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Band structure and Fermi surface of hcp ferromagnetic cobalt
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A Korringa-Kohn-Rostoker first-principles computation of the band structure of ferromagnetic hcp
cobalt is reported. A muffin-tin potential and a Kohn-Sham exhange-correlation potential were used in
conjunction with a rigid exchange splitting. Twelve energy bands in 1/24th of the hcp Brillouin zone
were calculated as well as the density of states and the Fermi surface. The exchange splitting was
found to be 1.39 eV and a total density of states at the Fermi level of 15.61 electrons/(atom Ry). The
spin-orbit coupling constant (3„has been computed and is equal to 6 )& 10 ' Ry. The essential features
of the band structure agreed with the requirements of the itinerant-electron model of ferromagnetism of
the Stoner-Wohlfarth theory. Our resulting density of states was able to explain the available
photoemission data. The calculated Fermi surface is in good agreement with the de Haas —van Alphen
experiments, particulary for the neck of the point I in the spin-up Fermi surface. The spin-orbit
interaction has been taken into account in a qualitative way in order to explain the orbits around I. in
the spin-down Fermi surface. A comparison with the existing experimental data has permitted us to
estimate the mass enhancement due to many-body effects at the I neck as 1.04, resulting in a value of
0.81 for the electron-magnon contribution.

I. INTRODUCTION

Among the 3d ferromagnetic transition metals,
iron, nickel, and cobalt, the first two have been
extensively studied with regard to experiment and
theory in order to understand the origin of their
ferromagnetism as well as the validity of the itin-
erant-electrons model. ' The experimental Fermi
surface (FS) data were thus very relevant. These
experiments, which included the study of the de
Haas-van Alphen (dHvA) effect and tha. t of the mag-
netoresistance and the cyclotron resonance, have
shown the presence of some particular phenomena
related to ferromagnetism; i.e., spin-dependent
magnetic breakdown, spin-mixed FS portions,
and effects related to the combined action of the
exchange and the spin-orbit coupling. A general
and up-to-date review of the problems and data
related to the FS of the ferromagnetic transition
metals has been recently published by Gold. '

Unlike iron and nickel, cobalt has received little
attention until very recent years. The lack of ex-
perimental work, mainly due to the difficulty of
obtaining good single crystals, has been fulfilled
in the last few years by FS studies. ' '

Our interest in the band structure of hcp cobalt
stemmed from the fact that we have ourselves,
over the past few years, performed a detailed set
of dHvA and magnetoresistance experiments, ' '
and thus had need of a detailed band structure in
order to understand our results.

The first' "band-structure computations on
cobalt were mainly limited to the determination of
the density of states in order to interpret the then
existing photoemission data. " " Wohlfarth" in
particular was interested in the band magnetism
and has reviewed the properties of cobalt in the
light of itinerant-electrons ferromagnetism. Con-
nolly' was the first to publish some results on the
FS. Using an augmented-plane-wave (APW) meth-
od and an optimized spin-dependent potential, he
was able to calculate a band structure which, how-
ever, was limited to the determination of only the
majority-electrons FS (FS 0). Later, Wakoh and
Yamashita" made a complete computation of the
energy bands and FS. They used the Korringa-
Kohn-Rostoker (KKR) method with a rigid ex-
change. Recently, Ishida" has extended Mueller's
interpolation scheme to the hcp structure and has
applied it in order to obtain the FS of cobalt.

As will be seen later, none of the published band
structures and FS models were capable of explain-
ing the experimental results, particularly those of
the dHvA effect, so that we were forced to make a
new computation, which is presented in this paper.
This was an ab initio KKR computation of the band
structure of hcp ferromagnetic cobalt with a rigid
exchange.

In Sec. II we explain the theoretical assumptions
and the principles of our computation. Section III
is devoted to the presentation of our results for the
band structure, the density of states, and the FS.
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On the basis of these results, we present in Sec.
IV some conclusions concerning the band magne-
tism in cobalt. Section V is concerned with the
comparison of the experimental results, both those
related to the density of states and those related
to the detailed structure and shape of the FS. In

Sec. VI, we evaluate the many-body mass enhance-
ment in cobalt, including the electron-magnon
interaction. And finally, before concluding, we

discuss the basic hypotheses and validity of this
band structure computation.

II. THEORY

We have calculated the band structure and sever-
al associated electronic properties of hcp ferro-
magnetic cobalt, using a formalis m and a KKR
computer program developed by one of the auth-
ors." The program was capable of calculating the
energy bands both relativistically as well as non-
relativistically at arbitrary points in the hcp Bril-
louin zone (BZ) (see Fig. 1). At points or in direc
tions of high symmetry we used the irreducible
representations of the appropriate point groups"
which enabled us to connect all the bands without
ambiguity. The approximations made were as
follows.

(a) Muffin-tin Potential. A spherically symme-
tric potential centered about each atomic site and
a constant potential V» resulting from an averaged
V(r) in the interstitial region was used. This
choice of potential is especially appropriate for the
close-packed metals where the interstitial volume
is small and the nonspherical contribution from
V(r) can be neglected.

(b) Kohn Sham exchan-ge correlation potent-ial.
The local density exchange -correlation potential
due to Kohn and Sham" was used as we did not wish
to introduce any ad Woe parameter.

(c) Rigid e-xchange -band approximation. We
have used the hypothesis of a rigid exchange be-
tween electrons of opposite spin in the Hamiltonian
for the determination of the spin-up (majority elec-
trons) and spin-down (minority electrons) energy
bands. Thus we have two systems of identical
bands separated in energy by the exchange split-
ting. This can be represented as one set of energy
bands with two Fermi levels which were deter-
mined by rigidly shifting the bands in energy in ac-
cordance with the number of occupied electron
states n4 or n4 as obtained by the experimentally
measured Bohr magneton number.

Starting from an atomic charge density p, (r)
generated from a Hartree-Fock-Slater program of
Desclaux, "with an atomic configuration Sd'4g',
we were able to create a crystal potential Vx(r)
according to approximations (a) and (b). The E(h)
were then determined in 196 nonequivalent points
of the4 irreducible part of the BZ. This enabled
us to calculate a density of states and a FS for
both spins. The numerical values of the different
parameters of cobalt used in this calculation are
listed in Table I.

III. RESULTS OF CALCULATION

A. Energy bands

As we have said before, the two identical sys-
tems of bands resulting from the rigid exchange
hypothesis (split band model) can be represented
by only one system of bands with two Fermi levels
separated by the exchange splitting. In Fig. 2 we
represent this system of energy bands for the di-

TABLE I. Atomic and crystallographic parameters
used in the present work.

Atomic parameters
Configuration 3d 4s2

Orbital Energy Ny)

K
T

I

I

I

I U
M I

', I

PI'I P
I ~.M

T'
I
I

I

I

I

I

4

A

FIG. 1. hcp Brillouin zone.

1Si/2

2Si/2
2P i/2

2P 3/2

3Si/2
3P i/2

3pg /2

3d3/2

3d5/2

4Si/2

-2.783 492 2 x 102
—3.295 451 2 x 10
-2.862 669 4 x 10
-2.808 351 Gx10
—3.748 986 4
—2.459 271 5
-2.390 714 5
-3.223 081 3 x 0.1
—3.152 420 5 x 0.1
—2.437 642 0 x 0.1

C rystal parameters

a =7.446 078 a.u.
c =4.743 268 a.u.

a/c =1.633 067
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rections of high symmetry in the irreducible part
of the BZ. The energy values are given in Ryd-
bergs. The labeling of the single group represen-
tations is that of Herring. " For sake of clarity,
we have suppressed the letters in his notation and
exhibit only the numerical subscripts on each band.

There are nine electrons per atom and two atoms
per BZ, giving a total of 18 bands, of which ten are
d like. The d bands extend over a range of ener-
gies from -1.22 to -0.85 Ry.

We did not explicitly calculate the wave-function
coefficients, however, the atomic like nature of
some of the bands can be deduced from symmetry
considerations. At I', the lowest level I'„ is s
like. The I'4 state just above is a mixture of s
and d functions while the remaining states are all
rather purely d like, except for I'„which is made

up of p functions.
The Fermi levels for both spins, E~4 and E~4,

are also shown in Fig. 2, while the numerical val-
ues of E(k) for the points of high symmetry are
listed in Table II.

B. Density of states and Fermi levels

The density of states N(E) is shown in Fig. 3.
The three large peaks centered about energies of
-1.08, —0.98, and -0.85 Ry are those correspond-
ing to the d bands. The Fermi level for paramag-
netic cobalt, E~, was obtained by filling the bands
(starting from the lowest energy) until nine elec-
trons/atom were accounted for. This gave

E~ = -0.8766 Ry.

The corresponding Fermi levels for the spin-up
and spin-down states were determined from the
Bohr-magneton number (1.56) found experimental-
ly, i.e.,

n0+nk =9, nk -n4 =1.56,

giving

n 0 = 5.28, n4 = 3.72,

where n 0 and nk are the numbers of majority and
minority electrons/atom. The resulting Fermi en-
ergies were found to be

E~0= -0.8295 Ry, E~4 = -0.9318 Ry,

giving an exchange splitting

&E=E„4-E~t =0.1023 By=1.39 eV.

The Fermi levels have been superimposed on the
density of states (DOS) curve.

The fact that E„k falls in a region where the DOS
is small and due to s- and p-type bands, implies
that cobalt is a strong ferromagnet. The E~4, on

the other hand, falls in the region where the DOS
is relatively large due to the presence of d-like
bands. In Fig. 4 we represent the total DOS of the
ferromagnetic state. This is obtained by super-
imposing the DOS for each spin orientation, rela-
tive to the Fermi level.

The numerical values of the Fermi levels and

density of states are given in Table III as well as
other parameters related to the band structure.

C. Fermi surfaces

Once having calculated the Fermi levels for both

spins, we were able to determine the correspond-
ing Fermi surfaces.

Figure 5 shows the principal cross sections of
the spin-up Fermi surface (FSN) (dashed lines).
In the simple zone scheme (see Sec. IIID) the FSN

consists of two parts: (a) a guasihyperboloid,
e„,"centered about the I'3 axis and giving rise
to a neck; and (b) an anisotropic ball, e», elon-
gated along I"A, with protuberances of hexagonal
symmetry in the (1010) directions.

ENERGY
(Ry)

—0.60

-0.70

5+
-1.00

1+

-1.1 0

-1.20

-1.30

2 2

FIG. 2. Energy bands of
hcp cobalt in the high-
symmetry directions in the
split-band model. The two
Fermi levels of majority
(Ezt) and minority (Ez&)
electrons are also shown.

-1.40

-1.50

-1.60
M T' K A R L S' H S A M U L K P H
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TABLE II. Representations and energy values (in Ry)
for the high-symmetry points in the Brillouin zone.

Reps Energy (Ry)

I'(+
I'4

r„
r,
r„
r„
r„
r,

E2
E)
E5
Xe
E3
E5
E4

-1,545 921
—1.215 111
-0.998 179
-0.994 449
-0.968 452
—0.937 191
-0.929 153
—0.854 398

-1.144 663
—1.119883
—1.115618
—1.022 225
—0.950 346
-0.862 001
-0.856 363

The principal cross sections of the spin-down
Fermi surface (FS4) are also shown in Fig. 5 (so-
lid lines). This surface consists of: (a) three
pockets centered around 1"; the smallest Qyp has
a hole character, while the other two e, and e]o
have an electron character; (b) a multiconnected
monster )s„(c)a hole surface, centered around
I. and composed of intersecting pockets (Is„h„
and h, ) due to accidental degeneracies.

Fig. 6 represents a schematic drawing of the dif-
ferent portions of the cobalt FS.

D. Spin-orbit coupling and relativistic effects

If we wish to include relativistic effects in our
ferromagnetic band calculation, we are faced with
a more difficult problem than is usually the case
in that the exchange Hamiltonian does not commute
with that of the spin-orbit interaction. This arises
because the spin-orbit coupling ignores the well-
defined spin orientation character imposed on the
bands by the exchange operator, and produces
bands of mixed spin.

As a result of this situation, we could not di-
rectly perform a relativistic ferromagnetic com-
putation. However, our formalism" permitted us
to calculate relativistic paramagnetic energies.

In order to estimate the effects of spin-orbit
coupling, we have computed, at the I point the
relativistic paramagnetic energies, with their cor-
responding symmetries. This made it possible to
get both the shift and the splitting of the bands in
the relativistic case with reference to the non-
relativistic case (Fig. 7). The shift is not rigid,
depending mostly on the s- or 4-like character of
the wave functions. Its effect is to enlarge the en-
ergy difference between the s and d bands. The
splitting of the bands is exclusively due to the spin-
orbit interaction term in the Hamiltonian. "

At the I' point, the splitting concerns almost
pure d states. If we assume that this is the exclu-
sive character of the wave functions it is then pos-
sible to compute the spin-orbit coupling by per-
turbation theory with the following Hamiltonian:

Hi
H3

H2

Hg

H3

A)
A3
A3

M2

M(+
M3+
M„
M,
M4

Mp

M3
M2+

M4+

Lp
I (

Lp

—1.114853
-1.100 234
—1.037 217
—0.940 070
-0.848 826

—1.382 834
—1,032 904
—0.998 528
—0.877 927

—1.187126
—1.181 794
-1.163 300
—1.045 278
—1.005 339
—0.999241
-0.970 365
-0.841 485
-0.837 541
-0.830 471

-1.209 683
—1.092 094
-0.930 173
-0.896 495
-0.834 983

1H, -o = s (Ml

where )M is a constant.

N{E) sl.est. R) s)in

I

-).20
I I

-tQO
E EF .80 {Rf)

Ff

FIG. 3. Density of states in the split-band model with
the two Fermi levels EJ;& and Ezh. Ez represents the
paramagnetic Fermi level.
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„(total)
N (F} a)./at. Rf

40

30

20

10

total DOS

~hoto emission

due to symmetry are at the points A and L. Acci-
dental degeneracies are possible, only when B is
parallel to a symmetry direction. In this case,
they occur in a plane perpendicular to B or on a
line parallel to B.

As our computation was nonrelativistic, the ap-
propriate representation would have been the dou-
ble BZ. Nevertheless, we have used the simple
BZ as it is needed for the comparison of our FS
with the experimental results.

IV. BAND MAGNETISM

140 -120 -1.00 EF' ao (Rf}

FIG. 4. Total density of states. The ferromagnetic
Fermi level is represented by Ez. The dashed line is
the energy distribution of photoemitted electrons after
Eastman.

The identification of the splitting obtained in the
relativistic computation with that obtained from
perturbation theory, results in a value of

(M =6xl0 ' Ry.

Values of 6x10 ' Ry and 5&&10 ' Ry have been
found, respectively, for nickel" and iron. "

A problem related to the relativistic computa-
tion deserves attention at this time. It concerns
the type of BZ in which the results must be rep-
resented.

Indeed, in a nonrelativistic computation the &L&
plane of the BZ is degenerate. It is not a Bragg
reflection plane, and the results must be repre-
sented in the double BZ. However, in the presence
of spin-orbit coupling the degeneracies on the ALH
planes are suppressed, "except on the AL line, so
that we must use the simple BZ scheme. Falicov
and Ruvalds" have studied this problem in detail
by considering the spin-orbit coupling and the ex-
change in the presence of an external magnetic
induction B. They found that the only degeneracies

As has been mentioned above, we have computed
the ferromagnetic band structure of cobalt by in-
troducing a rigid exchange obtained from the value
of the experimental Bohr magneton number. It is
clear that from this type of computation no con-
clusion can be drawn about the origin of ferro-
magnetism in cobalt. It is therefore important,
in order to test the internal consistency of our
band model, to analyze how the ferromagnetic na-
ture of cobalt is reflected in the results of our
computation. As far Bs ferromagnetism is con-
cerned, we can define three energy parameters
which characterize the band structure taken as a
whole.

(a) The width of the d bands, W, is the energy
difference between the top and the bottom of the
d bands:

~=E~, -Er
(b) the exchange splitting (cf. Sec. 111g)

AE = E~4 —E~&;

(c) the parameter 6 defined as the energy dif
ference between the spin-up Fermi level E~k and
the top of the d bands:

&=E~&-E~

The numerical values of these parameters are
given in Table III.

TABLE III. Band-structure parameters obtained from this calculation.

Name Symbol. Units Value

Paramagnetic Fermi level
Majority Fermi level
Minority Fermi level
Density of states at E&
Density of states at Ezf
Density of states at Ez)
Width of the d bands
Ferromagnetic exchange
A parameter
Effective interaction energy

EF
E

N (EJf)
N(E~t)
X(E~~)

I

Ry
Ry
Ry

electrons/(atom Ry spin)
electrons/(atom Ry spin)
electrons/(atom Ry spin)

Ry
Ry
Ry
Ry

-0.8766
-0.8295
-0.9313

17.26
4.29
11.32
0.3846
0.1023
0.0010
0.0656
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A positive ~, means that E~4 intersects only the
s-p bands, and that the metal is a strong ferro-
magnet. On the other hand, if 6 is negative, E~4
also intersects the d bands. Since these bands will
not be completely filled, the metal will be a weak
ferromagnet.

In our case, ~ is positive, which implies that
cobalt is a strong ferromagnet; however, the value
of L is very small, of the same order of magnitude
as the computational error, so that cobalt is at the
limit of strong and weak ferromagnetism.

In the Stoner-Wohlfarth theory of magnetism, ' '8

an effective interaction energy between itinerant
electrons I, is defined by the relation

while Kanamori" has introduced an effective po-
larization energy U,«. The above defined I is
something like U,«divided by the effective number
of d bands. Two inequalities based on these defi-
nitions can be established in relation to the exis-
tence of ferromagnetism:

(a) IxN(E, ) &1,

where N(Ez) is the density of states per spin at
the para, magnetic Fermi level E~. This is the
Stoner criterion for ferromagnetism. '

this relation fixes the upper limit of the polariza-
tion energy, which is given by the width of the d
bands. When this relation is expressed in terms
of I, we find, taking into account the 5d bands:

I/W &0 2..

In Table IV we have represented the values of
I, W, IN(E~) and I/W found by the present calcula-
tion, as well as the corresponding values for iron
and nickel. IN(E~) and I/W express the existence
of ferromagnetism and are more or less indepen-
dent of the band structure. From Table IV it can
be seen that our band model is in agreement with
the two inequalities. This shows that by imposing
a rigid exchange, as we have done, we find a sta-
ble ferromagnetic state. Moreover, the value of
IN(E~) is in excellent agreement with that of nickel
and iron, also showing the internal coherence of
our model. "

The fact that I/W is approximately constant for
the three metals suggests a possible common. ori-
gin for ferromagnetism in the three ca,ses.

V. COMPARISON WITH EXPERIMENT

We will first analyze the results related to the
density of states and then proceed to a discussion
of the properties depending on the FS topology.

A. Photoemission

Eastman" has been able to analyze his photo-
emission data of cobalt on the basis of the so-
called nondirect transition model. He concludes
that the optical density of states in the conduction
bands is practically constant for energies greater
than 5 eV above the Fermi level, so that the ener-
gy distribution of the photoemitted electrons ob-
served N(E, ~) is proportional to the DOS of the
valence bands. Figure 4 shows the superposition

hs, h6

L h5 H

et2r
/

/
I

e&0

hlo-x ~

FIG. 5. Cross sections of
the majority {dashed lines)
and minority {full lines)
Fermi surfaces in the
principal symmetry planes.
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of N(E, &u) of Eastman (dashed line) with our total
DOS. The overall structure of the two curves is
approximately the same. The difference in energy
between the two large peaks is found by Eastman
to be 0.095 Ry, whereas we find 0.100 Ry. How-
ever, our curve is shifted rigidly by 0.02 Ry away
from the Fermi level with respect to the experi-
mental results. This slight difference can possi-
bly be attributed to the rather crude way in which
we have just compared the DOS to the data. How-
ever, no detailed computation has as yet been
made.

B. Specific heat

The electronic specific heat coefficient y,„cal-
culated in the one-electron model is

y~ = ,'m'k's[N(E—~t) +N(E~4) j.
This gives

y,„=6.48x10 4 cal/mole'K .

The value y,„,found from specific-heat measure-
ments is":

y,„,=11.3x10 ' cal/mole'EP.

As it is well known, y,„, includes many-body
interactions. " Conversely, from y„.„, and y,„we
can evaluate these effects. In order to facilitate

this, we introduce the parameter A. given by

y,„„/y,„=1+x.
We then find

x =0.74.

The many-body interactions will be discussed in
detail in Sec. VI.

C. Spin-up Fermi surface (FSt)

The FSN is composed of two large portions (cf.
Sec. III C), one of which has a neck centered about
the I point. The cross-sectional area of this neck
is very sensitive to the position of E~4. We have
therefore studied in detail the variation of the area
8 as a function of energy near E~4.

A by-product of this calculation is the band
mass, given by

rn„h B8
rno 2n BE

For an E~0=-0.8295 Ry (see Sec. III 8) we have

8(0001)=1.36x10 ' a.u.

(m, /m, )(0001)=0.107.

F/Q. 6. (a) Majority-electron Fermi surface: the e&2 hyperboloid with the neck at I'. (b) Majority-electron Fermi
surface: the e&& ball. (c) Minority-electron Fermi surface: the three pockets centered around I'(h&0, e9, and e&0).

(d) Minorig-electron Fermi surface: the h~ monster. (e) Minority-electron Fermi surface: the interlaced hole sur-
face around L (h5, @&, and ~7).
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(m, /m, )(0001)=0.098.

Thus a shift of 0.005 Ry in E~0 results in a 30%
variation in 8 but only a 5% variation in m, /m, .
The reason for this large relative change in area
but not a corresponding change in mass is due to
the fact that the neck is formed from the bottom
of the s-p bands.

This neck at I' connects two large portions of the
FS and makes possible the existence of open orbits
in the (0001) direction. These orbits have been ob-
served by magnetoresistance within a 5' angular
spread about (0001) which is in very good agree-
ment with our theoretical prediction.

We have also predicted in our hcp cobalt FS
other open orbits about (0001) but with a much
larger angular spread than those arising from the
I' neck. These orbits have not as yet been ob-
served.

NON REL

~ ~

—.86 5 ~ I'9-
ra-

—.90, .

—.92

.94
CK

-.gs
[Xi
C3 —.98
CX

-1.

-1,02, .
I

-1 21'
LU

f3+
f 8+

6 ~r9+
fy»

fg+~
f'g+

6r =-"i+ ~r, +
rg-

The experimental value as found by the dHvA
effect' is

8,„,(0001)= 0.989 x 10 ' a.u. .

If we use the value of 9,„„,as a parameter in order
to find the Fermi level, we get

E~4=0.8346 Ry

In Fig. 8 we compare our FS results (1) in the
I'ALM plane with those of several others, namely,
Wakoh and Yamashita (2) and Connolly (3).

Wakoh and Yamashita, as well as Ishida do not
find the neck at I". Connolly, on the other hand,
finds this neck but with a cross-sectional area
four times larger than ours, and centered about I;,
instead of I", . He also finds another neck in the U

direction which we do not find.
Connolly also pointed out that the FSN of fcc

cobalt (which is identical to that of the noble met-
als and to the FSN of nickel) resembled the FS 0

of hcp cobalt in that it has a neck at the L point.
This is topologically equivalent to the I neck of the
hcp phase.

TABLE IV. Parameters related to band magnetism
in cobalt, iron, and nickel.

W(eV) m (S ) I/W

D. Spin-down Fermi surface (FS&)

As we have seen in Sec. IIIC the FS4 is composed
of three pockets Q yo e9 ego centered around I', a
multiconnected monster h„and three intersecting
pockets Pg 5 Pg 6 and Pg 7 centered around L.

The contact points between the three pockets
around L are the result of accidental degeneracies
at the Fermi level between states of even and odd

symmetr y.
In the presence of the spin-orbit (s-o) interac-

tion, these degeneracies are suppressed every-
where but on the AL line and the connectivity of
the FS changes. Hence we see that it is necessary
to take into account the s-o interaction in order to
get a realistic image of the FS. However, since a
relativistic ferromagnetic band computation is not
feasible (cf. Sec. IIID), we will consider only the
accidental degeneracies around L with the aid of
simple symmetry arguments by remarking that the
s-o interaction implies the replacement of the sim-
ple crystallographic group with that of the double
group. The p and U lines, around L, have only
one extra representation, so that in presence of
s-o interaction, there are no band crossings in
these directions.

-1.56, .

-1.58..

"1+

Co

Fea
0.89

0.97

0.62

5.2

6.8

4.0

1.13

1.2

0.17

0.14

0.16

FIG. 7. Comparison between the relativistic and non-
relativistic paramagnetic energy levels at the I' point.

~ J. F. Cornwell, D. H. Hum, and K, C. Wong, Phys.
Lett. A 26, 365 (1968).

E. P. Wohlfarth, Proceedings of the ¹ttingham
Conference on Magnetism (Institute of Physics and the
Physical Society, London, 1964), p. 51.
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The s-o interaction also has the effect of chang-
ing the shape of the bands, but this effect is im-
portant only for small FS portions, namely, around
L.

From these considerations we conclude that the
resulting FS4 is topologically equivalent to that
given in Fig. 9. Around I, the FS4 will be com-
posed of three hole pockets: h, , which is ellip-
soidal; fg, which is dumbbell shaped, and h. , which
is a large oval-shaped surface.

This FSk portion around L resembles that of hcp
rhenium as computed by Mattheiss. " This is not
surprising since cobalt has 7.44 spin-down elec-
trons and rhenium has 7 conduction electrons.

The preceding remarks make it possible to
identify the dHvA frequencies. The n and e fre-
quencies' ' can be attributed to the h, , and A, pock-
ets around L in the FS4. The symmetry of these
dHvA frequencies is compatible with the pockets
centered about the point L. The cross sections
corresponding to these frequencies are of the
same order of magnitude as those found by our
model. A quantitative analysis is impossible be-
cause there is still another effect, not yet con-
sidered, which comes in addition to the mentioned
s-o interaction: this is the combined action of the
s-o interaction and the exchange in the presence
of a magnetic induction B, which suppresses de-
generacies. This combined interaction has the ef-
fect of modulating the bands as a function of the
magnetic induction orientation, and changes the
apparent shape of the pockets near the degeneracy
points. Hodges, Stone, and Gold, "using these
arguments, have been able to explain the anoma-
lous angular variation of the dHvA frequency cor-
responding to the d-band pocket near the X point
in the FS4 of nickel. This phenomenon is a conse-
quence of the symmetry breaking of the double
group for a ferromagnet in the presence of a mag-

netic induction B.
We have seen that in the FS4 there is also a mul-

ticonnected monster hs which permits the existence
of open orbits along the (1010) direction. These
orbits have been observed by Coleman et al. ' in
magnetoresistance experiments. The monster also
permits the existence of open orbits in the (0001)
direction, but no such orbits have as yet been re-
ported.

The FS4 has been previously calculated by Wakoh
and Yamashita" and by Ishida. " Both groups find
the same type of FS4, which differs from our mod-
el around L. Indeed, in their computations the
lowest L, symmetry band is below Ezk, (whereas
in ours it is just above), such that their computa-
tions give rise to a FS4 around L composed of two
interlaced pockets. In the presence of the s-o in-
teraction this results in two pockets, one centered
around U and the other around L, a situation
quite different from ours.

E. Spin hybridization and observed Fermi surface

We have up to this point represented our ferro-
magnetic band structure by one set of bands with
two Fermi levels. We now wish, however, to
consider a representation where we have one Fer-
mi level with two shifted sets of energy bands, re-
sulting in numerous crossings between bands of
opposite spin.

In the presence of the s-o interaction spin is no

longer a good quantum number (cf. Sec. HID). The
s-o interaction mixes bands of opposite spin near
the crossing points in lifting the degeneracies,
producing spin hybridized bands. This has the ef-
fect of creating a FS of mixed spin character. The

e~

r

FIG. 8. Majority-electron Fermi surface cross
sections in the A.I-M plane as found in different authors:
ours (1), Wakoh and Yamashita (2) and Connolly (3).

FIG. 9. Principal cross sections of the minority-
electron Fermi surface when the spin-orbit interaction
is pualitatively taken into account. The resulting split-
ting on the FS& in the ALH plane has also been repre-
sented.
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resulting spin-hybridized FS is shown in Fig. 10.
In the presence of a weak magnetic induction B,

the electron will continue to turn in the hybridized
portion, reversing regularly its spin orientation
from 0 to 4 and vice versa. However, if B be-
comes sufficiently strong, the electron will have
a finite probability to complete its primitive non-
hybridized orbit by magnetic breakdown.

In an experiment, one would observe the hybrid-
ized FS of Fig. 10. With the presence of the mag-
netic induction suppressing some of the gaps, we
return to the situation represented in Fig. 5. As
we have introduced the s-o interaction only quali-
tatively, we do not know the actual width of the
different gaps and thus do not know exactly the FS
in a given experimental situation.

These gaps are very sensitive to the orientation
of the magnetic induction and can possibly explain
the anomalies observed in the amplitude of the
dHvA effect in the c frequency. ' The same kind of
anomalies have been observed in nickel" and
iron. "

VI. MANY-BODY MASS ENHANCEMENT

In this section we attempt to analyze the various
contributions to the many-body mass enhancement.
An enchancement coefficient A. has been defined in
Sec. VB from the specific-heat results. Here we
define a ~ such that for a given orbit

m+/m, = 1+X,

where X is the mass enhancement due to many-
body effects. We consider the effects of three
types of interactions: the electron-electron inter-
action, the electron-phonon interaction, and the
electron-magnon interaction, which are charac-
terized, respectively, by the coefficients A., „

» and A, A, , is a Landau-type" coeffi-
cient, whereas p

p&
and A,, can be considered

generalized Landau-type' "coefficients. As a
first-order approximation the three effects can be
considered as additive, so that the total mass en-
hancement can be written as

This gives a total enhancement of

A. =1.04 +0.35.
In order to estimate the different contributions

to A. , we have presented in Table V the various
values of A. for the necks in the FS of cobalt, ,nick-
el, and copper. One notices first of all a large
difference between the A, values for cobalt andnick-
el with those of copper. These differences arise
from the fact that copper, unlike cobalt and nickel,
is not a ferromagnet.

For the purpose of our analysis of cobalt we can
safely neglect A., „ in Eq. (2) as its value is much
less than the uncertainty in our calculation. "

As we have seen in Sec. VC the I' neck in the hcp
cobalt FSk is topologically equivalent to the L neck
in copper and nickel. Thus we use the copper val-
ue" of A,, „for the I' neck in cobalt, i.e. ;

z&"-"~ =0.23 + 0.05.e -ph

This gives

A.
"""=0.81 0.40.e-m

Now that we have an estimation of the A. compo-
nents for a particular orbit, the I' neck, the ques-
tion is how to calculate the values of A. for the oth-
er parts of the cobalt FS. We cannot give a pre-
cise answer, but it is possible to make a realistic
estimation in the following manner.

B. The X values on the Fermi surface

The elect~on-phonon mass enhancement

For a given orbit, we can write for both Fermi
surfaces the following relations" ":

A0, „,=N(Ezf)V, „,, for the FSf

„,. =N(E~4)V, y„), for the FS4,

e-e ~e-ph ~e-m ' (2)
H

A. The l neck

Let us now in particular look at the neck around
In Sec. VC we have mentioned that the calcu-

lated transverse component of the band mass for
this neck (defined by the FS0) was

m~/mo = 0.098 + 0.002 .
The measured cyclotron mass as given by the dHvA
effect is

m ~/mo = 0.20+0.03.

I
I
I
I
I
I
I
I
IIII

FIG. 10. Principal cross sections of the Fermi sur-
face when spin hybridization is taken into account.



BAND STRUCTURE AND FE RMI SURFACE OF hcp. . .

The electron-magnon mass enhancement

To estimate the mass enhancement due to the
electron-magnon interaction, we proceed in the
same way as for the electron-phonon interaction.
Although it is less clear due to the complexity of
the electron-magnon interaction, it gives us a rea-
sonable estimate.

Here too, we shall consider the matrix elements
of the electron-electron interaction via the mag-
nons" P, , as a constant over the whole FS and

then generalize the properties of a given orbit for
both parts of the FS by writing

=N(E~k)V, , for the FSk

Ak, =N(E~t)V, , for the FSO.

(5)

(6)

It should be noticed that in these expressions the

density of states corresponds to the direction of

spin opposite to that for which ~, is to be evalu-
ated. This is due to the fact that V, couples
electrons with opposite spins.

As V, is assumed to be constant we take

y(neck) 0 81e-m e-m

xk, „is then obtained from expressions (5) and

(6), and is found to be

=0.31 .

The resulting values for the total mass enhance-
ment would then be for both parts of the FS:

z 0 =0.93,
xk =0.65.

On the other hand, we have seen in Sec. VB that
the A. value obtained from specific-heat measure-
ments was found to be

x =0.74.

This value represents some kind of average on
the whole FS, and we see that it falls in between

where i and j are orbit indexes.
The V, „are matrix elements of the electron-

electron interaction via the phonons, for a particu-
lar orbit. As a first estimation we consider V,
as constant over the whole FS. '

As the FS0 of cobalt corr esponds to s -p type
bands and has the same topological structure as
that of copper (cf. Sec. VC) we take x0, „=0.12
which is the value for the belly orbits in copper. "

The corresponding value A, 4, „for the FSA is
then obtained from Eqs. (3) and (4):

A4, q
=0.34,

which is what one expects to get for a transition
metal. 4'

~4 and X4, which is reasonable considering the
approximations made.

VII. DISCUSSION

The physics of our particular one-electron for-
malism enters only through the effective potential
V(r), which is the potential of all the other elec-
trons of the system (including exchange) as seen by
a particular conduction electron. If the calcula-
tions were done self-consistently, the starting po-
tential would be of little importance except to help
reduce the number of iterations required to reach
convergence. However, we were not programmed
to do a self-consistent calculation and thus the par-
ticular choice of V(r) plays an important role.
Since we constructed our crystal potential from a
superposition of atomic charge densities, it was
necessary to choose an atomic configuration for
Co which is appropriate for the atom when it sits
in the crystal. We have chosen the atomic config-
uration 3d'4s' as there is no experimental evi-
dence as to the actual number of d electrons sur-
rounding the nucleus in the crystal.

However, a more severe approximation which
exists even in a self-consistent calculation is the
choice of the exchange-correlation potential. We

have used the local density approximation of the
- Kohn-Sham formalism. " This gave us an ex-
change-correlation potential proportional to o.(p)' '
where n= —,'. As is well known, the coefficient a
of this term has been used by some as a parameter
to adjust the energy bands to obtain agreement with
certain experiments (optical absorption spectra for
example). A value of n greater than —', has the ef-
fect of narrowing and lowering the d bands with

respect to the Fermi energy. The results of vary-
ing n are much greater on the energy bands than
the particular choice of atomic configuration.

A more important problem which remains in fer-
romagnetic metals is the treatment of the ferro-
magnetic exchange. Several approaches have been

TABLE V. Many-body mass enhancement for the neck
in the Fermi surface of cobalt, nickel, and copper.

Orientation Band mass m~

Co

Ni

Cu

(0001)

(111)

0.098 + 0.002 0.20 + 0.03 1.04 + 0.35

0.13+0.01 " 0.25 + 0.02 0.92 + 0.30

0.374 + 0.01 0 46 + 0.02 0.23 + 0.05

' Reference 3.
Reference 24.

~ Reference 34.
Reference 38.

~ J. F. Koch, R. A. Stradling, and A. F. Kip, Phys. Rev,
133, A240 (1964).
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made to include the exchange in the band calcula-
tions. One method using separate spin-dependent
self-consistent potentials has been worked out for
a first-principles calculation and was applied to
iron" and nickel, "but with little success in ex-
plaining the experimental results. Another ap-
proach has been developed based on the Mueller-
type interpolation scheme. It uses two additional
parameters in order to characterize the ferro-
magnetic exchange splitting, and has succeeded in
accurately describing the FS of nickel. " However,
the two proceeding methods cannot give information
about the origin of ferromagnetism. A particular
method developed by Duff and Das,"who introduce
an ab initio exchange correlation between spin-
polarized bands, sheds some light on this problem.
It was applied to iron but no clear conclusion could
be drawn as to the validity of the results when
comparison was made with experiment (essentially
with the DOS).

We, on the other hand, have adopted the rigid-
exchange-splitting approximation which is obtained
by equating the number of spin-up and spin-down
electrons to the experimental number of Bohr mag-
netons per atom. This is by far the simplest ap-
proximation possible and has been very successful
in explaining the dHvA results especially for the
large portions of the FS.2

Moreover, it can be shown quite easily that the
Hamiltonian, including the rigid exchange splitting
that we have used in this work, is nothing more
than a simplified form of Hubbard's Hamiltonian.

The last point we wish to mention concerns the
spin-orbit interaction. As we have seen it must be
taken into account in order to explain the experi-
mental results related to the FS4. Thus several of
our results, in particular the orbits around L, are

only qualitative. A quantitative treatment must
necessarily take account of the noncommutative
properties of the exchange and s-o operators and
is beyond the scope of this work.

VIII. CONCLUSION

In this paper we have presented a band-structure
calculation of ferromagnetic cobalt using a rigid
exchange splitting.

Based on our results we have evaluated certain
parameters used in the Stoner-Wohlfarth theory
of ferromagnetism. An independent estimation
of these values by Wohlfarth gave similar results
showing that the essential features of our band
structure agreed with the requirements of the itin-
erant-electron model.

The Fermi surface that we have calculated was
in good agreement with the dHvA experiments, in
particular for the neck at I' (FSN) and for the inter-
laced pockets at L (FS4). For the latter, it was
necessary to introduce spin-orbit coupling which
was done, albeit in a qualitative way. This showed
the necessity of including the s-o interaction for
the full interpretation of the FS data.

Finally, a comparison with the existing experi-
mental data had permitted us to estimate the mass
enhancement due to many-body effects at the I"
neck. This included an estimate of the electron-
magnon interaction. We have extended this re-
sult to the prediction of the mass enhancement on
the whole FS.
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