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obtained when a I orentzian form factor was as-
sumed for the bonding charge, The model which
provides the best fit is one based on a tetrahed-
ral distortion of the outer electronic shells, and
an ionic charge transfer from In to Sb. A simi-
lar model was proposed a few years ago for in-
terpreting x-ray data in diamond, silicon, and
germanium. ""The basic idea is that the charge
density of the valence electrons can be expanded
in a series of cubic harmonics, in such a way
that the overall symmetry of the nonspherical
charge density is that of the atomic sites. We

have extended this model to the Zn-Se structure
by introducing an ionic charge transfer between
two nearest neighbors, so that the charge density
at any point in the crystal is expressed by means
of spherically symmetric Hartree-Fock wave
functions and two adjustable parameters. One of
them, n, controls the amount of tetrahedral dis-
tortion, and the other one, A., regulates an ionic
charge transfer. Our analysis shows that this
model provides an excellent fit with experiment,
with an B factor more than an order of magnitude
smaller than that obtained from the bond-charge
model.

Measurements taken at various temperatures
between 400 and 16 K indicate that the amount
of charge transfer and tetrahedral distortion vary
slightly with temperature. These results at dif-
ferent temperatures, along with a description of

the experiments and model calculations presented
above, will be reported with greater detail in a
forthcoming article.
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The dependence of photoelectron spin polarization on photon energy with ultrahigh-vac-
uum-cleaved surfaces of several ferrites shows that the electronic excitation spectrum
of 3d states is described by the model of a single ion in a crystal field in all details. We
obtain the relative intensity of the multiplet lines as well as the energy difference of
3d" final states on A- and B-lattice sites with high precision.

j
At present, photoemission of electrons emerg-

es as a handle on the old problem of whether the
3d states in a solid might be treated in analogy to
the 4f shell by the model of a single ion in a crys
tal field (SICF). If this model applies, the struc-
ture in the energy distribution curves (EDC's) of

photoelectrons emitted from 3d" shells arises
from the spectrum of the hole left behind and not
from an initial band density of states. Support
for this interpretation has been recently provided
by photoemission spectra obtained with x-ray'
and uv-photon energies. However, even in the
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most simple cases like MnO, where the two sin-
gle lines are resolved, ' it turns out that the rela-
tive line intensity deviates by a factor of 2 or
more from theoretical predictions. The question
arises whether this discrepancy reveals an inade-
quacy of the SICF model. We give experimental
evidence that the SICF model describes the elec-
tronic excitation spectra of transition-metal ions
in ferrites and oxides accurately. It turns out
that the measurement of electron spin polariza-
tion (ESP) in photoemission can be made a differ
ential +method comparing the line intensities with
high precision, without the need to analyze the
kinetic energy of photoelectrons.

Consider first the simple case where a 3d'
shell (Fe'+) is located in a cubic crystal field.
By photoemission of one electron, the spherical
symmetric 'A, configuration goes into one of the
two possible configurations of 3d', namely 'E or
'T„which are well separated by the crystal-field
splitting 10aq =6; see Sugano, Tanabe, and Kani-
mura. 3 The ratio g of the two transitions should
be 1 according to the coefficients of fractional
parentage. Suppose further that Fe" is located
in the cubic spinel crystal structure, which has
a tetrahedral A site and an octahedral B site. Al-
though the magnitude of the crystal field is al-
most equal on A and I3 sites, b,s/b, „=1.125,4 the
sign is opposite. It follows that while 'E is the
ground state of 3d' on the B site, on theA site
the ground state is 'T,. Figure 1 shows an ideal-
ized EDC of photoelectrons expected with a fer-
rite containing Fe'+ only. Indicated on each line
is the state in which the ion core is left behind.
The line shape with a width 4„at half-maximum
accounts for the finite lifetime of the ion core and
apparatus resolution. The total emission strength
from theA. sites is proportional to 1 —6, and
from B sites to 1+6, where 1 —6 and 1+6 are
the respective densities of Fe' on the two sites.
The initial state and relaxation energies at the A
and B sites might be different. This is accounted
for by ~.

The EDC N(E) in Fig. 1 is idealized also be-
cause the effect of escape over the surface-bar-
rier potentials and of inelastic scattering has
been omitted. In the ferrites, the work function
@ is -6.5 eV so that production of secondary elec-
trons is impossible up to photon energies Sw ~ 13
eV. Furthermore, the band gap between oxygen
2P bands and Fe 4s bands is probably - 5 eV,' and
it is likely that even inelastic electron-electron
scattering is very weak at@(d ~ 10 eV for the
same reasons that have been found to apply to

I

E
5T

5l
Tp

kinetic energy

FIG. 1. Idealized photoelectron EDC 's expected from
a ferrite containing Fea+ (3d~) only. The ions at B
sites emit up-spin electrons only (&); theA sites,
down-spin electrons ( &). Indicated below each peak is
the state in which the ion core Fe4+ (3d4) is left behind.
The center of gravity of 3d4 can be different by ~ on
A and B sites, The dashed line is the sum of the A-
and B-site contributions that would be observed in an
experiment with energy analysis if there were neither
inelastic-scattering effects nor effects of escape over
the surface-barrier potentials.

EuO. ' Inelastic scattering can therefore be ne-
glected at low@~. This has the additional desir-
able effect that the mean free path of photoexcit-
ed electrons is large and one tests bulk proper-
ties. The effect of the surface barrier is account-
ed for by the escape probability S. If the kinetic
energy E &4, S=O; and forE &@, S =1 —exp[-(E
-4)/k]. The constant 0 is of the order of 1-2
eV.' A more realistic EDC is then N(E)S(E).
The spin polarization comes in because the B lat-
tice emits up-spin electrons only (intensity i )
and the A lattice down-spin electrons (i ). This
arises because A and B sites are coupled anti-
ferromagnetically. The ESP is given by P = (i
—i )/(i +i ) with i = fNs(E)S(E)dE andi = JN&(E)
&&S(E)dE. One can guess without any numerical
calculations from Fig. 1 that P@m) will be strong-
ly dependent upon those parameters that intro-
duce differences in the yield of electrons from A
sites relative to B sites, like g or ~, but not
upon those affecting the yield on both sublattices
in the same way, such as Am or k.

Photoelectron- spin-polarization measurements
were performed by the Mott-scattering technique;
clean surfaces were obtained by cleaving single
crystals in ultrahigh vacuum (2x10 "Torr). A
magnetic field of 16 kG to align the Weiss do-
mains was applied perpendicular to the photo-
emitting surfaces, and the crystals were also at
-60 K. Results have been obtained with Mgq-
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FIG. 2. Photoelectron spin polarization with mag-
nesium ferrite as a function of photon energy @~ at con-
stant magnetic field II = 16 kG. The solid line was cal-
culated from the SICF model. The arrow indicates
photoelectric threshold.

(Fe'+), q[Mg, q{Fe'+), q]O, (magnesium ferrite),
Ni .,Zn .,Fe,O, (nickel zinc ferrite), and, as al-
ready reported, ' Fe,O, (magnetite) and Fe'+[Li, ,-
(Fe'+), ,]0, (lithium ferrite). The ions in bra. ck-
ets are at B sites. Magnesium ferrite is the
ideal material to test the SIC F model: (i) It con-
tains Fe'+ only; (ii) the strong crystal field leads
to a large line separation', and (iii) 5 can be var-
ied, 0 ( ~ (0.3, by heat treatment of the samples.
Since the magnetization is M =26', F 3+ with pF 3+

=5pB, one has a full range of materials from an
A B-antiferromagnet (6 =0) to a ferrimagnet with
high M. Figure 2 shows, as one example, the re-
sults of a measurement on magnesium ferrite
with 5 =0.24. In a large range of@~, there is an
excellent agreement between the P(k~) calculated
from the SICF model and the observed ESP. Note
that the absolute value of P(h&u) must agree; i.e. ,
no background can be subtracted f With one and
the same set of the five parameters g, ~, 4»
bm, and k one can fit all the P@+) curves mea-
sured on ten magnesium ferrite surfaces with dif-
ferent values of 6. We obtain g =1.00+ 0.02, ~
=0.00+ 0.05 eV, && =2.0+ 0.2 eV, &m -0.5 eV, and
k-1.5 eV. The main effect of k and Am is to
smear the structure at@&—9 eV. From the fact
that this peak is clearly resolved, one obtains
upper limits De&0.8 eV, or k &3 eV. These con-

stants affecting the yield of electrons from both
sublattices are not accurately determined as ex-
pected. Two significant deviations from the ex-
perimental and calculated ESP curves are ob-
served in all the magnesium ferrite (and also the
lithium ferrite): Near threshold and for hw ) 10
eV the observed ESP is too low. The deviations
for I& near @' can be attributed to photoemission
from unpolarized impurity states lying in the for-
bidden energy zone. The square root of the photo-
electric yield, F'", plotted versus k& exhibits a
tail which shows that such states are actually
present. The deviations at@& ) 10 eV are most
likely due to the onset of emission from the un-
polarized oxygen bands.

The following further observations show that
the SICF model is universal in understanding the
electronic excitation spectra of ferrites.

(1) Lithium ferrite is similar to magnesium fer-
rite in that it has Fe' only at A and B sites.
P@&u) calculated with q, k, and Lm the same as
in magnesium ferrite but ~ =0.25+ 0.05 eV and
A~ =1.5+ 0.1 eV fits the measurements' in a per-
fect way.

(2) If the initial state is not 3d, the initial- and
final-state multiplets become numerous. From a.
3d' (Fe") initial state, one can reach seven dif-
ferent excited states of 3d'. Therefore, seven
plus four from Fe' atA and I3 sites which is
eleven lines are squeezed into an energy range
of less than 3 eV in magnetite. The multiplets
can never be resolved because the inherent line-
width is -0.5 eV. The same holds for nickel zinc
ferrite. This is why the applicability of the SICF
model has not been realized so far. Earlier
EDC's with magnetite taken by Bishop and Kem-
eny' and also the ESP experiment' have been in-
terpreted on the basis of one-electron energy lev-
els genex ated by crystal-field-split 3d bands. "
That such models do not apply is unambiguously
seen only from the measurement on magnesium
ferrite, where a 3d' level, unsplit by the cubic
crystal field, generates a double structure (ob-
serve Fig. 2). But one can explain the spectra
of ma, gnetite and nickel zinc ferrite by the SICF
model in a, very natural way. " In magnetite for
instance, one peak is resolved near threshold,
and the ESP is negative. This must be assigned
to emission of a minority spin from Fe" on a B
site leaving behind the Fe"-ion core in its ground
state 'A, configuration. 'A, has a, large energy
separation from the rest of the lines because of
minimum exchange energy. The convincing argu-
ment is that the SICF model explains the electron-
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ic excitation spectra of all ferrites with only two
adjustable parameters &~ and ~, since the line-
width 4' and k, which may be different in the
various ferrites which range from metals to in-
sulators, does not enter the ESP data critically.

This is one of the few cases in which a simple
model explains data obtained by photoemission in
a quantitative way.

We are indebted to M. Campagna for very help-
ful discussions and suggestions and to the Schwei-
zerischer Nationalfonds for supporting this work.
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The Lz &
excitation spectra of liquid and solid Na and Al were measured at several tem-

s

peratures throughout the energy intervals 80-80 and 70-170 eV, respectively, using
yield spectroscopy. The spike at the 31-eV Na edge is virtually unchanged in the liquid,
indicating that the edge is insensitive to long-ranged crystalline order. The broader
structures up to 100 eV above the edges in Na and Al, however, are washed out in the
liquid.

Recently considerable theoretical effort has
been devoted to the interpretation of the photoab-
sorption spectra of electrons initially orbiting in
the 2P core levels of simple metals; one-elec-
tron theories offer competing explanations of
structures both at the L&, thresholds and as
much as 100 eV above.

At the Lz, edges, the threshold spikes seemed
to be well explained by the many-body theory of
Mahan' and Nozieres and De Dominicis, ' which
attributed the observed spikes to the shielding of
the core hole by conduction electrons. However,
the same theory also predicted the rounding of
K edges and contained a parity selection rule
which led to predictions of conspicuous depen-
dence of edge shapes upon momentum transfer'
in x-ray Raman scattering or electron energy-
loss scattering. Dow and co-workers' have dis-
agreed with the many-body explanation of the Li
K-edge rounding and have proposed a phonon

core-level broadening mechanism to explain the
edge shape. We have recently observed thermal
broadening in the region of the absorption thresh-
old. "' Tests of the many-body theory's selection
rule by Sonntag' (in Li, „Cu„alloys) and by Ritsko,
Schnatterly, and Gibbons' (using electron energy
loss) did not produce the predicted changes of the
Li edge shape. From these and other facts, ' ques-
tions arise concerning the limitation of the many-
body theory. Nevertheless the spike at the Na

L@, edge still provides an outstanding experimen-
ta,l support of this theory. Unlike similar, though
weaker, features at the L&, edges of Mg and Al
the spike in Na cannot be easily dismissed as a
density-of-states structure. Its behavior upon
melting should provide valuable clues to its ori-
gin and to its dependence on long-ranged crystal-
line order.

The spectral region well above the L&, edges
is the subject of yet another theoretical dispute
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