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Observation of Spin-Polarized Electron Levels in Ferrites
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Measurement of spin polarization of photoelectrons from Fe304 (MAO) and I„io 5Fe2 504
(LIP) up to Az = 11 eV shows that B-site 3d levels are higher in energy than A.-site 3d
levels. In MAO, unpolarized 2p electrons are not emitted up to 11 eV. Existing energy
diagrams of MAQ do not agree fully with the results. As a direct consequence of Bund's
rule, the polarization spectra of MAO and LIF are very different because of the pres-
ence of Fe + in MAO.

The electronic structure of ferrites is still a
subject of speculation. ' This arises because the
classical methods for obtaining information on
electronic structure are ambiguous mainly be-
cause they cannot distinguish whether an optical
transition is due to excitation of an oxygen p elec-
tron or of a metal-ion d electron, nor in which
of the two existing sublattices (called A and B
lattices) it occurs. Band theory is of little help
because it is well known that it runs into difficul-
ties with d levels. We report here on a new ex-
periment employing measurement of photoelec-
tron spin polarization (photo-ESP) that allows
one (i) to decide whether an electron was excited
from a metal ion in the A or B lattice, and (ii) to
distinguish between excitation of p and d elec-
trons. It is, to our knowledge also the first pho-
toemission experiment on single-crystal ferrites
cleaved in ultrahigh vacuum, and the first photo-
ESP study up to a photon energy S~ = 11 eV.

Measurements are reported for magnetite
(MAG), Fe"[Fe'+Fe"]O„and for lithium ferrite
(LIF), Fe"[(Li+), ,(Fe"), ,]O,. The compara-
tively large O ions form a fcc lattice. There are
tetrahedral and octahedral interstitials called A
and B sites, in which the metal ions are located.
A sites have four oxygen ions as nearest neigh-
bors and B sites have six. The metal ions in the
square brackets are at B sites, and the remain-
ing Fe" is at an A site. MAG and LIF are both
inverse spinels. Neel showed that the magnetic
coupling between A- and B-lattice ions is anti-
ferromagnetic and much stronger than A -A and
B-B coupling. Hence the magnetization is M =M~
-M„. Fe"(3d') has a spin-only moment of 5p,„
and Fe"(3d') has 4p, . For MAG, we have at T
=0 M =9 —5 =4 (number n B of Bohr magnetons

per formula unit) and for LIF M=1.5x 5 —5=2.5.
This agrees quite well with the observed magnet-
izations of 4.1 and 2.6, respectively, ' which
shows that the main part of M is generated by the
spin of the d electrons. Fe" on the A site emits
electrons with magnetic moment antiparallel to
M only. We define this as negative ESP. This is
how A -site emission is distinguished from B-s ite
emission, which yields positive photo- ESP. In
MAG, we have at B sites Fe" besides Fe". Fe'+
has an extra electron whose magnetic moment is
antiparallel to the magnetization according to
Hund's rule. Emission of this extra electron pro-
duces negative ESP as well, although it stems
from the B lattice. To identify the contribution
of the extra electron on the B site we compare
photo- ESP of MAG with that of LIF. In LIF,
there is no Fe', and photoemission from B sites
produces positive ESP only. Otherwise, MAG
and LIF are very similar. The lattice constants
are a = 8.39 and 8.33 A, respectively, and the
oxygen parameters u describing the distortion of
the fcc oxygen lattice by the different sizes of
the ions are u =0.379 and 0.382. (In the ideal fcc
lattice u =0.375; see Ref. 2.)

The contribution from oxygen p levels to the
emission is detected by the fact that there is an
equal amount of up and down spins in these or-
bitals, and the photo- ESP is zero. This may
seem a very naive picture because of p-d hybrid-
ization. More precisely, we should say that we
can distinguish magnetic and nonmagnetic elec-
trons. However, since the counting of up- and
down-spin d electrons yields reasonably well the
observed magnetization, the naive picture should
not be too bad.

The MAG crystals were natural single crystals
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from Zermatt, Switzerland. Buchenau and Mul-
ler' did optical studies on such crystals. The
metal-insulator transition occurs at T„=119'K
which shows that the samples are reasonably
pure. LIF crystals were grown in the ordered
state. The samples were mounted in crystal
holders, inserted into the ultrahigh-vacuum ap-
pa.ratus (-10 "Torr), and transported to the
cleavage chamber. After cleaving4 with knife
and anvil, the samples are transported into the
magnetic field H, which is perpendicular to the
photoemitting surface. The light from a modi-
fied Hinteregger hydrogen-discharge lamp' or a
Hg-Xe high-pressure arc is monochromatized
through a McPherson 1-m spectrograph and fo-
cused onto the sample surface. The photoelec-
trons are accelerated and the ESP is measured
by Mott scattering from Au nuclei at an energy
of 100 keV as previously described. '

The ESP is defined as P=(nt-nt)/(nt+nt),
where n~ and n~ are the numbers of up- and
down-spin-moment electrons. We can make two
simple predictions about the dependence of P on
photon energy S&u: (1) If all the magnetic elec-
trons are emitted with equal probability and no
unpolarized nonmagnetic electrons are admixed,
we expect P=nB/n, with n the total number of d
electrons. This yields an ESP of 25% for MAG
and 20% for LIF. (2) The electrical conductivity
in MAG is assumed to be caused by some kind of
hopping of the minority-spin electron introduced
by Fe" in the B lattice. ' Threshold photoelec-
trons originate from energy states near the Fer-
mi energy EF, and this is why one predicts nega-
tive ESP at threshold in MAG, but not in LIF.

These predictions make sense only if photo-
emission tests the bulk properties with MAG and
LIF. The photoelectric probing depth is probably
large in both materials, but still only a few atom-
ic layers. It is a special feature of photo-ESP
studies that information on contributions of the
surface can be obtained by comparing well-known
bulk magnetization curves with photoelectric
magnetization curves. In 4f-ferromagnetic insu-
lators like Euo, photoelectric magnetization
curves do not saturate, which means that the sur-
face sheet has magnetic properties different
from those of the bulk. ' In MAG, photo-ESP was
constant for 8 &II & 20 kG within the accuracy of
the measurement. Therefore, we think that there
are no paramagnetic surface spins in ferrites
that contribute appreciably to the photo-ESP,
neither by direct photoemission nor by spin-ex-
change collisions. The difference between 3d
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and 4f materials can be understood by the differ-
ence in local extensions of the magnetic shells,
and the very different exchange mechanisms.

Figure 1 shows the spectrum of spin polariza-
tion (SSP) for MAG. There is negative ESP at
threshold as predicted. For h&u =11 eV, P —= 24%.
This shows that emission of nonmagnetic or p
electrons is negligible up to 11 eV. P reaches a
maximum at S~ =6.5 eV which indicates the en-
ergy of predominant emission from Fe" at B
sites. Fe" A-site emission sets in at higher k(d,
causing the decrease of P for S~&6.5 eV. The
SSP of Fig. 1 was taken with the sample at -10 K.
The SSP at 300'K is quite similar except that the
amplitude of P is lower in different parts of the
spectrum, which is partly because of the decrease
of sublattice magnetizations M„and M~ with tem-
perature. Further experiments on the tempera-
ture dependence of photo-ESP are being prepared.
What can be said at present is that the statements
on the energy of spin-polarized electron levels
do not depend on whether MAG is in the metallic
or the insulating state.

Figure 2 shows the SSP of LIF. The photo-
threshold 4 is almost identical to the one of

photon energy (eV}

FIG. I. Dependence of photoelectron spin polariza-
tion in percent on photon energy in eV for Fe304 3t con-
stant magnetic field strength H =8.5 ko. The sample
is at T =-10'K. Vertical extension of measured points
indicates statistical uncertainty; horizontal extension,
resolution of monochromator. Photothreshold C is in-
dicated by arrow.
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FIG. 2. Photo-ESP in percent versus photon energy
in eV for Lio,Fe2 504 atH=8. 5 kG. The sample is at
T =-50'K. Extension of measured points, see caption
of Flg, 1~
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MAG, but P=O for threshold electrons. Whether
these nonmagnetic electrons arise from impuri-
ties or are due to a spurious contribution of pho-
toelectrons from the crystal holder has not yet
been determined. Note that even in MAG such
electrons could be present in addition to the po-
larized ones, because after all the ESP is not
—100%. Maximum B-lattice emission occurs
later in LIF, namely at Sv =7 e7, but like in
MAG the A-site contribution comes in at higher
k~ than B-site emission, namely from S~ =7.5
eV on. At k&v=11 eV, P=15%, which means that
there is already some emission of nonmagnetic
electrons in LIF.

Figure 3 shows the photoelectric yield Y (num-
ber of photoemitted electrons per incident photon)
as a function of S~ for MAG and LIF. F is uncor-
rected for mirror reflectance and window trans-
mission. Above about 8 eV the absolute values
are therefore unreliable, but the two curves can
still be compared. Using the information from
the SSP's, we can understand the j curves. At
low S~, F of LIF is smaller. The difference is
maximum at Scu —= 7 eV, where Fe B-site emis-
sion is dominant. In LIF, ~ an Fe is missing at
the B site, and this is why the yield is lower.
Qn the other hand, P of LIF is stronger com-
pared with that of MAG at h~ & 10 eV. This in-
dicates the onset of emission of nonmagnetic
electrons in LIF. The thresholds 4 given in
Figs. 1 and 2 were evaluated by extrapolating theF'"-versus-ken straight line.

When comparing these results with the one-
electron energy diagram proposed by Camphau-
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FIG. 3. Dependence of photoelectric yield Y (number

of photoemitted electrons per incident photon) on pho-
ton energy in eV for MAG and LIF. Y is not corrected
for mirror reflectance and window transmission.

sen, Coey, and Chakraverty' for MAG, we see
that the data confirm that the d levels are in the
band gap between 4s and 2p bands in contradic-
tion to the results of Balberg and Pankove. ' Fur-
thermore, the ESP at EF is negative as predict-
ed in Ref. 1. Important differences are that the
nonmagnetic p levels have higher binding ener-
gies than proposed and that the centers of grav-
ity of A- and B-site 3d levels are not identical.
Also, the splitting of 3d levels at B sites by the
crystal field does not appear. Many of the pre-
vious suggestions were based on the fact that
Bonnelle' found no difference in the soft x-ray
spectra of Fe,o, and Fe,O, . In the SSP's, the
difference is dramatic when Fe" is missing.

In the present measurement, only the thresh-
olds for emission from different levels are de-
termined, and we can give but an upper limit for
the bandwidths. When combining the data of pho-
to-ESP studies with x-ray and uv photoelectron
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spectra, the widths of the different levels should
also emerge.

In conclusion, a direct experimental proof has
been given that a down-spin electron from Fe"
at a B site is present at the Fermi energy in
MAG. Negative photo-ESP at threshold is also
postulated in Ni and Co, but was not detected in
the experiment. " The present measurements
show at least that negative ESP is observed if it
exists. Considerable progress is possible with
present experimental techniques in understanding
the electronic structure of such relatively com-
plex materials as ferrites.
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Resistivity and Hall effect measurements have been made on Sm& „Y„Salloys which ex-
hibit black to gold phase transitions as a function of temperature and composition, similar
to SmS under pressure. The results indicate that in the gold phase there is a virtual
bound state at the Fermi level which causes additional scattering and suppresses the Hall
effect. In the black phase, the virtual bound state is below the Fermi level and does not
contribute to the Hall effect.

Recently there has been considerable interest
in the subject of intermediate valence and valence
fluctuations, ' I particularly in SmB6,4~ SmS, 6 '2

and SmS' alloys, 7 9'" '7 in which the Sm f ~ and f 'd
configurations are nearly degenerate. In this Let-
ter we' report measurements of resistivity and
Hall effect in Sm, „Y„Salloys which undergo
changes in electronic configuration as a function
of composition and temperature. This system is
of particular interest because the Sm valence can
be varied over a considerable range (-2.0 to
-2.7) at atmospheric pressure. We suggest a
model of a virtual bound state of mixed configura-
tion, (1 —e)f '+ ef 'd, which is degenerate with
the d conduction band. "

SmS is black at zero pressure but collapses to

a gold phase under 6.5-kbar pressure. ' An anal-
ogous lattice collapse without external pressure
may occur upon alloying SmS with other com-
pounds of smaller lattice constant. The room-
temperature lattice-constant data for the Sm, Y„S
system shows a discontinuity at x= 0.15 which
divides the system into an expanded "gold" phase.
The triangles, Fig. 1(a), demonstrate the unusual
lattice expansion on cooling from the gold phase.
These data points appear to be continuous with
those for samples (x &0.15) which remain black
at all temperatures.

Using this lattice-constant data we calculate the
valence

I Fig. 1(b)) taking the values 6.00 and 5.62
A for pure divalent and trivalent SmS, respective-
ly. ' These extrema were obtained by interpola-


