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where the angle ¢ is measured from the [111]
axis in the (110) plane. This expression is plot-
ted in Fig. 2 (solid line), and good agreement
with the data is obtained when m/m;=0.40
+0.05. From the measured values of P[111],
P[110], and m[110] we calculate m;=(0.26+0.02)
Xmq and m;=0.65+0.10. The calculated value
of my is in good agreement with the experimental
value of (0.26+0.04)m,.
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Magnetoresistance measurements have shown!
that one sheet of the Fermi surface of Ni has the
same topology as that of Cu, Ag, and Au.? It
consists of one spheroid in each Brillouin zone
connected by narrow necks passing through the
L centers of the (111) zone faces. The diameter
of the necks are about three times smaller than
those of Cu. In the preceding Letter, measure-
ment of the effective masses of the neck is re-
ported. We show here that the exchange splittings®

AE =E(L.1)-E(L,}),
AE =E(L, 1)-E(L,}) )

can be estimated from this and other data.
If we assume that the d} bands of Ni are full,

the high-field Hall data* give
n(st)+n(sy)+nl@4)=1.0 (2)

and from saturation magnetization data and gyro-
magnetic ratios®
1.0+n(sk)-n(sy)-ndt)=0.54 (3)

where, e.g., n(s}) is the number of electrons
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per atom contained in the s} Fermi surface.
Combining (2) and (3), we have

n(st)=0.217. 4)

Three models of the band structure of Ni have
been proposed to explain the multiply connected
Fermi surface. These are shown in Fig. 1.
Model (a) uses® the Cu band structure for spin !,
with Eg=9 eV reduced by 0ERp=0.7 eV relative
to Cu” to yield the reduced neck diameter. The
calculated density of states® near L,/ is 1.6 times
the free electron value. This gives a precise
value in (a) for

n(s$)=0.50(1- 1.6x$0E /E ) (5)

and

n(st)=0.41 (6)

in comparison to the rough value of 0. 33 obtained
previously. ¢

The discrepancy between (4) and (6) suggested®
models (b) and (c). In(b),n(s}) is reduced com-
pared to (a) because of increased s-d repulsion.
Calculation shows?® that (4) is satisfied for

Eng(L2,4)-E(L34)50.8 eV (7)
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FIG. 1. Alternative models for the band structure of
ferromagnetic Ni, with special reference to the neck
found in galvanomagnetic experiments. For the sake
of clarity only the s-p band I'\L,’ and one twofold de-
generate d band I'j,L 3 are sketched. The neck is de-
noted by the U in each figure. The boxed arrows in-
dicate spin direction; the unpaired electron spins are L

which is two times smaller than that proposed in
model (a). On the other hand, the neck may ac-
tually occur in the d} band, model (c), with E
just above LS*. The masses quoted in the pre-
ceding Letter are an order of magnitude smaller
than those found in the d band.? We discard (c)
and focus our attention on ().

Near L., we expand E (k) in powers of k - L. Be-
cause E, is comparable to Ef=Ep- E(Ly/), the
expansion takes the form

E(k)- E(Ly) +h% */2m -y (0 */2m)
= (Eg/2){[1 + (Z/Eg)(l/mt- y/m)ktZ]“z- 1} (8)

where kl and k; denote the conlponents of k- L
parallel and perpendicular to L. The factor y
=1.7 includes the effect of the lower L, state.®
Calculations of the curvature of the one-elec-
tron energy bands of Cu (see Figs. 4 and 8 of
reference 7) and Ni'® along A near L,/ give m;/m
=0.23+ 0. 03 for both crystals. Precision meas-
urements®! of the angular variation of the neck
mass in Cu (similar to those reported for the
neck area of Ni in the preceding Letter) can be
fitted with m;/m =0.27+0.02 in (8), in good
agreement with the one-electron value. The
large value mj/m =0.66+ 0.1 obtained in the

preceding Letter is therefore noteworthy.

In normal metals such as Na or Cu m*/m often
exceeds the one-electron value by 10-20%. Many-
electron corrections might thus be represented
phenomenologically by a correction 8 to the one-
electron masses:

m/m*=(1-B8)}{1 + (interband terms)} (9)

with $=~0.1- 0.2 in Cu.” The chief difference
between Cu and Ni is the high density of states at
Ep in Ni due to the partially filledd band. The
value of B required to explain the observed value
of m ; in Ni is

Bl=0.6510.1. (10)

The large increase in 8 from Cu to Ni is probably
caused by correlation of d{ electrons with } con-
duction band electrons near L,:.

The one-electron transverse mass is given by

m/mt(kt) -y =("/Eg)[1/"(kt)]’ (11)
A=(2/m)I<L3IptlL2,) 2. (12)

The factor a(kt) represents the nonparabolic cor-
rections associated with fourth and higher order
terms in k;; a(0)=1.

We have found that the interband energy a is
quite small because it involves wave functions
from different shells (34 and 4p). It is also sen-
sitive to the radius of the d shell, which depends
on Eg. Over the range of interest we find that A
depends linearly on E, in three band calculations
for Cu'° and two for Ni'°. The results are
shown in Table I. From this table and (11), we
find that in the one-electron approximation

E =1.3 eV. (13)
g

This result is suspect, however, for many-elec-
tron effects on m ¢ Should be comparable to those
for m;. Assuming 8;=8; as given by (10) we find

Table I. The interband energy numerator A as a
g
function of E, for several ' muffin-tin” potentials rep-
resenting Cu and Ni.

Eg A
Reference Element (eV) (eV)
7 Cu 1.8 1.6
7 Cu 1.6 1.7
10 Cu 1.2 2.7
10 Ni 0.29 5.0
10 Ni 0.15 5.0
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that the one-electron value of m;/m at E is 0.11.
From (11) and Table I we obtain a many-electron
estimate for Eg,

E =0.5eV. (14)
g
The agreement of (7) and (14) confirms our ap-
proximation B¢ =8;.
We can use the neck diameter and transverse
mass reported in the preceding Letter to obtain

E.=E_-E(Ly})=0.13 V. (15)

f °F

From the calculated density of states near the
top of the d band*?!? it is known that

EF=E(L3+)-0.05 ev. (16)
From (14) through (16) we obtain
AEd:O.7 ev. 17)

To estimate the exchange splitting AE, of the
conduction band, we note that the interband optical
edge® and Faraday resonance'® at 0.3 eV must be
associated® with the conical interband energy
surface in the } bands with apex at L defined by

Ec(k)-Ed(k)=E(L2,$)-E(L3#)=o.3 ev.  (18)
From (15), (16), and (18) we find
AEC=0.5 evV. (19)

The magnitude of band exchange splittings has
been a matter of controversy since Slater’s ori-
ginal paper’? on Ni. From free-atom spectro-
scopic data he estimated an intra-atomic exchange
integral J,,,,,=0.85 eV between d states of dif-
ferent azimuthal quantum number m. The ex-
change splitting is then

AEd=0'6Jmm'=0'5 ev. (20)
which agrees quite well with our value (17). This
was to be expected, since Slater showed that (20)
yields approximately the correct ferromagnetic
ordering energy as inferred from the Curie tem-
perature.

Van Vleck has criticized'® Slater’s estimate of
AE; on the ground that the quenching of orbital
angular momentum in the crystal means that J
should be a weighted average of J,,,,,, and J,,,,,
the latter being a Coulomb energy, which Van
Vleck estimates to be 7.6 eV. This “strong in-
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tra-atomic interaction” picture has recently been
taken up by Hubbard'® and Kanamori!” who pro-
pose a renormalized exchange interaction of
order half to one d band widths (2-4 eV in Ni).

The energy bands of Ni have been calculated®
using a Thomas- Fermi-Slater exchange potential
associated with 4.8 d} electrons and 4.2d} elec-
trons. The results are AE;=1.0eV, AE.=0.3
eV. The local exchange potential overestimates
the former and underestimates the latter, as ex-
pected.

In conclusion the exchange splittings estimated
here support the one-electron band model and
reject the strong intra-atomic interaction mod-
el.'® 17 On the other hand, the large correlation
effect on m; shows that an adequate description
of the magnetic transition must include many-
electron effects.

We have benefited substantially from conversa-
tions with P. W. Anderson, E. Fawcett, and
W. A. Reed. We are grateful to A. S. Joseph
and A. C. Thorsen for communicating their re-
sults prior to publication.
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