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ABSTRACT 

High resolution XPS-valence band (VB) spectra are presented of 

the 3d transition metals, Sc to Fe. The measurements were conducted 

under ultrahigh vacuum conditions ·using polycrystalline samples. In 

the hcp elements Sc and Ti the main peaks in the valence bands are 

identified and compared with the results of band structure calculations. 

Some rigidity is observed in the Sc and Ti bands as well as in the 

v and Cr bands. The expected two-peak structure for V and Cr is 

observed. In chromium we also observed a relatively low density of 

states at the Fermi energy (EF). The VB spectrum for chromium is 

compared to theoretical predictions, and we present an assignment 

of the Cr symmetry point energies. Our valence-band spectrum of Mn 

is quite similar to that of Hufner and Wertheim and our spectrum of Fe is 

in good agreement with that observed by Hochst, Goldman, and Hufner. 

These iron VB spectra agree with expectations based on band models 

of ferromagnetism. It is observed that the VB spectrum of bee iron 
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may be constructed from two bee Cr VB's shifted to account for spin 

polarization. We also deduce the symmetry point energies in iron. 
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I. INTRODUCTION 

The 3d transition elements comprise an interesting group of 

metals, exhibiting a wide variety of structural and electromagnetic 

properties. A key factor· in the understanding of these metals is 

the peculiar nature of their electronicband structures. The valence 

bands may be considered to arise from the nearly degenerate 3d and 

4s atomic levels. These levels have very different spatial distri-

butions, with the 4s electrons extending considerably beyond the 

average radius of the 3d shell. Thus the valence bands of· the 3d 

metals are of two distinct types, a wide band of predominately 4s 

character resembling the valence bands of simple metals, and a· set 

of narrow, more correlated d-like bands. The s-like electrons are 

believed to be the primary source of bonding in the metals,
1 

while 

the narrow atomic-like d-bands give rise to such phenomena as ferro-

. . 2 
magnet1sm 

Detailed and quantitative knowledge of the valence-band (VB) 

density of states (DOS), N(E), is rather essential since manY. theories 

of the magnetic properties of the transition metals take d-band width, 

total band width and the DOS at the Fermi level as essential one-

electron properties responsible for magnetic behavior. Electronic 

specific heat data, conductivity measurements, and the de Haas-van 

Alphen effect, to mention only a few, sample the electronic proper-

ties only within ~kT of the Fermi energy; thus information on the 

more tightly-bound states is necessarily indirect. Spectroscopic 

methods such as soft x-ray emission spectroscopy (SXS) ,
3

-
7 
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d h . . ( ) 8-lS d . 1 fl . . an x-ray p otoemlSSlOn UPS, XPS an opt1ca re ect1v1ty measure-

ments are free of these limitations and have contributed valuable 

·-
information about the overall features of N(E) for most of the metals 

under consideration here. 

A straightforward interpretation of SXS and low-energy (hV < 40 eV) 

UPS data in terms of only the initial density of states is rather 

difficult in most cases. In SXS, the initial-state core vacancy may 

distort the valence-band density of states severely. Examples of such 

distortions are well documented in the emission spectra of the alkali 

16 
metals. Low-energy UV photoemission spectra are commonly interpreted 

17 -+ 
in one of two ways; the direct transition model, in which k-conser-

vation is an important selection rule and the non-direct-transition 

. 18 
model. In either case the measured spectrum will contai~ features 

reflecting both the initial .electron state and the final electron 

state subject to the restriction of energy conservation. Starting 

with a reliable band-structure calculation, an interpretation of the 

UPS spectrum in terms of initial- and final-state properties is possi-

. 19-21 
ble, and it can yield very deta1led results. 

XPS measurments, however, are free from such limitations, for •. 
-+ 

with increasing excitation energy hV, the k selection rule is readily 

fulfilled without introducing additional structure. This is expected 

from the high and uniform density of available states over the whole 

-+ 
range of k-space at energies large compared to the energy variations 

of the lattice potential. Experimental evidence for this fact is 

22 
well documented and the interpretation of high energy spectra in 

. 23 
terms of initial state density has been h1ghly successful. 
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In this report our objective is to present a systematic study 

of the density of states of ~he first-row transition metals Sc through 

Fe. . h d . 24 . h In an unpubl1s e earl1er report, results concern1ng t ese 

elements were presented. In that report, the position of the Fermi 

level for some of these metals were in error. The Fermi levels for 

these metals has been redetermined and some of the spectra have been 

repeated. This report, therefore, should supercede our previously 

reported data. Experimental details are given in Section II and 

results are presented in Section III. Of the elements reported here, 

15,25-28 d 27 
Fe an Mn have been studied earlier by XPS methods. We 

shall refer to these works and present a discussion of our results 

in Section IV. 

II. EXPERIMENTAL 

All the specimens were studied in a Hewlett-Packard 5950A elec-

tron spectrometer with a monochromatized Al Ka (1486.6 eV} x-ray 

source. The instrumental resolution is 0.55(2) eV as previously 

measured from the broadening of the sharp Fermi edge of a number of 

29 
metals . 

The spectrometer has been modified for ultra-high vacuum opera-

tion, and was baked out at 200°C before the start of this series of 

experiments, obtaining a base pressure of ~ 2 x 10 -lO Torr. All the 

samples were prepared in. situ. Films of Ti, V, Cr, Mn, and Fe were 

prepared by d.c. sputtering from high-purity single crystals onto 

stainless steel substrates in an ultra-pure argon atmosphere. Sc, 

Ti, and v specimens were prepared by vapor deposition onto stainless 
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steel substrates. Ta or W filaments were used and the evaporation 

charges were either single crystals or ultra-pure (better than 99.99%) 

polycrystalline material. Before evaporation, the filament and 

charge were vigorously outgassed. In most cases, the vacuum during 

-9 -9 
evaporation was 1 x 10 Torr or better, and the worst· case was 5 x 10 

Torr. A bulk sample, cleaned with a mechanical scraper, was also 

used in the Cr case. The different methods of sample preparation 

gave identical valence band spectra. Each sample was checked for 

impurities such as imbedded argon, surface contaminants (oxygen and 

carbon), and possible evaporated filament material (W, Ta) immediately 

after preparation, by scanning the region from 0 - 1280 eV binding 

energy. In addition to the wide scans, 20 eV scans of the 0 ls and 

C ls regions were monitored. The only contamination observed in 

these experiments was oxygen. The spectra reported here are from 

specimens on which no oxygen signal could be observed initially. 

Some of the met'als showed oxygen build-up in the course of the measure-

ments; however, no photoemission lines were detected from the forma-

tion of an oxide, even from samples with the largest oxygen ls signals. 

Whenever the oxygen signal reached a level of ~0.5 monolayer coverage, •. 

30 31 
a new sample was prepared. . ' The average time for the measurement 

of a valence band spectrum was about 8 hours, while scandium speci-
t 

mens could be kept in the spectrometer vacuum for over 24 hours with 

no detectable oxygen build up; the chromium samples had to be 

recleaned after about one hour of running. The number of counts per 

channel on the valence band spectra reflects the length of time the 
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sample could be studied. For the chromium-runs, the Cr 
2

P
312 

and the 

0 ls lines were scanned before and after each run. This enabled 

us to use the relative photoionization cross-sections reported by 

32 
Leckey to'ascertain the oxygen contamination. The ratios of the 

2 
peak heights of the Cr P

312 
to the 0 ls peak was greater than 20 

after each of the runs that are incorporated in the final spectrum. 

These individual runs, although suffering from poor statistics, 

seemed to give undistorted valence-band spectra and when added gave 

a spectrum identical to the one reported here. 

II I. RESULTS 

The XPS spectra I(E), of the valence-band regions of the transi-

tion metals reported here, Sc through Fe, are shown in Figs. 1 and 2. 

In these spectra each point represents the sum of the counts in four 

adjacent channels. The solid curves are straight-line segments, join-

ing· the experimental points. Structural features (i.e., characteristic 

peaks, shoulders and edges) of the XPS valence band spectra I(E) of 

each element are denoted by letters in Figs. 1 and 2 and the energies 

(referred to the Fermi level EF) are given in Table I. Sharp decreases 

in intensity at the Fermi level in Sc, Co, Ni, and Au define EF to 

better than ±0.05 eV in a single determination. However, instrumental 

drift over the course of these runs necessitated repeated determina-

tion of the Fermi level. We used the above standards, cross-checked 

the reported Fermi levels of the samples and used our known instru-

mental resolution as a check of our determination of the Fermi levels. 

The uncertainty in the reported Fermi level is ~±0.05 eV for all 
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samples except Cr where the uncertainty in the value of the Fermi 

level is 'V±O.lO eV. 

At the other end of the valenc~-bands - the "bottom" or high 

binding energy limit it is more difficult to establish exactly 

where the bands end, although XPS spectra tend to be more readily 

interpretable in this respect than either SXS or UPS data. Most of 

our spectra show some tailing at the "bottom" of the valence bands. 

This tailing may be a real physical effect for it persists even after 

subtraction of the inelastic tail through the assumption that each 

point in I(E) contributes to the inelastic tail in proportion to its 

initial intensity. In any case, some interpretation is necessary to 

assign the positions of the bottoms of the valence bands. The bottom 

· of the valence bands for Sc and Fe is well defined by the negative 

curvature in I(E) in this region. The spectra of Ti through Mn 

exhibit a slight kink as I(E) joins the essentially flat background. 

IV. DISCUSSION 

A. Comparison With Other Experimental Results 

In this section we present a short comparison of our XPS spectra 

with other XPS measurements and with lower photon energy (hV ~ 40 eV) 

experiments - namely UPS and SXS. 

In Fig. 3 we compare the VB spectra of Cr obtained through the 

use of the UPS, SXS, and XPS methods. The soft x-ray spectrum (SXS) 

was obtained by Fischer;
4 

it represents the Cr (2p-hole) + Cr(VB-hole) 

. . h . f t l3 h . f trans1t1ons. T e UPS spectrum 1s rom Eas man at p oton energy o 

10.2 eV and the XPS spectrum is from this work. The three spectra 

.-

.. 

.., 
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indicate a region of high electron intensity around -2.0 eV and similar 

band full-width at half maximum (FWHM) of 4. 9 eV (XPS) ,. 4. 6 eV (UPS), 

and 4.5 eV (SXS). The energies of the fine structure in these spectra 

vary considerably from one method to the other. Also, more recent 

33 
UPS spectra of Cr taken with the Hei and Heii lines have· different 

appearances from those in Fig. 3. For Ti, the SXS spectrum taken 

7 
by Fischer and Baun does not agree well with XPS and UPS data, which 

agree with each other quite well in this case. 
13,21,34 

Similarily for Fe, 

Pessa, et al.
21 

had good agreement between their UPS spectrum at 16.84 eV 

and the XPS spectrum 

It can be concluded, therefore, that the degrees of actual corres-

pondence of UPS and XPS spectra can be interpreted as a measure of the 

structure introduced into the UPS spectrum by the final states along 

with the differences in cross-section modulation in the two energy 

regimes. 

Our present XPS results agree quite well with earlier XPS data on 

Fe, in particular those of references 26 and 27. The spectrum reported 

25 
by Szalkowski and Megerle is not in as good an agreement. Our Mn spec-

trum has slightly better statistics than that reported by Hufner and 

27 
Wertheim; however, the agreement between the two spectra is quite 

good. 

B. ComparisonWith Theory 

In comparing our spectra with the the0retical density of 

states N(E) obtained through band structure calculations, we will 

assume that the "density of ionization potentials", our measured I(E), 
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resembles N(E). The implications of this assumption have been discussed 

15,23,35 
elsewhere and will not be reported here. At the same time, we 

note that attempts to interpret I(E) iri .terms of N(E) may be regarded 

as a test of the applicability of this procedure. 

In the following we will compare our XPS spectra separately with 

theoretical results for each of the metals studied. 

1. Scandium and Titanium 

Scandium and titanium start the 3d transition metal series with 

atomic configurations 3d
1
4s

2 
and 3d

2
4s

2 
respectively. They both crystal.:. 

lize in an hcp lattice with a c/a ratio of 1.59. 

This structural identity introduces an element of rigidity into 

the band structure., which is borne out quite clearly in the high 

energy part of I(E), if we line up the shoulders of the peaks labeled 

Bin I(E) for scandium and titanium (compare Fig. 1). Between peak B 

and the Fermi level EF, I(E) rises to form a second peak inTi while 

scandium EF intersects N(E) before the peak is reached. Finite resolu-

tion of the spectrometer moves the break in intensity to a point 0.4 eV 

below EF. The titanium valence bands have to accommodate one more 

electron, and EF is accordingly shifted up 0.5 ev. Thus, the second 

peak A in the density of states is occupied beyond its maximum and 

EF intersects a region of lower density with the break in I(E) again 

shifted down 0.4 eV by instrumental broadening. 

Toward lower energy, I(E) tails off in a similar way for both 

metals. The bottom of the valence bands is, in eacr case, tentatively 

assigned to a kink E which occurs at approximately (EF- 8.3) eV for 

• 
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Sc and (E - 8.1) eV for Ti. F . 

A closer inspection reveals some important differencesin detail. 

Between peak B and edge D, the scandium spectrUm tail~ off in an s-like 

shape with an infiection point C around rv4 'eV. ·.In titanium, we can 

just distinguish a discontinuity in slope marked C in Fig. 1. 

The density of states N(E) for scandium and titanium has been 

calculated by Altmann and Bradley
36

'
37 

using the cellular method. We 

compare their results with our spectra in Fig. 4. The energies of 

characteristic features are set·out in Table II. 

·The agreement in the overall shape of N(E) and I(E) is good for 

Sc and fair for Ti. Notice especially the two peaks A and B and the 

change in po~ition of EF relative to peak A from scandium to titanium. 

The repeated changes in the curvature of I(E) bet~een B and E in scan-

dium·as opposed to the essentially smooth decrease of I(E) in the same 

region in titanium agree quite well with the Altmann and Bradley cal-

culation. The lack of resolution in their N(E) histograms, however, 

obviates the identification of feature C in the titanium spectrum. 

This quite satisfactory overall picture is marred by considerable 

discrepancies in the energies of characteristic features between. N(E) 

and I(E), the exception being the total bandwidth of titanium (compare 

Table II). The different directions in which the upper and lower parts 

of N(E) deviate from their experimental counterparts may reflect the 

different origins of the regions in terms of atomic orbitals. These 

differences make the matching of features C and Din I(E) for scandium 

with similar ones in N(E) rather arbitrary. 
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Mattheiss
38 

has calculated the band structure of titanium along 

the f-K symmetry direction using the augmented plane wave method (APW) . 

His total bandwidth of 6.3 eV falls considerably short of the 8.1 eV 

measured in this experi~ent. 
39 

Hygh and Welch have also done several 

APW calculations on Ti. Their bandwidths also fall short of experiment 

but their density of states does show a two-peak structure. It would 

. 40 41 
.be interesting to compare our results with more recent APW and LCAO 

calculations when the calculated densities become available. The APW 

bands calculated for Sc by Fleming and Loucks
42 

are li~~wise consider-

ably narrower than observed. 
43 

Das, et al. have recently performed 

an RAPW calculation on Sc. Their density of states compares qualita-

tively with our XPS results but again are much too narrow. 

· 2. Vanadium and Chromium 

Vanadaium and chromium, with 5 and 6 valence electrons, respec-

tively, crystallize in the relatively open body-centered.cubic (bee) 

structure. 

Chromium is an antiferromagnet at room temperature with a spin 

~rrangement in the form of a spin-density wave. The wavelength is 

slightly less than twice the periodicity of the chemical lattice. 

Disregarding this difference, Asano and Yamashit~44 have treated the 

band structure of an idealized antiferromagnetic chromium by invoking 

the concept of a magnetic superlattice with twice the ordinary lattice 

constant. This reduces the Brillouin zone (BZ) of the bee lattice 

and introduces gaps of the order of 0.4 eV at points where bands cross 

the new zone boundaries. Though the occurrence of these gaps at the 

, 
• 
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Fermi energy is essential for the stabilization of the antiferromagnetic 

order
45 

in Cr, we·do not expect them to alter'the overall density of 

states ~trongly because they occur at ~ifferent energies for different 

bands.· This explains the great similarity in the densities of states 

46 
derived by Connolly for the band-structure calculations of paramagnetic 

d . . d h' 44 an ant1ferromagnet1c Cr. by Asano an Yamas 1ta. Itis therefore 

reasonable to compare our measurements with calculations on the para-

magnetic state of bee chromium. 

Densities· of.states N(E) have been calculated by· several authors. 

The best agreement between theory and experiment is found in the APW 

1 1 . b d . h 47 h . . 5 ca cu at1ons y Gupta an S1n a, s own 1n F1g. . The overall agree-

ment between N(E) and our experimental spectrum is quite good. The 

edge at 4.9 eV in N(E) marks the position of the syinmetry points H
12 

and N'
1 

and thus the bottom. of the d .. bands. The spike in N(.E).at 2.4 eV 

arises from the flat bands connecting p4 and N2 along the PN edge of 

' the bee Brillouin zone (BZ) . The high spike at 1.4 ev on N (E) is not 

readily attributable to any particular region in the BZ. In agreement 

with the band structure calculation we find that I(E) is quite low 

near EF. This feature has not been previously observed by the UPS or 

SXS methods. 

A tail due mainly to a 4s-derived band extends down to 8.5 eV in 

N(E). This agrees reasonably well with the value 8.8±0.3 eV deter-

mined for the total valence bandwidth of chromium from our spectrum. 

The d-band densities of states calculated by Asdente and Friedel
48 

using a tight-binding scheme agrees in general shape with our spectrum, 

49 
as does the APW calculation of Snow and Waber. Energies of symmetry 
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. . 47,50,51 
po1nts from four recent calculat1ons are compared with values 

deduced from our spectrum in Table III. It is clear from this that 

the agreement between the different theories and our spectrum is 

. h. d h h h . h b' d' 1 1 . 50 • 51 . rat er goo , t oug t e t1g t- 1n 1ng ca cu at1ons g1ve narrower 

bands. 

The valence-band spectrum of vanadium is very similar to that of 
J 

chromium. Allowing for a shift in the Fermi level EF due to the reduc-

tion by one in the number of valence electrons, we find a one-to-one 

correspondence in the characteristic features of the two spectra. In 

vanadium, EF has moved down toward the higher peak by about 1 eV. The 

separation between the two main peaks is almost the same of about 1.8 eV. 

In vanadium, both peaks appear narrower. This reduction in d-band 

dispersion is presumably due to the slightly increased atomic spacing 

of vanadium as compared to chromium. In Fig. 5 we compare the Cr 

density of states of Gupta and Sinha,
47 

shifted toward EF by 1 eV, 

with our vanadium spectrum. Peak A marks the maximum near sy~etry 

points P
4 

and N
2

. The energies of H
12 

and N
1 

at the bottom of the 

d bands are well-defined in the vanadium spectrum at (3.5 ± 0.3) eV 

below E . The detailed picture that we have obtained for the density 
F 

of the states of Cr and V will aid us in interpretation of the Fe 

spectrum. 

3. Manganese 

· Manganese crystallizes in a distorted cubic lattice with 29 atoms 

per primitive cell. No band structure has therefore as yet been cal-

culated. The VB-spectrum (see Fig. 2) shows a br6ad bump with a total 
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width of 8.8 ± 0.3 eV. A peak A at (EF-l.l) eV and a shoulder B at 

(EF'-4.1) eV can be distinguished in I(E). Judging from the steep 

slope at EF, the density at EF is probably c::lose to its maximum value . 

4. Iron 

The band model of ferromagnetism due to Stoner, Wohlfarth, and 

. . : ( ) 52-53 . . d b d (-+k) . 1' Slater SWS features sp1n-polar1ze an s E wh1ch are sp 1t 
n 

-+ 
by energies ~E (k) due to the exchange interaction. ~E is a function 

n 
-+ 

of wavevector k and band index n but it has usually been treated as 

a constant for d-derived bands and is set equal to zero for sp-derived 

bands. Estimates
54 

for the average exchange splitting of the d bands .. 
~E are about 0.4 eV in Ni, 1.1 ev iri Co, and 1.7 eV in Fe. 

More recently, band structure calculations of ferromagnetic Fe 

55 -+ 
·by·Tawil and Callaway have derived the exchange splitting E (k) self-

. n 

consistently using an average Hartree-F'ock field that is different for 

the two electron spin directions. These calculations reproduce the 

observed saturation moments quite satisfactorily. 

. 56 
Schemes different from the SWS-model have been proposed which 

emphasize intra-atomic exchange and correlation effects in the forma-

tion of spin-ordered structures. However, to our knowledge, no explicit 

calculations have been-made which would bear direcly on the electronic 

structure of ferromagnetic transition metals. 

Two of the implications of the SWS model have been tested exten-

sively: 

(1) The spin polarization of electrons at the Fermi energy EF 

. 1 . h 57 , 58 d 1 . , b h . . d . d 1s we 1 establ1s ed an can be exp a1nea ot 1n s1gn an magn1tu e 
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(2) A number of spectroscopic techniques have been employed to 

study the changes in the band structure which are supposed to accom-

pany the transition from the ferromagnetic to the paramagnetic state 

AD • · 5 t 8 t 34 t 60 f 61 
as r= goes to zero at the Cur1e temperature T . 

c 
The 

effects observed are however very small and do not readily lend them-

selves to a straightforward interpretation in terms of the SWS model. 

In this inconclusive situation let us rephrase the question put 

forward by previous investigators from: "Does the band structure of 

a metal change according to the SWS-model if we cross the Curie tempera-

ture T ?" to "Does the SWS-model give an appropriate description of 
c 

the density of-states N(E) of a ferromagnetic transition metal like 

iron below T ? ". 
c 

To answer this question, let us first consider the N(E) curve for 

chromium (Fig. 5) which we have found to be in good agreement withour 

~~PS spectrum. Because iron and -chromium crystallize in the same bee 

structure and have only slightly different lattice constants, we may 

regard this curve as a fair representation of N(E) for iron in the 

unmagnetized state. The Fermi energy EF for this state wouid fall 

right at the top of the high density peak, as shown in Fig. 6a. The 

chemical potentials for spin up (At) and spin down (A~) can easily be 

determined by allowing for the appropriate magnetic moment in ferro-

magnetic iron and assuming a rigid-band exchange splitting ~E. In 

the final step, At and A+ coincide to form the new Fermi level in the 

SWS description of the ferromagnetic state. It is clear from Fig. 6b. 
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that this new density of states differs drastically from the non-

polarized N(E). Instead of a peak, we now have a region of low 

electron.density at EF and a peak about 1.8 eV below EF. 

These two features are common to all N(E) calculations for Fe 

employing the SWS model _and we find just these features in_ our XP~ 

spectrum of iron,. shown in Fig. 7 together with N(E) derived by 

. 46 h" 62 
Connolly from the energy bands of- Wakoh and Yamas 1ta. 

As can be seen from Fig~ 7 the agreement is quite good and details 

are well __ r~produced~ . T!le. bottom of the d bands is marked in the cal-

culations, by and edge in N (E) b_etween 4. 5 and 5. 0 eV. Structure C 

in I(E), by Connolly and by Tawil and Callaway which presumably corres-

ponds to this point lies at least. 0.5 eV l9wer. The bottom of the 

valence bands is marked at 9.2 eV by .the intercept of the parabolic 

sp·band with the. baseline. The_ calculated values for the same point 

f l again fa,ll short of this value by about 1. 4 eV. 

A very detailed treatment of the exchange problem in the band 

63 
structure of ferromagnetic iron has been given by Duff and Das. 

As a result they obtained significantly greater exchange splittings 

throughout the Brillouin zone as compared to other calculations. This 

increased the overall bandwidth to 13 ev and the d-bandwidth (point 

C in I(E)) to 9.9 eV, both of which exceed the experimental values 

considerably. It is, however, clear from their calculation how assump-

tions about screening and the localizing effect of correlation influence 

the exchange and therefore the bandwidths. With the data provided by 

our spectra we hope that information about the real magnitude of these 

many-body effects for the ferromagnetic state may be obtained. 
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Let us return to the question of whether the SWS-model is appro-

priate for describing N(E) for ferromagnetic metals. The answer we 

believe is "yes" from all we have seen in the interpretation of our 

d. h d . . d 24 
XPS ata ere an 1n N1 an Co. But why do the above mentioned 

experiments fail to detect the collapse of the exchange splitting above 

the Curie temperature? To qualify this question we have to consider 

two things: what has been measured and what does "above T " mean. 
c 

Above T means in all these cases not more than 1.07 T . And the 
c c 

quantity measured was closely related to the density of states, which 

is well known to be already quite well developed for clusters of only 

64 
10 to 20 atoms. 

The negative results of these experiments then mean that at 1.07 

T there is still a nonvanishing spin density over a region covering 
c 

a cluster of atoms. This is quite compatible with the loss of any 

long-range spin order and with the nature of the magnetic transition 

as a second-order transition. 
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Table I. Energies of ch<~.racteris:tic features in the valence band spectra of 
the transition metals. Errors are given parenthetically. Entires are in ev. 

Element A B ' c ·D E 
''' 

Sc 0:4 (1) ' L 4 (2) 3.6(3) 5.6(3) 8.3(4) 

Ti 0.7(1) 1. 7 (2) 4.2(2) 8.1(3) 

v 0.6(1) 2.4(2) 5.0(3) 9.1(3) 

Cr 1.8(1) 2.6(2) 3.5(3) 8. 8 (3) 

Mn 1.1(1) 4.1(3) 8.7(4) 

Fe 0.8(1) 1.9(2) 4. 9 (5) 9.2(4) 
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Table II. A comparison of structural features in the valence band spectrum 
of scandium and titanium with the corresponding densities of states calculated 
by Altmann and Bradley.34,35 The entries are in ev below the Fermi energy Ep. 
Errors are given parenthetically. 

Sc Ti 

Expt. Theory Expt. Theory 

EF 0 0 0 0 

peak A 0.4(1) 0.0 . 0. 7(1) l.O 

peak B 1.4(2) 1.7 1.7(2) 3.4 

inflection 3. 6 (.3) 2.4 point C 
4.2(2) 

inflection 5.6(3) 3.6a 
point D 

bottom 8.3(4) 6.0 of VB E 8.1(3) 8.0 

aThe identification of features C and Din N(E) is ambiguous (see text). 
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Table III. Energies of symmetry points ln the valence bands of chromium 

(~~~w~). ~-

Symmetry 
Point 

I 

r 25 

p 
4 

N2 

Hl2 

Nl 

r 
1 

a 
Ref. 50. 

b 
Ref. 51. 

c. 
Ref. 47. 

, . . a 
Tight-binding plus OPW Tight-binding, 

SCFb a= 1-_, a = o. 7.25 
a = 2/3 

1.0 1.0 1.0 

1.6 2.0 2.2 

2.3 2.4 2.7 

3,0 3.3 4.0 

3.3 .3. 9 4.3 

5.1 6.9 5.9 

Here a is the exchange parameter. 

APW, 
c. a = 1 

0.7 

2.5 

2.4 

4.8 

4.9 

8.7 

l 
l 

Expt., 
this work 

2.6(2) 

3.5(3) 

8.8 (3) 
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FIGURl;:. CAPTIONS 

Fig. l. x-ray photoemission spectrum I(E) pf the valence band region .. ~. '. . .... -... ' ' - ~ .. -·~ ' . 

of_Sc, Ti, and V. The sum of the counts in four adjacent 

channels is represented by points joined with straight lines. 
r .. 

The points are approximately 0.16 eV apart. The features, 

denoted by letters, are discussed in the text and the energies 

are given in Table I. 

Fig. 2. X-ray photoemission spectrum I(E) of the valence band region 

of Cr, Mn, and Fe.. The sum of the counts in four adjacent 

channels is represented by points joined with straight lines. 

The points are approximately 0.16 eV apart., The. features, 

denoted by letters, are discussed in the text and the energies 

are given in Table I. 

. . 

Fig. 3 .. A comparison of the valence band spectra of Cr obtained by 

ultraviolet photoemission (UPS, Ref. 13), soft x-ray spec-

troscopy (SXS, Ref. 4) and x-ray photoemission (XPS, this 

work). 

Fig. 4. A comparison of the x-ray photoemission valence band spectra 

·I(E) (upper curves) with density of states N(E) (lower curves) 

calculated by Altmann and Bradley (Refs .. 36 and 37) for Sc 

and Ti. The energies of the characteristic features are 

given in Table II. 
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Fig. 5. The x-ray photoemission valence band spectra I(E) of V and 

Cr are compared with the APW results of Gupta and Sinha 

(Ref. 47). For V we have used Gupta and Sinha's Cr density 

of states with the,Ferini level shifted corresponding to the 

reduction by one of the:,~umber of valence electrons by one 

electron. 

Fig. 6. a) .. The bee chromium density of.states (ReL 47) A-t and At' 

the spin up and spin down chemical potentials for bee Fe are 

determined from the magnetic moment of Fe·under the assump-

tion of a rigid band exchange splitting. 

b) The resulting spin-polarized density of states where 

the chemical potenti~:J.s .~ -t and At have been made to coincide. 

This density of states should be representative for· that 

of ferromagnetic iron. 

Fig. 7. A comparison-of the x..:ray photoemission valence band spectrum 

I(E) of Fe (upper curve) with the N(E) derived by Connolloy 

(Ref. 46) (lower curve). 
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