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Measurements of the soft-x-ray M, , emission spectra of face-centered Fe and Co, and body-centered Fe, Cr,
and V are reported and M3 single-hole excitation profiles are estimated. 3d bandwidths inferred from these
results and earlier data on Cu and Ni are compared with band-theory predictions. As has been seen previously
with x-ray and ultraviolet photoemission, the experimental Ni bandwidth is markedly narrower than theory
predicts; there is a suggestion that the bandwidth of Cu is somewhat broader; theory and the present results
are in fair agreement for the other metals. Fine structure is seen in the spectra; correlations are noted in the
w+'a~ structure of metals of common crystal structure; and structural correlations with x-ray and ultraviolet
photoemission data are seen as well.

I. INTRODUCTION

In recent years, notable progress has been made
in understanding the electronic structure of transi-
tion and noble metals. For example, a number of
Fermi surfaces have been successfully reproduced
by energy-band calculations; studies of several
materials by deep-band-probe methods —soft-x-ray
emission (SXS), ultraviolet (UPS) and x-ray (XPS)
photoemission spectroscopies —are in some agree-
ment with each other, 7 ~0 and in turn, with densi-
ties of states predicted by band theory s'" '3

Nonetheless, our over-all knowledge of such funda-
mental quantities as the width of the d bands, their
placement with respect to, and degree of hybrid-
ization with the conduction band is imprecise, and
in a few cases, entirely lacking. The present work
is an attempt to improve and clarify the experimen-
tal situation by new measurements of the soft-x-
ray Mm ~ emission spectra (valence band 4s, Sd to
inner level 3P transition) of several cubic Sd met-
als: bce Fe, ~4 Cr, and V, fee Fe and Co. The use
of photon-counting techniques has enabled us to
establish the existence of fine structure in the
spectra. The single-hole M3 profiles have been
extracted from the M3 3 spectral complexes in a
plausible way. These results, together with ear-
lier data one Cu and Ni, are intercompax, ed for a
given crystal structure, as a function of electron-
per-atom ratio, and in turn, compared with the pre-
dictions of band theory. Structural correlations
are observed among the experimental M3 profiles
for metals of common crystal structure and between
these profiles and d-band state densities computed
theoretically End inferred experimentally from UPS
and XPS spectra. Trends in over-all d-band widths
are in general agreement with theory save that the
Ni width is too small, in fact smaller than that for
Cu. The fact that Ni is anomalous has previously

been seen in XPS~8 and UPS'7 spectra; whether it
is associated with this metal's ferromagnetism re-
mains to be seen.

With the exception of the bandwidth trend, the
observations made in this paper are associated with
weak structure seen in the spectra. Questions,
such as whether the structure arises from experi-
mental artifact, are therefore discussed in some
detail. We should note that SXS differs from pho-
toemission measurements in a variety of ways.
It has a deep core hole in its initial state whereas
photoemission starts in the ground state. Not being
limited by a photoelectron escape depth, SXS
probes deeper into the sample making it less sus-
ceptible to surface contamination (and thus less
useful as a surface probe).

II. EXPERIMENTAL DETAILS

The samples studied were polycrystalline rods.
Purity, sample temperature, exciting-electron-
beam energy, and sample-chamber pressure range
during measurements are listed in Table I. The
spectrometer, a vacuum Rowland mount employing
a glass grating, photoelectric detection, and digital
dat;a recording, has been described elsewhere.
Our practice is to mount a sample on an insulating
block, with electrical contact Inade through a single
thin wire. High temperatures (which, as we shall
see in the Appendix, combine with low pressure and
the action of the electron beam to provide a mea-
sure of surface cleanup) can then be achieved
through the action of the exciting electron beam
only. Where direct temperature measurements
were made, a Pt-Pt-10%%-Rh thermocouple was
used. It was peened into a narrow hole bored into
the rear of the specimen along a diameter and pro-
jecting to within -~6 in. of the front surface where
the electron beam is striking. As we have argued
earlier, " this arrangement should yield a reason-
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TABLE I. Sample temperatures, stated purities, ex-
citing-electron-beam voltages, and pressure range in
sample chamber during measurements.

Sample

Fe
Fe
Cr
Co
V

z(c)
560~ 5'
960 ~5'
560+ 5'
78O+ 2Ob

900 + 20b

Stated
purity

(%)

99.999'
99 999
99 99"
99.999
99.98

Electron-beam
energy (keV)

2.5
2. 9
2. 4
2.4
2. 9

Pressure range
(Torr)

1x 10 ~ to 4x 10-8
2x10-~ to 3xlo-8
lx10"~ to Sxlo"8
lx10"7 to 5xlo 8

2x 10"~ to 3x10"8

Measured with Pt—Pt-10%-Hh thermocouple.
Estimated from thermal response of other materials

having the same sample geometry, at the given excitation
conditions.

'All Fe measurements made on one sample.
"Arc melted from 99.99/() stock and cast as rod.

ably accurate estimate of the temperature in the
active region of the sample. In bvo cases, Co and

V, no thermocouple was attached. Temperatures
were estimated from the known response of other
samples at given excitation conditions. In all
cases, the electron beam was incident at approxi-
mately 20' from the sample surface. X-ray take-
off was at 90'. The spectra were swept repetitive-
ly, the total photon count being recorded over suc-
cessive short time intervals. Successive runs
were summed to enhance the signal-to-noise ratio.
Instrumental resolution, a function of both instru-
mental parameters and the length of the counting
interval used, was approximately 0.2 eV for these
measurements. Samples were machined lightly,
then washed in acetone and freon before mounting
in the sample chamber. Thus a thin oxide layer

and coldwork damage were certainly present on
the sample surfaces before the start of measure-
ments. Also, carbon buildup at the surface was
anticipated, owing to the deposition of cracked-
pump oil vapor on the sample by the electron beam.
The possibility that the present measurements are
biased by these difficulties can be ruled out in the
case of the Fe measurements, and shown to be
minimal for the Cr measurements. (See Appendix
for details. ) The Co and V data are presented with
reservations as to the cleanliness of the surface
studied.

III. DATA ANALYSIS

The data obtained in the present investigation
are displayed in Figs. 1-5. In each case, the up-
per curve is raw measured data, the bar length de-
noting 70/o confidence level (+N~~2, where K is the
total number of counts accumulated at a given pho-
ton energy), while the lower curve shows smoothed'9
background-corrected data. The peak regions and

lower energies, i.e. , to the left of the peaks, are
of primary interest. The smoothed curves display
considerable weak structure and much of this lies
within the noise. The structural features, in which
we have greatest confidence, are marked by the
brackets in the figures. Some of the structure is
better established than the plotted spectra seem to
indicate, because in some runs more channels of
data were taken (and subseIluently added together
to improve statistics) than are plotted. For ex-
ample, the notch in the bcc Fe peak-(Fig. l) oc-
curred in three adjacent channels in the originaL
data though it appears in but one of the merged
channels of the figure.
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From the smoothed background-corrected curves,
estimates were made of the single-hole M3 emis-
sion profiles by a technique described in detail in
our earlier study of the M2 3 band of Cu, where
full details and a rationalization of the procedure
are given. It assumes that the major components

of a 3d-metal M~ 3 spectral complex have the same
shape and that the two principal components come
from conduction-band filling of spin-orbit-split
3P3& 3 and 3P« ~ holes . The reduction scheme works
because of the dominance of the M, component as-
sociated with 3P,~2 filling. The two-to-one degen-
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FIG. 4. Upper curve, raw M2 3 spectrum of fcc Co at 780'C. I ower curve, smoothed background-corrected spec-
trum. Brackets indicate best characterized fine structure. The slope break associated with the higher-energy brecket
is the weakest of the structures flagged in Figs. 1-5.

cracy of P3~2 vs p»2 suggests that the M, should
have twice the intensity of the M2, as it does in Cu.
Auger processes where the p»2 fills a p, &2 hole and
a conduction electron is promoted to above the
Fermi level E~ further reduce the relative M2 in-
tensity. This is particularly so in the transition
metals, where there are ample numbers of avail-
able states above E~. Because of the dominance
of the M, component, the structural features to the
left of the peaks of the smoothed curves in Figs.
1-5 are neither created nor erased on going to
the M, profiles plotted in Figs. 6 and 7. The
structure aPPears sharPer, and its shape in the
peak region appears to change, in the M3 profiles
because of the flattening attendant with subtracting
out the downward-sloping M2 curves.

The assumption that the 3P holes are simply
spin-orbit split into two components is obviously a
poor one for Fe, Co, and Ni, where there should
be significant 3P-3d exchange splitting arising from
the 3d moments. Attempting to account for this is
at best difficult, for the 3P soft-x-ray photoelec-
tron spectra obtained for these metals can be fitted
as well with two lines as with more. This matter
is not serious for the present inversion scheme be-
cause for these, like the metals without strong 3d-
3P exchange, one component dominates the spec-
trum.

The broad low-energy tails of Figs. 6 and 7 are
characteristic of SXS M, spectra, one possible

The Cu spectrum was rescanned and compared
with that published previously. Since the earlier
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FIG. 5. Upper curve, raw M&3 spectrum of V at 900
'C. Lower curve, smoothed background-corrected
spectrum. Brackets indicate best characterized fine
structure.

source being energy-loss satellites. The loss
data of Robins and Swann are used to indicate
where such satellites are expected to occur in the
M3 profiles of Figs. 6 and 7. The effects of other
non-band-structure contributions to the M3 spectra
are thought to be minimal.

IV. REPRODUCIBILITY OF SPECTRA
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had a smooth response in this region. ) Allowing
for the continuum distortion we find that the struc-

k ture observed in our earlier measurement is re-
produced in the new scans; the piece of structure
in which we have greatest confidence (see Fig. 6)
is clearly present in both scans.

V. 3p-LEVEL WIDTHS VERSUS STRUCTURE IN THE M3
PROFILES

XPS measurements (using Mg Kn~ 2 radiation)
for Cu yield ' a resolved 3P,&~-3P,&~ doublet, each
component having a width of - l. 8 eV. As Hufner
and Wertheim noted, this width is large on the
scale of structure in the Cu Ms profile (see Fig. 6),
raising the question of whether the structure seen
is real. The XPS 3p spectra, of the metals of in-
terest, have been fitted to yield 3P widths and

splittings, and the results are tabulated in Table
H. The 3P spin-orbit splitting decreases as one
goes to the lighter elements and as a result the
XPS spectra are not readily resolved into compo-

I

-Io -8

E- ETop (eV)

FIG. 6. Comparison of the unfolded M3 bands of fcc
Fe, Co, Ni (Ref. 15), and Cu (Ref. 8). The zero of en-
ergy is the d-band top as estimated in the text. Dashed
lines connecting the profiles indicate the suggested struc-
tural correlation. The dotted ovals identify best charac-
terized structure in the raw M2 3 spectra. Arrows de-
note estimated d-band bottom and are labeled with total
estimated d-band width. Stars denote expected position
of energy-loss satellites.

study of Cu and measurements reported here, the
instrument had been modified; in particular, the
detector was changed. The new detector, while
much more efficient, does not have a completely
smooth response curve. The implications of this
were accounted for by scanning the continuum of
other metals having no characteristic structure
in the photon energy region relevant to Cu. While
the observed background structure slightly distorts
the measured Cu spectrum, it does not correlate
in energy with any structure in the Cu M2 3 spec-
trum observed previously (Our earlier. detector

E- ETop (eV)

FIG. 7. Comparison of the unfolded M3 bands of bcc
V, Cr, and Fe. The zero of energy is the d-band top as
estimated in the text. Dashed lines connecting the pro-
files indicate the suggested structural correlation. The
dotted ovals identify best characterized structure in the
raw M2 3 spectra. Arrows denote estimated d-band bot-
tom and are labeled with total estimated d-band width.

- Stars denote expected positions of energy-loss satellites.
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TABLE II. Splittings and widths of 3p levels.

Metal

Cu
Ni
Co
Fe
Cr
V

Splitting (eV)
XPS, experiment

2 4
8b

1.3
1.2
0.8
0.8

Splitting (eV)
Theory

2.7
2.2
1.9
1.6
1.1
0.7

Splitting (eV)
Present SXS fits

2. 0

1.9
2o3
1.9
1.1
0.8

Splitting (eV)~

KP( 3

2. 0
2.0
2.4
1.9
1.3
1.2

Full width (eV)
XPS, experiment

2.7

2.2
1.8
1.6
1.6

Corrected
width (eV)

1.5
&1

1.0
0.6
0.4
0.4

J. R. Cuthill and N. E. Erickson (private communication).
"J. Hudis (private communication).
'Reference 23.
Estimated from unfolding the Ep& 3 x-ray line data of Ref. 31.
Full width less a correction for instrumental broadening.

nents for the metals lighter than ¹i.Doublet
structures were nevertheless assumed in the fits.
With the exception of Co, the deduced splittings
and linewidths vary quite smoothly across the row.
The splittings are in good quantitative agreement
with the 3P spin-orbit splittings calculated for the
free atoms by Herman and Skillman. a' This is
somewhat surprising for Fe, which suffers the
strongest 3d-3P exchange effects; the out-of-line
results seen for Co may be due to these exchange
effects. An effort to make multicomponent fits of
the Fe and Co spectra appears unproductive at this
time largely because, without a detailed theoretical
prediction of the "multiplet" spectrum, the fits
would be far from unique. The Fe, Co, and Ni M3

structure, in which we have highest confidence
(Figs. 6 and 7), lie further below the main peaks
of the spectra than the M2-M3 spread indicated by
Table II. This suggests that going from a doublet
to a more rigorous multicomponent fit will not af-
fect conclusions concerning their presence.

The doublet splittings employed in resolving the
M, component are listed in Table II. They are not
exactly equal to the XPS fitted values. Use of the
latter, instead, does not visibly affect the M3
curves of Figs. 6 and 7. Except for V, the split-
tings assumed in the present fits agree best with
splittings inferred from KP, , spectra (1&-3P tran-
sition) which are listed in Table II.

The 3P-component widths obtained by XPS for
Cu and Ni make any structure in their M3 profiles
surprising; smearing theoretical densities of states
(DOS) with Lorentzians of these widths pretty well
wipes out all the structure Either, . the density of
states combined with transition probabilities has
sharper structure than the theoretical DOS curves,
or the origin of the SXS level widths is not exactly
the same as that for the XPS widths. Both factors
may be operative: We have no plausible explana-
tion for the apparent substantial deviation from
the XPS level widths in the present experiments.

VI. TRENDS IN THE M3 PROFILES

The M~ profiles for fcc Fe and Co, as well as
those obtained earlier for Ni and Cu, are displayed
in Fig. 6; the profiles for bcc V, Cr, and Fe are
shown in Fig. 7. The data shown in these figures
for bcc Fe and fcc Co were obtained below the Cu-
rie temperature; for Ni and fcc Fe, above. The
zero of energy of the figures was chosen to be the
top of the d bands, not E~. Appearance potential
measurements of Park and Houston34 were used to
estimate the unoccupied d-band widths. The M3
profiles have broad low-energy tails arising in part
from many-body and in part from one-electron ef-
fects. As a result, the placement of the bottom of
the d bands cannot be done uniquely. Our choice,
indicated by the arrows in the figures, is based
first on observation of structural correlations be-
tween the M3 profiles and theoretical densities of
states and then on structural correlations between
the M3 profiles for metals of like crystal structure.
The absolute values of the resulting bandwidths
have some uncertainty but the width for one metal,
relative to that of another, is well determined.

Correlations between the dominant structure of
one M~ profile, and that for another metal of like
symmetry, are suggested by the dashed lines of
Figs. 6 and 7. It is foolhardy to take such com-
parisons too seriously but the correlations between
Cu and Ni, among the fcc metals, and between V
and Cr, among the bcc, are particularly striking.

VII. BANDVADTH

One clear feature of Fig. 6 is the minimum in
bandwidth at Ni among the fcc metals. This is in-
dePendent of our particular choice of d-band bottoms.
This has also been observed by XPS and UPS 7

measurements and is at variance with theory. In
Fig. 8, we compare the experimental bandwidths
with band-theory predictions, where the X3-&, and

H@-B» energy-level differences have been taken
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as the fcc and bcc widths, respectively. Numeri-
cally, there are no gross discrepancies between
theory and experiment. The spread in theoretical
values arises from the use of different classes of
crystal potential. Little spread implies fewer band
calculatiops rather than intrinsic agreement be-
tween different classes of potentials. Scanning
across the row of metals, there is some question
of whether theory and experiment agree on the rel-
ative bandwidths of V and Cr and whether experi-
ment indicates the Cu width to be greater than
theory, but the most serious question is Ni. In-
spection of Fig. 7 suggests that the V bandwidth is
substantially larger than that of Cr, in contrast
with theory. There is some difficulty in placing
the Cr spectrum, relative to the others on Fig. 7,
because unlike Fe and V, it has a low density of
states at E . The error associated with this isp
not greater than ~ eV and an increase of thxs mag-
nitude in the experimental bandwidth for Cr still
leaves Cr-V looking somewhat anomalous.

Granted that theory and experiment are at least
in crude agreement for the other metals, theory
for Ni predicts too great a bandwidth. This is one
of the major unresolved questions facing transition-

metal band theory and it is generally thought to be
connected with this metal's magnetism.

VIII. COMPARISON WITH OTHER BEEP BAND PROBES
AND THEORY

Considerable amounts of experimental data have
been obtained using other deep band probes, most
notably ultraviolet (UPS) and x ray (XP-S) photo-
emission. Though differing in such matters as
initial state, mode of excitation, and transition
probabilities, each of these techniques yields some
image of the distribution, in energy, of final-state
valence-band holes. The classic UPS studies of
Eastman and co-workers of Au, a' as a function of
p 0hoton energy, show the UPS spectra approaching
the XPS spectrum in character at photon energies
of -50 eV; at much smaller photon energies such
matters as k conservation and structure in the
density of final photoelectron states above E~ af-
fect the spectrum. %e therefore make comparison
with UPS spectra plotted as a function of initial-
state energy, noting that coincident st~uetu~e in
UPS and SXS profiles is likely to be associated with
structure in the occupied bands. For UPS results
at photon energies up to j.l. 6 eV, we shall com-
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their spectrum is in much better agreement with
the Ml spectrum than with earlier XPS results.

Holliday's raw L, SXS spectrum for~7 Fe also
appears in Fig. 10. The L, spectrum involves a
2P rather than a 3P inner level, and thus is ex-
pected to yield much the same information as the
M3 spectrum. 2P binding energies are greater,
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FIG. 9. Comparison of fcc-Cu M, profile (lower
curve, Bef. 8) with two one-electron estimates of the
profile. I. Upper curve, Ref. 8; middle curve, D. A.
Goodings and B. Harris, J. Phys. C 2, 1808 (1969).]
Dashed lines show structural correlations upon. which
our estimate of the d-band bottom (arrows) is based.
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pare with the optical density of states (ODS), which
is an effective density of states obtained from a set
of spectra under the assumption of constant matrix
elements and nondirect transitions. This serves
as a convenient catalog of structure observed in
the low range of photon energies. For higher pho-
ton energies, up to 40. 8 eV, we use such individual
spectra as are available. We have not introduced
broadening into the theoretical densities of states.
Comparisons for the various metals are displayed
in Figs. 9-13. The V and Co comparisons rely
on the poorest M3 and the poorest of photoemission
data. The XPS spectrum in Fig. 10 was obtained
recently by Szalkowski and Megerle26 for Fe with
a very clean surface. These authors note that

F —EF (eV)

FIG. 10. Comparison of the bcc M3 profile of Fe at
560'C with the XPS valence-band spectrum (Bef. 26) and
SXS L 3 spectrum (Hef. 27). The vertical line indicates
the position of the Fermi level. For the XPS spectrum
the author"s Fermi-level placement has been used. For
the SXS L3 spectrum, the Fermi level has been placed
using L3 adsorption edge and emission band data of S.
Hanzely and B. J. Liefeld, in Bef. 13; the latter authors'
studies of the L3 emission profile as a function of excita-
tion energy indicates that the structures in the Lz spec-
trum above the Fermi level at 708 and 711 eV are satel-
lites.
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Recovery curves for "Fe indicate that coldwork dis-
tortion was completely relieved in this time. The
effects of carbon contamination appear to be mini-
mal for the Fe measurements. Weak carbon K-
emission bands were detected, in first, second,
and third orders only, at.photon energies of 276,
138, and 92 eV. The Fe spectra, centered at 51
eV, were therefore unaffected by order overlap.
Moreover, comparison of these carbon contami-
nant bands with measurements by Holliday of car-
bon K-emission spectra from graphite, inert car-
bon deposits on Fe, inert carbon inclusions in Fe,
and from carbon chemically bound to Fe (the latter
showing marked chemical shifts from the former),
indicates that the overwhelming bulk, if not in fact
all, of the carbon contaminant in the present Fe
measurements resided in a thin, chemically inert
surface layer. The possibility that the measured
Fe M» bands were biased by the presence of Fe
oxides on the sample surface was checked by scan-
ning the Fe continuum in the spectral region of the
third order of the oxygen K band immediately after
the measurements at 560 'C. The oxygen K band
was undetectable at a background signal-to-noise
ratio of 2/z. A further check was made by com-
paring the intensities of the Fe M~, and third order
of the oxygen K bands from a heavily oxidized Fe
sample (Fe,04 on Fe) at 560 'C. From the ob-
served oxygen-to-Fe intensity ratio from the oxide,
and by assigning the noise level from the Fe-sam-
ple oxygen scans as the maximum possible oxygen
emission intensity from the Fe sample, we are
able to exclude the possibility that radiation from
Fe bound to oxygen contributes in detectable
amounts to the observed 560 'C Fe M~, -emission
spectrum. We further note that the initially heavy
oxide layer on the oxidized Fe sample was almost
completely eroded away in the region under the
electron beam during the course of the oxide mea-
surements. Oxygen scans were not carried out for
the Fe measurements at 960 'C.

B. Cr, Co, and V

Weak carbon K bands were observed through
third order in the course of the Cr, Co, and V
studies as well. They were identical in structure
to those observed on Fe, and we believe them to
arise from slight, chemically inert deposits on the
sample surfaces. Outgassing times were similar
in these cases to that of the Fe sample; coldwork
damage should not be a factor in these measure-
ments. Oxygen scans were made on the Cr sam-
ple, and a weak oxygen K peak was observed. We
made no studies of Cr oxides. However, if, as
seems reasonable from the photographic survey
studies of Skinner, Bullen, and Johnston'o of the

M~, spectra of the Sd metals and their oxides, the
Cr-M~, -to-oxygen-K-band intensity ratio from
Cr oxide does not differ materially from that ob-
served by us from Fe,04, then one expects the
maximum possible intensity of the Cr-oxide con-
tribution to the observed Cr emission band not to
exceed 2% of the total maximum observed intensity.
Only if some very sharp and strong feature occurs
in the Cr-oxide band (a possibility which the data
of Skinner et al. 'o appears to rule out) would this
contribute to the fine structure observed here in
the Cr M~, -emmission spectrum. We therefore
believe the fine structure observed in the Cr band
to be characteristic of Cr metal. The over-
all shape of the band may be distorted to some
slight degree by radiation from Cr atoms chem-
ically bound to oxygen.

No oxygen scans were made on the Co and V
samples. We cannot rule out the possibility of
oxide distortion of these bands. We note, however,
that when the samples were removed from the in-
strument, each showed bright metallic lustre.
Therefore there was no gross oxide buildup, and
we feel that in all likelihood the data are charac-
teristic of the bulk metals, and at the least, our
bandwidth estimates should be valid.
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