
1778 S. P RAKASH AND S. K. JOSHI

(1969).
~4S. Prakash and S. K. Joshi, Phys. Letters 30A,

138 (1969).
Kohn and L. J. Sham, Phys. Rev. 140, A1133

(1965).
J. E. Robinson, F. Bassani, R. S. Knox, and J. R.

Schrieffer, Phys. Rev. Letters 9, 215 (1962).
~7W. A. Harrison, Psegdopotentials in the Theory of

Metals (Benjamin, New York, 1966).
~8S. H. Vosko, R. Taylor, and G. H. Keech, Can. J.

Phys. 43, 1187 (1965).
R. J. Birgeneau, J. Cordes, G. Dolling, and A. D. W.

Woods, Phys. Rev. 136, A1359 (1964).
S. Prakash and S. K. Joshi, Phys. Rev. 185, 915

(1969).

PHYSICAL REVIEW B VOLUME 4, NUMBER 6 15 SE PTEMBER 1971

Soft-X-Ray Lz s Spectrum and Electronic Band Structure of Chromium

David W. Fischer
Air Force Materials Laboratory, Wright-Patterson Air Force Base, Ohio 45433

(Received 8 March 1971)

The soft-x-ray L2 3 emission and absorption spectra from pure chromium are shown and
the effects of satellite emission and self-absorption are assessed. Features of the L3 spec-
trum are discussed in terms of the energy-band structure. Results are evaluated by compar-
ing the L3 spectrum with the x-ray E and M spectra, with ultraviolet photoemission measure-
ments, and with band-structure calculations. There is good agreement between theory and
experiment as to the width of the occupied states, the position of the Fermi energy, and the
position of most maxima and minima in both the occupied and vacant portions of the density
of states. Some disparities are also observed but they involve primarily the fine features
of the structure.

I. INTRODUCTION

The use of soft-x-ray spectra (SXS) for studying
the band structure of 3d transition metals has been
discussed in meany publications over the last 35
years or so. Until quite recently, in fact, SXS
was the only readily available experimental method
of probing the structure as far as 5-10 eV below
the Fermi energy (Ez). The last several years,
however, have witnessed the growth and develop-
ment of some new deep-band techniques such as
ultraviolet photoemission spectroscopy' (UPS),
ion-neutralization spectroscopy~ (INS), and x-ray
photoemission spectroscopy' (XPS). Each of these
techniques has certain advantages in specialized
cases, and each is capable of providing information
related to the density of states of the material being
studied. None of them, however, gives a direct
picture of the density of states. Although these
techniques all involve different types of electronic
transitions and transtion probabilities, it can be
quite instructive to compare the SXS, UPS, INS,
and XPS results with each other and with theoreti-
cal calculations as has been done for Ni and Cu. '
One can realistically expect to obtain reasonably
good agreements as to the position of the Fermi
energy, the width of the occupied states, and the
position of the main maxima in each of the curves.
Such agreements can lend confidence to both the
experimental techniques and the theoretical compu-
tations of the band structure.

TG date, the bulk of experimental and theoretical
work performed on the 3d metals has been concen-
trated on the heavier members of the series: Fe,
Co, Ni, and Cu. Little has been done on the
lighter elements Ti, V, and Cr. This author has
previously published the SXS I & 3 spectra of Ti
and V and Eastman has shown their UPS curves. 8

So far, however, no INS or XPS data has appeared
for these elements. The purpose of this paper is to
show recently obtained SXS data for Cr and relate
them to the SXS results for Ti and V, to the UPS
results, and to the available theoretical calcula-
tions. Points of agreement and disagreement in
the comparisons will be discussed.

Of all of the deep-band experimental techniques
mentioned above, SXS can supply more total infor-
mation about the band structures of the transition
metals than any one of the other techniques. Not

only can one obtain data about the occupied band
state. s 4y using emission spectra, but valuable in-
formation about the unoccupied states can be found

in the absorption spectra. The other techniques
(UPS, INS, and XPS) do not readily yield data on the

normally unoccupied states. Furthermore, the
x-ray results are capable of differentiating between
the various wave symmetries admixed into the

valence/conduction band. The K spectrum, for
instance, reflects only the distribution of P sym-

metry in the band, while the L» and M2 3 spectra
reflect the distribution of s and d symmetry.

It is the s and d states which are of primary in-



terest in the transition metals. For the 3d series
elements, the commonly accepted picture of the
6Dex'gy"bRQd stx'ucture 18 GDe of R QRx'1ow 3d bRQd

of high-level density overlRpped by R bx'ORd 4s-4p
band of low-level density. The 3d states are pri-
marily responsible fox the majority of transition-
metal charactexistics such as the electrical and

magnetic px'opex't168. ID SXS one 18 thex'efox'6 1Q-

terested 1D 8'tudylng those pax'ts of the spectx'R
which are due to transitions involving the 8 and d
states. For the 3d transition series, this can be
done with either the L,a 3 or M2 3 band spectra.
From experimental considerations, we find the I 3 3

spectra, much easier to obtain. The I 3 band repre-
sents the transition M4s 2p ~~ and the L~ band,
the transition M4s- 2P'~ .

AS is mell known, the intensity distribution of an
x-ray valence-emission band Rs weH as the varia-
t1on 1n the absorpt1on coeff1C1ent. p, 18 related to the
deDslty of stRtes tlInes the transition px'obRb1llty

Rnd 80 does not give R d11ect plctux'6 of the density
of states. Nevertheless cex tain features of the
density of states such as the position of the Fermi
energy, the total width of occupied states, and

eQelgy position/ of maxima Rnd mlnlIQR 1Q both oc-
cupied and vacant states can be reliably determined
from good x-ray data. It is this use of SXS results
which are of primary interest in this report on
chromium.

II. EXPERIMENTAL TECHNIQUES

A. Instrumentation

The plane single-crystal vacuum spectrometex
used to obtain the SXS spectra is the same as de-
sc1 lbed pl'evlously. ' Characteristic x-rRy spectx*R
are produced by direct electron-beam bombardment
of the target material. The anode assembly is con-
structed so that the x-ray takeoff angle is continu-
ously variable between 0' and 90'. A flow propor-
tloDRl detectox' with R Fox'IQVRx' windom Rnd Rx'gon-
methane flow gas is used at a reduced pxessure of
120 Torr. The spectrometer vacuum under normal
operating conditions is about 1x10 6 Torr.

A rubidium acid phthalate crystal (RAP, 2d
= M. 118 A) was used in obtaining the Cr L~, spec-
txa. These spectra were recorded in two ways;
by tracing out directly on a strip-chart xecorder
RDd by R step- scRDQ1Dg px'ocedure 1Q %'hlch . Rccu-
mulated data (emission intensity vs 28 angle) were
printed out on a Teletype tape. Wavelength posi-
tions of the spectral features measured in this
manner have a probable error of + 0. 02 A (+0.3 eV)
and wavelength differences could be measured to
*0.005 A (+ 0. 1 eV). The data points on the spec-
tral curves have a statistical deviation of 2-3% at
the peak maxima and less than 1% at the tails.

The effective diffraction pattern of the spectrom-

eter (window width) was determined to be 0. 81 eV
at full width at half-maximum (FTHM) at the Cr 13
band maximum (21. I A). However, because the
window width varies with the wavelength (i.e. , 28
angle) and the exact shape of the window is not
shown, the Cr band spectra shown in this report
have not been corrected for instrumental broad-
ening, Th18 18 not consldex'ed to hRve any slgn1fi-
cant effect on the conclus1ons xeached concerning
the spectra. An instrumental correction will not
change the position of the emission and absorption
features and would have negligible effect on the
total bandwidth.

For absorption studies the continuum from a
platinum target mas used. A special sample wheel
held the absorption-film specimens and was placed
between the dispersing crystal and the detector.
This wheel could be moved into or out of position
from outside the vacuum without disturbing any of
the operating conditions.

B. Sample Preparation

The chromium metal used for both the emission
and absorption studies was of 99.9+-at. /p purity.
Target specimens used to obtain the emission spec-
tra were prepared by tmo methods. The first
method consisted of vacuum evaporating a thin fom
of chromium directly on the anode assembly. The
other method was to melt the chromium into a solid
chunk Rbout 8 in. thick, —,

' in. wide, and 1 in. long.
This chunk was then mechanically ground and pol-
ished to a smooth mirrorlike finish and mounted on
the anode assembly. Both types of sample yielded
exactly the same 1.~ 3 spectrum under compaxable
excitation conditions.

Absorption specimens were prepared by vacuum
coRtlng R lRyex' Gf chromium on R FormvRx' sub-
stx'Rte of Rbout 6000-A thickness. Seven spec1meQs
mere made with the chromium thickness varying
from about 0. 10 to 0. 35 mgfcm2. The optimum
thickness for obtaining good spectra appeared to be
about 0. 20 mgjcm'.

III, RESULTS AND DISCUSSION

The chromium 1.& 3 emission and absorption
spectrum from the pure metal is shown in Fig. 1(a).
Emission components are labeled with capital let-
ters, . absorption components mith lower-case let-
ters. The enexgy position of each of these com-
ponents is listed in Table I. There is general
agreement between the emission spectrum shown
here and that shown by previous workers. 9 '3

Bonnelle'0 has also shown the Cr I 3 absorption
spectrum but apparently with insufficient resolu-
tion to see the fine structure adjacent to the I z

edge as found by the pxesent author.
As was previously noted for Ti and V ' the

Cr L3 emission band can be seriously distorted by
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FIG. 1. (a) Uncorrected
Cr L2 3 emission (solid line)
and absorption (dashed line)
band spectra from pure metal.
Peak heights normalized.
(b) Method of obtaining self-
absorption spectrum of Cr.
(c) Comparison of self-absorp-
tion spectra with normal thin-
film photon absorption spec-
trum. Peak heights normal-
ized,

self-absorption effects. As the potential of the
bombarding electron beam is increased and/or the
takeoff angle decreased, there is a severe inten-
sity loss of the high-energy side of the L3 maxi-
mum as seen in Fig. 1(b). The numbers at the
l - i ht spectral tails indicate the beam voltageower-rig
and takeoff angles used to obtain the spectra. so

i Fi . 1(b)no ice rot' e from the two emission spectra o ig.
imum reatlythat the intensity of the L2 peak maximum grea y

decreases with respect to the L, peak maximum
as the beam penetration increases. This is pre-

1 for thel the same effect observed previous ycise y e
ril b theTi and V spectras'~ and is caused yrimar y y

ratio for Cr varies with beam voltage and takeoff
angle in the same manner shown previously for Ti.

he L L Auger effect places the atom in a
doubl excited state and any L3 band emis iou y
which occurs subsequent to this state wiill fall at
slightly higher energy than the normal sing e-
vacancy emission. These higher-energy emissions
are the well-known band "satellites" which can be
quite strong in the transition-metal L~ 3 spectra
and are the major reason why the self-absorption

nts and theireffect is so noticeable in these elemen

compounds.
off arth fact that self-absorption cuts o yar

of the L~ emission structure as seen in Fag. (
t that the L absorption edge overlaps part

of the L3 emission band. That part of the ban
be satellitewhich is overlapped is assumed to e

structure and it appears to reach maximum inten-
sity a a earnt b energy of two to three times the L3

TABLE I. Energy positions of intensity maxima ln
sion and absorption spectrum from pureCr L2

~ 3 emls sion
metal.

A
B
T

a L3 edge)
b

C

d
k L2 edge)

n

p

eV

570.9 +0.2
571.6+ 0.2
580.8~0.3
573.8+0.1
574. 6 i
5v5. v

588. 8 ) +0. 2
584. 2
585. 2

586.7 p

Ah 0. 01)

21.72
21.69
21.35
21.61
21.58
21.54
21.48
21.26
21.22
21.19
21,13

threshold voltage. Therefore, as the voltage of the
born ar ing eb d lectron beam is increased from
threshold on up, the satellite emission is growing
but is at the same time being suyyressed by the

lf-absorption effect. There is little wonder thense -a sor
that mucch disagreement is to be found in the i e
ture on the band shapes obtained by different inves-
tigators using d'fferent experimental conditions.

Obviously, if one expects to use an L, emission
b d t provide information about the band structure,an o

'all in the vicinity of the Fermi energy,
ects mustsatellite emission and self-absorption effec s mu

be removed from the spectrum. Self-absorption
all be made negligible by the proper com-

bination of excitation voltage and takeoff ang e u

satellite emission will be present at any beam
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voltage higher than La threshold. Liefeld'4 and

Hanzely" have shown that at electron-beam volt-
ages less than L~ threshold but greater than L,
threshold, the satellite emission is no longer
present for the L3 bands of Cu, Ni, Co, and Fe.
Obtaining an L3 band profile at threshold excitation
is quite difficult, however, and the author has been
unable to do it for Ti, V, or Cr because of insuf-
ficient emission intensity. The correct band shape
can nevertheless be reasonably well determined by
assessing the effects of self-absorption and by
knowing the position and form of the absorption
edge. Such an approach is used here for the L,
band of Cr which will be discussed a little later in
relation to the band structure.

Although self-absorption can indeed be a problem
at times, it can also be a very helpful phenomenon
in determining certain features of the absorption
spectrum. This is especially true for many transi-
tion-metal compounds for which adequate absorption
films are extremely difficult to make. The proce-
dure for obtaining self-absorption spectra is dem-
onstrated in Fig. 1(b). Two emission spectra are
used; one afflicted with little or no self-absorption
and the other afflicted with a very large amount of
self-absorption. One then measures the point-by-
point intensity ratio of the two spectra and plots
these ratios as a function of the photon energy to
obtain the results shown in Fig. 1(b). Such a self-
absorption spectrum is very similar in appearance
to the normal thin-film photon absorption spectrum
although they are not strictly equivalent. This
self-absorption technique was first demonstrated
by Liefeld'6 for heavier 3d elements and was put
to practical use by the present author for determin-
ing the structure of some compounds of Ti, V, and

Cr. ~ '7 ' An additional advantage of the technique
is that both emission and absorption spectra can be
obtained from the same sample at the same time
so that they are automatically matched properly on
the energy scale and represent the same physical
and chemical state of the material.

A comparison of the L3 self-absorption and thin-
film photon absorption spectra for Cr is shown in
Fig. 1(c), The self-absorption spectra are plotted
in two ways: as the directly determined emission
intensity ratio and as the log of this ratio. For
normal absorption studies, the common practice is
to use the log function but for self-absorption spec-
tra it is often found that the straight ratio itself
gives a better approximation to the true photon ab-
sorption than does the log of the ratio. '4 '9 The
important part of the comparison of Fig. 1(c) is
that the main features of the two types of spectra
agree quite well. The absorption edge, the max-
ima, and the minima are all reproduced at the
same energy positions for- both the L, and L~ com-
ponents. This helps increase our confidence in

E

pure Cr

ulian et ai.

Givens

I I I I I I I I I I I
-2 0 +2 +4 +6

RELATIVE ENERGY (eV)

FIG. 2. Comparison of Cr L,3 absorption Mth M2 3
abdorptiori obtained by Aga~l and Givens (Ref.' 23.) and
Yomboulian et aE. (Ref. : 22).

both the self-absorption measurements and in the
thin-film absorption data. Having confidence in

the position of the L3 edge is especially important
because the Fermi energy is assumed to be at this
position in discussions to follow.

As is well known, the absorption fine features
within several eV of the edge should reflect infor-
mation about the structures of the normally vacant
electronic states. In the first transition series the
lowest empty states are primarily of 3d character
so that the I ~ 3 or M2, absorption spectra should
contain this information. It is seen in Fig. 1 that
there are three maxima (b, c, and d) observed just
above the L 3 edge in Cr. In the only other recent
study of the Cr L, absorption, Bonnelle'0' ob-
served only a single broad maximum. If the three
maxima shown in Fig. 1 are indeed related to the
structure of vacant 3d states, then one might rea-
sonably expect to see similar maxima in the M»
absorption spectrum. Cr M2, absorption has been
reported by Agarwal and Givens ' and Tomboulian
et al. ~3 Their results are compared with the L3
absorption in Fig. 2. As can be seen, the two M
spectra are not in very good agreement with each
other although Agarwal and Givens's results are in

fairly good agreement with the L, spectrum. One
of the problems with the M, , spectra is that M~
and M, levels are separated by only 1 eV or so and

the fine structure near the edge could be a combina-
tion of M~ and Ms absorption features. This prob-
lem does not exist in the I 2 3 spectra since the

L2 and I 3 levels are well resolved from each other
as evident in Fig. 1. The fine features observed
near the L3 edge are further supported by compar-
isons which will be made later with theoretical
band-structure calculations. From the curves in
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Fig. 2 it appears that the M2 3 absorption spec-
trum of Agarwal and Givens is to be preferred over
that of Tomboulian et al. It is further noted that
the Cr K absorption spectrum has been carefully
recorded and shows no evidence of fine structure
within 5 eV or so of the edge. This lends more
weight to the assumption that maxima 5, c, and
d in the L3 spectrum are indicative only of struc-
ture in the vacant 3d states.

While the absorption spectra contain certain
useful information about the vacant states, it is
the occupied band states which are of primary in-
terest in the transition metals, at least from the
experimental standpoint. In studying the structure
of vacant states one is fairly well restricted to
SXS data. For the occupied states, however, a
few newer techniques such as UPS, INS, and XPS,
in addition to SXS, are available to the experi-
mentalist. All of these techniques provide informa-
tion related to the density of occupied states, but
comparing the various results with each other is
sometimes difficult. This is so because each
technique involves different electronic transitions
and differ ent transition probabilities. Neverthe-
less, it can be instructive to compare SXS, UPS,
INS, and XPS data for a, given element as has been
done recently for Cu. ' In the case of the lighter
Sd elements such as Ti, V, and Cr this cannot yet
be done because no INS or XPS data on them has
appeared. There are several SXS and UPS results
available for Cr, however, and these will now be
compared with each other and with some theoretical
predictions.

As mentioned in the introduction, the generally
accepted picture of the band structure of the first-
series transition metals is one of a narrow Sd
band of high-level density overlaying a broad 4s-

4p band of low-level density. On this basis, one
would expect the L3 and M3 emission bands to be
very similar to each other but very different from
the K band. The extent to which this is true in Cr
is illustrated in Fig. 3.

In Fig. 3(b), the L, band obtained in this study is
compared with the M~ band of Skinner et al. As
can be seen, the bands agree in some respects but
there are also some disparities. The M, band is
less intense at the Fermi energy (Ez) than is the
I 3 and may, in part, be due to self-absorption ef-
fects of which Skinner et a/. made no mention. -

There are also two humps in the M, band to the
high-energy side of the peak maximum which are
not observed at a,ll in the. L, band. In addition, the
M, band is somewhat broader at half-maximum
and does not show the extended tailing observed in
the L, band. Cuthill et al. and Dobbyn et al. '
showed similar discrepancies in the I, and M,
bands of ¹i and Cu and postulated that it was caused
by the fact that @ and 3p inner levels have quite
different radial wave functions. If this is indeed
the cause, then the same argument could be ap-
plied to Cr to explain the band differences in
Fig. 3(b).

In Fig. 3(a) the L, band is compared with the X
band published by Nemoshkalenko and Nagornyi. ~
Considering the different experimental conditions,
instrumental resolution, inner -level widths, and
inner-level wave symmetry, these bands are in
rather good agreement. The E band should reflect
primarily the distribution of 4P symmetry as op-
posed to the Le-band reflection of Sd and 4s sym-
metry. Many theoretical treatments of the band
structure of Cr and other transition metals con-
sider the admixture of 4p states into the Sd4s band
to be rather unimportant. However, the very fact
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TABLE II. Energy measurements on SXS I 3 emis-
sion bands shown in Fig. 4. All values given in eV.

Element

Ti
V
Cr
Fe~

Separation
between &~
and emission

maximum

1.3
0.9
2.2
1.2

Width
at half-

maximum

2.4
3.0
4. 5
2. 8

Full width

4.9
6.3
7.0

See Ref. 15.

that the K emission band and K absorption edge are
observed and occur over the same energy ranges
as the L, and M, spectra indicates that p states are
probably admixed over the entire extent of the
M4s band.

Concentrating now on the Cr L, SXS results, let
us assume that the emission and absorption spectra
of Fig. 1(a) are reliable and truly characteristic
of pure Cr metal. What type of information about
the energy-band structure can we reasonably ex-
pect to extract from these spectra? As discussed
in the Introduction, we certainly cannot obtain
directly the density of states as many investigators
at one time believed. W'e can, however, hope to
obtain some data which are related to the density
of states. Primarily, the measurements of most
interest would be (a) the position of the Fermi
energy, (b) the total width of the occupied band
states, and (c) the positions of certain maxima and
minima in both the occupied and vacant portions
of the density-of-states curve. Since the L,
emission band, with the excitation conditions used
in this work, has considerable satellite emission
present at the L, edge, the edge itself is not ob-
servable. It will be assumed, though, that the
emission and absorption edges coincide and that
the absorption edge therefore determines the po-
sition of E&. By using the edge position obtained
in the self-absorption spectrum [see Fig. 1(b)j,
E& can be accurately placed on the L, emission
band.

The assessment of the bandwidth and importance
of certain maxima and minima will now be handled
in three stages. First, the Cr L, SXS band will
be compared to the Ti and V SXS bands obtained
previously. Then the SXS bands will be compared
to UPS optical density-of -states curves. Finally,
the spectra will be compared to some theoretical
band-structure calculations.

In Fig. 3(c) are shown the SXS I., emission
bands of Ti, V, and Cr. The Ti and V bands are
the same ones shown in previous reports. '7 The
two important points of comparison are the band
shapes and bandwidths. In determining the width

of a transition-metal I.3 band, certain simplifying
assumptions must be made in measuring the posi-
tion of the low-energy limit. The classical meth-
od of fixing this limit is to assume that the band
tail follows the E' law for L spectra, and the E '
law for K spectra. For the L3 bands of most of the
3d metals, however, the low-energy tails do not
follow this law because of the well-known extended
tailing which occurs. This extended tailing is
particularly evident in the Cr L, band and is prob-
ably due to a combination of effects such as Auger
processes and other electron-electron interac-
tions. ' The method used here to approximate
the bottom of this barid is to extrapolate to back-
ground the linear portion of the low-energy slope.
This extrapolation is indicated by the dashed line
in Fig. 3(c). For Cr this extrapolation is rather
straightforward but in the Ti and V bands there is
an extra hump near the tail labeled S. The question
arises as to what causes this hump and whether or
not it should be included in the bandwidth measure-
ment. In previous reports on Ti and V' it was
suggested that this hump arises from 4s states with
the main part of the band being representative of
M states. This suggestion is further supported by
the fact that when hump S is included, the measured
bandwidth is in rather good agreement with theo-
retical predictions of the width of the occupied
3d4s band. '7 For the Cr I., band, no hump is
evident at the tail so that any contribution to the
spectrum which may occur from the 4s states
cannot be definitely identified as such. There is
no way of differentiating between possible 4s
structure and the extended tailing which dominates
the low-energy side of the emission band. It will
be shown momentarily, however, that the bandwidth
obtained by the linear extrapolation of the low-en-
ergy slope agrees quite well with the theoretical
value for the occupied Sd4s width in chromium.
The width of the d band alone will be seen to be
approximated by the width at half -maximum of the
L3 band. The measured L, widths are listed in
Table II and it is noted that these values are un-
corrected for instrumental broadening- and internal-
level width. From the spectra of Fig. 3(c) it ap-
pears that the width of the occupied states in-
creases in going from Ti to V to Cr in about the
proportion calculated by Mattheiss. + It is also
evident that the separation of the band maximum
from E~ is different in each case. This is pre-
dicted by specific-heat measurements and will be
discussed in more detail shortly.

The only other deep-band experimental studies,
besides SXS, which have been reported for Cr are
the UPS results of Lapeyre and Kress and of
Eastman. '~ Eastman also reports data on Ti and
V. The comparison between SXS curves and UPS
optical density-of-states curves for Ti, V, Cr,



1784 DAVID W. FISCHER

FE
EF

B

S--—U

I-6

T= 49ev

EF

6.3ev
I & I I I I I

-6 -4 -2 0

EF

FIG. 4. Comparison of
SXS L3 bands and UPS op-
tical density-of-states cur-
ves for Ti V Cr and Fe
&ll curves normalized to
same peak height. Ti, V,
and Cr L3 bands obtained
by present author. Fe SXS
from Hanzely (Ref. 15) and
UPS from Eastman (Refs.
8 and 29) and Lapeyre and
Kress (Ref. 28).

7.0eV =
I

I I I I I I I I I I I I I
-10 -8 -6 -4 -2 0

I I I I I I I I I-8 -6 -4 -2 0

RELATIVE ENERGY(eV)

and Fe are given in Fig. 4. In comparing SXS
and UPS results it must be kept in mind that they
represent different excitation mechanisms and
transition probabilities and therefore an exact
matchup is not expected. The element of main
interest here is Cr, but it is felt that the experi-
mental results can be better evaluated by also
having at hand the curves for its nearest neighbors
in the Periodic Table. Also, the series V-Cr-Fe
is of interest because all three elements have the
same bcc structure. The Fe SXS L3 band in Fig.
4 is taken from the work of Hanzely 5 and was ob-
tained at threshold excitation. It will be noticed
that the agreement between the SXS and UPS curves
is not the same for each element. The best agree-
ment is found for vanadium where the two curves
have a similar shape and width with the main max-
ima at comparable positions and the same intensity
at E~. For Ti the two curves have about the same
width but the SXS maximum is shifted to a lower
energy. Also, there is no evidence of a maximum
in the UPS curve at about —4 eV corresponding to
hump S in the SXS spectrum. This hump is also
absent in the V UPS curve but present in the SXS
curve. Strangely enough, just the opposite phe-
nomenon is observed for Cr and Fe where a low-
energy maximum is observed in the UPS curve
but not in the SXS. For Cr two UPS curves are
shown, one from Eastman, ~ the other from
Lapeyre and Kress. ' They are in good agreement
with each other except for the magnitude of the peak
at about —5. 5 eV. This peak is not present in the

SXS curve and is not predicted by theoretical cal-
culations. A similar low -energy peak is ob-
served in the UPS curve for Fe, but not in the SXS
curve or in the theoretical predictions. Since
Eastman~ found that a similar anomalous peak
which had been reported in the UPS optical density
of states of Ni and Co was due to spurious surface
effects, one might wonder whether this peak in the
Cr and Fe curves is also anomalous and not truly
characteristic of the density of states. There are
also peaks in the UPS curves from Cr at about
-0.4 and —1.0 eV which are not observed in the
SXS curve. Good agreement is found, however,
on the position of the most intense peak, on the
intensity at E~, and on the bandwidth. Because of
the different information carried in UPS and SXS
data, it is difficult to judge how meaningful the
discrepancies are.

Another point of interest concerning the SXSL3
bands in Fig. 4 has to do with the separation of the
peak maximum from E~. The measured values are
listed in Table II. They are found to be in good .

agreement with specific-heat measurements of the
density of states at E~. 3'~4 This is especially evi-
dent for Cr where specific-heat measurements in-
dicate that E~ falls at a minimum in the density of
state. The SXS L3 emission and absorption curves
clearly support this.

Three of the elements represented in Fig. 4 cry-
stallize in the bcc structure. There has been some
discussion in the literature as to whether or not the
rigid-band model can be used to describe their en-
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FIG. 5. Comparison of Cr SXS L3 emission and absorp-
tion curves with calculated 3d density of states from As-
dente and Friedel (Ref. 30) and with band-structure re-
sults of Asano and Yamashita (Ref. 32).

ergy-band structure. In going from V to Cr, the
SXS Ls bands could be roughly described as indicat-
ing the same structure with E& shifted by about
+ 1.3 eV. This is in agreement with the rigid-band
model. When moving to Fe, however, the L3 band
does not show the expected form. This would in-
dicate that the rigid-band model does not apply.

Let us now compare the Cr SXS I 3 emission and
absorption curves to some theoretical predictions.
Energy-band calculations for Cr have been reported
by Asdente and Friedel, Lomer, Mattheiss,
and Asano and Yamashita. Only Asdente and
Friedel, however, show a density-of-states curve
but their calculations involved only the 3d states
with no 4s hybridization. Their results are shown
in Fig. 5 and compared to the SXS I 3 curves. In
certain respects there is quite good agreement be-
tween the two. Peaks A and B in the emission
band and peaks b and c in the absorption curve
match up nicely with peaks in the density of states.
Also, the Fermi energy is in a trough in both
cases. There is nothing in the emission band, how-
ever, to correspond to the calculated peak at about
—3.8 eV. Also, peak d in the absorption spectrum
has no counterpart in the calculated structure al-
though its position is confirmed by the M, absorp-
tion spectrum (see Fig. 2). The width at half-max-
imum of the emission band corresponds quite well
to the calculated width of the occupied d states. The
total I 3 band, however, extends farther to lower

energy than the calculated structure which may, in
part, be due to the contribution of 4s states which
were not considered in the calculation. Asano and
Yamashita, however, did include the 4s states in
their calculations [Korringa-Kohn-Rostoker (KKR)
method] and obtained a total width of occupied states
of 7.0 eV. This is in excellent agreement with the
full L3 bandwidth determined by the linear extrapo-
lation of the low-energy tail. Such close agreement
in bandwidths may indeed be fortuitous, but it may
also indicate that the 4s states do contribute some-
what to the low-energy tailing. Although Asano and
Yamashita did not show a density-of-states curve,
certain prominent features of such a curve can be
inferred from their energy-band calculations. These
features include the bottom of the s states (I', ), the
bottom of the d states (I',z), the top of the d states
(r@,) and the most prominent peaks. Their energy
positions are indicated by vertical lines at the top
of Fig. 5. It is seen that the d-states' features
are in rather good agreement with the results of
Asdente and Friedel. The various bandwidth mea-
surements are summarized in Table III.

TABLE III. Width of occupied states in pure Cr. All
values given in eV.

Calculated

Asdente and Friedel (Ref. 30) 4. 5

Lomer (Ref. 31) 4.0
Mattheiss (Ref. 27) 4. 2
Asano and Yamashita (Ref. 27) 4.4
Mattheiss (Ref. 35) ~ ~ ~

3d4s

(tight-binding
approximation)

8.1 (APW method)
8.0 (APW method)
7.0 (KKR method)
6. 9 (APW method)

Experimental

SXS L3 (present work)
UPS (Ref. 8)

Width
at half-

maximum Full width

7.0
7

Augmented-plane-wave method.

IV. SUMMARY

The chromium SXS I &,3 emission and absorption
spectra have been recorded and discussed in rela-
tion to the energy-band structure. Results were
evaluated by comparing the Ls spectra with the SXS
M&, 3 and K bands, with UPS optical density-of-states
curves, with theoretical band structures, and with
comparable studies on Ti, V, and Fe.

In several respects there appears to be reason-
ably good agreement between theory and the various
experimental results. The over-all picture that is
suggested for Cr is one of a 3d band having an
occupied width of about 4. 5 eV overlapping a broader
4s band which extends to around 7 eV below E&.
Both theory and experiment agree that the Fermi
energy is at a minimum in the density of states.
There is a tolerable matchup between most maxima
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and minima in the SXS curves and density of states
but there are also some discrepancies. Over-all,
however, the agreements are most encouraging.

The disagreements which occur are primarily in
the fine features and are not considered as being
particularly serious at the present state of the art.
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The results of an extensive investigation of the magnetoresistive properties of gallium are
presented. It is found that the Fermi surface of gallium is topologically open in the k„and k~
directions. Atleastfivedifferentopen-orbit regions are found; of these, -several apparently
result from the effects of magnetic breakdown. The consistency of the data with recent pseudo-
potential calculations is discussed.

I. INTRODUCTION

Although considerable experimental and theoret-
ical work has been performed over a period of sev-
eral years in an attempt to understand the Fermi
surface and electronic band structure of gallium, a
consistent picture has only recently been achieved
by Reed's pseudopotential analysis. ~ An extensive

bibliography and discussion of this previous work
is contained in Reed's payer and will not be included
here.

The results of a complete investigation of the mag-
netoresistive properties of gallium are presented in
this paper. The data reported here have been sum-
marized in Reed's paper together with an analysis
which shows that it is compatible with his Fermi-


