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Spin-orbit coupling, exchange interaction, and hybridization in the photoexcitation
of the Ni 3p core level
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A spin-polarized photoemission study of the Ni 3p core level reveals the spin polarization of the main line

and the satellites. A detailed comparison with calculation confirms earlier assignments that the satellites have
d character. However, the measurement also reveals the role of spin-orbit and exchange interactions in

determining the spin polarization of the main peak, which is shown to be composed of both d and d'
character. The study shows that the spin polarization in the leading edge of the main line reAects its d
character as a result of the hybridization between the different configurations.

Recently there have been several studies aimed at exam-
ining the possibility of using core-level spectroscopies as a
probe of magnetic properties. The use of excitation from a
core level is particularly appealing because it offers the pos-
sibility of studying site-specific information. The spec-
troscopies that have been investigated include spin-polarized
core-level photoemission, ' magnetic circular dichroism
(MCD) in absorption ' and photoemission, and magnetic
linear dichroism (MLD). "In the spin-polarized core-level
photoemission experiment the spin of the photoemitted elec-
tron is measured directly; in the dichroism experiments the
spin is coupled by the spin-orbit interaction. In all of these
spectroscopies there are initial- and final-state effects, which
include both the spin-orbit interaction and the exchange in-
teraction. The coupling between the latter interactions will
add complexity to the observed spectral density, particularly
in the excitation of the 3p levels of the 3d transition metals,
where they have similar magnitudes. An understanding of the
coupling is therefore important if the different core-level
spectroscopies are to be fully exploited.

In this paper we present the results of an experimental and
theoretical study of the Ni 3p core-level photoemission
where early experimental studies' indicate that the effect of
the spin-orbit interaction is clearly observable. Our spin-
polarized photoemission study provides important insight
into the interplay between the spin-orbit coupling, exchange
interaction, and hybridization or configuration interaction.
Previous studies' have shown that excitation of both the
valence band and core levels of Ni results in the appearance
of main-line and satellite structure in the spectra. In particu-
lar, the 6-eV and 14-eV satellites observed during excitation
of the 3p core level have been assigned to the 3p 3d con-
figuration with the main line associated with a 3p 3d con-
figuration. To our knowledge, there have been no detailed
comparisons between experimental measurements of the spin
polarization observed in the excitation and the theoretical
predictions. In this paper, we present such a comparison. We
are able to clearly show the role of the d configuration in
both the main line and the satellites. At the same time, we are
able to make a detailed examination of the role of spin-orbit
coupling and, further, the interplay between the latter and the
exchange interaction. Not surprisingly, our analysis reverses

some of the earlier theoretical assignments in the main peak.
While the spin-orbit interaction produces the characteristic
splitting in the d configuration, the strong hybridization
with the d configuration modifies the character of the main
line. We find that the main peak's leading edge has predomi-
nantly 3p 3d character whereas a shoulder at higher bind-
ing energy reflecting the spin-orbit interaction has predorni-
nantly 3p 3d character. The spin-orbit interaction in the
d configuration, on the other hand, is largely quenched by
the exchange interaction.

Our studies were carried out on the high-fIux, high-
resolution soft-x-ra~ XIB beamline at the National Synchro-
tron Light Source. Spin-polarized photoemission is accom-
plished using a hemispherical analyzer backed by a low-
energy spin detector of the type developed by the National
Institute of Standards and Technology group. The latter de-
tector is configured such that it can measure both longitudi-
nal and transverse spin polarization in the emitted photoelec-
trons. The electron spectrometer collects electrons over a
solid angle of ~ 5 . The incident photon energy used
throughout the study was 248 eV. The overall energy resolu-
tion of the experiment was of the order of 0.6 eV.

The Ni film was produced by depositing Ni on a Cu(001)
substrate to a thickness of the order of 25 ML. At such thick-
nesses, the Ni moments are found to align perpendicular to
the surface, in agreement with earlier studies. The data
were collected in a geometry with the magnetization, the
light polarization vector, and the electron acceptance in the
same plane. In this way any added complexity due to chiral
effects of the type described by Roth et al. are avoided.

Figure 1 shows the spin-integrated and spin-resolved
spectra obtained from the Ni 3p core level. The spin-
integrated spectrum shows good agreement with the spec-
trum previously obtained by Hufner and Wertheim. ' The
main peak at a binding energy of approximately 66.8 eV
shows the characteristic "spin-orbit splitting" A-B and sat-
ellites C and D occur at 6 and 14 eV higher binding energy.
Figure 1 shows that the spin polarization is strongly concen-
trated in an intense feature at the leading edge of the main
line. Whereas the polarization in the leading edge is strongly
minority spin, the shoulder on the main peak shows a small
majority-spin polarization. Satellite C shows minority- and
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FIG. 1. Spin-integrated (upper spectrum) and spin-resolved (lower spec-
tra) photoemission spectra of the Ni 3p core level. A-B indicate "spin-
orbit"-derived features in the main line and C and D indicate satellite fea-
tures. In the lower panel the minority-spin electrons are indicated by the

open triangles and the majority-spin electrons are indicated by the filled
triangles. The incident photon energy is 248 eV.

satellite D majority-spin polarization.
Since the satellite structure is of many-particle origin,

we have calculated the Ni 3p photoemission spectrum [Fig.
2(a)] with an Anderson impurity model including multiplet
structure using the Cowan program. Because of the small
polarization and to facilitate comparison between theory and
experiment, we show in Fig. 2(b) the theoretically deter-
mined difference between the majority- and minority-spin
spectra. In Fig. 2(c) we show the same experimentally deter-
mined difference spectrum, IOP, where Io is the spin-
integrated intensity and P is the measured spin polarization.
It is clear from the comparison in Fig. 2 that all of the fea-
tures observed in the experimental spectra are reproduced in
the calculation.

In the calculation a particular site in the Ni metal is
treated with a basis set d, d U, and d U, where U denotes
a combination of orbitals of appropriate symmetry on adja-
cent sites. For brevity we will drop the U in the notation. The
energies of these basis states are 0, 6 —U, and 2A —U, re-
spectively, where 5 =E(d) —E(v) is the transfer energy and
U is the d-d Coulomb interaction. For simplicity, we omit
crystal field symmetry and use an isotropic mixing parameter
V. The final states are a mixture of the c3d, c3d, and
c3d' configurations with relative energies of 0, b, —U —Q,
and 2A —U —2Q, respectively. Here c denotes the 3p core
hole, and Q is the 3p-3d Coulomb interaction (the effective
Slater parameter F ). The molecular field (exchange field)
acting on the 3d spins is included by a term gp, &HS, with
gp, &H= —0.5 eV. These values result in a ground state of
14% d, 48% d, and 38%%uo d character, which compares
well with previous calculations. ' The configurations with
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FIG. 2. (a) Calculated spin-integrated spectrum for the Ni 3p core level.
(b) Calculated difference spectrum between the two spin components
through the Ni 3p core-level region. (c) Experimentally determined differ-
ence between the two spin components in Fig. 1. A smoothing routine has
been applied to the latter spectrum.

open shells show a term splitting due to the spin-orbit inter-
actions g(3p) = 1.37 and g(3d) =0.09 eV, and the Slater pa-
rameters F (dd)=13.3, F (dd)=8.3, F (pd)=13.6,
G'(pd) = 16.9, and G3(pd) = 10.3 eV. To account for intra-
atomic relaxation effects, these Hartree-Fock values of the
Slater integrals were scaled to 65% and the 3p spin-orbit
interaction to 85%%uo. The calculated spectra were convoluted
with a Lorentzian of I"=0.6 eV and a Gaussian of cr =0.4 eV
to account for the core-hole lifetime and the instrumental
broadening. The best fit to the experiment was obtained with
b = —0.75, U=1.5, Q=2 eV, and V=0.8 eV.

One may interpret the photoemission spectrum in Fig. 1
as consisting of a main peak with c3d character, which is
split by spin-orbit interaction, and a satellite structure with
c3d character. However, such an assignment would not ex-
plain the fact that the leading edge of the main peak displays
a very strong spin polarization. Since a c3d state cannot be
spin polarized, the peak assignment must have more to it.

Figure 3 shows the decomposition of the photoemission
spectrum into the contributions from the c3d, c3d, and
c3d configurations and their interference terms. The origin
of the interference terms in a simplified model is the follow-
ing: given a ground state P;=ud' +Pd and a final state



52 SPIN-ORBIT COUPLING, EXCHANGE INTERACTION, AND R8595

3D3p D F

I

-85
I

-80
I '

I

-75 -70
Binding Energy (eV)

I

-65
I

-60

FIG. 3. The different contributions to the spin-integrated theoretical
spectrum shown in (a) are (b) c3d', (c) c3d, and (d) c3d . The interfer-
ence terms between the different configurations are indicated by (e) c3d'
and c3d, (f) c3d and c3d, and (g) c3d' and c3d .

P = lcd' + 8'cd, the intensity of the c3d' and c3d con-
figurations and interference term is proportional to (ay),
(PB), and ~2nPyB, respectively. The + and —signs rep-
resent a bonding and antibonding state, respectively. Al-
though the situation in Fig. 3 is more complicated than such
a 2X2 matrix model, the bonding and antibonding parts in
the interference terms are clearly visible with positive and
negative intensities, respectively, at low and high binding
energies.

Figure 3(b) shows that the c3d' configuration is split by
the spin-orbit interaction into a p3/2 and a p»2 level. How-
ever, the intensity ratio is not the statistical 2:1 ratio, because
of the different mixing of these levels with the singlet and
triplet states of the c3d configuration.

Figure 3(c) shows that the c3d configuration is split by
the large 3p-3d electrostatic interaction into three clearly
distinguishable features, which, in order of increasing bind-
ing energy, correspond to the F and D states, the P and
D states, and the P and F states. Thus the F state

corresponds to the main peak's leading edge. The interfer-
ence between the c3d and c3d channel transfers spectral
weight from satellite C in the c3d spectrum to the main

peak. It is this strong c3d character that is the reason for the
strong spin polarization at the onset of the main peak. The
singlet c3d states are completely spin-up polarized, while
the triplet states have a spin-up to spin-down ratio of 1:2
resulting in a net spin-down polarization. From the spin
spectrum [Fig. 2(b)j it is also clear that the singlet and triplet
character of the individual satellites is largely retained and
that the separation of the two satellites is a measure of the
3p-3d exchange interaction. The influence of the spin-orbit
interaction in the c3d configuration is small because it is
largely quenched by the electrostatic interactions. Finally, we
comment that the c3d character becomes relatively impor-
tant only at the high-binding-energy side of the spectrum.

The high-binding-energy shoulder of the main peak has
mainly c3d character. The energy separation of this shoul-
der from the main peak is of the order of the 3p spin-orbit
splitting. Indeed, in a spectrum calculated without the spin-
orbit interaction the shoulder disappears. Thus the splitting in
the main peak can indeed be ascribed to the spin-orbit inter-
action and not to an exchange splitting. However, by such an
assignment, it is important to keep in mind that, due to the
strong mixing, the spin-orbit doublet partner at low binding
energy has much more d character and the partner at
higher binding energy has more d character. In a calcula-
tion with the spin-orbit interaction included but without the
mixing the d spectrum shows the characteristic 2:1 inten-
sity ratio of the spin-orbit split doublet.

The present study provides insights into the interplay be-
tween the spin-orbit interaction and the Coulomb interaction
in the excitation of the Ni 3p core level. The spin-orbit in-
teraction plays the most important role in the structure or
spectral density associated with the c3d configuration.
However, the strong hybridization with the c3d configura-
tion considerably reduces the intensity of the lower-binding-
energy component. In the c3d and c3d configurations the
inhuence of the spin-orbit interaction is less because it is
quenched by the Coulomb interactions. These observations
have implications for recent theoretical analyses ' " of the
spectra obtained in s~in-polarized photoemission studies of
the Fe 3p core level' and related MLD studies, ' where the
interplay of the spin-orbit and exchange interactions adds
considerable complexity to the interpretation.

For Cu, Ni, Co, and Fe, the Hartree-Fock values of
P(3p) are 1.62, 1.37, 1.15, and 0.95 eV, respectively. In the
absence of an exchange interaction the spin-orbit splitting
will be 1.5$ and indeed such a value has recently been found
in MLD studies of the Cu 3p level. However, it is remark-
able that such a large splitting is not observed in the 3p
photoemission spectra from systems with partly filled 3d
shells. Tamura et al. , in their modeling of the Fe 3p MLD
spectra, found the best agreement using 60% of the spin-
orbit parameter value from band-structure calculations. The
spin-orbit splitting will be especially visible in spin-resolved
photoemission since the p3/2 level has dominantly minority
spin and the p»2 has dominantly majority spin. The spin-
difference spectrum will then show a negative and a positive
structure with a separation of 1.5$. Also, the magnetic di-
chroism, which is sensitive to the orbital magnetization, will
show a peak splitting due to the spin-orbit interaction which
couples the orbit and the spin parallel and antiparallel at low
and high binding energies, respectively.
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The peak splitting will become even larger if we take into
account an effective (one-electron) exchange interaction,
which results in a further bifurcation of minority-spin char-
acter at low binding energy and majority-spin character at
high binding energy. The increase in the splitting will be
especially strong when the exchange interaction and the
spin-orbit interaction are of the same order of magnitude.
Therefore, while a single-particle model gives a correct re-
sult for the deeper core levels, such as the 2p level, it over-
estimates the peak splitting for shallow core levels where
neither the spin-orbit nor exchange interaction can be treated
as a perturbation.

This problem can be overcome in a localized model,
where the configurations cd" with n 410 have strong term
splittings which may partly quench the spin-orbit interaction.
Although this can result in a broad multiplet structure spread
out over 10 or 20 eV, the hybridization will strongly reduce
the high-binding-energy satellites in the spectrum. The
amount of hybridization between the individual levels in the
cd" and cd" configurations depends on their energy dif-
ference, which is not only determined by the charge-transfer
5 and the Coulomb interactions U and Q, but especially by
the term splitting that is governed by the Slater parameters F
and G.

Using the Ni 3p as an example, in the initial state the
d configuration is lower in energy than the d' configura-
tion. In the final state the average energy of the cd is lower
than the average of the cd configuration. Thus, without term
splitting, the low-binding-energy side would have cd' char-
acter, and the cd satellite intensity would be large. How-
ever, the large term splitting, as evidenced by the separation

between the structures C and D in the experimental spec-
trum, pushes the F level below the cd level. This results
in a strong interference term for the triplet states (Fig. 3). A
maximum interference term would be obtained if the final-
state wave function has coefficients y= cr and 8=P, in
which case the satellite intensity vanishes completely and all
intensity goes into the main peak. Thus the reduction of the

3p spin-orbit interaction in Fe and Co might be due to the
combined presence of a strong hybridization between many
configurations and large term splittings. Unfortunately, the
Anderson impurity calculations for Fe and Co are far from
trivial. Although these model calculations inevitably contain
optimized or estimated parameters, they provide a useful in-

sight into the correlation effects which are present in 3d
metals. Such an insight cannot be obtained from a single-
particle model.

It is not expected that a general rule can be given on
whether an observed 3p splitting in the 3d metals is either
due to term splitting, hybridization, exchange interaction, or
spin-orbit coupling. This is already apparent in our analysis
of the Ni 3p spectrum, which shows that the peak structure
is due to the interplay of all these effects. However, in the
case of nickel one might say that the main peak splitting is
due to the spin-orbit splitting which is surviving in the
cd configuration. To solve the question for the other 3d
metals requires both better spin-resolved or magnetic dichro-
ism photoemission data and more elaborate many-particle
calculations.
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