
functions, choosing the screening constants to
match the location of the outer extremum in
¥ % (radial function) with that of the Hartree-
Fock-Slater function.® The only appreciable
contribution in A} is from the 3s orbital, and
nif3g(k)I? is only =0.1, so we take Ap=*=V*/2
Then

10 k2 k* B2 \™4
Vi3 *(O) alk)- 24<1-—-—3—B2 34><1+?)

= a(k)-24g(k), (4)

where a(k)=1-f1 (k)y15(0)~foq (k)ygs(0), 24g(k)
=f34(R)y35(0). B, the quantity appearing in

a/k
FIG. 1. Approximations to the function ¢(§) = o(q)/

Fg;@&. With assumptions (a), (b), and (¢), (@) =x,(q),

the free-electron susceptibility. With assumption (a)
corrected as described in the text, @) =¢,(q).
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exp(-B7) in Y3, is 11.1 A~ by our criterion,
the outer maximum occurring at 0.37 ./c’&; the
corresponding 8’s for the 1s and 2s functions
are 45 and 22 A~!, respectively. The fact that
the 2 variation of the 1s and 2s functions is
slow compared to f3s(k) suggests that a (k) may
be approximated by a constant. We find indeed
that replacing a (k) by 6 in Eq. (4) gives a good
approximation, for our present purposes, to
the function defined by (4). [Note that @ (0)=9.]
Writing o(q) = ¢1(q/kp)F34(q), ¢1(a/kF) was
calculated using (4) in the approximation just
described, (2), (b), and (c), taking advantage
of B2/kp*>> 1 for simplification. The result
is shown in Fig. 1. ¢,(Q) was normalized so
that its singular term, which is of the same
form as that in x,(®), has the same coefficient
as that in y,. This was done (arbitrarily) so
that the two spin densities S,(R), S,(R), would
be expected to approach each other at sufficient-
ly large R.® We see from Fig. 1 that the essen-
tial difference between ¢,(Q) and x,(Q) is that
¢, decreases rather more rapidly than x,. Re-
membering that after the angular integration
in (1), one has

S@R) = f PTG @F QM
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FIG. 2. s-electron spin density as computed from
Eq. (1). Sy(R) and S4(R) correspond to 9=y, and ¢=¢,,
respectively. Only the values of S(r) at the lattice
points » =R are significant. Note the renormalization
of S(R) for 2kFR <4.25. The experimental points are
from Stearns and Wilson.
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the @2 factor rendering the small difference
between ¢, and x, at small @ insignificant, hence
we expect $,(0)<S,(0) and S,(R)~S,(R) for large
R. The integrals d@ were evaluated numeri-
cally, and the results are shown in Fig. 2. The
expected behavior just outlined is seen to oc-
cur. It is interesting that the nearest neighbor
distance Ry, is already large in the sense that
S,(R) =S (R) for R SR, —this is not too surpris-
ing since ZkFRnn =6. Thus we see that

S;(R)=Sy(R), R#0;
S,(0)=5,(0)/1.8; (5)

showing an appreciable reduction in the discrep-
ancy between experiment and a theory neglect-
ing s-s interactions. We estimate that the er-
ror in this result as compared to the exact cal-
culation based on (4), (2), (b), and (c) is less
than 5% for S,(0) and negligible for S,(R) at
nonzero R. Also the k dependence of A  Should
decrease S,(0) slightly. The conclusion to here
is that S(0) is sensitive and S(R) is insensitive
to modifications presumably in the direction

of a more realistic approximation’ to the con-
duction-electron orbitals y,. In other words,
approximation (a) is probably important, par-
ticularly with respect to S(0).

A similar conclusion is also warranted for
approximation (b): I(k’, k) will be determined,
roughly speaking, by uj(7), where 7 is the lo-
cation in the maximum of §3; (7 =0.36 A%).

Yo @) fc(k) is negligible for the 1s and 2s func-
tions, changing the « in Eq. (5) to 1; and

Y35 (7)~35(0)/16, reducing the coefficient of
g(k) from 24 to ~1.5. The closeness of this lat-
ter coefficient to 1 suggests an even greater
percent variation with k and k’ than the effect
calculated above.® However, this calculation
is complicated by the 3p and 3d core functions
(particularly). In view of the suggested sen-
sitivity, a more careful calculation should be
made. Such a calculation will involve going
beyond the simple single orthogonalized plane-
wave approximation.

Nevertheless, despite these difficulties, our
discussion leads clearly to the conclusion that
a large discrepancy between observation and
a calculation based on (a) and (b) of S(0) (even
a factor of 7) is far from sufficient to throw
out the basic theory neglecting s-s interactions.

In our opinion, the small discrepancies in
S(R) at large R might be more significant than
the relatively large one at R =0, assuming that
the experimental limits of error are meaning-

ful. As suggested by Zeiger,® they might re-
flect actual deviations from the free-electron
Fermi surface, i.e., deviations from approx-
imation (c).

Finally, we remark briefly about the relation
between the spin susceptibility x(q) [the dth
Fourier component in the response to a field
exp(q-T)]*° and the function ¢ (§)=0(@)/F3;(3).
First of all, the spin density arising from ex-
change can only approximately be described
in terms of the response to a local potential
3¢(f)—it would be exact if v(F)c 6(r) in the band-
local exchange matrix element and 3¢(¥) < zp3d(f-)2.
Even with this approximation, the identifica-
tion! of ¢(q) with x(@) is incorrect; the correct
relation can be shown to be ¢ (@)= zx@ +K, q),
where x(q’,q) is the G’ response to a field
exp(:§-T) and K =27 x (reciprocal vector). Of
course, x(@)=x(d,d). Ina gas (no periodic po-
tential), x(@’,q) is diagonal. Hence, before a
knowledge of the qualitative behavior of Xgas@’
Q) can be transferred to ¢(q), further analysis
is necessary.

*QOperated with support from the U. S. Air Force.
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The spin susceptibility is defined in terms of the re-
sponse to a driving term in the Hamiltonian of the form
-Z) 3¢ (T, ;)S;,,» where ¥ (T) is the applied “field,” T 0 S;
are the pos1t10n and spin of the ith electron, respec-
tively.
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