Z. Physik B - Condensed Matter 38, 191-199 (1980)

Condensed

Zeitschrift

fr Physik B Matter

© by Springer-Verlag 1980

I. XPS Study of 3d-Metal Ions Dissolved in Aluminium

P. Steiner, H. Hochst*, W. Steffen, and S. Hiifner

Fachbereich Physik der Universitdt des Saarlandes, Saarbriicken,
Federal Republic of Germany

Received February 22, 1980

The core and valence band spectra of dilute AIMn, AINi and AICu alloys have been
investigated by x-ray induced photoemission spectroscopy (XPS). The 2p levels of Mn
and Cu in AlMn and AlCu change only slightly compared to their properties in the pure
metals, whereas those of Ni in AINi lose both their asymmetry and the two hole satellite.
The 35 spectra of Mn in AIMn show a splitting of 2.9 eV, as compared to 4.3 eV in Mn
metal. This indicates that in AIMn the Mn ion is magnetic, at least in the time scale of
the XPS measurement. The valence band spectra of the alloys (and of AlFe and AICo)
show virtual bound states with a width of about 1.5eV and a distance relative to the
Fermi enetgy which increases with increasing d-occupancy. The energy of the Al

plasmons increase with increasing d-metal content.

I. Introduction

The investigation of transition metal impurities in
simple metals is interesting in its own right but also
as one of the steps for an understanding of the band
structure of the metals themselves. The state of a d-
electron in a s-p-band metal is generally described by
the Friedel-Anderson virtual bound state (vbs) model
[1, 2] which treats the d-orbital in the Hartree-Fock
approximation as sitting in the s-p conduction band.
This model has been contested by Hirst [3], who
suggested the use of an approach for d-metal impu-
rities which has generally been thought to be applic-
able only to 4f elements. This approximation con-
structs first the ionic groundstate and then places it
into the conduction band. At present it is difficult to
decide on the basis of the experimental material
available, which model represents the situation cor-
rectly.

In the case of nonmagnetic impurities (eg. AICu) both
approaches lead to the same electronic energy level
schemes, namely an impurity resonance in the s-p
conduction band. In the magnetic case, however, the
Anderson model [2] would predict an exchange split
doublet, whereas the Hirst model [3] would predict
one or more Hunds rule states, split by a crystal field
and broadened by the interaction with the conduc-
tion electrons.

* Present address: Max-Planck-Institut fiir Festkorperforschung,
D-7000 Stuttgart 80, Federal Republic of Germany

The situation is complicated by the following fact: d-
electron ions in s-p band metals (simple metals) are
rarely magnetic [4, 5] and due to problems of their
preparation and handling have not received very
large attention from experimentalists. The “classical”
impurity systems - like e.g. CuFe, CuMn, AuFe etc.,
to name only a few - which have generally been used
to test theoretical predictions, should, however, be
viewed with some reservation in this respect. Al-
though it is generally argued, that these materials
accurately correspond to the theoretical models of a
d-metal in a s-p-band host metal, one has to notice,
that in reality an open d-metal ion is sitting in a
closed shell-d-metal band. It is not obvious whether it
is reasonable to neglect the closed d-shell of the host
altogether. In fact recent cluster calculations by John-
son et al. [6] do at least indicate, that there is a
large hybridization between the impurity and the
host d-electron states which influences the energy
level scheme of systems like CuFe strongly.

Our laboratory has had a standing interest [7] in the
electronic structure of the systems characterized
above. The bulk of the data accumulated so far by
electron spectroscopy on systems like CuFe can pos-
sibly be interpreted [8] in the frame of the calcu-
lations of Johnson et al. [6]. It would be premature,
however, to state that they prove them. It was there-
fore decided to publish some of the material obtained
so far. In this communication, we shall start with the
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simple systems AlMn, AINi and AICu together with
our earlier data on AlFe and AlCo [7] which can be
viewed as models for d-electrons in a s-p conduction
band. Of these alloys AlMn is generally viewed as a
spin fluctuation system whereas the other are non-
magnetic alloys [4]. In nonmagnetic alloys the vbs
picture has found wide verification by optical data [ 5,
9, 10] and by direct electron spectroscopy [7, 11, 12],
especially in the situation where the host metal has a
closed d-shell, (e.g. AgPd). Here the d-resonance is
found sitting in the s-p-band, showing a Lorentzian
shape, with only minor modifications in the host d-
band visible.

Optical data of AIMn and AlICu alloys have been
published by Beaglehole and Wihl [9] and compari-
son with this work will be made at the appropriate
places of this paper.

IL. Experimental

The spectra were recorded with a modified Hewlett-
Packard 5950 A spectrometer. The energy resolution
of the nstrument is 0.6 V. The pressure in the instru-
ment was in the low 10~'! Torr range. The solid
solubility of d-metal impurities in aluminium is nor-
mally very small. One can, however, produce metas-
table alloys by coevaporation [9], a method which
was employed also in the present investigation. The
XPS data show that precipitation must be small
because no second phase could be detected in the
core level or valence band spectra. The contami-
nation of the samples was monitored by the C 1s and
O 15 line. Measurements were stopped as soon as the
O 15 line became visible. The concentrations were
determined from the Al 25 or Al 2p spectra and the
impurity 2 p spectra. The intensity ratio of two core
lines 1s given by [13]

oy MEg) 1,
0y MEg,) 1,

where I, and I, are the intensities of the lines, ¢, and
6, are the differential photoabsorption crossections
for Al K, radiation (hew =1,487eV); A(Ey)), A(Eg,) are
the escape depths of the electrons emitted with kinet-
ic energies E , Ey , where the kinetic energies Ey are
obtained from the binding energy E of the line by E,
=hw—E; n,,n, is the number of atoms of the cor-
responding elements per unit volume of the alloy.
The intensities were determined from the spectra by
using the non-divergent Mahan lineshape [14]. The
crossections were taken from Scofield [15] and from
Reilman et al. [16]. The escape depths were calculat-
ed from the relation given by Penn [17]

_ EK
" a-(In(Ey)+b)

11/12: (1)

(2)

.

where a and b are constants depending only on the
sample.

This relation is valid for E;>200¢eV and is therefore
very well suited for XPS investigations. For most
materials the constant b is approximately 2.3. Equa-
tion (2) can then be approximated [18] by

J=a*-EY7! 3)

where a is a new constant, depending only on the
sample. Using this we get for the intensity ratio

L:"_{E}_ 1)

I, o, (Eg, 1y

Of course, Eq. (1) can only be used for the de-
termination of element concentrations in a homo-
geneous system, and its use may be questionable for
Ni because of the very low solubility of Ni in Al [19].
It is also necessary that the energy loss contribution
should have the same structure for both XPS lines.
This is the case for AICu, AINi and AlMn. For AINi
the intensity of the two-hole satellite of the Ni 2p
lines has also to be taken into account. With these
reservations in mind the intensities determined with
(1) can at best have an accuracy of about 10 percent
and will probably be even less accurate for the case of
AINi.

III. Core Level Spectra
a) AlCu; Cu2p Lines

XPS spectra of an AlCu, 4,5 alloy are shown in
Fig. 1. The fits to the spectra have been obtained as
explained in detail in a previous communication
[14]. The asymmetry parameter of the Al lines («
=0.10) was the same as in pure Al. The plasmons
were approximated by two Lorentzians of different
height and width in order to simulate the effect of the
dispersion on the plasmon lineshape. The parameters
obtained from the fit of the Al 25 line are in good
agreement with those of pure Al, a not unexpected
result in view of the low impurity concentration.

The Cu 2p spectrum exhibits clearly the Al loss
structure accompanying the Cu lines. This loss struc-
ture has parameters identical to those obtained from
the Al 25 lines of this alloy. The asymmetry parame-
ter for the Cu lines is small (x=0.02) with the same
value as in pure Cu and does not show a dependence
on concentration.

b) AINi, Ni 2p Lines

A Ni 2p spectrum of an AINi, ,,, alloy is shown in
Fig. 2. In this system the situation is less favourable
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Fig. 1. XPS spectra of the Al 25 region and of the Cu 2 p region of
an AlCu alloy. The solid line through the data points is the result
of a fit. BG is a smooth background. The positions of the volume
plasmons (v.pl.) and surface plasmons (s.pl.) are indicated

than for the AiCu alloys because the Al volume
plasmon accompanying the Ni 2p,, line overlaps
strongly the Ni 2p,, line. This makes the evaluation
of the data slightly less accurate than for AICu. The
asymmetry parameter for the Ni 2p lines (x=0.03) is
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Fig. 3. XPS spectra of the Ni 2 p region of Ni metal and of an AINi
alloy. The position of the different volume plasmon (v.pl) and
surface plasmon (s.pl.) lines in AINi and of the satellite (Sat.} lines
in Ni metal are indicated

nearly the same as for the 2p lines of Cu in AlCu and
shows no dependence on concentration up to 10 per-
cent. This value is much smaller than in pure Ni («
=0.22). The core and valence band spectra of Ni and
Ni compounds have received much attention recently
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Fig. 2. XPS spectrum of the Ni 2 p region of an AINi
alloy. The solid line through the data points is the
result of a fit. BG is a smooth background. The
position of the volume plasmons (v.pl) and surface
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because of some unique features [20-21]. To faci-
litate the discussion, Fig. 3 shows a Ni 2p spectrum
of Ni metal and a Ni 2p spectrum of a AlINi, ¢,
alloy. These spectra clearly indicate the problem. The
Ni metal spectra show a very high background on the
high binding energy side and in addition are accom-
panied by a satellite at about 6 eV to larger binding
energies. This satellite is visible in all core levels and
also in the valence band and has been the focus of
much speculation.

The large background in the spectra of Ni metal can
be analyzed with a Mahan lineshape yielding o«=0.22.
We are of course aware of the fact that this lineshape
function only applies rigorously to a free electron
metal [22], but it can be used here as a sensible
approximation. This means in essence that there
is a large probability for low lying electron-hole
excitations accompanying the creation of the photo-
hole. Since the density of states of Ni is large at the
Fermi energy, this is in accord with this picture,
(large o’s are also found for Fe, Pd, Pt ctc). The
situation in AINi alloys is very different. Here the Ni
d-electrons are sitting in a vbs removed from the
Fermi energy (see Fig.9) and thus the d-density of
states is small there. This makes the small o under-
standable.

The 6¢V satellite clearly visible in the Ni metal
spectra is absent in the AINi, o, spectra (and the
AINi, 4,5 spectrum in Fig. 2. We can not exclude the
possibility that there is a small signal at this position,
however, it is certainly largely reduced as compared
to Ni metal). Satellites are a very common feature in
photoelectron spectra - however their intensity re-
lative to the main line varies vastly. In essence these
satellites are a consequence of the fact that the elec-
tronic states in atoms, molecules and solids, are not
one electron states. Therefore in the photoemission
process there is always a finite possibility of exciting
two electrons instead of one, and the two hole states
thus produced are the origin of the satellites — where
the main lines are called one hole states in this
picture. The explanation of the 6 eV satellites in Ni
metal as due to a two hole state was given by Mott
[23] and later by Hiifner and Wertheim [20] along
the lines of theoretical calculations of Kotani and
Toyozawa [24]. It was argued that the strength of the
satellite is particularly large in Ni metal, because in
this case a second electron is excited into an empty d-
state just above the Fermi energy. This view also
explains why the strong satellite must be absent in
AINi. In this system the d-states are all filled and far
away from the Fermi energy, making the transfer into
an empty d-state impossible. It has to be added, that
other two electron transitions are possible in AINi,
but are too weak to be observable.

Thus it is concluded from these experiments that the
prime requirement for the sirong 6 eV satellite to be
observable in Ni and its compounds, is the existence
of an unoccupied d-state and not the chemical nature
of the Ni ion. Therefore the satellite is observed in Ni
metal [20] Ni-phtalocyanine [25] and “atomic”™ Ni
[21] - all of which have unoccupied d-states — and
can not be seen in AINi because {as we will show
later) it has no empty d-state although the Ni d-states
in AINi are certainly more localized than e.g. in Ni
metal, meaning that the degree of localization has
little influence on the satellite intensity.

This interpretation is also in agreement with the
Fano [26] type resonance enhancement observed re-
cently for the satellites. This means that in experi-
ments employing synchrotron radiation a large
intensity enhancement of the satellites is observed if
the photon energy is swept through the 3p binding
energy [21].

It is assumed for the sake of the argument, that Ni is
in a 3p®3d® configuration in the groundstate. This
leads in a photoemission excitation from the d-band
to 3p®3d%d* (main line) and 3p®3d7d* (satellite
line) as the one hole and two hole state respectively,
where we have marked the screening electron by a
star. The resonance enhancement of the satellite can
now occur if the final state 3p® 3d” d* is achieved by
a different process:

Auger

3p°d°d* ——>3p%d7 d* +e

. photon
3p6 d9 + hCU emission
where at resonance the kinetic energy of the electron
must be identical to that of a d-electron excited in a
two electron excitation leaving behind the 3p®3d’ d*
final state. One realizes immediately that this type of
process is again very general because the screening
electron can also be a s or p-electron, and indeed the
resonance enhancement has been observed in Cu-
metal and Cu-phtalocyanine [27].

¢) AIMn, Mn2p Lines

A spectrum of the Mn 2p lines in an AlMn, ,, alloy
is shown in Fig. 4. Again the Al loss structure accom-
panying the lines is clearly visible. The fit to the
experimental spectrum is not perfect. The asymmetry
parameter deduced from the fit is «=0.21, and varies
only slightly as a function of the Mn concentration.
This value cannot be compared with the one ob-
tained in pure Mn because in that case the lines
could not be reproduced by a Mahan lineshape. This
is presumably due to the occurrence of complicated
final state structure in the spectra of pure Mn due to
the unfilled d-shell [28]. Such structure although less
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Fig. 4. XPS spectrum of the Mn 2 p region of an A]Mn alloy. The
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Fig. 5. Plasmon energy of the volume plasmon in AIMn alloys as
function of the Mn concentration

important should also be visible in AIMn alloys and
it may be the reason for the unsatisfactory fit of the
experimental spectrum.

The Mn alloys were investigated over the widest
range of impurity concentration and therefore give
the most information about the dependence of the
plasmon energy on concentration. The results in
Fig. 5 show a slight increase in the plasmon energy
with increasing Mn concentration. A similar trend
has been observed by Beaglehole and Wihl [9] in
optical measurements.

d) AlMn, Mn 3s

The s lines of open shell ions (d- and f-ions) show a
splitting [28], which is a result of the coupling of the
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Fig. 6. XPS spectrum of the Mn 3s region in Mn metal. The solid
line through the data points is the result of a fit. BG is a smooth
background

spin of the final state photohole to the spin of the open
shell. Such splittings are well established and Fig.6
which shows the 3s line of Mn metal, which clearly
exhibits a splitting of 4.3 eV, as found also previously
by McFeely et al. [29]. This spectrum can also be
used to determine the asymmetry parameters and
yields a=0.24 - not too different from «=0.21 in
AlMn. This indicates that the local electronic en-
vironment in the alloy is similar to that in Mn. And
in fact the vbs of AIMn intersects the Fermi energy
(see Sect. IV), yielding a high local density of states at
E,. The analysis of the 3s line in AlMn is com-
plicated by the Al loss structure. Figure 7 shows the
spectrum of a 30 percent AIMn alloy in the region of
interest and one can see that the surface plasmon of
the Al 2 p line coincides with the Mn 3 s line at 83 eV.
Consequently the plasmon structure of the Al 25 line
was subtracted from this spectrum in order to dis-
play the Mn 3s line clearly. Figure 8 shows the Mn
3 s line obtained in this way for AIMn, 5, AIMn, ;5
and AIMn, ;4. In all spectra the 3s splitting is vis-
ible; an analysis of the spectra yields a splitting of
2.9 eV, as compared to 4.3 ¢V in Mn metal [29] and
6.6 eV in MnF, (30). This splitting is a further proof
of the magnetic nature of AIMn. A magnetic moment
on the Mn ion may only be present, however, on the
time scale of the XPS measurement of 10~!3s, Thus
if we attribute the 6.6eV splitting in FMn, to a
moment of 5pug, then the 2.9 eV splitting in AlMn
would indicate a moment of 2.2 u, per Mn ion in the
alloy. This is a very large value in view of the fact
that only an enhanced Pauli paramagnetic suscepti-
bility has been observed in susceptibility experiments
[31].

The latter result is probably due to the high spin
fluctuation temperature around 500 K. However the
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Fig. 8. XPS spectra of the Mn3s region in several AlMn alloys after
subtracting the background resulting from the plasmons (see Fig.
7) accompanying the Al 2p line. The solid lines through the data
points are results of a fit with two lines

depression of the superconducting transition temper-
ature could be explained with a moment of 5 uj using
a spin fluctuation theory [32]. Thus the moment
obtained in the XPS experiments does not contradict
either of the other experimental results, because each
of them has been performed on a different time scale.
It is interesting, however, that by the XPS technique
the moment can be directly measured.

IV. Valence Band Spectra

Since the systems investigated here are nonmagnetic
(with the exception of AlMn, which is spinfluctuat-
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ing) we can safely analyse the valence band spectra
by the vbs model. For small concentrations this
would mean that a symmetrical peak is superimposed
on the Al valence band density of states. There will
be of course some hybridization and in fact a smear-
ing out of sharp features in the Al density of states by
alloying have been observed by Beaglehole and Wihl
[9], but for the accuracy of the present data this can
be neglected.

In order to analyse the data we have therefore tried
to fit them by a superposition of an Al valence band
and a line having a Mahan Doniach Sunji¢ line shape
[14], where the asymmetry parameter « is the same
as for the corresponding 2p core lines and its width
and position are to be determined. In order to faci-
litate this procedure the experimental Al spectrum
was converted to a smoothed curve, which is shown
in Fig. 9. Figure 9 shows also the valence band alloy
spectra analysed in the manner described above and
one can see that the data are well represented by the
approach chosen.

The parameters extracted from the data analysis are
given in Table 1. We note that for Mn, Ni and Cu
impurities a number of samples were analysed but for
Fe and Co only two were used and so the latter data
are less reliable.

The energy of the vbs as a function of d-shell occup-
ancy is shown in Fig. 10. It shows the expected be-
havior, namely that with increasing number of d-
electrons the separation from the Fermi energy in-
creases. Extrapolation of the data shows that the vbs
would directly intersect the Fermi energy at Cr as
expected from resistivity data and from theoretical
calculations.

The values for the width of the vbs in Table 1 contain
a contribution from the lifetime of the photohole as
well as the contribution from the interaction of the
vbs with the conduction electrons. The values in
Table 1 can therefore only be regarded as an upper
limit for the ground state width of the vbs. The values
obtained for AlFe and AICu are in good agreement
with those determined from the depression of the
superconducting transition temperature [32]. They
are, however, larger than the effective widths of about
0.4 eV obtained by analysing transport data [31].
The vbs in AlCu is slightly narrower and at a slightly
lower energy than in CuAl, [33], a consequence of
the higher Al concentration. The same is true in a
comparison of the data in AINi and the AINi in-
termetallic compound [34]. The values of the vbs
parameters presented in Table 1 are in reasonable
agreement with recent theoretical calculations on the
basis of scattering theory [35]. Again within this
framework and using only d wave scattering the
occupancy of the d shell can be calculated from the
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Table 1. Virtual bound state parameters for 3d ions in Al

Ion E, 24 n, E(2ps,) ) AE
(eV) (eV) (eV) V) (eV)
Mn 0.7(2) 1.4(3) 7.5(6) 638.7(1) 3.8 0.4(1)
Fe 09(3) 1.5(4) 7.8(7) 707.0(2) 43 —02(2)
Co 1.5(3) 1.6(4) 8.4(4) 778.4(2) 44 —-02(Q2)
Ni 2.4(2) 1.2(2) 9.2(2) 853.7(1) 4.5 0.2(1)
Cu 4.5(2) 1.1(2) 9.6(1) 933.7(1) 4.4 0.7(1)

P (A)=425¢eV

Numbers given in parentheses represent the experimental errors
for the last significant figures.

E,=position of the vbs relative to Ep

2 A=full width at half maximum of the vbs

n,=occupancy of the vbs calculated with Eq. (4)
E(2ps;;)=Dbinding of the 2p;;, core line of the 3d impurity in Al
¢ =work function of the pure elements [13]

AE = chemical shift of the 2 p;, core lines of the 3d impurity in Al
relative to the pure 3d metals.

relation [2]

10 —E
ny=-_arccig { y d}. 4)

These numbers are also given in Table 1. The error
bars are large for Mn and Fe. Except for Mn these
numbers are in agreement with the assumption, sub-
stantiated by various experimental findings, that for

i state from the 3 d impurity

A 0

Al 34 alloys the 34 impurity has (n—1) 34 electrons,
where n is the number of electrons introduced by the
3d impurity into the conduction band of Al. Except
for Cu these numbers indicate a charge transfer of
one electron to the impurity d-shell when compared
to the pure elements. Table 1 lists also the binding
energy E(2p,,,) of the impurity 2p;,, core lines in the
Al host and their shifts AE relative to the pure 3d
metal after a correction for the corresponding work
function [13]. Since the relaxation energies due to the
screening of the photohole by the conduction elec-
trons should be similar for the Al alloys and the
corresponding pure 3 d metal (a difference of less than
1 eV) these numbers may stand for the chemical shift
of the core lines. From a comparison of ionic com-
pounds one expects a shift [36] of about —2 eV for
the addition of one 34 electron. Therefore the shifts
AE in Table 1 would only indicate a small 3d charge
transfer not compatible with the 3d occupation of
Mn, Fe and Co calculated from the parameters of the
vbs with (4). Even in the case of AINi one expects n,
=10 from the analysis of the core line satellite spec-
trum and the core line asymmetry, as explained in the
previous section. These findings may give a hint that
s and p wave scattering should not be neglected in
the analysis of the vbs parameters. The concentration
dependence of the vbs intensity has been studied for
AlMn, AINi and AlCu alloys and is shown in Fig. 11
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Fig, 11. Concentration dependence of the intensity of the virtual
bound state of AlCu (0), AINi () and AlMn (a) alloys normalized
to the intensity of the contribution from the Al valence band

normalized to the Al valence band as function of the
impurity concentration. Within the experimental ac-
curacy the vbs intensity increases linearly with con-
centration as expected. The increasing slope of the
concentration dependence when going from Mn to
Cu reflects the increasing d-occupancy of the vbs
peak. The slope also depends on the photoabsorption
cross section of the d-electrons and since these are
not known for valence band electrons due to the
strong dependence of the photoabsorption cross sec-
tion on the extent of the corresponding wave func-
tions, it is at present impossible to extract quanti-
tative conclusions from this behaviour.

AlMn is a spin fluctuation system [31]. Accepting
the vbs model of Anderson, the measured width 4
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Fig. 12. Difference spectrum of the valence band spectra of AlFe
and Al metal. The solid line is the virtual bound state density of Fe
as calculated by Anderson and McMillan [38] from d-wave phase
shifts

can be used to extract U, the effective exchange
energy, via U~nA=2¢V. This value for U is in good
agreement with U~1.8 eV estimated for Ni metal by
Herring [37] using various procedures.

It is of interest to see how the investigation of a dilute
(“single”) impurity of a d metal ion can be of use for
the understanding of the electronic structure of d
metals. A possible connection between the two prob-
lems comes from the use of scattering theory. The
Friedel [1] vbs picture is essentially a scattering
theory where the d resonance is placed in the s-p
band of the host metal. Scattering theory has on the
other hand been used to treat the electronic states of
liquid metals. Anderson and McMillan [38] have
employed it to estimate the importance of d-d overlap
as compared to scattering broadening of the band-
width of transition metals. They have worked out the
case of Fe where they calculated the =1 phase shift
for the potential which Mattheiss used for his APW
calculation of the band structure of iron. The reso-
nance in the s-p band of Fe they obtained by this
calculation is shown in Fig. 11, superimposed on the
measured vbs of AlFe, where the Al metal spectrum
has been subtracted. There is a surprising agreement
between the calculated and experimental curve.

This work was supported by the Deutsche Forschungs-
gemeinschalft.
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