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on {100), (111), and (110)planes in the ra, nge be-
tween 11 and 30 A were taken into account and an
experimentally observed line was found to coin-
cide with the calculated energy except for those
denoted on Fig. 1 by B„.' The B„ lines and bands
form an abosrption spectrum which is a "mirror"
image of the luminescence spectrum of the crys-
tals; these lines are excluded from my interpre-
tation because they belong to center of another
type.

A definitive explanation of the experimental ob-
servations is not possible at this time. However,
the following hypothesis is advanced. The second
term in Eq. (1) can be interpreted as the binding

energy of an exciton if it is assumed that the pa-
rameter a is equivalent to a Bohr radius. Let us
assume that excitons can be bound to dislocation
loops. The dimensions of such loops should

change by increments of interatomic spacing in
the lattice. If it is assumed that the binding ener-
gy of an exciton to a dislocation loop depends on
the dimensions of the loop, one would expect the
energy of the exciton-dislocation-loop complex
to change incrementally in a similar way. While
it may be surprising to find a close correlation
between dimensions of dislocation loops and the

Bohr radius of the bound excitons, the experi-
mental results certainly indicate that this model
could explain the observed fine structure.

Another possible explanation begins with the ob-
servation that dislocation loops produce dangling
bonds and strain in their vicinity. Such dangling
bonds may act as donor and acceptor states as in
glasses and amorphous semiconductors. " These
defects may produce shallow donor and acceptor
states whose ionization energies may be func-

tions of dislocation-loop dimensions. Transitions
between donor-acceptor states of this kind could
then give rise to the observed fine structure.

The author is deeply indebted to Professor
J. J. Loferski for his many helpful discussions.

'R. E. Nahory and H. Y. Fan, Phys. Rev. 156, 825
(1967).

E. Qiaro, Phys. Status Solidi (a) 14, K117 (1972).
'W. Wardzy6ski and I. Turska, in Proceedings of the

Polish Conference on Luminescence, Torun, Poland,
1972 (unpublished) .

4W. Wardzynski, J. Piotrowski, K. Pataj, and I. Tur-
ska, J. Lumin. 14, 295 (1976).

5Z. Liliental and H. Bartsch, Phys. Status Solidi (a)
34, K5 (1976).

6The author is grateful to Z. Liliental for permission
to use this information prior to publication.

~E~ was found from then = 1 and n = 2 free-exciton
peaks observed in reflection.

Physics and Chemistry of II VI Compo-unds, edited
by M. Aven and J. S. Prenner (North-Holland, Amster-
dam, 1967), pp. 127, 566.

~If one takes into account plane types other than 1100),
(110), and {ill] which are possible sites of intersti-
tial-type dislocation loops with Burgers vectors of the
a/2 [110] type, one finds only three Zn-Zn separations
different from those associated with the three principal
planes. One of these separations (a = 16.7313 g results
in a line at 18928.37 cm '. There is a line at 18929.5
cm ' between lines No. 7 and No. 8 of Fig. 1 which may
belong to this a value. The other two Zn-Zn separa-
tions would result in lines so close to No. 14 and No.
15, respectively, that they would not be resolvable
with our instrumentation.
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We determine the exchange splitting in ferromagnetic Ni by means of a~~le-resolved
photoemission from a (111) surface. The optical selection rules arising from use of the
(110) mirror plane of detection are used to identify the contributions from the majority-
and minority-spin sub-bands. The splitting at the top of the d bands turns out to be about
0.5 eV at the point (0.14,—0.43, —0.43)2w/a, in good agreement with a recent self-con-
sistent band-structure calculation by W~ng and Callaway based on the exchange potential
of von Barth and Hedin.

The self-consistent calculation of the energy
bands in ferromagnetic Ni by Wang and Callaway'
gives very good agreement with the measured

magneton number. It also reproduces most of the
observed Fermi-surface data. ' However, there
is no generally accepted experimental value for
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the exchange splitting 6„ implied by this calcula-
tion, although several groups have tried to deter-
mine it by various methods. ' ' We present an un-

ambiguous spectroscopic determination of A„us-
ing angle-resolved photoemission from a Ni(111)
surface at photon energies h~ = 10.2 and 16.8 eV.
In contrast to similar attempts, "we use optical
selection rules to identify specific components of
the Sd sub-bands. This method is based on the
golden-rule formulation of the volume photoemis-
sion process; it was first proposed by Kane' and
used recently to identify various individual tran-
sitions from the 3d states of Cu. '

The experimental procedure is described more
fully elsewhere. " It uses plane-polarized light
at normal incidence to the electropolished (111)
surface, cleaned by argon-ion bombardment and
annealing. The plane of detection is the mirror
plane (110) of the crystal. The results given in
Figs. 1(a) and 1(b) are obtained for photon ener-
gies Su=16.8 and 10.2 eV, respectively, with
the plane of polarization perpendicular to (1TO)
at an oxygen partial pressure below 10 ' Torr.
The positive and negative sign of the polar emis-
sion angle 3 refers to v parallel to tTf2] and
[112], respectively, where v is the component of
the vacuum wave vector parallel to the (111) sur-
face of the sample.

The golden-rule formulation for the unscattered
photoelectrons implies perfect periodicity in the
volume and along the surface of the crystal, i.e.,
conservation of k in the absorption process and
conservation of its component k, parallel to the
(111) surface in the emission process. The un-
scattered electrons reaching the detector thus

originate from Bloch states l n, k) with k parallel
to the (1TO) mirror plane. The energy conserva-
tion during the emission requires the kinetic en-
ergy of the photoelectron in vacuum to be given
by E = E„(k) —4', with 4' being the work function.
This equation defines the light lines of constant
final energies in the (110) plane shown in Fig. 1.
Their energy is referenced to the initial states

l m, k) from which the electrons have been excited
by the particular photon energy, with E„(k) = 0
corresponding to an initial state at the Fermi en-
ergy EF. They are generated by adjusting the pa-
rameters of the combined interpolation scheme"
to the eigenvalues calculated self-consistently by
Wang and Callaway' using the exchange-correla-
tion potential of von Barth and Hedin (vBH)."
The light solid lines correspond to the majority-
spin sub-bands, the light dash-dotted lines to
the minority-spin states. For fixed 3, the mo-
mentum conservation in the emission (k, =7&) re-
stricts the contribution of the final states to
points on these lines, thus generating the lines
of k, conservation shown dashed in Fig. 1. Here,
the angular resolution of ~7 is incorporated.
Finally, the ener gy conser vation in the excitation
process given by k&u = E„(k) —E„(k)=E„„(k)de-
fines the heavy solid and dash-dotted optical lines
in Fig. 1, corresponding to transitions between
majority- and minority-spin states, respectively.
For the sake of clarity, these lines are shown
only in the 3 = + 30' and + 60' regions sampled by
the four detectors and only for the occupied initial
states.

According to the golden-rule expression, the
number of unscattered photoelectron is given by

N(cu, E, ~) b,~~ b, K with

&(~,E, ~) ~ 2 f d'k l&nl A' p lm&l'
m, n

x 6(E„(k)—hu)5(E„(k) —4 —E) 5(k, —K)Pf (E )l1 —f(E„)].

The three & functions describe the energy and momentum conservation discussed above; they are re-
sponsible for the optical lines, the lines of constant final energy, and the lines of %, conservation
shown in Fig. 1. P is the escape probability and f the Fermi-Dirac function. The dipole matrix ele-
ment in the integrand gives rise to the optical selection rules' which were used already to identify the
various components of the Cu d band. ' The final and initial states contained in it must have a definite
parity with respect to the mirror reflection at (110). The electron at the detector corresponds to a
plane wave with even parity, and since the ideal surface does not change the parity of the wave func-
tion, the electrons must originate from even-parity final states In)." For the plane of polarization per-
pendicular to (1IO) as used in this experiment, the dipole operator has odd parity. The matrix element
is thus nonzero only for the two odd-parity initial states in the d band, and only the two optical lines
corresponding to them are shown in Fig. 1. The higher energy component of these two states corre-
sponds to the top of the d band, it is most important for our analysis since it will be above or below E&
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FIG. 1. (a) and {b) refer to the. photon energy S~ = 16.8 and 10.2 eV, respectively. The four energy distribution
curves in each portion are obtained from a (111) surface for normal incidence of the plane-polarized radiation. The
plane of polarization is perpendicular to the plane of detection in this plane are specified by the polar ~~~le of
emission 3. The negative and positive signs of 3 refer to the component ~ of the wave vector in vacuum being par-
allel to [112]and [112], respectively. Also shown is the corresponding (110) plane of the Brillouin zone. The
light and heavy lines are lines of constant final energy and the optical lines of constant energy difference, respec-
tively, with the solid and dash-dotted lines corresponding to the majority- and minotiry-spin states, The dashed
lines are the lines of momentum conservation k& = ~ in the emission for constant 3. The arrows in the spectra de-
note transitions between majority- and minority-spin states, while the question marks refer to the "gap" transi-
tions discussed in the text.
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for the minority-spin states, depending on the re-
gion of % space investigated. We therefore con-
centrate on this component in the following.

The doublet observed for both photon energies
at 3=-30', centered at about -0.5 eV, clearly
arises from the higher-energy minority- and
majority-spin components~ since the IQ1norl
spin states are occupied here. On the other hand,
the top minority-spin states are empty for h+
=16.8 eV, =+60' and for A~=10.2 eV, =+30
and +60, explaining the single peak observed
there. The lines of constant final energy show
"gaps" for h~ = 16.8 eV near the 3 =+ 30 region
and for ~ = 10.2 eV near 3= -60'. The final states
are no longer dominated by one plane-wave com-
ponent near these gaps, i.e., they mark the tran-
sition between zeroth-order and surface umklapp
emission, or, in the terminology of Mahan, "be-
tween primary and secondary cones. Since sec-
ondary-cone emission tends to the weak, ' we do
not attempt a detailed analysis in these cases.
The lower-energy odd-parity component of the
initial states might be responsible for some of
the structure observed at lower energies. How-
ever, we do not attempt a definite assignment,
since this structure is weaker and the statistical
error larger than for the higher-energy structure.

The doublet splitting A„observed for = -30'
is not identical to the exchange splitting 6„, as is
apparent from the inset in Fig. 1(b). They are
connected by the equation

~„=E„'(k,) —Z„'(k,)
=z '(k,)-z '(k,)+~„.

The experimental and theoretical numbers for
b.„are compared in Table I. As seen from this
table, the exchange splitting calculated by Wp, ng
and Callaway' using the vBH exchange-correla-
tion potential agrees much better with the experi-
mental values than the corresponding value for
the Kohn-Sham-Gaspar (KSG) exchange potential. "
The vBH energy bands of Wang and Callaway also
happen to give a much better agreement with the
measured magneton number. ' The vBH value for
4„ is still about 0.15 eV higher than the A„deter-
mined from our experiment. We should remark
here that the value for h„measured for S~ = 16.8
eV is probably more reliable than the correspond-
ing value for 5~ =10.2 eV where the difference be-
tween A„and 6„is relatively large.

In spite of these numerical deviations, the over-
all agreement between the vBH energy bands of
Wang and Callaway and the experiments is quite

TABLE I. Values of A„and of the exchange splitting
&x ~

(eV)

expt.
n

(eU)

expt.

(eV)

vBH~

(ev)
~ KSCb

(eU)

16.8
10.2

0.51
0.30

0.49+ 0.05
0.35+ 0.10

0.60
0.60

0.84
0.84
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good, in particular with respect to the appearenee
and disappearenee of the doublet structure. We
emphasize again that the identification of this
structure is possible only with the help of the
optical selection rule, which is the important fea-
ture of our experiment. The spectra correspond-
ing to the ones given in Fig. 1 but with the plane
of polarization parallel to (110) do not show any
pronounced structure near E F. Our results, to-
gether with the apparent lack of strong. tempera-
ture effects in the photoemission spectra when
going through the transition temperature, "
strongly support the "local band theory" model"
which provides also the basis for the recent inter-
pretation" of the new electron spin polarization
measurements. "
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Recoil-free y rays from the decay of 57Co are frequency modulated by vibrating the
source with a piezoelectric crystal and one of the lines of the resulting multiplet emis-
sion spectrum is absorbed. The remaining radiation displays a time-dependent counting
rate whose harmonic composition and relative phases are sensitive to small energy shifts
and can be used for their measurement.

When a y-ray emitter is vibrated sinusoidally with amplitude xp along the direction of observation,
and with angular frequency , the time dependence of the radiation field can be expressed as

exp[-x(t —to)/2+i(coot +a sin&t)], t ~ to,
z(t, t, ) =

0,

where x ' is the mean lifetime of the excited nu-
clear state (the lower state is assumed to be sta-
ble). The quantity a=- v, x,/c is called the modu-
lation index. The origin of time has been chosen
as a zero of the sine, and the decaying state was
formed at t =tp Irrelevant normalization and
phase factors have been omitted. In what follows,
t, is never measured and must be averaged over.
If one forms the average, (!E(t,t,)!'), , the vari
able t disappears, so that, as expected, there is
no time dependence of the intensity. The spec-
trum corresponding to Eg. (1) is obtained by
squaring its Fourier transform and averaging
over t,. It is the familiar sum of Lorentzian-
shaped carrier and sidebands, first shown with
Mossbauer radiation by Ruby and Bolef' and ob-
served and discussed by others since. ' '

1(~) = p ~.'(~)/B~ —(~.+~&)]'+&'/4), (2)
a OO

where the J„are Bessel functions of the first
kind.

If we now interpose a resonant absorber be-
tween the vibrating source and the y -ray detector,
so that there are alterations in phase or ampli-

! tude among the components, a time dependence
appears in the intensity. It contains the frequen-
cy 0 and its harmonics.

In Fig. 1(a), we see the ordinary Mossbauer
velocity spectrum of a source of "Co diffused in-
to a 12-pm foil of Cu which is cemented to one
face of a 0.5 mme 9 mm diameter X-cut quartz
crystal. The opposite face is cemented to an alu-
minum backing. The spectrum is made by scan-
ning with a (slowly) moving absorber of "Fe-en-
riched sodium ferrocyanide. There is no voltage
across the piezoelectric crystal. In Fig. 1(b),
an rf generator has supplied 10 V at 9.95 MHz to
the crystal and one sees the carrier and sideband
pattern described by Eq. (2). In Fig. 1(c), the
central carrier has been nearly eliminated by in-
terposing a thick stationary absorber of "Fe in
Be just after the source. Fe-Be has a broad res-
onance, actually an unresolved doublet, whose
centroid corresponds closely to the energy of the
"Co-Cu emission line. The ferrocyanide analyz-
ing absorber is now removed and the radiation
responsible for Fig. 1(c) is counted with a thin
NaI scintillation counter in a fast timing circuit.

1978 The American Physical Society


