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We have determined E vs k energy-band dispersions of cobalt for s and d bands along the hexagonal axis
TAA ([0001] direction) via angle-resolved photoelectron spectroscopy from a Co(0001) face using
synchrotron radiation. We obtain the magnetic exchange splitting at I" for the upper d band (0.8540.2 eV)
and lower d band (1.240.3 eV). The overall occupied d-band width (~3.8 eV at L) is about 20%
narrower than a state-of-the-art self-consistent band calculation using a local-density theory of exchange
correlation. The top of the majority-spin d bands is 0.35 eV below E. There is a small I'-centered minority-
electron pocket at Ep which explains previously unidentified de Haas—van Alphen orbits. We present dipole
selection rules for the A axis of an hcp lattice and show that the number of allowed transitions is reduced
drastically for emission along the A axis. The allowed transitions can be interpreted in the same way as
those for emission normal to a (111) face of an fcc lattice.

INTRODUCTION

Despite numerous band calculations'™ and photo-
emission studies,'®”!® the electronic structure of
cobalt has not been determined accurately. Band-
structure calculations'™ differ considerably con-
cerning d-band width and ferromagnetic exchange
splitting 6E,, e.g., 8E,, values from 0.8 to 4.3 eV
have been reported. Photoemission experiments
have been performed which give an overall picture
of the density of states in Co.}°"'5 A recent angle-
resolved photoemission experiment!® was unsuc-
cessful in determining energy-band dispersions
E(E) because of the complexity of the exchange-
split bands in an hcp lattice. An experimental
estimate of 6E,,~1.1 eV has been obtained by com-
paring the maximum of the occupied d-band den-
sity of states obtained in ultraviolet photoemission
spectroscopy (UPS) with calculations’? and with the
maximum of the empty d-band density states as
obtained from x-ray continuum isochromats.!>!¢
This value, which has a large uncertainty due to
its method of determination, agrees with an esti-
mate by Wohlfarth!” based on magnetic and thermo-
dynamic properties of cobalt.

Using angle-resolved photoemission combined
with polarized tunable synchrotron radiation, we
have successfully determined experimental energy-
band dispersions E(k) for the valence bands of
ferromagnetic hcp cobalt along the line TAA in k
space. We have obtained the magnetic exchange
splitting at the Brillouin-zone-centerT" for both
the upper d band T}, (6E,, =0.85+0.02 eV) as well
as for the lower d band T,, (6E,.=1.2+0.3 eV).
The top of the upper majority d band lies 0.35 eV
below the Fermi level (this corresponds to the
Stoner gap), and the bottom of the corresponding
minority d band is 0.05 eV below E; at I'. This
band topology gives rise to (at least) two electron
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pockets at T which explain experimental de Haas—
van Alphen frequencies that theoretical studies
have not identified previously.®’

EXPERIMENTAL

For our measurements, a two-dimensional dis-
play-type electron spectrometer was used together
with a 1.5-m toroidal grating monochromator and
the 240-MeV storage-ring radiation source at the
University of Wisconsin at Madison. This spectro-
meter, which permits angle-integrated and angle-
resolved measurements, was operated with a full
angular acceptance 56 =5°. The overall energy
resolution of the system (electrons plus photons)
was about 100 meV. For these conditions, count
rates were typically 10*/sec for the Co d bands for
hv <25 eV. A Co(0001) crystal surface was pre-
pared by ion etching and annealing to ~350°C with
a working vacuum in the 107'*-Torr range.

RESULTS

Selected normal-emission photoelectron-energy-
distribution curves from a Co(0001) face are pre-
sented in Fig. 1 for different photon energies av.
These spectra sample the line TAA in k space
because the momentum parallel to the surface is
conserved. Data using s-polarized light (£ vector
in the surface plane) are shown in the left half of
Fig. 1 while data for mixed sp polarization are
shown in the right half. Because of dipole selec-
tion rules (to be discussed later), transitions from
certain initial states cannot be seen in s polariza-
tion, e.g., from the sp band at ~1.5 eV below Ejp
and from an sp-type A, surface state'® at 0.3 eV
below Ep. Surface-state emission is seen with
p-polarized radiation and is given by the difference
between the full-line curves (clean surface) and the
dashed-line curves (surface contaminated with a
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FIG. 1. Overview set of photoelectron spectra from
Co (0001) showing the photon energy (hv) and polarization
dependence for emission in the [0001] direction. Dashed
lines are spectra with a submonolayer amount of hydro-
gen on the surface which suppresses emission from a
A4 surface state. In s polarization, the surface-state
emission is symmetry forbidden. Arrows assign majori-
ty () and minority (¥) d-band emission peaks.

submonolayer amount of hydrogen) in Fig. 1. The
states seen using s-polarization are mostly d-like
and their assignment to majority-spin-(up) and
minority-spin-(down) states is shown in Fig. 1 for
hv =9 and 25 eV.

As we will show later, the spectra for hv =9
and 25 eV sample states at the center (I') of the
hcp Brillouin zone. The indicated majority-spin
peak in the spectrum at hv=9 eV (-0.35 eV) does
not coincide with any of the peaks at 2v =25 eV
(~0.05, -0.8, -2.0 eV). This results from the fact
that the corresponding TI" states have different
symmetries; these symmetries can be described
in a simple way by comparing the hexagonal-close-
packed (hcp) structure with a face-centered-cubic
(fcc) close-packed structure having the same
nearest-neighbor distance. The line TAAAT in the
hep Brillouin zone (BZ) corresponds to the line
TAL in the fcc BZ [i.e., the direction perpendicu-
lar to the close-packed (111) face]. States at T
in the hcp BZ correspond to states at I or L in
the fcc BZ because of an extra lattice vector in the
hcp lattice. The spectrum at kv =9 eV samples
states which are at the L point in the corresponding
fcc BZ, while the spectrum at hv =25 eV samples
states which are at the I" point of the correspond-

ing fcc BZ. As we will show, dipole selection rules
forbid transitions from an initial state of one kind
of symmetry to final states of the other kind, i.e.,
from initial states at L to final states at I" and
vice versa in the corresponding fcc BZ. There-
fore, transitions for normal emission from hcp
Co(0001) can be classified in terms of an fcc Bz.
In fact, the spectra are qualitatively very similar
to normal emission spectra from Ni(111),%° which
has essentially the same nearest-neighbor distance.
Figure 2 gives an overview of the energy bands
of Co along the [0001] direction using an fcc BZ
diagram. Symmetry labels for both hcp and fcc
BZ’s are given. The initial states are taken from
an ab initio ferromagnetic calculation for fcc
cobalt®; the final states are for paramagnetic fcc
cobalt using the same computational method?! and
have been shifted down by 1.5 eV to give an opti-
mum fit to experimentally determined final-state
critical points at T and L (marked by open circles).
Symmetry assignments have been made for both
hep and fcec BZ’s according to previous calcula-
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FIG. 2. Overview of the cobalt energy vs K-band dis-
persions. Initial bands are from a ferromagnetic self-
consistent calculation (Ref. 9) with majority-spin bands
shown as full lines and minority-spin bands dotted.
Final bands are from a similar paramagnetic calculation
(Ref. 21) and have been shifted down by 1.5 eV to match
our observed critical points (open circles). Symmetry
assignments are given for both fcc and hep lattices (see
text). Only majority-spin bands are labeled for clarity.
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tions!™® and a knowledge of the corresponding Ni
bands.?® Superimposing the bands shown in the
left half [T'=(0,0,0,1)27/c to A] and the right
half [T'=(0,0,0,0) to A] of Fig. 2 by folding about
A results in a complicated hcp-band structure
which has hampered previous attempts to identify
interband transitions.

Critical points of the final-state energy bands
(open circles in Fig. 2) have been determined ex-
perimentally using extremal behavior of interband-
transition intensities and peak positions, which
habe been studied in detail for Ni and Pd for the
corresponding fcc BZ.2°*? For general points
along the T'AA line, we have used calculated final
bands to interpolate®? between the final-state
critical points obtained directly and obtain &,
from the observed final energy via the E-vs-k,
dispersion of the final bands. This introduces
only minor errors in k, (=~10%) and negligible
errors for the initial energy (~0.1 eV) in the d-
band region.

Using this analysis method, experimental energy
dispersions E(k) for the occupied 3d and 4s bands
of ferromagnetic Co for the [0001] direction are
shown in Fig. 3. The energy-to-k, conversion
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FIG. 3. Experimental E vs K-band dispersions for co-
balt using the final bands shown in Fig. 2 to determine
the momentum K (see final energy scale on top of figure).
Squares are bands with A symmetry, circles are bands
with Ay symmetry (forbidden in s polarization). Open
squares and circles are weak structures. The lines
show the estimated topology of the energy bands.
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FIG. 4. Decomposition of a photoelectron spectrum
from Co(0001) into transitions from two pairs of ex-
change-split Ay bands (near the T point). For our analy-
sis we assumed equal intensities for the lower strong
pair of transitions and a secondary electron background
(dotted curve). The position of the upper majority-spin
transition is extrapolated from the results in Fig. 3.

scale is shown on top of the figure using the free-
electron-like sections of the final bands (heavy
lines in Fig. 2). We note that two exchange-split
pairs of d bands with A, symmetry (fcc notation)
are seen which are excited only by s-polarized
radiation (squares in Fig. 2; the open squares are
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FIG. 5. Direct determination of critical points by ob-
serving extremal hehaviors of transition intensities or
peak energies with photon energy hv. The upper two
panels show two independent determinations of the I'y5 +
and 'y points. It is known from Pd(111) data (Ref. 22)
that the lower Aj band has a large matrix element for
transitions into final states near I'j, whereas the upper
A3 band dominates for transitions into lower final states.
The bottom panel monitors the intensity of transitions
from the I'-centered minority-spin electron pocket.
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weak structures). They are associated with the I';,
and I'j; critical points, respectively (fcc notation).
With hv-dependent mixed sp-polarized radiation,
one observes a pair of A,-symmetry bands which
connects fromthe L} (sp-like) tothe exchange-split
T, critical points and one sees the lowest A, -sym-
metry sp band between —~4and -9 eV (fulland open
circlesinFig. 3 withopen circlesbeingweak struc-
tures). The solidlines drawn through the data
points inFig. 3 show the topology of thebands as de-
duced from calculations (see Fig. 2). Somebands
(e.g., thelower pairof A,-symmetry bands nearL)
are not observed in our photon-energy range
because of weak inter-band-transition matrix
elements. This behavior has been observed for
Cu, Ni, and Pd.2%222¢ On the other hand, some
transitions are known to dominate atcertain photon
energies (e.g., the lower pair of A,-symmetry bands
nearthe crossing ofthefirst twofinal-state bands at
hv~ 23 eV). Inthis case, the lower partner of the ex-
change-split pair of bands appears weaker and
washed outbecause of increased lifetime broadening.
Inthe following we will discuss these intensity modu-
lations in detail.

Upon taking account of different cross sections

and an increasing Auger lifetime broadening for
lower initial states, one can describe the photo-
electron spectra accurately using the energy bands
shown in Fig. 3. This is'shown for a transition
near the T point in Fig. 4. At this photon energy,
the lower pair of exchange-split A, bands is much
more intense than the upper pair. Upon lowering
the photon energy, i.e., moving away from I'
towards L, the matrix element for the upper A,
band starts to dominate (kv <19 eV, see Fig. 1).
The same effect is seen for Pd(111) normal
emission data and has been used to determine
critical points at I" directly from experiment.2?
In general, points of higher symmetry in k space
are expected to exhibit extremal behavior in inter-
band transitions and intensities.?®

In Fig. 5 selected inter -band-transition energies
and intensities are plotted versus the final elec-
tron energy E; (E; equals initial energy plus pho-
ton energy). The final energy determines the mo-
mentum perpendicular to the surface, and con-
sequently critical-point behavior should show up
at certain final énergies. In the upper panel, the
initial energy position E; of the main peak in the
normal-emission photoelectron spectra (compare

TABLE I. Experimental and calculated energy values of critical points for cobalt (ener-

gies in eV with respect to the Fermi level).

Symmetry point

fce label (hep label) Experiment Batallan et al.? Moruzzi et al.®
I, (T -8.7 £1 -9.05 -8.90
+4
T3t <r, ) 2.0 +0.3 —2.27 —2.65
3t
rlzf (Fé‘f) -~0.9 £0.2 ~1.46 -1.43
L (T
gt —0.8 %0.1 -0.88 -1.14
!
Tt (T3) -0.05 0,05 —0.08 +0.22
INE L +21.5 %1
Tyt +25.0 1
Ly t4 (Tgtd) -3.8 0.5 -4.55 -4.75
Lyt (I"gf) (=1.9 £0.4) -1.89 -2.76
LZ' e (T3t4) ~1.15+0.2 -0.66 -0.23
Lg ¥ (Fg +) -0.75+0.2 -0.51 -1.28
Lyt (T3 —0.35 £0.05 —0.34 -0.53
Lt +6.4 £0.5
Ly t4 +18.5 1.5

2Reference 7.
bReference 9.
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TABLE II. Experimental and calculated ferromagnetic exchange splitting 6E,, (values
in eV averaged between splittings at I'j; and T'jy).

Other experiments

This experiment Ref. 11 Ref. 17 Ref. 18 Ref. 15
OE oy 1.0 1.05 1.05 1.05% 1.05
Calculations (ab initio)
Ref. 2 Ref. 8 Ref. 9
8E ., 2.0 4.3 1.6
Calculations (semiempirical)?
Ref. 1 Ref. 3 Ref. 4 Ref. 5 Ref. 6 Ref. 7
8E 0.8 1.4 1.7 1.1 1.9 14

20btained from a paramagnetic calculation assuming a rigid splitting which is fitted to ex-

perimental data (e.g., the spin magnetic moment).
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Fig. 1) is shown. There is a characteristic jump
in E; at about E; =17 eV which cannot be explained
by an energy-band dispersion of the A; bands be-
cause they are dispersing slowly. Rather, the
energy position E; of the main peak is dominated
by different initial bands below and above E, =17
eV with the upper A4 band dominating below E,
=17 eV and the lower A+ band dominating above.
The shallow minimum in E; around E;=21.5 eV is
attributed to the transition from the lower Agt

band to the first final band at T (¢ - Ty; i.e.,
E,=-0.8 eV for '}t and E,;=21.5 eV for T;). This
is confirmed by the intensity maximum of the

main peak around E;=21.5 eV (middle panel of

Fig. 5). The movement of the main peak in the
range where the lower A+ band dominates can be
attribrted to the dispersion of this band from T to
L, which would place the lower L,+ point at -0.75
eV and the corresponding final state (L,) at E;
=18.5 eV. In the lowest panel, the intensity of

the upper Ajt band at E; =Ep is monitored. It is
only visible in a narrow range of final energies
[3.4 eV full width at half maximum (FWHM)] cen-
tered around E, =25 eV if one takes into account
background from the tail of the lower A,+ peak (see
Fig. 4). Whereas the lower A, band couples mainly
to the T point, the upper A, band couples to the
T, point.?> This gives E; =-0.05 eV for the

T+ point and E, =25 eV for T';,. In addition, we
can estimate the size of the I';,¥-centered minority-
spin electron pocket. The half width of 1.7 eV for
the upper A t transition intensity vs E, corresponds
to a radius of =129 of TL (i.e., 0.19 A7) in k
space (see final band dispersion in Figs. 2, 3).%5
With this radius, and the assumption of essentially
a spherical pocket, one predicts that de Haas—

van Alphen (dHvA) experiments should see orbits
with areas of =0.03 a.u. This likely explains three

TABLE II. Dipole selection rules for the A axis
([111)] direction) of an fcc lattice and for the correspond-
ing A axis ([0001] direction) of an hep lattice. p is the
allowed transition for E|| A(A) axis. s is the allowed
transition for EL A(A) axis.

(A) fcc lattice, [111] direction, symmetry group Cj,,.
For emission along the A axis the final state is Ay, i.e.,
only Ay — A, for E|| A axis, and Ay — A, for ELA axis

are seen.
Ay A, Ay Different notations
A p s A=4,
A, p s Ay=4,
A, s s sp MA=E

(B) hcp lattice [0001] direction, symmetry group Cg,.
For emission along the A axis the final state is A, or
A,, i.e., only
Ay =4y for E|| A axis,

A, A,
and
A

—-A
6 1 for E LA axis are seen.
A; =4,

A, b, Ay A, Ay A Different notations

4 p s A=Ay
A, P s A,=By
8y b s A=A,
4y p s 44=B,
Ag s s 4 s Ag=E,
A; s s s p Ag=E,

(C) Compatibility relations between Cg, and Cq, states
via common symmetry operations
Cyv Ay A Ay A, A Ag
Coy Ay 4, A, Ay 45 6
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dHvVA orbits that have been observed'® (y =0.033
a.u., 6=0.035 a.u., n=0.037 a.u.) but not theoretic-
ally predicted. These involve the minority-spin

d band which is twofold degenerate and crosses

the Fermi energy twice along 'L near T (see cal-
culated band topology® in Fig. 2 with E, shiftedup).

Table I summarizes the critical-point energies
obtained directly from experiment using the ex-
tremal behavior of transitions near high-symme-
try points. For comparison, we have included a
recent ab initio ferromagnetic calculation for fcc
cobalt (Ref. 9) and a calculation for hep ferromag-
netic cobalt using a rigid-band model with self-
consistent nonmagnetic bands (Ref. 7).

For the magnetic exchange splitting 6E., (aver-
aged for the two fcc T points), we quote a larger
sample of calculations in Table II. Gross dis-
crepancies exist for 6E.. Using the experimental
spin magnetic moment ., these discrepancies
are difficult to resolve, e.g., two self-consistent
calculations give p =1.581,/atom, 6E, =4.3 eV
(Ref. 8), and y =1.56pu/atom, 6E,, =1.5 eV,° re-
spectively, versus experimental values of pu
=1.56pu5/atom, 6E,, =1.0 eV at . For a strong
ferromagnet (i.e., filled majority d band and
nearly empty minority d band) like cobalt, it turns
out that the Fermi surface is mostly sp-like” and
therefore reacts to the position of the d bands only
via sp-d hybridization. This explains why Fermi-
surface data are insensitive to 6E,,. Reducing
SE., in the ab initio calculation of Ref. 9 to the ob-
served value and readjusting the Fermi level
properly results in a small I'-centered electron
pocket, as we observe.

This section describes group theoretical aspects
of our comparison between the hcp and fcc lattices.
Mainly it presents dipole selection rules which
establish a one-to-one correspondence of hcp and
fcc symmetry labels for emission along the three-
fold axis ([0001] for hcp and [111] for fcc). The
symmetry groups are Cg, and C;, for the hep and
fcc lattices, respectively. C,, is a subgroup of
Ce,- Therefore, each fcc state is related to two
hcp states via the symmetry operations common to
both groups (Table IIIC). The dipole selection rules
and the restriction to final states which have non-

vanishing wave functions in the direction of the
threefold axis (Table IIT A, Bas obtained from char -
acter tables using standard group-theory tech-
niques, Refs. 26-28) select the following types

of transitions: For the electric-field vector E
perpendicular to the [0001] direction (s polariza-
tion) initial states of Ag, A, symmetry are excited
into final states of A,, A, symmetry, respectively.
For E parallel to the [0001] direction we have the
transitions A, -A,, A,-A,. Comparing calculated
initial bands for hep Co (Ref. 7) and fcec Co (Ref. 9)
(see Fig. 2) we get qualitatively similar bands if
we assign each A (4;) band to the half section ofa A,
band (A; band rsp.) which joins I. Likewise, the
A, (Ag) bands correspond to the half sections of

A, bands (A; bands rsp.) joining L. Using the same
correspondence for the A,, A, final bands, we ob-
tain an fcc-type band structure with the proper fcc
selection rules for allowed transitions in normal
emission ([111] direction).

Notes added in proof. Recent calculations in-
cluding self-energy corrections® predict that 6E,,
should be larger for thet,, (I',;)-type d bands than
for the e, (T',,)-type d bands in nickel. This is
what we find for cobalt. A calculation using local
density exchange correlation® yields an opposite
result for Co. Although the approximations made
in Ref. 29 are not valid for Co, it would be inter -
esting to pursue self-energy correction calcula-
tions.

The existence of a minority spin pocket near E,
is confirmed by recent measurements of spin-po-
larized photoemission® which exhibit negative spin
polarization near the photothreshold.
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