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ABSTRACT
' High resolution XPS-valence band (VB) spectra'are-presentéd of
the.3d tfansition metals, .Sc to Fe. The méasurements were conducted
under ultrahigh vacuum conditions using polycfystalline samples. - In
the hcp elements Sc and Ti the main peaks in the valence 5and§ are
identified and compared with the results of band structure calculatiéns.
Some rigidity is_observea in the Sc and Ti bands as well as in the
V and Cr bands. The e#pected 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 assignmenf
of the Cr symmetry point energies. Our valence-band spectrum of Mn
is Quite similar to thét of Hﬁfner and Wertheim and our spéctrum ong 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 bcc iron



_iv_

may be constructed from two bcc 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
metdls; exhibiting a wide-variety of structural and‘electromagpetic
propeftiés. A key‘factor‘iﬁ thé underStanding.of.theSe metals is
the peCuliér naturé df'théir electronic'band structures.  The vqlence
bands may be consideréd to érisé from the'neafly deqenérate 3d and
4s atomic leveis; These'ievels have very different spatial distri-"
butions, with the 4s electrons extending considerably beyond the-
averagevradius of the_3d shell. Tbus'the valence bands of the 34.

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-1like eleétrons'are

believed ‘to be the primary source of bonding in"tﬁhemetals’,l while

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

mégnetismz.

Détailed ana quantitativé knowiedge‘bf the vaience—band‘(VB)
densify éf sﬁates (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 reéponsibie for magnetic behavior. Electronic
specific heat data; conductivity meésurementé, and the dé Haas-van
Alphen effect, to mention onlyba few, sample the electronic proper-
tieé‘only,within'%kT of the Fermi energy; thus information on the
more tightly-bound states is necesSariiy indirect. Spectroscopic

' : U 3-7 .
methods such as soft x-ray emission spectroscopy (SXS), ultraviolet



-2-

. 8-15 . s
and x-ray photoemission (UPS, XPS) and optical reflectivity 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 L . .
metals. Low—-energy UV photoemission spectra are commonly interpreted
. : 7.
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 contain 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, anlinterpretation of the
UPS sgpectrum in terms of initial- and final-state properties is possi-
. . . 19-21
ble, and it can yield very detailed results.
XPS measurments, however, are frée 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

terms of initial state density has been highly successful.

-~
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In this report our objective is to present a systematie studyA
of the density of states of the first-row transition metals Sc through
Fe. In an unpﬁblished earlier report,24 results conéerning these
elements were presented. 1In that report, the position of the Fermi
le&el for sbme of these metals were in error. The Fermi levels for
these metals has been redeférmined and some of the spectra have been
repeated. This repdrt, therefore, should superceae our previously
reported data. Experimenﬁal detai;s are given in Section II and
‘results are presented_in Section III. Of the elements reported here,

Fe15,25—28

27 . I
and Mn have been studied earlier by XPS methods. We
shall.refer to these works and present a discussion onOur results

in Section Iv. -

ITI. EXPERIMENTAL

‘All the specimens were studied in a Hewlett-Packard 5950A elec-
tron spectrometer with a monoéhromatized‘Al Ko (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 numﬁer of
metals.29

The spectrometervhas been modified for ultga—high vacuum opera-
tion, and was baked out at 200°C before the start-of thié éeries of
experiments, obtaining a base pressure of < 2x 10’10 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
stainléss steel substrates in an ultra-pure argon atmosphere. Sc,

Ti, and V specimens were prepared by vapor deposition onto stainless



steel substrates. Ta or W filaments were used and the evaporation-
'charges were either single‘crystals or ultra-pure (better than,99.99%)
pochrystalliné material. Before evaporation, the filament and
chafge were Qigorously outgassed. 1In most cases, the vacuum during
evaporation was l><10_9 Torr orbbetter, and the worst case was 5><10_-9
Torr. A bulk sample, cleaned with a mechaﬁical scraper, was élso
used'in the Cr case. The different methods of sample preparation

gave identical valence bana spectra. Fach sample was checked for
impurities such as imbedded argon, surface contaminants (oxygen and
carbon), and possible evaporated filament material (W, Ta) immediately
aftef preparation, by scanning the region from 0 - 1280 eV binding
energy . In addition to the widé scans, 20 eV scans of the O 1ls and

C 1s regions were monitored. The only contamination observed in

these experiments was éxygen. Thé spectra reported here are from
Specimens on which no oxygen signal could bé'ébserved initially.

Some of the metéls'shbwed'oxygen build-up in the course of the méaéure—
ments; however, no photoemission linés were detected from the forma-
tion of an oxide, even from samples with the'laréest_oxygen_ls sighals;
Whenever the oxygen signal reachéd a level QfV%O.S monolayer coverage,
a new sample was prepared.3.0’31 The average time for the measurement
6f a valence band spectrum was about 8 hours, while scandium speci—
mens could be kept in the spectrometer vacuum for over 24 hoﬁrs with
no detectablé oxygen buiid up; the chromiﬁm samples ha@ 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



sample couid pe studied. Forvthe chrqmium’runs, the Cr 2P3/2 and the
0 1s lines were scanned before and after each run. bThis.enabléd

us to use the relative photoionization drossfséctions reported by
Lgckey32 to‘asceftain the oxygen contamination. The ratios of the
peak‘heights of the Cr 2P3/2 to the O 1s peak was‘greatef thaﬁ 20
after each of the runs that arevincorporated.in the final specffum.
These individual runs, althéugh suffering from poor staﬁistics,

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

a spectrum identical to the one reported here.

III. 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. l_ana 2;
In these spectra each point :epresénts the sum of the-countsvin four
adjacent éhannels. The‘solid curves aré straight-line segments, join—
ing the experimental points. Structurai features (i.e., characteristic
peaks, shoulders and edges) ofvthe XPS valence band spectra I(E) of
each element are denoted by letters in Figs. 1 and 2 and the energies
(referréd to the Fermi level EF) are given in Tab;e I. 'Sharp decréases
‘in intensity at the Fermi lével in Sc, Co, Ni, and Au define E. tq
better than 1#0.05 eV in a single detérmination. However, instrumental
drift over the course of these runs necessitated repea£ed determina-
tién of the Fermi'level. We used thé above standérds, cross—checked
the reported Fermi lévels of the samples and used our‘knbwn instru-
mentél resolution as a cheqk of our determination of the Fermi 1e§els.

The unéertainty in the reported Fermi level is "V+0.05 eV for all
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samplee except Cr where the uncertainty in the value'of the Fermi
ieQel is VED.10 eV.

. At the other end of the Valence-banas — the "bottom" or high
binding enefgy limit — it is mbfe difficult to establish exactly
where the bands'end,.elthough XPS spectra tend to be more readily
interpretable;in thie respect than either SXS or UPS'data. Most of
our speetra showAsome tailing at tbe "bottom" of the valence bands.
This tail;né may-be qAreal physical effectAfOr it persists even after
subtraction of the_inelestic tail through the aSSUmpfion that each
,point in I(E) eontributes.to fhe inelastic tail in proportion to its
initial intensity. 'In any case, some interpretation is necessary to
assign ﬁhe”pbsitions of the Bottoms of the valeﬁce bands. The bottom
’ofvthe valence bands for Sc and Fe is well defined bf the negative
‘curvatufe in I(E) in this region. The spectfa of Ti throuéh Mn

"exhibit a slight kink as I(E) joins the essentially flat backgrdund._

Iv. DISCUSSION

A. 'Comparisoh With Other Experimental Results

In this section we present a short comparison of ouf_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 specfrum (SXs)
wee obtained by Fischer;4 it represents the Cr (2p~hole) -+ Cr(VB-hole)
‘transitions. The UPS speetrum is from»Eastmanl3 at photon energy of

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),
vand34.5 eV (SXS). Thé energies of the fine structure in these spéctra
vary considerably from one method to the other. Also, more recent
UPS spectra of Cr33 taken with the HeI and HeIl iines have'different
appéarances from those in_Fig. 3. For Ti, the SXS spectrum taken
by Fischer and Baun7 does not agree well with XPS and UPS daté! which
‘agreé with éach othervquitevwell in.this case;' éimilarilyvfor Fe;13,21,34
ﬁeséa, et al.21 had good agfeement between>tﬁeir UPS spectrum at 16.84 eV
énd the XPS spectrum |
It can be concluded, therefore, that £he degrees of actual corres-—

pondence of UPS and XPS spectra can be interpreted as a measure of the
structure introduced into the>UPS specfrum by ﬁhe finé% States along
with Ehe differences in cfoss—éection modulétion in the two energqgy
regimeé. | |

.‘Our present XPS results agree quite well with earligr XPS dgta»on
Fe, in pafticﬁlar those of refefences 26 and 27. The spectrum repo;ted
by Szalkowski and Megerle25 is not in as.good an agreement. Our Mn.spec~
trum has slightly better étatistics than fhat rebo?ted by Hﬁﬁner and
Wertheim;27 however, the agreement between the two spectra is quite

good.

B. 'Comparison'with Theory

In comparing our spectra with the theoretical density of

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

assume that the “"density of ionization potentials", our measured I(E),



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) in 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

Scandiun.andvtitaninﬁ start the'3d transition'metal series with
atomic confiourations 3dl4s2 and dd24s2 respectlﬁely;‘ Tney both crystal-
lizeiin an hcp lattice with a c¢/a ratio of 1;59.
Tnis structural identity introduces an'elementrof riéidity into
the band structure, wh1ch is borne out quite clearly in the high
energy part of I(E), 1f we line up the shoulders of the peaks labeled
B in I(E) for scandium and titanium (compare FlO 1. Between peak B
"and the Fermi level EF,'I(E) rises to form a secbnd peak,in Ti whilei
Scandium EF intersects N(E) before the‘peak islreached; Finite resolu—
'tion of'tne:spectrometer noves the‘break.in intensity to a point 0.4 ev
below EF' The tltaniun valence bands have to accommodate one more
electron; and EF is accordlngly shifted up 0 5 eV._ Thus, the second N
peak A in the den51ty of states is occupled beyond its maxrmun and . -
EF intersects a region of lower density with the break in I(E) again
shlfted down 0.4 eV by instrumental broadening.
Toward lower energy, I(El tails off in a similar way for both -
metals. The bottom of the valence bands is, in each case, tentatively

assigned to a kink E which occurs at approximately (EF_— 8.3) eV for



Sc and (EF - 8.1) eV for Ti.

| A closer inspection'reveals some important difféfencéé:ih'detail.
Between peak B and edge D, the scandium spectrﬁm tails off in an s;iike
shapc-with an iﬁfiection point C around "4 €V. ‘In fitanium, we can
just‘dictinguish a discontinuity in slope marked C.ih Fig.cl.

)

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

14

calculated by Altmann and Bradley using the cellular method. We
compare their results with our spectra in Fig. 4. ‘The énergies of

characteristic featureé‘are set 'out in Table II.

'The agreément“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 position of E_ relative to peak A from scandium to titanium.

F

l

i

The repeated changes'in_thc curyature of.I(E)‘between B and E in scan-
dium as opposed to the essentially smocth dec;ease_cf I(E).injthe same
regicn in titanium agree qu%Fe well with the Altmann and Bradley cal-
culation;/ The lack”of resolufion in their N(E) histograms,‘however,
obviatec the idenfification of feature C in the titanium»spcctrum.
fhis quite-satisfactory overa1l picture is mar;ed ci'ccnsidcrablc
discrebancies in‘the cnergies of characteristic feacures between,N(E)

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

Table IT). 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 D in I(E) for scandium

with' similar ones in N(E) rather arbitrary.
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Mattheiss38 has calculated the band structure of titanium élong
the F;K symmetry direction u_s,in_g the augmented plane wave methé’d' (APW) .
Hiértotal bandwidth of 6;3 eV falls considerably short of the 8.1 ev
measured in this experiment. Hygh and Welch39 have alsd done several -
APW calculations on Ti. Their bandwidths also fall short of exberiment
put their density of ;tates does show a two-peak structufé: It would
be interesting:to compare our results Qith @ore recent APW4q'and LCAO41
calculations when the calculated densities become availablél ‘Tﬁé APW
bands caiculated for Sc by Fleming and Loucks42 are likéwise.cdhsider-
' ably narrower than observed. Das, et al.43 have £e¢ently performed
'an RAPW calculatiqn on Sc; Their density of sgétes éogbéres qualita-

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

C2. Vanadium and Chromium
~ Vanadaium aﬂd chromium, Qith s and 6 valence eleétrons! reSPéc;
t%vely, crystallizé.in the felatively open body—centeréaucubip (bcc)
structure.

Chromium is én antifeiromagﬁet at room temperature with a spin
.arrangement in the form.of a:spin—density wave. The wavelength»is
slightly less than tWiée'the periodicity of the chemical latticé.
Disregarding this_differénce, Asano'and Yamashitg;44 have treated.the .
:band structure of an idealized antiferromagnetic chromium by invoking
the cohcept of a magnetic superléttice with twice the ordinary lattice
constant. This reduces the Brillouin zone (BZ) of the bcc lattice
and introduces gaps.ofrthe 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
45 - 5 | . ‘
order in Cr, we do not expect them to alter the overall density of -
states strongly because they occur at different energies for different
bands.- This explains .the great similarity in the densities of states
o 46 L » - .
derived by Connolly for the band-structure calculations of paramagnetic
. . ‘ ..o 44 L
and antiferromagnetic Cr by Asano and Yamashita. It is therefore
reasonable to compare our measurements with calculations on the para-
magneétic state of bcc chromium.
Densities of states N(E) have been calculated by'several authors.
The best agreement between theory and experiment is found in the APW
\ : ! . 47 N . ,
calculations by Gupta and Sinha, shown in Fig. 5. 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 symmetry points le

and'N1 anhd thus the bottom:.of theé d.bands. "The -spike in N(E) -at 2.4 eV

!
arises from the flat bands connecting P, and N2 along the ‘PN edge of

4
the bce 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 cﬁromium'from our spectrum.
| . . .48
The d-band densities of states calculated by Asdente and Friedel
using a tight-binding scheme agrees in general shape with our spectrum,

R : ) 49 . '
as does the APW calculation of Snow and Waber. Energies of symmetry
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47 ,51 .
150,53 are compared with values

points from four recent calculations
deduced from our spectrum in Table III. It is clear from this that
the agreement between the different theories and our spectrum is

r

ratﬁer good, though the tight—binding calculations5 l‘give narrower
bands. |

' Th? valence-band épectrum of vanadium is.very siﬁilar'to that of
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 chéracteristic features of the two spectra;. In
vanadium, EF has moved down toward the higher peak by about 1 eV. The
sepafation between the two main peaks is almost the same of about 1.8 év.
In vanadium, both peaks appear narroﬁer. 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 coﬁpa:e the Cr
density of states of Gupfa and Sinha,47 shifted toward EF by 1 ev,
with‘our vanadium spectrum. Peak A marks the maximum near symmetry
poinfs P4 and N2. The energies of le and Nl at the bottom of'the
'd bands are well-defined in the vanadium speétrum at (3.5 £ 0.3) ev"-
below EF' Thé detailed pictufe that we have obtained for the density

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 broad 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 close to its maximum value.

4. ‘ Iron

The band model of ferromagnetism_dde to Stoner, Wohlférth, ahd

52-53

Slater (SWS) features spin-polarized bands En(k) which are split
: >
by energies AEn(k) due to the exchange interaction. AE is a function
of wavevector k and band index n but it has usually been treated as
~a constant for d-derived bands and is set equél to zero for sp-derived
. . 54 ' : - i .
bands. Estimates for the average exchange splitting of the d bands
AE are about 0.4 eV in Ni, 1.1 eV ifi Co, and 1.7 eV in Fe.
‘More recently, band structure calculations of ferfbmagnetic Fe
s 55 : ey >
"by -Tawil and Callaway have derived the exchange splitting En(k) self-
consistently using an average Hartree-Fock field that is different for
the two electron spin directions. These calculations reproducé'the
observed saturation moments quite satisfactorily.
: . 2 ' 56 .

v 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 E,

57,58

is well established and can be éxplained both in sign and magnitude
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: 5¢
by the SWS model.
(2) A number of spectroscopic techniques have been employed to ’

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

L
"

pany the transition from the ferromagnetic to the paramagnetic state

5,8,34,60,61
v The

as_AE goes to zero at the Curie temperature TC.
effects obser§ed 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 Tc?" to "Does the SWS-model give an appropriat; description of
tHe density of states N(E) of a ferromagnetic transition metal like
iron below Tc?". |
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 with our
XPS spectrum. Because iron and'éhromium crystallize'in the same bcc
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 would fall .ot
right at the top of the high density peak, as shown in Fig. 6a. The
chemical potentials for spih up (A+) and spin down (X;) can»easiiy be -
détermined by allowing for the appropriate magnetic moment in ferro-
magnetic iron and assuming a rigid-band exchange splitting AE. In
the fiﬁal step, A+ and X+ coincide to form the new Fermi level in thé

.

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

‘These two features are common to all N(E) calculations forlFev

employing the SWS model and we find just these features in our XPS

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

Cennolly46 from the energy bands of-Wakoh and Yamasnit§;62

' As can be seen from Fig,—7 the ‘agreement is quite good'and details
are:wellhreproduced,‘lThe,bottom of the d bands is markedsin tne cal-
eulations, by and edge‘in N(E)_bgtween 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 leaet,O.Ser lower. 'Tne bottom of the
valence;bands is marked at 972 ey,by:the‘intefcept of the perabolic
sp‘Bandeith the. baseline. The,calculatea values for the same point
Fl againnfall short of this Va;uevby'abput 1.4 eV.

‘A-Very detailed treatment of the exchange prob;em in the_band

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

As a result they obtained significantly greaterjexchange splittings
throughout the Brillouin zone as compared to other calculations. This
increased the overall bandwidth to 13 ev and the d—bandwidfh (point

C in I(E)) to 9.9 eV, both of which exceed the experiméntal 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 fefromagnetic metals. The answer we .
believe is "yes" from all we have seen in the interpretation of our
XPS data here ahd in Ni and Co.24 But why do the above mentioned
experiments fail to detect the collapse of thg exchange splitting above
the Curie temperature? To qualif? this question we have to consider
two things: what has been measured and what does "above Tc“ mean.

Above TC means in all these cases not more than 1.07 TC. And the
quantity measured was closely related to the density of states, which
is well known to be already quite well de&eloped for clusters of only
10 to 20 atoms.64

The negative results of these experiments then mean that at 1.07
Tc the;e‘is still a nonvanishing spin density over a region covering
a c}usier of atoms. This is quite compatible with the loss of any
long-range spin order and with the nature of the magﬁetic transition

as a second-order transition.
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Table I. Energies of characteristic features in the valence band spectra of
the transition metals. Errors are given parenthetically. Entires are in ev.

Elemenf o a ?' B. . € - .. D ‘;"N B
sc . 0:4(1)° . 1.4(2) 3.6(3) 5.6(3) . 8.3(4)
T 0.7(1) - 1.7(2) 4.2(2) — 8.1(3)
v Co.e(1)  2.4(2) 5.0(3) . — 9.1(3)

or. . 1.8(D) 2.6(2) . 3.5(3) — 883

Mn .. 1.1(1) 4.1(3) — = 8.7(4)

Fe - .. 0.8(D) 1.9(2) . 4.9(5) . - 9.2(4)
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Table IXI. A comparison of structural features in the valence band spectrum
of scandium and titanjum with the corresponding densities of states calculated
by Altmann and Bradley.34,35 The entries are in eV below the Ferml energy EF.
Errors are given parenthetically. :

Sc ’ - Ti
Expt. : Theory Expt. ' Theory

— EF L 0 | _ ‘0 0 : 0

peak A : 0.4(1) 0.0 0.7(1) 1.0

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

1nflectlon 3.6(3) 2.4 4.2(2) o

point C_ o . .

1nflectlon _ 5.6(3) 3.6% o

point D

bottom ‘

of VB E 8.3(4) 6.0 8.1(3) 3.0

a . e . . . . ' :
The identification of features C and D in N(E) is ambiguous (see text).

‘(w
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_ ergies of symmetry'pointé in the valence bands of chromium
(eV below Eg). o

. L ea
" Tight-binding plus OPW

Symmetry Tight-binding, APW, Expt.,
Point a=1., a=0.725" . SCF - 1¢ this work
' ' o= 2/3
' e 1.0 1.0 1.0 0.7
P, 1.6 2.0 2.2 2.5 o
| 2.6(2)
N, 2.3 2.4 2.7 2.4
H 3,0 3.3 4.0 4.8 |
12 3.5(3)
N, 3.3 3.9 4.3 4.9 |
r, 5.1 6.9 5.9 8.7 8.8(3)
a .
Ref. 50. Here a is the exchange parameter.
Ref. 51. '
CRref. 47.
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Fig. 2.

Fig. 3.
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~ FIGURE CAPTIONS |

X-ray photoemission spgc;;gm 1(E)‘of_the valenée band region
of Sc, Ti, and V. The sum of the counts in four adjacent

"channels is répresented by points joined with straight lines.

The points aré:approximately 0.16 eV apart. The features,

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

" are given in Table I.

X-ray photoemission speétfum I(E) of the valence band re§ion

-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. (f_ S

.A comparison of the valence band spectra of Cr'ébtained by:

ultraviolet photoemission (UPS, Ref. 13), soft x-ray spec¥
troscopy (SXS, Ref. 4) and x~ray photoemission (XPS, this
work) .

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.



Fig. 5.

Fig. 6;

Fig. 7.
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The x-ray photoemission valence.baﬁd épectra I(E) of V and
ér ére_combéred with the APW results of.Gupta and Sinha
(Ref. 47). For V we have used Gupta and éinha's Cr density
of states with‘the,Fefhi:levgl shiftéd éorresponding to the
redugtion by one of.thegqumpe}:ofLVAIeﬁce elegtrons‘by,one

electron.

a),The'bcé chromium density of.stateé (Ref. 47)vA¢ and A%,

 the spin up and spin down chemical potentials for bcc 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 df states where

the chemical potentia;s‘}* and X+'havé‘beén made to coincide.

Tﬁisvdensity‘of sﬁates should be repreéeﬁtafive.fo;‘that
of fefrqﬁaénetic iron.

A coﬁpdrisbnm@f éhe'xéfay photdemiséion valence bénd sbectrum
VI(E) of Fe (upper curve) with the N(E) aefived.by CenﬁOlléy

(Ref. 46) (lower curve).
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