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Summary

Ternary Zintl phases MgMX (M = Au, Pt, Pd; X =Sn, Sb) have been
studied by X-ray photoelectron and Auger spectroscopy. From an appropri-
ate combination of binding energy and Auger kinetic energy shifts it is
possible to derive an experimental estimate for the final state relaxation
contributions. Inclusion of the relaxation contributions and of changes in
the work function allows the determination of the atomic charges for all
three constituents. The phases turn out to be much less ionic than predicted
by a formal application of the extended Zintl concept. This result is in
accordance with earlier suggestions derived from reflection spectroscopy.

|1. Introduction

A great variety of binary and ternary intermetallic compounds show
ell-ordered crystallographic structures. Often the stability of these struc-
ures can be explained in the framework of a Zintl-type concept [1 - 6].
int] first recognized that the anion sublattice for binary compounds, which
s formally obtained when an electron is transferred from the electropositive
o the electronegative constituent, is isostructural to the lattice of an ele-
ent with the same number of valence electrons as the electronegative
onstituent after electron transfer. The cations are then located in the
acunas of the anion sublattice. An extension of this concept to ternary
ompounds [7 - 10] leads to more complex anion sublattices which consist
f two different atomic constituents.
In spite of the great success of the Zintl concept and its extensions for
he prediction of stable lattice structures, the assumption of high ionicity
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which is inherent in this model is often not in accord with the physical
properties of these compounds. In many cases in which the observed crystal-
lographic structure can be well explained by the extended Zintl concept,
conductivity measurements as well as reflection spectroscopy [7, 11 - 13]
indicate metallic behaviour. However, these methods probe global properties
mainly determined by valence electrons. They are not particularly sensitive
to the local electron distribution within the solid. Since the Zintl concept,
however, is based on an assumption about the local electron distribution,
it is desirable to apply spectroscopic methods that allow local properties to
be probed.

High energy X-ray photoelectron spectroscopy (XPS), for example,
is considered to be appropriate for such an application. Very often changes
in the binding energy AEjp of an inner shell electron have been directly
related to differences in atomic charges [14 - 19]. Such an approach neglects
differential contributions to the observed binding energy shifts from the
final ion states [20 - 22]. In general, however, these final state contributions
have to be included: the final state carries an extra positive charge and this
charge is highly localized if the electron has been removed from an inner
shell. This leads to a redistribution of electrons (relaxation) in the vicinity of
the hole created which in part depends on the polarizability of the surround-
ing atoms and the mobility of the electrons in the compound as a whole
[20 - 22]. Therefore, on changing the chemical composition, the relaxation
contribution changes. Consequently, in general, it is dangerous to correlate
binding energy shifts with changes in atomic charges unless there is informa-
tion on the relaxation contribution.

Final state effects are often evident through satellite structures accom-
panying the normal photoemission process [14]. Energies and intensities
of such processes have been used to determine relaxation contributions
[28 - 25]. However, when such processes cannot be observed different
approaches have to be used. Born—Haber cycles have been designed to tackle
this problem [26, 27] but sometimes these cycles rely on data, such as
solution enthalpies [26, 27], that are not readily available experimentally.
Wagner and coworkers have shown [28 - 31], that a combination of binding
energies and Auger kinetic energies can be used to derive useful information
on the final state contributions to the so called chemical shift. Recently we
extended this approach by considering in detail the various hole and double-
hole states involved [32]. If we want to derive an estimate for the relaxation
contribution AR; connected with the removal of an electron from the inner
shell i, we have to combine an Auger transition (jii), the final state of which
has two holes in i, with photoemission processes which lead to final states
with holes in the shells j and i.

After having applied this method to gas-phase data of some phospho-
rous compounds [32] and to industrial catalysts [33] we now use this
method to study the electronic structure of a group of ternary phases with
the general constitution MgMX with M = Au, Pt, Pd and X = Sn, Sb. Formal
application of the extended Zintl concept which leads to Mg?*(MX)?~ and
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predicts the correct lattice, namely a filled ‘“zinc blende-type” structure
consisting of the “anions” MX with the magnesium “cations” located in the
octahedral lacunas [11 - 13]. The predicted ionicity, however, is not in
accordance with the metallic character indicated by reflection spectroscopy
[11 - 13). We show in this paper (Section 4) that XPS confirms the small
'jonicity (of the order of Mg*%5(MX)~%5) of the compounds, thus supporting
‘the results derived from optical spectroscopy. In addition, our investigation
yields information on the influence of different constituents M and X on the
ccharge distribution within the “anion lattice”. In Section 2 we report experi-
mental details of the sample preparation, measurement of spectra, calibra-
tion etc., and in Section 3 we describe how to deduce atomic charges from
the measured binding and Auger kinetic energy shifts.

2. Experimental details

As indicated in the introduction, combination of an Auger transition
ith two specific photoemission processes is necessary to obtain an experi-
entally derived estimate for the contribution of the final state relaxation to
he binding energy shift. The processes selected for the different constituents
f the Zintl phases investigated are listed in Table 1.

Photoelectron and Auger electron spectra were recorded using a modi-
ied Leybold-Heraeus LHS 10 electron spectrometer in the AE/E = constant
ode. The energy scale was calibrated using the known binding energies of
he Au 4f,,, and Cu 2p;,, ionizations [39]. Radiation from a silicon anode
as used for the excitation. The bremsstrahlungs continuum obtained from
is anode extends far enough to excite M; core holes in gold and platinum
ith sufficient probability to allow the measurement of M;N¢;Ng; Auger
ansitions in gold and platinum (E,;, at about 2000 eV [40]). At the same
ime the Si Ko line (1739.5 eV [42]) is only slightly broader than the Ko
lines of magnesium or aluminium and its use does not lead to less accuracy
ih the determination of binding energies [33]. As an example Fig. 1 shows
hotoelectron and Auger spectra of the ternary compound MgAuSn and the
etals magnesium, gold and tin.

The binding energies and Auger kinetic energies obtained for the
etals magnesium, tin, antimony, platinum, palladium and gold are given in
able 1 together with values from the literature. The absolute binding
ehergies agree with the literature data within a few tenth of an electronvolt.
he 3d electrons of gold and platinum cannot be ionized with Si K« radia-
tion. It was also not possible to investigate the L;M,sM,s Auger transition
of palladium, since the kinetic energy of the corresponding Auger electron
es not fall in the experimentally accessible range 0 - 2000 eV.

The samples of the five available Zintl phases (MgPdSn is missing) were
irregularly shaped with a diameter of about 2 mm. The samples were fixed
on the sample holder by being pressed into metallic indium. This provides
O]Ptilnal electrical contact with the spectrometer. Charging was checked
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TABLE 1
Work functions ¢, binding energies and Auger kinetic energies for pure metals

Metal Process B
This work Literature value
Mg ¢ 3.610[34]
2p 49.75 49.7 [35]
1s 1303.70 1303.0 [35]
KL,L3; 1D, 1185.20 1185.60 [36, 37]
Au ¢ 5.45 [38]
4f 7/2 83.802 83.80 [39]
3d 5/2 2205.7 [40]
M;Ng7Ngq 2015.85 2016 [36, 37]
Pt ¢ 5.65 [41]
4f 7/2 71.10 71.10[35]
3d 5/2 2121.1 [40]
M;sNg7Ng7 1960.25 1961 [36, 37]
Pd ¢ 5.55 [41]
3d 5/2 335.40 335.1 [35]
2p 3/2 3173.3 [40]
L3MgsMys 2471.0 [42]
Sn o 4.11 [43]
4d 24 .35 24.25 [35]
3d 5/2 484.90 4849 [35]
M4Ny4sNys 436.55 437.6 [44,45]
Sb ¢ 4.14 [46]
4d 32.55 32.80[35]
3d 5/2 528.30 528.2[35]
M4NysNygs 463.65 ARA 4 FA4 AR

‘I'he energy values given correspond to the most intense peak of the Auger multiplet,
2Used to calibrate spectrometer.

using previously described methods [39, 47]. No charging was found for any
of the samples. .

Measurements of the samples without any further treatment showed
that the surfaces were covered with magnesium, antimony and tin oxides,
respectively. Only in the region of the 3d ionization of antimony and tin
were weak bands in addition to the oxide signals observed which could be
attributed to the Zintl phases. From this we conclude that the oxide layer on
the surface is only about 10 A thick corresponding to 2 or 3 atomic layers.
However, the oxide layers cause passivation, thus prohibiting further oxida-
tion of the bulk. This observation explains quite well the “air stability” of
the Zintl phases examined [11 - 13], which, from thermodynamic con-
siderations are expected to be unstable with respect to oxidation.

As expected from -earlier measurements on binary compounds, for
example ref. 48, sputtering with high energy argon ions is inadequate treat-
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Fig. 1. Photoelectron and Auger spectra from MgAuSn and the metals (a)
magnesium, (b) gold and (c) tin.

ment to obtain clean surfaces. After sputtering very little magnesium was
found in the surface. Annealing at temperatures up to 150 °C did not lead to
a recovery of the probed surface region. We therefore applied in situ cleavage
under UHV conditions, as described by several authors [49 - 51]. The prepa-
ration chamber of our instrument allows us to operate with a tool perpen-
dicular to the sample surface. Best results were obtained by using a small
milling cutter. The Zintl phases are brittle and moderate pressure with the
milling cutter, which did not dislocate the samples in the indium metal, led
to splintering of part of the sample. The surfaces prepared by this procedure
were free from oxygen. From integrated signal intensities multiplied by
appropriately scaled theoretical cross sections [52] and including the energy
dependence of the escape depth (see, for example, ref. 53), we obtained
sample compositions, which were in accordance with the stoichiometric
composition of the compounds within an error limit of 5%.

In principle the work function of a sample ¢, can be measured in a
PE-experiment from the kinetic energy cut-off [54, 55]. Owing to the size
of the sample particles, this is, however, not possible in our case. Qur instru-
ment does not allow us to illuminate a spot small enough to hit only the
sample surface. Thus, the kinetic energy cut-off is always determined by the
sample holder.
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For the purpose of comparison we also investigated MgO, MgF, and
g(acac),. The data for MgO were taken from oxidized magnesium metal.
he samples of MgF, and Mg(acac), were prepared by evaporation of a drop
f solution deposited on a copper sample holder. In all three cases no indica-
ions of charging could be found. The data obtained for these three samples
ee with literature values [56].

We investigated at least two independently prepared samples for each
ompound. The position of the peaks which were used to evaluate binding
nergy or Auger kinetic energy shifts were determined from a least-squares
it of the experimentally observed bands with a convolution of two gaussian
unctions. Only in the case of magnesium is the Auger multiplet split enough
o specify the state (!D,) from which the Auger shift is derived. In all other
ases the maximum of the Auger multiplet was used. No changes in the
tructure of the multiplets were observed between different samples. This
atter statement is of particular importance because for the analysis we have
o assume that the character of the double-hole state is the same for all
amples.

The measured shifts are collected in Tables 2 - 4. We have included in
able 2 data from the literature for two binary magnesium phases: Mgz Au
rystallizes in the hexagonal Na,As-type structure which is the hexagonal

alogue of the cubic blende-type lattice [57, 58]. Mg,Cu crystallizes in a
omplicated face-centred orthorhombic structure [67, 58]. The shifts
erived from our own measurements all refer to our own data for the pure
etals to avoid any influence of possible errors in the absolute binding
nergy scale. In most cases the metal was measured before and after the
ther samples to exclude drifts in the ramp voltage of the spectrometer.

ABLE 2
inding energy AEg and Auger kinetic energy AE(Aug) shifts for magnesium

AEp(1s) AEg(2p) AE(Aug) AEg AR AR’ —(AEg(2p) +
AR)
gAuSn 0.35 0.40 —0.60 045 —0.075 —0.10 —0.325
gAuSb  0.70 0.35 —0.90 000 —045 —0.275 0.10
PtSn  0.40 0.30 —0.35 0.20 —0.075 —0.026 —0.225
PtSb  0.50 0.35 —0.50 0.20 —0.15 —0.075 —0.20
PdSb  0.50 0.35 —0.55 0.20 —0.175 —0.10 —0.175
2Cu 0.10 0.40 —0.20 070 0.25 0.10 —0.65
Mgz Au 0.20 0.30 —0.45 0.40 —0.025 —0.075 —0.275
Mg(acac), 0.9 0.0 —4.5 —0.9 —27 —2.25 2.7
MgO 2.5 1.8 —b5.2 11 —205 —1.7 0.25
MgF, 1.9 0.8 —1.0 —0.3 —3.65 —3.1 2.85

AEyg, after eqn. (5); AR and AR', relaxation contributions from eqgn. (5) and egn. (7)
respectively.
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TABLE 3
Binding energy AEp and Auger kinetic energy AE(Aug) shifts in tin and antimony

AEg(3d) AEg(4d) AE(Aug) AEp* AR? AR'? Zg{A)EBMd)%»
MgAuSn  0.05 0.15 —0.10 025 0.075 0025 —0.225
MgAuSb —0.20 ~0.25 0.10 —0.30 —0.10 —0.075 0.35
MgPtSn  0.05 —0.05 —0.50 —0.15 —0.325 —0.275  0.375
MgPtSb 0.0 —0.05 —0.15 —0.10 —0.125 —0.10 0.175
MgPdSb —0.25 —0.10 0.05 005 005 —0.025 0.05

28ee footnote to Table 2.

TABLE 4
Binding energy AEg and Auger kinetic energy A E(Aug) shifts for gold and platinum

AEg(4f) AE(Aug) AR'® —(AEg + AR)
MgAuSn 1.05 —0.75 0.15 —1.20
MgAuSb 0.75 —0.75 0.00 —0.75
MgPtSn 0.25 —1.15 —0.45 0.20
MgPtSb 0.30 —1.20 —0.45 0.15

2gee footnote to Table 2.

3. Evaluation of atomic charges

~ In photoemission one studies transitions from the ground state of an
N-électron system (the initial state) to the ground state and to excited states
of an (N — 1)-electron system (the final state). Usually the final states of the
most intense transitions can be described as “‘hole states’’ where an electron
is removed from a valence or an inner shell orbital [15, 20 - 22, 59 - 61]. In
the case of intense satellite structure the situation is somewhat different
[28 - 25]. For final states which are hole states the binding energy can be
expressed as

Eg(i)=—€;— R; — ¢, (1)

€; is the orbital energy of the orbital from which the electron is removed.
R, is the “relaxation energy™ [20 - 22, 61], an energy contribution which
results from the adjustment of the screening electrons to the creation of a
hole in the ith orbital. For solids the work function ¢, of the sample has to,
be subtracted on the right-hand side of eqn. (1), since our binding energies
refer to the Fermi level and not to the vacuum level [35]. Consequently for
the shift in binding energy we have

AEy(i) =—Ae; — AR; — A, (2)



n the case of the inner shell orbitals being well localized at a certain atom,
hanges in orbital energies A¢; can be related to atomic charges via potential
odels [16, 19, 62]. These models are quite successful, especially when we
elate changes in orbital energies to changes in atomic charges. In its most
ommon form this relation is given by

€=k’ 1Aqa + AV(gp) (3)

here A denotes the atom in which the inner shell orbital i is located; g, is
e charge on atom A; V is the electrostatic potential acting at the location
f atom A caused by the charges on the other atoms gg and ', ; is a param-
ter specific to the atom and the orbital. Often an even simpler relation is
sed in which only g, is considered [16, 19, 62]:

€ = kaiAgy (4)
s shown recently [32] we can evaluate AR from

=312 AEg(i) — AEg(j) + AEy;(jii, X)} (5)
= %{A-E—B(l; j) + AEkin(jii, X)}

olis the “Auger parameter” introduced by Wagner [28 - 31]. It is defined as
the sum of a binding energy and an Auger kinetic energy:

of jkl, X; i) = Ep(i) + Exsn(jkl, X) (6)

Xl defines a special state within the Auger multiplet, but since we assume the
njultiplet to shift as a whole we can suppress X when we deal only with shifts
of the Auger parameter. As long as Ep(i) and Ey;n(jkl, X) are obtained from
the same sample under the same experimental conditions « does not depend
on the work function ¢ and it is not influenced by sample charging [28-31].
To determine AR; from eqn. (5), we have to combine the following
three processes:

(i) an Auger transition jii, the final state of which has two holes in
oxbital i;

(ii) the photoemission by which an electron is removed from orbital i ;
(iii) the photoemission by which an electron is removed from orbital 7
thie orbital carrying the hole in the initial state of the Auger transition.

The main approximation inherent in the derivation of eqn. (5) (see
Appendix for details) is the assumption that the relaxation results mainly
from coulomb contributions [32]. If the holes are in the same orbital, the
relaxation energy of the double-hole final state of the Auger transition is
then four times as large as the relaxation energy of the single-hole final state
of| the photoemission process. The condition really needed for the applica-
bility of eqn. (5) is even weaker, since only that part of the relaxation energy
that changes with changes in the chemical environment has to be of coulomb
type. ’
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The AR obtained from the measured AEy and AE,,, values are listed

in Tables 2 and 3. Since the 3d binding energies of platinum and gold were
not accessible experimentally, we do not know Aa(jii, j). Instead of eqn. (5)
we therefore have to use the cruder approximation [28 - 32]
AR, = —%Aa(jii, i) (7
for these elements (Table 4). To test how much the use of eqn. (7) instead
of eqn. (5) influences the final results, we also evaluated AR’ for magnesium
(Table 2) and the two metalloids tin and antimony (Table 3).

As mentioned in Section 2 we were not able to determine the work
functions ¢, for the Zintl phases. Even with the knowledge of AR and AR’,
it is therefore not possible to evaluate the Ae directly from eqn. (4). To
circumvent this problem we applied the “relaxed potential model’’ proposed
by Wertheim et al. [63]. In this model the binding energy shifts are calcu-
lated in a point charge approximation but final state relaxation and changes
in the Fermi energy ey are included

AEg(i) = Fiva Agy —M Ags — AR; + Aey (8)

where g, is again the charge at the atom being considered, F; ,a1 describes
the coulomb interaction between the core orbital i and the valence orbitals
and M is the Madelung potential at the location of atom A.

The F integrals have been tabulated by Mann [64]. The values for the
integrals needed here are listed in Table 5. The integrals have been calculated
for free atoms. Since the nearest-neighbour distances d , in solids are usually
smaller than the sum of the atomic radii R, + Ry, we have scaled the tabu-
lated integrals by 2R,/d,,, where d,, is the nearest-neighbour distance in
the corresponding metal. This procedure seems adequate to take compres-
sion [65] into account as the F integrals are strongly related to the expecta-
tion values of 1/r [65]. The scaled values are included in Table 5.

We followed the procedure proposed in references [65] and [66] for
the Madelung potentials: a Watson sphere of unit charge and radius d, /2 is
used to calculate these potentials. The values obtained are shown in Table 5.

TABLE 5

Integrals F(i,j) and Madelung potentials M used in connection with the evaluation of
atomic charges

A (i, ) F(i,j) Fyoa M kian =M — Fg.a

Mg (2p, 3s) 10.12 10.92 9.03 —1.89

Au (41, 6s) 8.90 12,10 10.01 —2.09
Pt (4f, 6s) 8.75 12.56 10.40 —2.16
Sn (4d, 5p) 9.65 11.11 9.54 —1.57

Sb (4d, 5p) 10.68 11.63 10.03 —1.60

% From ref, 64.



LV Equating changes in the Fermi energy Aer with negative changes in the
ork function finally leads to

AEg(i) = (Fivai— M) Agp — AR; — A¢ 9

From comparison with eqns. (3) and (4) it is obvious that (F; ., — M)
s a theoretical estimate for the parameter k, ; defined in eqn. (4). The
¢ values obtained from the scaled F integrals and the calculated Madelung
botentials are given in the last column of Table 5.

For a ternary compound three equations of the above type are avail-
ible: one for each constituent. The three A¢ appearing in the three equations
tontain only a single unknown — the work function ¢, of the sample — since
he work function of the metals, which were used as reference compounds,
ire known (Table 1). From the three eqns. (9) and from the electroneutrality
¢ondition

EAQA=O

e can therefore calculate the three Aq, and ¢..

For the Zintl phases where we have experimental data for all three
onstituents, the atomic charges and the work functions obtained from this
rocedure are shown in Table 6. Two sets of data are presented. The first set,
enoted I, is based on the A R values of Tables 2 and 3 and the AR’ values of
able 4. The second set, denoted II, is based on the AR’ values of all three
onstituents.

'ABLE 6
ork functions ¢; and atomic charges q derived for four ternary Zintl phases

MeMXx s ame am ax
MgAuSn I 3.78 0.27 —0.20 —0.07
I 3.81 0.27 —0.19 —0.08
gAuShb I 4.28 0.30 —0.18 —0.13
) II 4.22 0.36 —0.21 —0.16
gPtSn I 4.52 0.60 —0.62 0.02
II 4.48 0.61 —0.63 0.02
MgePtSb I 4.45 0.55 —0.63 0.08
I 4.41 0.57 —0.64 0.07

qata sets I and II are derived using different approximations (see text).

4| Discussion

The data for magnesium are plotted in Fig. 2 in a form similar to the
“¢hemical state” plots introduced by Wagner [28 - 31]. The difference is that
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weplot Eg(i, j) = 2Eg(i) — Eg(j) on the abscissa instead of Eg(i) as in the con-
ventional chemical state plot. The vertical distance to the 45°line indicated
corresponds to twice the relaxation contribution AR (cf. eqn. (5)). For all
compounds except one (Mg,Cu) AR is negative. It is strongly negative for
compounds like MgO, MgF, and Mg(acac),. This is exactly what is expected.
In the metal the mobile electrons screen a localized positive charge most
efficiently. In an insulator like MgO or MgF, the screening can be due only
to a polarization of the surrounding atoms, a process certainly less efficient
than metallic screening. Similar results to those for magnesium are found
for the other constituents of the ternary phases. The changes in relaxation
energy with respect to the metal are negative or only slightly positive.
Altogether, the changes in relaxation are quite small for the Zintl phases
investigated compared with the ‘“‘ionic” compounds which gives a first
indication that the phases are basically metallic.

Let us try to construct a Ae; diagram by eliminating the contributions
AR; and A¢. We have drawn the measured AEg(Mg) in Fig. 3(a) in the form
of a “level diagram”. If one stopped at this point and related the 2p binding
energy shifts directly to variations in 2p orbital energy one would conclude
that the charge on magnesium is nearly the same in all the intermetallic
compounds investigated, irrespectively of the specific constituents. Even
more intriguing, magnesium in the acetylacetonate would appear neutral in
such a treatment and MgF, only half as ionic as MgO. These inconsistencies



139

oy a b c
0
e Mgiacacly
20T
e L
1 ) % — M‘I
| :
¥
L ]
e =—————Ln
—l’r_. - —L.
e \
0.5 VY MgAuSn
b o Hig A5k
—_— el
MR &
120 L
] o
.Y RO |
i | TR
Fig. 8, Level diagram for Mg 2p: (a) based on hinding energies, (b} final-state relaxation
included and (e¢) relaxation and ehanges in work funetion included. Mzgnesium metal is
Ysed as the reflerence in all three cases

e surely due to the neglect of AR and A¢. Even for the intermetallic
ompounds where we found AR to be relatively small, AR is of the same
rder of magnitude as AEg. In Fig. 3(b) we show —(AEg + AR). The large
ifferences in AR between intermetallic and ‘“‘ionic”’ compounds become
bvious in this presentation. However, Fig. 3(b) is also not a good approxi-
ation to a Ae; diagram. To derive the latter we have to take A¢ into
count (see eqn. (4)). At present this is only possible for the four Zintl
hases where we could investigate all three constituents. With the work
functions given in Table 6 (data set I), we finally obtain Fig. 3(c) which can
considered as an experimentally derived approximation to an orbital
iagram. Unfortunately we cannot include the “ionic” compounds in
ig. 3(c), since we have no information on A¢. For insulators one can only
upe values of ¢, obtained together with the other data, as the position of the
agtual. Fermi level within the band gap depends on the measuring conditions
[$9]. A rough estimate of ¢,, however, using the method described by
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Nethercot [67] yields about 10 eV for MgF, and therefore A¢ =6 eV, a
value which brings the MgF, level at least in the proper range. From Ey,;p
given in Table 5 we obtain Ae =—8.8 eV if magnesium is really Mg?* in
MgF 2.

The atomic charges (Table 6) calculated using the two different approx-
imations for the relaxation contribution are nearly the same. Only in the
case of MgAuSb are the differences somewhat larger but the trends indicated
are unchanged. We are therefore quite confident that the use of AR’ instead
of AR for gold and platinum has little influence on the general structure of
our results.

First of all we find little ionicity as suggested by the small relaxation
contributions. The positive charge on magnesium and correspondingly the
negative charge on the “anion lattice” is about 0.3 for the gold-containing
phases and about 0.6 for the platinum-containing phases. This is only about
one quarter the charge predicted by a formal application of the Zintl con-
cept. The fact that the charge separation is about twice as large in the
platinum-containing phase as in the gold-containing phases can be attributed
to the fact that platinum, with its ground state configuration 5d%s!, is
better suited to stabilize negative charge than is gold, with the ground state
configuration 5d'%s!. In this context it would be highly desirable to include
the palladium-containing phases and possibly also silver-containing phases in
this investigation. To do so, the technical problems mentioned in Section 2
have to be solved.

The relatively small charge separation found for the compounds studied
to date is in accord with the metallic character indicated by reflection
spectroscopy [12, 13]. The metallic character is also supported by the fact
that these compounds show a certain homogeneity range which is not
observed for highly ionic systems.

Closer inspection of the charge distribution within the anion lattice
confirms the above conclusions. In the case of gold the metalloid (tin or
antimony) has to participate in the stabilization of the negative charge. For
platinum the metalloid is neutral or slightly positive. We do not find system-
atic differences between tin and antimony which is in accordance with the
nearly equal electronegativity of these two elements (Sn, 1.7; Sb, 1.8 on the
Allred-Rochow scale [68]). The number of examples that we have studied
in detail as yet is certainly too small to draw more general conclusions on the
role of the metalloid X. The examples studied so far seem to show that the
charge distribution in ternary Zintl phases of the type MgMX is governed
mainly by the nature of M.

To extend our understanding of the charge distribution in intermetallic
compounds and of the interplay between donor and acceptor qualities of the
constituents, we are currently studying intermetallic compounds which are
expected to be more ‘“‘ionic”, in the sense that they show a more distinct
charge separation between formal anions and cations. These compounds have
electrovalent compositions and are semiconductors without any homogene-
ity range.
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Appendix A

Consider an Auger transition between an initial state with a hole in

orbital j and a final state with two holes in orbital i. In the limit of complete
relaxation [A1 - A3] the kinetic energy of the electron released by this
process can be written as

Eyin(jii, X) = —¢; —R; +2¢; +R;; — F(ii, X) — ¢p - (A1)
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The € are the orbital energies; R; is the relaxation contribution to the single-
hole initial state of the Auger process and R;; the relaxation contribution of
the double-hole final state; F(ii, X) is the open shell interaction which
determines a specific term X within the jii multiplet; e is the Fermi energy
of the sample. Combining eqn. (A1) with the expression for the correspond-
ing binding energies

Ep(i) = —€; — R; + €p (A2a)
Es(j) = —€;— R; + ex (A2b)
yields

2 Ep(1) — Ep(j) + Exin(Jjii, X) = —2R, + Ry; — F(ii, X) (A3)

[n the case when the Auger multiplet does not change its structure but is
shifted as a whole with variations in the chemical surrounding, we can
Consider the F(ii, X) as constant and we obtain

2 AEB(i) - AEB(j) + AEkln(jii) = 2 AR, + AR“ (A4)

Here AE,;, is the shift in the Auger multiplet which is now independent
from X.

When the changes in the relaxation contribution are only due to
¢oulomb forces the relaxation contribution for a state with two holes in the
ubshell i should be four times as large as the relaxation contribution for a
tate with a single hole in this shell [A4, A5]:

Ry =4 AR, (A5)

sertion of eqn. (A5) into eqn. (A4) leads directly to eqn. (5). A detailed
iscussion of this derivation and the inherent approximations is given in
f. A6.
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