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Electronic structure and magnetic breakdown in titanium
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Using the linear muffin-tin-orbital method, we have calculated the electronic structure of the 3d hcp transition-

metal Ti. Our Fermi surface is in good agreement with the recent de Haas-van Alphen experiments of
Kamm and Anderson, and a quantitative comparison indicates that the calculated d b'and lies less than about

10 mRy too high relative to the sp bands. Magnetic breakdown plays an essential part in the interpretation of
the experimental results. We also compare our results with previous calculations on Ti.

I. INTRODUCTION

After scandium, titanium is the transition metal
with the lowest atomic number (Z =22) and like the
other two group-IV elements Zr and Hf it crystal-
lizes in the hexagonal-close-packed (hcp) struc-
ture. The close similarity of the Fermi surfaces
and the electronic structures of the 4d and 5d ele-
ments in the same column of the periodic table
has been established through a number of experi-
ments and calculations ' but, owing to the mag-
netism of the heavier 3d metals, the comparison
has not generally been extended to these. The
lighter 3d metals Sc, Ti, and V are nonmagnetic
and the recent de Haas —van Alphen (dHvA) results
of Kamm and Andersons and Everett3 indicate that
the Fermi surfaces of Ti and Zr are quite similar.
However, a comparison between the recent band-
structure calculations of Jepsen, Andersen, and
Mackintosh (hereafter referred to as JAM) for Zr
and Hf with the calculations of Hygh and Welch ' '

on Ti seems to indicate that the simila, rity between
the 4d Zr and the 5d Hf does not extend to the 3d
Ti. On the other hand, Hygh and Welch found that
the Ti bands were very sensitive to small modifi-
cations of the potential, so we decided to recalcu-
late the electronic structure of Ti by exactly the same
procedure as that of JAM, i.e. , using a muffin-tin
potential constructed from overlapping relativistic
charge densities, with the Slater p approxima-
tion for the exchange and correlation, and employ-
ing the linear muffin-tin-orbital (MTO) method of
Andersen" for the evaluation of the eigenvalues.
This approach should be equivalent to that of Hygh
and Welch" except that we have included all rela-
tivistic effects throughout the calculation, but,
contrary to their results, we find an electronic
structure which is in good agreement with the ex-
perimental Fermi surface~ and which is closely
similar to those of the other group-IV elements.

A number of calculations have been made on
Ti, ' 'o but none of these can adequately describe
the dHvA frequencies recently observed by Kamm

and Anderson. Altmann and mohan have tested
three potentials by calculating the eigenvalues at
k=0 using the cellular method. The three sets of
eigenvalues differ from each other and from our
values by as much as several tenths of a rydberg.
A preliminary energy-band calculation has been
presented by Mattheiss using the augmented-plane-
wave (APW) method. He calculated the bands
along the line from F to K in the Brillouin zone
(see Fig. I) and they are in fair agreement with
our results. The discrepancies, of the order of
50 mly, are due to small differences in the po-
tentials and the neglect of relativistic effects in
the calculation by Mattheiss. The first theoretical
calculation of the Fermi surface of Ti was carried
out by Altmann and Bradley' using a ~odified
form of the cellular method with three potentials
based on Hartree-Fock calculations for the Ti",
Ti+, and Ti' ions and a uniform charge distribu-
tion of one, two„and three electrons per atom,
respectively. The bands so obtained show a gener-
al similarity to our results, but there are a large
number of differences of detail. The three papers
of Hygh and Welch' ' [hereafter referred to as
HW(I), ' WH(II), ' and WH(III)'] present the energy
bands and Fermi surfaces resulting from APW
calculations, with Mattheiss's'3 construction for
the muffin-tin (MT) potential. HW(I) and WH(III)
used the conf'. gurations s and s' in the atomic cal-
culations, respectively, and full Slater exchange
(a = I), while WH(II) performed a self-consistent
calculation starting with the potential of HW(I), but
with the core orbitals "frozen" and the exchange
parameter a = &. The results of these three cal-
culations are very similar, but they all differ sub-
Stanti3lly from what we find.

The organization of the present paper is as fol-
lows. In Sec. II we briefly describe the linear
MTO method and some details of the calculations.
In Sec. III we present the results of the calcula-
tions, which include energy bands, density of
states, Fermi-surface cross sections, and the
cyclotron masses. These are then compared with
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experiments and results of previous calculations
on Ti, Zr, and Hf.

II. METHOD OF CALCULATION

The linear MTO method has been discussed in
detail by Andersen ' and an abbreviated descrip-

tion of its concepts has been given by JAM. Ne
shall therefore comment only on those aspects
which are particularly relevant to this calculation.

In the neighborhood of the arbitrary energy E„,
the Hamiltonian and overlap matrices in the lmq
representation and in the atomic-sphere approx-
imation (ASA)" are

H;„.;, , =(y", ~ ~ H —E„y, , &
= (o, (—/ —l)5, ,5 ~

1+(j'„,&u), ( / —1—)(u, (/) „- ~ -„1+(y'„&(u',(x)
+ ( l i) + (/)

/'m'q', /ma ~ 1'm' 14NP [~ ( y i) + ( )j4 4aP, jmq 1

Xy, p

(2)

with

rf..., ...=J,'sc, ,(- l-' —-i)s",,„... ,„,~sc,(-/ —i),
where 3ypg are the angular momentum quantum num-
bers, and q is the site index.

The canonical structure constants are given by
the lattice sums

SR+1

3l m'q', lmq 8 t!'m', lm ~ 8
~ ~X+1

R/p

If we neglect the structure constants with E'W E,

it may be shown that (1) and (2) yield the unhy-
bridized energy bands

gk
(0((D( )= co~)(- l —1)+ ~gsC')(- l —1)]

@gal

where g is a coefficient given by Andersen, " the
atomic sphere radius is S= ~(SQ/n)"s, and p =—j' —q,
A. —= l'+l, and p,

=—m' —nz.
The energies v, (- l —1), v, (/), SC', (-l —1) and

(Q2, &
'~~ are potential parameters that may be ob-

tained by fitting the logarithmic der ivative function

D, (E) =Sg(E, S)/$, (E, S) at the atomic sphere to the
the I.aurent series

e,(- l —1) -'.sc',(- l —1)
2(2l+ 1)C, (l) ~,(—l —1) —u), (/)

1 1+ (D„, —/)a„
4/+ 2 1+ (D„,+ /+ l)a„

1 1

D, (z) -D„, m„(z-z„)
and using

(o,(D) = 1 1
I„,a„,+(D„,—D)-'

8
2

sc', (D) =
m„, 1+(D„,-D)a„,

with D = l or D = —/ —1. Moreover

FIG. 1. Brillouin zone for the hexagonal structure.
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The canonical / bands,

8'„=2(2l+ l)(D"„+l+ 1)/(D"„.—l),
are the eigenvalues of the l/ subblock 3". . . , of
the structure-constant matrix. We may then con-
clude that the unhybridized vl-energy-band struc-
ture is derived from the canonical l-band structure
by fixing the band position through

&o(- l —1)E( l 1) EP+1 ( 2) 8( l 1)

scaling it by1, 3 1 —(Q~) v'(- 1 —1)
)[1 ( -) ( l 1)]

and distorting it nonlinearly by C (- l —I)/4 (1) and

(Q„). In these equations we have dropped the sub-
script l. The band position, E(- l —1), corre-
sponds to the cen'er of gravity of the canonical
I band and the parameter p, is unity for free elec-
trons so that it is the intrinsic band mass. For
transition-metal d bands 4 (- l —I)/4 (l) is much
less than unity, so that the width of the d band is
approximately 25/p, ~S~= 12.5SC'~~(- 3). When com-
paring the bands of metals with different lattice
constants it is most convenient to use the dimen-
sionless parameter s

C, , =—[Ep(—l' —1) —E,(—l —l)]S~

and p. ).
In the present calculation we included in (1) and

(2) the correction to the ASA, plus the relativistic
effects, by the technique described by Andersen. "
The correction introduces the potential parameter
VM», which is the muffin-tin zero, and the spin-
orbit coupling introduces the two potential param-

eters p, (D„,) and ur, (DI), in terms of which the
spin-orbit coupling parameter at logarithmic de-
rivative D is given by

((&) = ((&.) (&
—

(~,)
~(D) '

[1+(P!)~'(D)],
and where we have again dropped the subscript l.
The relativistic mass-velocity and Darwin effects
are included in the potential parameters &d(- l —1),
S 4 '(- l —1), 4(- l —I)/4(l), and (P'„).

In the present calculation we have used the full
linear MTQ formalism including s, p, and d
MTQs, which for the hcp structure with two atoms
per primitive cell, including spin-orbit coupling,
results in Hamiltonian and overlap matrices of
dimension 36 ~ 36.

We have used the hcp structure constants
throughout the Brillouin zone calculated by JAM,
corresponding to a c/a ratio of 1.58, although the
room-temperature lattice constants of Ti
(a = 5. 5754 a. u. and c = 8.8502 a.u. ) correspond
to a c/a ratio of 1.5873. ' The rms deviation of
the energies for these two c/a ratios and the same
atomic volume (the atomic radius S = 3.0524 a.u. )
calculated for the lowest ten bands at 84 k points
along the symmetry lines was 1 mRy. The cor-
rect c/a ratio was used for the energy bands of
Fig. 2, 3, and 4.

The MT potential was constructed following the
method suggested by Mattheiss, '3 by overlapping
Dirac-Slater self-consistent relativistic atomic
electron densities which were calculated separate-
ly, with the Slater p

~s approximation (n = 1) for
the exchange and correlation 5 in the atomic as
well as in the crystal potential.

The calculated ground-state configuration of the
Ti atom, 3d~4s', was used. The potential param-
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FIG. 2. Helativistic band structure of Yi (c/a =1.5873) in the AHA, neglecting spin-orbit coupling and hybridization
between the sp bands, indicated by thick lines, and the d bands.
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TABLE I. Potential parameters from which the band structure of Ti was calculated.

s
p
d

Ev- ~Mrz
(Ry)

0.600
0.600
0.600

e(- l —1)
(Ry)

—0.078
0.728
0.173

].OSC 2(- &
—1, S)

(Ry)

3.026
2.747
0.401

C(-L-1, S)
C(i, S)

0.853
0.699
0.096

(42) 1/2

(Ry)

3.9
4.9
0.90

u (Di)
(Ry)

0.0075 —14.0
0.0011 —0.97

Os in JAM, we have included the relativistic Dar-
win and mass-velocity shifts throughout.

The Brillouin zone for the hcp structure is illus-
trated in Fig. 1. In Fig. 2 we show the relativistic
energy bands of Ti along the symmetry lines of the
zone in the ASA, neglecting spin-orbit coupling and
also eliminating the hybridization between the sp
and d bands by setting the nondiagonal structure
constants involving $ =2 equal to zero. The d
bands bear a strong resemblence to the canonical
d bands as may be seen for c/a= 1.633 in Fig. 2

of JAM. They are located in energy by C„, of
Table II and scaled uniformly by the parameter p.~.
The nonuniform distortion represented by y„and
g&„„)of Table I is small. The sp bands are much
broader than the d bands and also about 30% broader
than the free-electron bands, as may be seen from
the mass parameters p, , and p, ~ of Table II.

The effect of hybridization between the sP and d
bands may be appreciated by comparing Figs. 2
and 3, since all nondiagonal structure constants

are included in the latter. Moreover it may be
seen that the correction term which is included in
Fig. 3 results in small downward shifts near the
top of the d bands of the nonhybridizing d levels.
The hybridization has drastic effects on the sp
bands, whose characteristic parabolic form only
survives above and below the d-energy range. It
also results in large shifts and changed connectiv-
ities of the d-bands. The two K& levels, which
without hybridization are purely p- and d-like, re-
pel each other and the lower of these becomes
nearly degenerate with the K~ level. The lowest
band along the line P, from Kto H therefore con-
sists of the two almost degenerate P& and P~ bands.
The low energy of the purely p-like I'3 level re-
sults in strong hybridization of the two crossing
~2 bands. The uppermost of these is very impor-
tant in determining the topology of the Fermi sur-
face, which thus critically depends on the relative
position of the sp and d bands. The relativistic
Ti bands including spin-orbit coupling are shown

TABLE II. Potential parameters for Ti and Zr calculated as described in the
text. The values under NR were calculated with the same potential construction,
but omitting the relativistic effects in the solid. The values under NBA were cal-
culated with the omission of all relativistic effects, both in the atom and the solid.

Conf igur a-
tion

Titanium (S=3.052 a.u. )

3d34s 3d 4s 3d 4s (NR) 3d 4s (NBA. ) 3d '4s' (NR)'

C@

Cas
p

pp

pg

(„(mRy)

7.36
2.28
0.71
0.83
6.0
1.5

7.29
1.37
0.72
0.84
7.2
1.7

7.23
1.26
0.71
0.84
7.2
0.0

7.22
1.17
0.71
0.84
7.4
0.0

7.22
—0.99

0.74
0.81

12.0
0.0

Conf igura-
tion

Zirconium (S= 3.347 a.u. )

4d 5s' 4d 5s 4d 5s (NR) 4d 5s (NBA) 4d'5s' (NR) '
Cp

C~
JLt,~
p,p,

p,g

&& (mRy)

8.61
2.79
0.69
0.77
3.6

8.56
2.46
0.69
0.VV

3.8
4.7

8.36
2. 00
0.67
0.VV

3.8
0.0

8.28
1.78
0.68
0.77
4. 0
0.0

8.89
2.59
0.69
0.76
3.7
0.0

P resent calculation.
"Reference 5.

Reference 4.
Reference 20.
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in Fig. 4. All bands are fourfold degenerate (in-
cluding spin) along the line R, joining A and I. but
away from this line on the hexagonal face the spin-
orbit coupling lifts this degeneracy. Similarly the
second and third bands along the line P consist of
two sets of spin-orbit split bands; however due to
the extremely small spin-orbit coupling param-
eter (-1.5 mBy) these splittings are not apparent
on the figure. We shall demonstrate below how
k-space orbits in Ti intersecting the hexagonal face
and near the line P are mixed due to magnetic
breakdown of these small spin-orbit split levels.

Our Ti bands are very similar to JAM's results
for Zr and Hf, with the general trend that the d
bands rise and broaden relative to the sp bands as
we go from Ti to Hf, due to the increased influence
of the relativistic effects. This may be seen by
comparing our potential parameters in Table II
with those in Table II of JAM.

In order to elucidate the difference between our
bands and those of Hygh and Welch, we have calcu-
lated the potential parameters for the potential
listed by HW(I), which was constructed in the same
way as our potential, but employing the 3d24s con-
figuration for the relativistic atomic electron den-
sities of Liberman et al. ' These parameters may
be found in the last column of Table II together
with the parameters used in the present calculation
and the relativistic, the semi-nonrelativistic (NB)
and fully-nonrelativistic (NR A) parameters, all
with the 3d 4s configuration. As expected, the
relativistic effects in Ti are small, but not negli-
gible. In the lower half of Table II the equivalent
set of parameters are listed for Zr. The last col-
umn was found from the potential given by Loucks
who also used Mattheiss's potential construction and
the relativistic electron densities of Liberman et
gl. The NR potential parameters for Ti as well
as Zr were obtained with the same programs as the
relativistic parameters but the velocity of light
was set to infinity in the logarithmic derivative
calculation, and the NR A parameters were ob-
tained in the same way by omitting the relativistic
effects in the atomic calculation also. It should
be noted that Hygh and Welch and Loucks used a
semi-nonrelativistic (NR) potential.

As will be seen from Table II a change of con-
figuration from s' to s mainly results in lower
and narrower d bands, and this effect is more pro-
nounced for the 3d element than for the 4d element.
Removing the relativistic terms. has the same gen-
eral effect on the bands but here the changes are
greater for the heavier Zr than for Ti, as expected.
The relativistic shifts and the spin-orbit param-
eter 4, calculated at the center of the d band, are
roughly three times greater for Zr than for Ti, as
was also found for Os(5d) compared with Ru(4d). '

Whereas the position and width of Loucks's bands

are in reasonable agreement with our calculations,
the d bands of HW(I) lie about 250 mBy lower and
are about a factor of 2 narrower than ours. The
electronic structures calculated by WH(II) with
a self-consistent potential (but with non-self-con-
sistent core densities) and n=-,' and by WH(III)
using the s' configuration in the atom were essen-
tially the same as that of HW(I). Mattheiss's~
APW bands calculated with a MT potential construct-
ed from a nonrelativistic Hartree-Fock self-con-
sistent atomic potential with the 3d 4s configura-
tion is in good overall agreement with our bands.

These comparisons of potential parameters for
Zr and Ti seem to indicate that the method of po-
tential construction used by Hygh and Welch differs
from that which we have adopted in a way which is
not fully apparent from their papers.

B. State density

The density of states is shown in Fig. 5. The
Fermi energy E~ and the state density at E~,
N(Ez), found from this plot are given in Table III,
together with the value of the Fermi surface pa-
rameter

S~(E~) =—10[D„(E~)+ 3]/[D~(E~) —2] .
The approximate number of d electrons n„ is ob-
tained by integrating the canonical density of states
up to S~(Ez), i.e. , from the canonical n~(g), 2' and
is also given in the table.

A comparison of our n„value for Ti with those
found for Zr and' Hf shows that the d-band occu-
pancy increases from Ti to Zr and decreases from
Zr to Hf, resulting in nearly the same number of
d electrons in Ti and Hf. This is consistent with
the energy bands, as may be seen by comparing
the potential parameters for these three metals.
The d bands rise and broaden from Ti to Hf but the
band width of Ti is so small that the position of
the bottom of the d bands is higher relative to the
sp bands than in Zr and Hf.

The state densities of Ti, Zr, and Hf are very
similar, with three characteristic hybridization
energy gaps. In all three metals the Fermi energy
falls on the high-energy side of the deepest central
gape

The ratio between the electronic heat capacity
as determined from N(Ez) and the experimental
value~3 represents our estimate of the phonon en-
hancement of N(E~). It seems to be somewhat
too high compared with the value deduced by Mc-
Millan~s from the superconducting properties. A
larger value of N(Ez) could be obtained by a lower-
ing of the d bands relative to the sp bands which
would result in a somewhat smaller decrease in
E~ and therefore a relative increase in the Fermi
level with respect to the rapid rise in N(E) illus-
trated in Fig. 5. We can obtain McMillan's value
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of the enhancement factor by increasing Ez by
only 4. 6 mRy. This indication that the d bands lie
slightly too high is in agreement with the compari-
son of our Fermi surface with the dHvA measure-
ments discussed below.

C. Fermi surface

From the energy eigenvalues at the mesh points
and Fermi energy given in Table III the Fermi-
surface sections in Fig. 6 were calculated, assum-
ing linear variation of the energy between neigh-

. boring mesh points.
Kith a notation equivalent to that used by JAM,

in which the position of the center of the surface
(or the open direction of an open surface), the
band in which it lies and its electron or hole char-
acter are specified, the Fermi surface comprises
one open FA4h surface and four closed surfaces
1'3h, A3h, H5e, and HGe. This surface is topo-
logically equivalent to those of Zr and Hf calcu-
lated by JAM, but with the important difference
that the open I'A3h surface found by them is dis-
connected near A in Ti.

The Fermi surface of Ti has been studied
through the dHvA effect by Kamm and Anderson.

TABLE III. Fermi-surface parameters and electronic
heat capacities.

Z —V„„(Ry)
sqRp)
n (states/atom)
n„(states/atom)
N(Ez) (states/atom Ry)

(m J/mol 'K )

y, ~t (mJ/mole'K )~

~e zest/~tlleo r
Theoretical enhancement

0.667
—5.57

4.0
2.47

12.4
2. 15
3.32
1.54
1.38

~Reference 22. preference 23.

Although their results are preliminary, they are
sufficiently complete to compare with our Fermi
surface model, with which they are in good agree-
ment. The theoretical and experimental extremal
areas and effective masses are given in Table IV
for the principal symmetry directions. The Greek
letters correspond to the notation used by Kamm
and Anderson.

Vfe associate the approximately isotropic n
branch with the I'3h surface, although our values
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H

X

FIG. 6. Sections of the
Ti Fermi surface in the
irreducible Brillouin zone.
At the top are shown inter-
sections with the faces of
the irreducible zone, while
six equidistant sections
normal to f0001] are de-
picted at the bottom.
Third- and fourth-zone
hole regions are shaded;
fifth- and sixth-zone re-
gions are shown by diago-'
nal lines and cross hatching.

are somewhat larger than those observed. How-
ever, because of the flatness of the third band an
upwards shift of E~ of only 6 mRy would bring
the theoretical and experimental values into co-
incidence. The p orbit is associated with the max-
imum area on the nearly cylindrical I"A4A, surface
and for this sheet an upwards shift of only 4 mRy
in EF is required to bring it into agreement with
the observed value.

As suggested by Kamm and Anderson, magnetic
breakdown is essential for the interpretation of
the five e branches, which are nearly equally
spaced and nearly independent of angle. As dis-
cussed above, magnetic breakdown is very likely
to occur even for moderate magnetic fields be-
tween the fifth and sixth bands at the hexagonal
face of the Brillouin zone and near the line I', con-
necting H and K. Consequently the & branches are
associated with the coupled orbits of the two H-
centered electron surfaces and these are shown
for the [1010]direction in Fig. V. Owing to the
mirror symmetry with respect to the hexagonal
face of the zone, the differences between &3 and e,
and between &, and a4, are the same and measured
to be 3.3 MQ. Similarly the differences between
&3 and &3 and between &4 and e3 are measured to be
2. 7 MG. Our values are 4. 0 and 3.8 MQ, re-
spectively. The magnitude of these differences
in the [1120]direction are all equal, since then the
I'AHE plane is also a mirror plane for the two
sheets. This difference is measured to be 3.3
MQ a.nd our calculations give a value of 4. 1 MQ.

As the magnetic field is rotated out of the basal
plane the &3 and &, branches disappear. This can
be explained from the approximate expression for
the tunneling probability (in Sl units) between two
orbits derived by Chambers34:

( ya 1/8

2eH I,l/a+ 1/5

where k~ is the size of the k-space gap between the
orbits and a and b are the radii of curvature of the
orbits at the points where the breakdown occurs.
As may be seen in Fig. 6, k increases as the

Extremal areas
t MG)

Titanium

Cy clo tron mas ses
(m/mp)

Direction

A3h [1010]
[1120]
[0001]

13h [aolo] o.

[1120] n
[0001] n

&'A4h [0001]
[0001] P
[oool]
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53.0
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17.5
15.7
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40. 3
43. 0
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36.0
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49. 1

Theor.

0.68
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1.21
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1.59
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1.65
1.80
1.96
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l. 66

1.68
l.70
l. 72

1.80
1.55

1.77
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1.7
1.55
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2. 0

2.7

2.8

Ratio

1.2
1.0
1 ~ 5

1.2

1.6

1.5

1.7

1.5

l. 6

TABLE IV. Fermi-surface areas and cyclotron masses
for Ti. The experimental results are taken from Ref. 2.
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FIG. 7. Breakdown orbits e
&

to e 5 with the magnetic field in the [1010]direction.

orbit is rotated away from the line P, resulting
in a smaller tunneling probability. &] c3 and
are also observed to disappear, but this occurs
for directions further away from the basal plane.
It should however be possible to detect these
branches all the way to the c direction, since &~

and &, are pure II6e and H58 orbits and &3 results
from breakdown on the hexagonal face only. Qur
e branches are too small by an amount correspond-
ing to an upwards shift of E~ of only about 2 mRy.

It is interesting to compare these results for Ti
with the very similar electron surfaces in Zr and

Hf. The spin-orbit coupling is approximately three
times larger for Zr than for Ti, so for the very
Qat bands in the I' direction, the k-space gap is
greater in Zr and consequently the probability of
magnetic breakdown is smaller. At the hexagonal
face the bands are sufficiently curved that the pos-
sibility of magnetic breakdown still exists and three
orbits g, 6, and f corresponding to &~, z3, and &,
in Ti are observed in the dHvA results of Everett.
In Hf the spin-orbit coupling is so large that mag-
netic breakdown between the two electron sheets
will only oceux' fox' very lax'ge magnetic fields,
even on the hexagonal face.

In summary, the hole surfaces are calculated to
be somewhat larger and the electron surfaces
somewhat smaller than observed. Since the Fermi.
level in the transition metals i.s determined prin-
cipally by the position of the d bands, a shift in C„,
is accompanied by a shift in E+ which is of the
same sign and slightly smaller. Because of the
flatness of the d bands, a relative decrease in their
energy of only about 10 mRy is required to bring

both hole and electron areas into coincidence with
the experimental values. As mentioned above,
such a shift seems also to be consistent with the
heat capacity results.

IV. CONCI. USION

In this paper we have reported the results of a
calculation of the electronic structure of hcp Ti by
the linear MTQ xnethod. The agreement between
the calculated Fermi surface and dHvA measure-
ments is very good and in the interpretation of
these results it has been demonstrated that, as in
other hcp metals, magnetic breakdown is impor-
tant. The one-electron potential was approximated
by a muffin-tin potential constructed in the standard.
way by superposing relativistic atomic electron
densities, with exchange and correlation included
in the Slater p~ approximation. It has been dem-
onstrated for the first time for a Sd transition met-
al that such a potential gives the relative position
of the 8, P, and d bands to within about 10 mRy and
therefore a Fermi surface which is in good quanti-
tative agreement with experiment. %hen further
dHvA xesults become available, it wiQ be possible
to make a more detailed comparison between our
calculations and the exper imentally determined
Fermi surface.
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