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early stages of x irradiation there is a low density of
trapped electrons, hence a ferromagnetic state exists.
As the x-ray bombardment is continued the concen-
tration of trapped electrons increases and there are very
few unpaired electrons resulting in the destruction of
the ferromagnetic state.

According to the theory of Bloch' the ferromag-
netic state exists for low concentrations of electrons
because the electrons have parallel spins and stay far
apart in order to keep their Coulomb repulsion reduced
as much as possible. This is a direct consequence of
the Pauli exclusion principle.

It has also been observed that if the crystals are
permitted to age approximately one month with respect
to the last period of x irradiation, the magnetic moment
returns the value it had prior to any x irradiation,
indicating that the trapped electrons are only stable
in a specified concentration per dislocation given by

' F. Bloch, Z. Physik 57', 545 (1929).

the preirradiation value. High concentrations may
slowly evaporate away at room temperature if the
trapping depth is small.

The experimental evidence presented in this paper
would seem to rule out the possibility that the observed
ferromagnetism arises from nickel or iron precipitates in
the crystal. It does however support the idea that the
ferromagnetic effect arises from the 10'4 electrons
trapped at dislocations in these crystals.
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Experimental Determination of the Optical Density of States in Iron*t
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Energy distributions of photoemitted electrons and the spectral distribution of quantum yield from
iron (@=4.8 eV) have been measured to a maximum photon energy of 11.6 eV. These data are presented
and interpreted in terms of the electronic structure of iron. No evidence is found in these data consistent
with the assumption that conservation of k is an important selection rule. Rather, it is found that the data
can be interpreted in a consistent manner if the optical transition probability is assumed to depend only
on the initial and final densities of states. The results allow determination of the optical density of states
in the regions —6.0& (E—Ep) &0 and 5.5& (E—Ep) & 11.6 eV, where Ep is the energy of the Fermi level.
Maxima are found in the valence-band optical density of states at 0.35, 2.4, and 5.5 eV below Ep. This
result is similar to that obtained in nickel, except the lowest-energy peak is not as strong and occurs at a
lower energy in iron. The conduction-band optical density of states is approximately constant in the region
observed. The iron samples were also coated with approximately one monolayer of cesium to reduce the
work function (@=1.55 eV) and thereby extend the range of measurements. Strong transitions are observed
near Ace = 2 eV, for which the matrix elements vary markedly with h,co. The results, obtained at higher photon
energies, are in reasonable agreement with the noncesiated data and suggest that the conduction-band
optical density of states decreases monotonically by a factor of two between 2.5 and 5 eV above Ep.

I. INTRODUCTION

N an earlier paper, ' the photoemission data on nickel
.. were presented and analyzed. It was shown that
the optical density of states'' of Ni obtained from

* Work sponsored by the National Science Foundation, and by
the Advanced Research Project Agency, through the Center
for Materials Research at Stanford University.

t Based on a thesis submitted by A. J. Blodgett, Jr., IBM
Resident Fellow, to Stanford University in partial fulfillment of
the requirements of the Ph.D. degree.

)Present address: International Business Machines Corpora-
tion, Components Division, Hopewell Junction, New York 12533.

'A. J. Blodgett, Jr., and W. E. Spicer, Phys. Rev. 146, 390
(1966).

~ The densities of state obtained from photoemission and optical
measurements are called optical densities of states. See Ref. 3.' W. E. Spicer, Phys. Rev. 154, 385 (1967).

these data differs markedly from that of Cu and that
the two are not simply related via the rigid-band
model. In this paper, photoemission studies on iron
are reported. Iron was chosen as the second ferro-
magnetic metal to study because the experimental data
from Fe coupled with that from Ni would span the
three common ferromagnetic metals —Fe, Co, and Ni.
A comparison of the experimentally determined elec-
tronic structures of Fe and Ni is of particular interest
because of the various theoretical models which have
been advanced concerning the electronic structure and
ferromagnetism in these two metals. 4

4 See, for example, N. Mott, Advan. Phys. 13, 325 (1964),
and references given therein.
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In this work, the spectral distribution of the quantum
yield (SDQY) and energy distributions of photoemitted
electrons [energy distribution curves (KDC's) j have
been measured as functions of monochromatic radiation
to a maximum photon energy of 11.6 eV. In addition,
the reQectance of Fe has been measured at nearly
normal incidence in the region 2.0& fico& 11.8 eV. Since
the methods used in the analysis of the data and most
of the experimental techniques and equipment used in
this work have been reported previously, '»' only vari-
ations in or additions to these methods are discussed
here.

II. EXPERIMENTAL METHODS
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FIG. 2. Quantum yield of iron (without Cs).
The Fe samples used in the photoemission studies

were formed by evaporation from Fe-plated tungsten
helixes. ~ Each sample was studied both with and with-
out approximately one monolayer of Cs on its surface.
The Cs was used to reduce the work function of the
metal and thereby extend the range of measurements. '
To do this, a sample was prepared and first studied
without a Cs monolayer. The tube was then resealed
onto the vacuum system and approximately one mono-
layer of Cs was applied to the surface. The resealing
was done by use of a "breakoBski" seal so that the
pressure of gases other than Cs was maintained &10 '
mm throughout the processing. ~

ReQectance measurements were made by using a
small (1.0&&0.5&&0.1-in.) slab of high purity (99.999%)
Fe. The sample was first polished, etched at room
temperature for 10 min in a citric-acid —ammonium-
hydroxide solution, and then rinsed with acetone,

distilled water, and alcohol before insertion into a low-
vacuum ( 3X 10' mm) measuring chamber. (The
etching solution was prepared by dissolving 8 g of
citric-acid powder in. 100 ml of water, and then adding
suffIcient NH4OH to just turn. litmus paper blue. )
This relatively weak etch cleans the surface without
destroying the specular reQectance of the sample.

The chamber used for the reQectivity measurements,
designed by R. C. Eden, contains a two-position
sample mount and is fitted with a Pyrex light pipe
which can monitor either the incident or the reQected
beam. The output from the light pipe was measured
by a photomultiplier. For ultraviolet measurements,
the entrance to the light pipe was coated with sodium
salicylate.

III. REFLECTANCE
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FxG. 1. Reflectance of iron.

l0 l2

' W. E. Spicer and C. N. Berglund, Rev. Sci. Instr. 35, 1665
(1964).' N. B.Kindig and %'. E. Spicer, Rev. Sci. Instr. 36, 759 (1965).

'A. J. Blodgett, Jr., Ph. D. dissertation, Stanford University,
1965 (unpublished) .' C. N. Berglund and K. E. Spicer, Phys. Rev. 136, A1044
(1964).

The reflectance R(u) of Fe was measured. because
these data are a useful supplement to the photo-
emission data. First, if the EDC's are to be properly
normalized to the quantum yield, ' the yield must be
expressed in terms of electrons emitted per absorbed
photon; thus, the measured yield (electrons emitted
per imcideet photon) must be divided by $1—E(o&)j.
Second, the general features of the reQectance can be
used to test the results (i.e., the optical density of
states and the optical selection rules) deduced from
the photoemission data.

The measured reQectance is shown in Fig. 1. These
data should be treated with caution since the sample
was exposed to air after etching' and only low vacuum
was used; such procedures can produce surface con-
tamination which can affect the observed reQectance.
However, these changes in reQectance usually occur at
high photon energies where the reQectance is relatively
low. '0 Since an error in R(o&) does not appreciably
cha, nge the factor L1—R(co) j if R is small, the data

9 E. A. Taft and H. R. Philipp, Phys. Rev. 121, 1100 (1961);
H. Ehrenreich and H. R. Philipp, ibid. 128, 1622 (1962).

'II D. Beaglehole, Proc. Phys. Soc. (London) 85, 1007 (1965).



A. J. BI.ODGETT) Jk. , AND W. P. SI'ICER

It is in reasonable agreement with published values" of
4.7 eV.

B. Energy Distribution Curves

I

48 5.85~0

Energy distributions of the photoemitted electrons
from Fe are shown in Figs. 4—6. These curves have been
normalized to the quantum yield (i.e., the area under
each EDC has been made proportional to the yield
at the corresponding fico) and have been plotted versus

(E—Iia&) to reference the photoemitted electrons to
their initial state. ' The kinetic energy with which the

4.8
electrons are emitted is represented by E. In the

I (Z—h, to) plots the zero of energy is taken at the
vacuum level.

The behavior of the EDC of le is quite similar to
that observed in Ni. ' First, the structure above the

Pro. 3. Evaluation of the work function of iron (without Cs).

presented here are adequate for correcting the yield
data.

I2—

IV. PHOTOEMISSION FROM IRON

A. Quantum Yield

The spectral distribution of the quantum yield of Fe
is shown in Fig. 2. This curve has been corrected for
the transmission of the I.iF window and for the re-
Qectance of Fe. Perhaps the most notable characteristic
of the yield curve is the lack of any strong structure.

The square root of the quantum yield was plotted
versus photon energy to determine the work function
of the sample. ' This plot (Fig. 3) may be represented
near threshold by a straight line which intersects the
energy axis at 4.8 eV. This value is used as the work
function in Sec. IV.C to determine the energy scale of
the density of states with respect to the Fermi level.
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I"IG. 5. Energy distributions of photoemitted electrons from
iron (without Cs), plotted versus E—Sco, for 9.2&5co&10.4 eV.

photon energy is increased from 7.6 to 11.6 eV."This
suggests that conservation of k is not an important
selection rule for the corresponding optical transition
and that the momentum matrix elements are approxi-
mately constant in this range of photon energy. '~
Second, the structure in Figs, 4—6 maintains approxi-
mately a constant position in energy on an (E Aco)—
plot. This indicates that the structure to the first
approximation corresponds to the valence-band optical
density of states and that the conduction-band optical
density of states is approximately constant in the region
of measurement. ' ~ In particular, structure appears at
(E—fito) values of approximately —5 and —7 eV. A
third peak appears at low energy for Aco+10 eV. It is
not clear by visual inspection of these data whether
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FIG. 4. Energy distributions of photoemitted electrons from
iron (without Cs), plotted versus E—5cv, for Ra&8.8 eV.

"V. R.. Suhrman and G. Wedler, Z. Angew. Phys. 14, 70 (1960).
'2 The amplitudes of the normalized EDC's in I'ig. 4 do not

superimpose. This is probably due to an error in the measurement
of the quanturri yield. Since the same discrepancy appears in the
same range of photon energy in the Xi data, the error is likely
in the calibration of the light source.
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Fxc. 6. Energy distributions of photoemitted electrons from
iron (without Cs), plotted versus 8—5&v, for Scy) 10.4 eV.

If one assumes that the optically excited electrons
are not inelastically scattered, the energy distribution
curve can be expressed by Eq. (1).'

&(E)=CT(E)Ãc(E)Ãv(E h~). —

Here, JV (E) is the energy distribution of photo-
emitted electrons, C is a constant, T(E) is the prob-
ability for escape of an electron excited to final state
of energy A", N& is the conduction-band optical density
of states, and Ey is the valence-band optical density
of states. The method of analysis allows the separation
of the factor Xv(E 6&a) from the fac—tor T(E)Sc(E);
thus, it is possible to determine whether the low-energy
peak. in Fig. 6 is fully uncovered. The valence-band
optical density of states was derived from each of
several pair of KDC's. The results of these different
calculations were essentially identical, and E& so de-
rived is shown in Fig. 7. This analysis indicates peaks
j.n X~ at 0.4, 2.4, and 5.5 eV below the Fermi level.

"C. N. Berglund and K. E. Spicer„Phys. Rev. 136, A1030
(1964).

this peak. has been completely uncovered at the maxi-
mum photon energy (11.6 eV). However, this can be
determined by detailed analysis of the data (see below) .
The structure lying at higher energies becomes in-

creasingly blurred with increasing photon energies. This
is believed to be due to the effects of increased electron-
electron scattering. "

C. Derived Optical Density of States

In this section, the optical density of states in Fe is
derived from the EBC's by use of a model which
assumes that the optical transition probability depends
only on the initial and final densities of states. ' The
optical density of states so determined is then used to
calculate EDC's over a large range of fi~ to demonstrate
consistency between the data and the model used in
the analysis.
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Fxo. 7. Valence-band optical density of states in iron.
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Fro. 8. Product T(E)Eo(E) for iron (without Cs).

Inelastic scattering can affect EDC's by smoothing
structure and can cause shifting of peak. s to lower
energies. " Although no strong scattering effects are
observed in these Fe data (see below), it is likely that
some inelastic scattering does occur. For this reason,
the actual structure in the Fe density of states may be
stronger than shown in Fig. 7, and the peaks may lie
at slightly higher energies than indicated above.

The product T(E)Ec(E) was also obtained from
the Fe data by using Eq. (1). It is shown in Fig. 8.
This analysis confirmed the earlier observation that
Eg is essentially constant above the threshold region—i.e., 6.0& (E Ev) & 11.6 eV.—

In order to check the Inodel used in this analysis
(i.e., that the optical transition probability depends
only on the initial and 6nal densities of states) and
to verify the optical density of states obtained by this
model, KDC's covering the experimental range of
photon energy were calculated by using the curves
shown in Figs. 7 and. 8 and Eq. (1). Results of these
calculations are shown superimposed on the experi-
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(These data have been corrected for the transmission
of the LiF window and the reflectance of Fe.) A well-
defined shoulder is observed near 2 eV in the yield
curve. This structure, which occurs in an energy region
where there are no instrumentation problems, was care-
fully checked and veri6ed because of its importance in
the analysis of the data.

Because of difficulty in instrumentation near 4 eV,
the yield data in this region are not as reliable as those
at lower energies. '4 Fortunately, the experimental un-
certainties in the yield near 4 eV do not affect the
analysis presented here.

The square root of the quantum yield near threshold
is shown in Fig. 11. A work function of 1.55 eV was
obtained from this analysis. '
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FrG. 9. Calculated and measured energy distributions of
photoemitted electrons from iron.

mental curves in Fig. 9. The calculated curves have
been fitted to the experimental curves at one point.
In general, the agreement between the two sets is
good. At higher values of photon energy, the measured
EDC's are found to have fewer high-energy and more
low-energy electrons than the calculations predict. This
behavior is believed to be due to inelastic scattering. "
The curves in Fig. 9 indicate that scattering effects are
observable in the EDC's, but that these eQects are not
dominant.
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V. PHOTOEMISSION FROM IRON WITH A
MONOLAYER OF CESIUM
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A. Quantum Yield

The quantum yield of Fe with approximately one
monolayer of Cs on its surface is shown in Fig. 10.

FIG. 11.'Evaluation of the work function of iron (with Cs).

B. Energy Distribution Curves

The EDC's from cesiated Fe are presented in Figs.
12—17. (All curves presented here have been normalized
to the quantum yield. The scale used in these figures
to indicate relative amplitudes from figure to figure is
the",'same:"'scale used in Figs. 4—6.) The EDC's for
2.0&I'LL0&2.8 eV are plotted versus E in Fig. 12(a)
and versus (E—I'La&) in Fig. 12(b). The set of curves
in Fig. 12(b) is of particular interest because of the
strong transitions which occur at (E fico) ~ 1.8 eV,— —
indicating an initial state approximately 0.3 eV below
the Fermi level. The amplitude of this peak, and hence
the strength of the transition, decreases rapidly as
photon energy is increased. If corrections were made
for T(E), the change in the relative strength of this
peak would be even more pronounced. The decrease
in amplitude with increasing fi,co canzone be explained

2 4 6 8 IO

PHOTON ENERGY (eV)

FiG. 10. Quantum yield for iron (with Cs).

I? '4 It is possible that the bolometer used to measure the intensity
of the source for Ace&4.0 eV reads low between 3.0 and 4.0 eV,
thereby causing a false increase in yield.
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on an (E—italo) plot, which suggests it may correspond

the photon energy range over which this structure is
observe ls imi e and l 't d and the structure is neither strong
nor well dined.

C. Interpretation of the Data from Iron with a
Monolayer of Cesium
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The energy regions observed in the two sets of Fe
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Fi . 18. The zero of energy is taken at Ep i
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cutoB of the LiF window. The low-energy port~on o
each crosshatched segment is rounded to indicate that

to approximately equal——1.9 —3.9, and —7.0 eV.
I d d a very strong peak is observed near —. en ee,
in Fig. 12(b), as noted above. This peak b
smeared out and loses its identity as photon energy
is increased (as the corresponding peak did in the
noncesiated data). A broad shoulder is noted near

V
' F s. 15—17. %hen the work function is

t k 'nto account this corresponds to the broa pca
at —2.4 eV in the valence-band optical density o. st
(Fi . 7). Similarly, structure is noted in Fig. 16 ne«
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d andlar results have been observed on ceslate an
noncesiated Cu and Ag samples. 18

In ad ition o edd' ' t th aforementioned structure in t ese
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the analysis is complicated by the escape function
T(E) in these regions.

Although general agreement was shown between t e
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tween the Cs and the Fe on the surface of the sample.
However, several facts argue that the observed slope
is due to a decreasing Xq.

Berglund and Spicer" have shown that electron-
electron scattering will, in general, cause a reduction
in the number of high-energy electrons in an EDC
and an increase in the number of low-energy electrons.
They have also shown that these effects increase
markedly with photon energy. Obviously, these effects
could cause a negative slope on an EDC. However,
from Berglund and Spicer's results on Cu and Ag, ' one
would not expect strong scattering to cause these effects
on EDC's taken at low photon energies. Further, one
would expect the negative slope to increase rapidly
with photon energy. An examination of the EDC's
taken from cesiated Fe indicates that the slope above
the threshold region stays relatively constant over a
large range of photon energy. The fact that the nor-
malized EDC's in Figs. 16 and 17 superimpose also
argues against strong scattering effects.

VALENCE 8 AND CONDUCTI ON BAND
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FIG. 18. Energy ranges of measurement for {a) Fe without
Cs layer, and (b) Fe with Cs layer.

One might suggest that the observed negative slope
is a result of the Cs. However, it is unlikely that Cs
in small quantity would introduce any structure, par-
ticularly in this region of Ãq. Detailed studies of Cu
and Ag with and without a monolayer of Cs indicate
that Cs can smear structure but that it does not intro-
duce new structure. " Hence, it seems unlikely that
scattering effects and Cs effects are sufficient to cause
the observed slope.

Several pairs of EDC's were analyzed by the method
described in Sec. IV.C to determine the conduction-
band optical density of states in the region (E—EF) &
6.0 eV. The results obtained from several pairs of
EDC's were in close agreement, and the average result
is shown in Fig. 19. This figure indicates that Eg
decreases by a factor of two in the region 2.5&
(E E~) &5.0 eV. Consistent —results were not obtained
below this region, possibly because of the presence of
transitions for which the momentum matrix elements
are not equal. Since this analysis neglects all scattering
and Cs effects, the factor of two is probably an upper
limit on the decrease in Xg.
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FIG. 19. Conduction-band optical density of states in iron as
determined from iron coated with a monolayer of cesium.
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FIG. 20. Valence-band optical density of states in
nickel (Ref. 1) and iron.

' J. Callaway, Phys. Rev. 99, 500 {1955).
L F. Matthesis, Phys. Rev. 134, A970 (1964)."J.H. Wood, Phys. Rev. 126, 517 (1962}.

VI. DISCUSSION OF RESULTS

A. Valence-Band Oytical Density of States

In recent years several calculations have been made
of the electronic band structure of Fe." " In general,
the calculations show narrow, d-like bands within a
few eV of Ep. These bands give rise to strong peaks
in the valence-band density of states near A'&. These
calculations are inconsistent with the valence-band
optical density of states determined here from photo-
emission studies. The experimental results (Fig. 7)
indicate that the "d-like bands" are very broad —greater
than 6-eV wide —and that E~ is void of strong structure
in the region —4& (E E~) &0 eV.—Further, the calcu-
lations do not predict the large peak observed at
(E—Ep) = —5.5 eV. Similar structure, not predicted
by band calculations, was observed and reported earlier
in Ni. '

The valence-band optical density of states in Fe as
determined here is replotted in Fig. 20 with that re-
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TABLE I. Position of structure in the optical densities of states
in iron and nickel.

Metal Peak 1
(ev)

Peak 2
(eV)

Peak 3
(ev)

Fe
Ni

—0.35~0.1—0.3~0.1
—2.4~0.2—2.2&0.2

—5.5~0.2—4.6a0. 1

ported in Ni. ' The amplitude of the Fe curve relative
to the Ni curve in Fig. 20 is arbitrary, since the relative
densities of states are not known. The position in energy
(relative to the Fermi level) of each peak labeled in
Fig. 20 is given in Table I.

It is clear from Fig. 20 and Table I that the optical
density of states of Fe is very similar to that of Ni
in the region —3.5& (E—Er) &0 eV. Further, both
metals have a peak in 1V~ below this region (i.e., peak
3). The low peak in Fe is not as strong as the corre-
sponding peak in Ni, and it occurs at a lower energy.

The similarity between the Fe and the Ni results,
particularly in the region —3.5& (E EF) &0 eV,—sug-
gests that crystal structure is relatively unimportant
in the determination of Ny. Fe is bcc and Ni is fcc.
The similarity does not, however, support the rigid-
band model. The rigid-band. model would predict similar
structure in Ny of Fe and Ni, but at different energies
(relative to the Fermi level) since Fe has two less
electrons than Ni. The similarity between Ni and Fe
could be attributed to a common valence-band complex
in these metals. " However, this and other models
suggested in the literature are not suKciently quanti-
tative to allow direct comparison with the experimental
results.

The strong low-energy peaks (peaks 3 in Fig. 20)
observed in Ni and Fe are of particular interest because
they are not predicted by band calculations. Since
Fe and Ni are ferromagnetic, one can perturb the
calculations by varying the exchange energy DE& be-
tween the spin-up and the spin-down d bands. However,
in order to obtain bands from the calculations as wide
as those observed in the photoemission results, one
would have to postulate a AE~ in both Ni and Fe
signiQ. cantly larger than the values estimated from
ferromagnetic properties ( 0.3 eV for Ni; 1.4 eV
for Fe)."Further, although large values of AEq would
result in broad bands, they would not give rise to peaks
near (E E~) = —5 eV as strong —as those observed in
Fe and Ni.

Since the experimentally valence-band optical den-
sities of states in Fe and Ni differ rather markedly
from those derived from band calculations, it is sug-
gested that conventional one-electron models do not

' See, for example, L. Pauling, Proc. Natl. Acad. Sci. U.S.
3O, 551 (1953)."E. P. W'ohlfarth, in Proceedings of the International Conference
on Magnetics, Eottinghanz, 1964 (Institute of Physics and the
Physical Society, London, 1965), pp. 51—54.

adequately describe the electronic states in these metals
as seen in the optical transitions and that many-body
effects must be considered. Phillips'4 has suggested that
the low-energy peak. in Ni may result from a many-
body resonance. It will be possible to examine this
and other many-body models in more detail as experi-
mental data become available on other transition
metals. "
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~ J. C. Phillips, Phys. Rev. 140, A1254 (1965).
~ A. Y.-C. Yu and W. E. Spicer, Phys. Rev. Letters 17, 1171

(1966).
g 26 H. Ehrenreich, H. R. Philipp, and D. J. Olechna, Phys. Rev.
131, 2469 (1963).

B. Conduction-Band Optical Density of States

The data taken from Fe (without Cs) indicate that
Nz in Fe is approximately constant over the range
6.0& (E EI) &—11.6 eV. This result is consistent with
the results reported on Nip Cup and Ag The data
taken from Fe with a monolayer of Cs on its surface
suggest that Nz decreases by approximately a factor
of two in the region 2.5& (E E~) &5—eV. This in-
terpretation should be treated with caution, however,
because a detailed, self-consistent analysis of the cesi-
ated Fe data is not possible because of the presence of
nonconstant matrix elements and the lack of a good
quantitative description of electron-electron scattering
in these data. A slow decrease in Ng in Fe could be
attributed to strong mixing of empty s, p, and d bands.

The reflectance E(co) (Fig. 1) can be used in con-
junction with the photoemission results to suggest
features in the conduction-band density of states in
the region 0& (E—Er) &2 eV. The reflectance of Fe
is replotted in Fig. 21 with that of Ni." A detailed
analysis of the Ni data' showed that the peak, observed
near 5 eV in R(co) of Ni is due to transitions between
peak 3 in 1' of Ni (Fig. 20) and a relatively high
density of empty d-like states just above the Fermi
level. One observes a shoulder in E(a&) of Fe near 6 eV.
Considering the Ni results and the relative size and
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position of the low-energy peaks (peaks 3 in Fig. 20)
in Ny of Ni and Fe, it seems reasonable to assume
that the shoulder near 6 eV in E(co) of Fe is due to
transitions from peak 3 to states just above the Fermi
level. The relatively high density of states near EI; so
implied is not surprising since one would expect the
density of states to be roughly continuous through the
Fermi level.

It is not possible to derive a quantitative model for
1Vo in Fe in the region 0& (E EI) &2—.5 eV because
the optical conductivity is not well known over a wide
range of photon energy and because transitions for
which the momentum matrix elements are not constant
occur near fico=2 eV. It is interesting to note the
broad shoulder in R(co) of Fe (Fig. 21) near 2 eV.
It is likely that this shoulder results from the strong
transitions observed in Sec. V.B for fior~2 eV.

VII. CONCLUSIONS

The photoemission results indicate that conservation
of wave vector k is not an important selection rule for
the dominant optical transitions in Fe for the range
of photon energy 6.0(Aco&11.6 eV. Rather, it is found
that these data can be interpreted in a consistent
manner by assuming that the optical transition prob-
abilities depend only on the initial and the final densities
of states. Similar results have been reported on a
number of metals, including Ni, ' Gd,"Cu, and Ag ' ""
This result indicates that the initial and the Anal
states involved in the observed optical transitions can-
not be described adequately in terms of Bloc one-
electron wave functions. This behavior may be due to
many-body eGects associated with localization of the
hole produced by the excitation' or to a variety of
other many-body effects.

The results obtained at lower photon energies-
2&ho&&6 eV—from Fe (coated with a rnonolayer of
Cs to reduce the work function) also suggest that the
optical transition probabilities depend only on the
initial and the Anal densities of states (i.e., nondirect
transitions) . One notable exception is strong transitions
observed near Go=2 eV for which the momentum
matrix elements vary markedly with photon energy.

The fact that nondirect transition. s (non-k-conserving
and constant momentum matrix elements) dominate

"A. J. Blodgett, Jr., %. E. Spicer, and A. Y.-C. Yu, in Optical
I'roperties and E/ectrorlic Structure of Metals and 2//oys, edited
by F. Abeles (North-Holland Publishing Company, Amsterdam,
1966), pp. 246—256.

C. N. Berglund, in Ref. 27, pp. 285-295.
"W. E. Spicer, in Ref. 27, pp. 296—315.

the EDC's observed from Fe (without Cs) allows the
direct determination of the valence-band optical density
of states in the region —6.0& (E E~)—&0 eV and the
conduction-band optical density of states in the region
5.5& (E Ep) —&11.6 eV.

The valence-band optical density of states N& is
found to be very broad and relatively constant over
the range observed with maxima at (E E~)—= —0.35,—2.4, and —5.5 eV. This experimental result diGers
markedly from band calculations which predict narrow
d-like bands and strong peaks in Ny near Ep. This
result is further evidence that one-electron models do
not adequately describe the electronic structure in Fe.

The Nz determined in Fe is very similar to that
previously obtained in Ni. Both metals have a domi-
nant, anomalous peak near (E Ez) = —5—eV. The
peak in Fe is not as strong and occurs at a lower energy
than in Ni. These peak. s are consistent with structure
observed in the reflectance data of Fe and Ni. The
similarity between Ni and Fe suggests that the energy
distributions of electrons in the region observed in
these two materials do not depend strongly upon
crystal symmetry —Fe is bcc and Ni is fcc.

The conduction-band optical density of states Nz
in Fe is found to be approximately constant in the
region 5.5&(E Ep) &11.6 eV—. The data obtained
from Fe with a reduced work function suggest that Ng
decreases by approximately a factor of two in the
region 2.5& (E E~) &5.0 eV. —

In summary, several similarities have been found
in the electronic structures of Fe and Ni. In particular,
strong anomalous peaks are observed in Sy of both
metals near (E—L~'~) = —5 eV. It appears tha, t the
observed structures cannot be interpreted in. terms of
one-electron models and that many-body effects must
be considered. It is not clear, however, whether the
similarities of Ni and Fe result because both are
transition metals or because both are ferromagnetic.
Experimental data on other transition metals, such as
Co and Pd, will help resolve this question. "
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