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The nonrelativistic energy bands of bcc Mo are calculated by the renormab~el-atom method and the
Fermi surface is obtained using an interpolated band structure. The de H~van Alphen data for the
neck orbit of the electron jack and the electron lens are used to derive, for the crystal, a spinwrbit
paar, eter of 0.0075 Ry, approximately equal to the atomic spin-orbit parameter.

I. INTRODUCTION

The experimental data relating to the Fermi sur-
face (FS) of bcc Mo have been reviewed by Hoekstra
and Stanford in the preceding payer. ' The FS of Mo
has four sheets qualitatively similar to those of the
minority-spin electrons in iron: I, hole pockets
( ellipsoids" ) centered at the points N in the Bril-
louin zone; II, a hole octahedron centered at the
point JI; III, an electron "jack" centered at the point
I'; IV, electron lenses centered on the & symmetry
lines.

In the absence of spin-orbit coupling the octahe-
dron and jack would contact each other on the &-

symmetry line and each lens would contact a neck"
of the electron jack just off the & axis. The spin-
orbit interaction in Mo produces separations be-
tween these pairs of surfaces.

The separation between the octahedron and the
jack is of particular interest because reported ex-
perimental estimates of its value differ by more
than the reported experimental errors. The radio-
frequency-size-effect (RFSE) measurements of

Boiko et al. 3 give a separation of (2. 5 4 2)% of the
I'H dimension 2v/a while those of Cleveland and
Stanford ' give (7.5+2)%.5 The latter value is es-
timated to require a spin-orbit parameter of 0.03
Ry, which is 4 times the atomic spin-orbit param-
eter of 0.0074 Ry calculated by Herman and Skill-
man. s The de Haas-van Alphen (dHvA) data of
Hoekstra and Stanford~ are consistent with the
smaller value of the separation, that of Boiko eI, al. ,
but not consistent with that of Cleveland and Stan-
ford.

The rest of this paper discusses the interpolated
band structure of Mo, the resulting FS, and the val-
ue of the spin-orbit parameter obtained from a fit
to the experimental dHvA data. The results indi-
cate that the separation along the & axis between
the octahedron and the jack is only about l. 2% of
2% g,

II. BAND STRUCTURE

Previous nonrelativistic band-structure calcula-
tions for Mo have been reported by Loucks~ and
Petroff and Viswanathan. s W'e originally intended
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TABLE I. Nonrelativistic energy bands for bcc Mo at
high-symmetry points calculated using the renormalized-
atom method (Ref. 10), The k values are given in units
of x/4c. Energies are in Ry relative to the muffin-tin
potential, which is 0. 850 Ry below the vacuum level.

Symmetry E(R) Symmetry E(k)

(o, o, o)
(o, o, o)
(o, o, o)
(o, 8, o)
(o, 8, o)
(4, 4, 4)
(4, 4, 4)
(4, 4, 0)
(4, 4, o)
(4, 4, o)
(4, 4, o)
(4, 4, o)
(4, 4, o)

r,
r2'5

H(2
H2'5

P4
P3
N(
N2

Ng

N4
N'i
N3

0.404
0.729
0. 940
0.380
l. 145
o. 646
l. 012
0.433
0. 566
0, 963
l. 006
1.017
1.211

(o, 4, o)
{o,4, o)
(o, 4, o)
(o, 4, o)
(o, 4, o)
(2, 2, 2)
(2, 2, 2)
(2, 2, 2)
(2, 2, 2)
(2, 6, 2)
(2, e, 2)
(2, 6, 2)

A(
A3

A3

A)
F3

F3

0. 597
0, 598
0. 797
0. 905
1.142
0.606
0.615
0. 950
1.106
0. 581
0.622
1.019

to use Loucks's bands making use of his computer
decks available at Iowa State University, but it was
discovered that Loucks had used an incorrect value
of the unit-cell volume [194 (a. u. ) instead of 105
(a. u. )'].'

A near nonrelativistic augmented-plane-wave
(APW) calculation for Mo was subsequently carried
out using the renormalized-atom approach. ~0 %'e

used a Wigner-Seitz radius of 2.928 a.u. and an
APN sphere radius of 2.460 a.u. , slightly smaller
than half the nearest-neighbor distance. The ener-
gy levels at, points of high symmetry are given in
Table I.

The Mo energy bands were fit to the points listed
in Table I using the Slater-Koster interpolation

TABLE II. Interpolation scheme parameters (Refs. 2
and 11) for the fit to the bcc Mo bands of Table I.

E (000) = 1.468

E„(111)= —0. 1300

E„(loo)= —o. o24

E, ,(110)= 0.010

s„,(111)= o. o8o

E„(100)= 0.080

s„,„(ooo)=1.8e3

s„„(111)= o. o75o

E „(111)= 0. 062

E„,„(100)= 0. 175

s„,„(loo)= o. oo9

E„„(111)= 0.044

E„2„2„(ool)= o. o28o

s„„„(llo)=-o. oo2

E„„„(111)= —0.048

E,(111)= -O. O45

Sg„y2 „(111)= 0. 031

E3g2~2 g(011)= —0.039

E „(olo}= o. o24

E „(110)= —0. 005

E „(011)= 0. 005

S~ ~,(011)=O. O1O

s, (ooo)=o. 8731

E,~~2 3g2~2(000) = o. 82585

Esp 2 3 2 2(ill) =0.035

E~ „2 2(111)=-O. O29

E„„„„(oil)= o. ool

s,p 2„2 2(ool)=-o. oe5e7

s~ ~ ~ ~(110)=- 0. 0018

E„„, (011)= 0. 00178

E (111)=- O. O26

E„„, (111)= —0. 04031

s (100)= o. o1619

E„2 p g „2(001)= 0. 007

S (11O)=-O. O0428

E,y~2, g2~2(110) = 0. 0035

Egy gg(01 1) 0+ 0012

scheme for bcc transition metals. ~'~~ The rms fit
to the energy eigenvalues below 1.00 Ry was 0.005
Ry; the parameters are listed in Table II. The in-
terpolated energy bands were computed at 285
equally spaced mesh points in /th of the Brillouin

l.2

l.0

0.7

0.6

0.5
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I

FIG. 1. Nonrelativistic
energy bands for No modi-
fied by lowering the conduc-
tion banda with respect to
the d bands by 0. 08 Ry. The
hole surfaces I (ellipsoids)
and II (octahedron) arise
from the third band at N and
at H, respectively. The
electron surfaces III (jack)
and IV (lens) correspond to
filled states in the fourth
and fifth bands, respective-
ly.
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FIG. 2. FS cross sections in (100), (110), and (111)
planes for the modified Mo bands shown in Fig. 1. The
Roman numerals identify the different surfaces (see text).
The correspondence with the dHvA frequencies of Hoek-
stra and Stanford (Ref. 1) is as follows: I gives rise to
p orbits; II gives rise to v orbits; III gives to 7r, o, $, fI(),

co, and v orbits; IV gives rise to P orbits. Spin-orbit
coupling, which has been neglected here, has the effect
of producing small separations between surface III and
surfaces II and IV in the (100) and (110) planes.

zone, and a density-of-states histogram was con-
structed to locate the Fermi level (Es = 0.839 Ry).

The FS's for these bands proved to be qualitative-
ly but not quantitatively correct; in particular, the
hole octahedron was too small and the hole ellip-
soids, electron jack, and electron lenses were too
large. This suggests that the band calculation
placed the 4d bands too low with respect to the con-
duction (5s, 5p, .. . ) bands. The separation between
the d bands and the conduction bands is known to be
highly sensitive to the details of the crystal poten-
tial used in band calculations, and it is not uncom-
mon to find that the separation inferred from exper-
imental results differs by 1 or 2 eV from that given
by the theoretical calculations. '

Therefore a new set of bands was constructed
with the conduction bands lowered 0.08 Ry relative
to the d bands; this was accomplished in the context
of the interpolation scheme by using the values E...
(000)= 1.388 and E„,(000) = 1.783. Again, 285
points were used to determine the Fermi level (Es
=0.828 Ry).

The modified bands are shown in Fig. 1 and the
FS cross sections derived from them are shown in
Fig. 2. Most of the FS cross-sectional areas are
in good agreement (a 5%) with the dHvA data of
Hoekstra and Stanford, ' although the ellipsoid dif.-

ferences range up to 20%. No further attempt has
been made to modify the band structure to secure
better agreement.

III. SPINARBIT INTERACTIONS

In the absence of spin-orbit interaction, the
neck" of the jack surface contacts the lens surface

along a closed curve around the & axis, as indicated
in Fig. 2. Spin-orbit interaction splits the two sur-
faces apart, as a result of which the (100) lens
cross-sectional area is smaller than the (100) neck
area; 8.24 MG compared to 11.7 MG. '

This fact can be used to determine the value of
the spin-orbit parameter appropriate to the crystal.
The interpolation scheme has previously been mod-
ified to incorporate spin-orbit coupling, ' " so it
can be used to study the effect of spin-orbit cou-
pling on the nonrelativistic band structure and FS.
A single spin-orbit parameter, usually denoted $,
is involved in such a calculation.

The adjustment in the original band structure dis-
cussed in Sec. II was chosen to give (100) neck and
lens areas intermediate between the experimental
areas (in this case, 9.5 MG). The value of the
spin-orbit parameter t' required to give the correct
difference between the (100) neck and lens areas is
0.0075 Ry, which is almost exactly the atomic spin-
orbit parameter of Herman and Skillman. ~ The ef-
fect of the spin-orbit interaction on the FS is shown
in Fig. 3.

This value of $ splits the AI level of the nonrela-
tivistic band structure to produce a separation of
0.012(2w/a}, or 1.2% of the &E distance, between
the hole octahedron and the electron jack. This

NEC l&

FIG. 3. Enlargement of the part of the (100) plane near
the intersection of the jack surface III and the lens sur-
face IV. The solid lines correspond to aspin-orbitparam-
eter $ =0 while the dashed lines correspond to $ =0.0075
Ry.
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agrees vrithin experimental error with the RFSE
data of Boiko et a/. , ' vrhich gave a separation of
(2. 5 w 2)% of 2v/s, and the dHvA data of Hoekstra
and Stanford. ~ It is in disagreement with the RFSE
data of Cleveland and Stanford, 5 which gave a sepa-
ration of (V. 5+2)% of the FH distance. A spin-or-
bit parameter which led to such a large separation
would have a difference between the (1QO) neck and
lens cross-sectional areas much larger than the ex-
perimental result.

We conclude that the spin-orbit parameter in Mo
is probably about O. OOV5 Ry and that the separation
along the & axis bebveen the octahedron and jack
surfaces is about 1.2% of the &H distance.
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