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Valence-band photoemission spectra of NiGa were measured with synchrotoron radiation at photon
energies around the Ni 3p core excitation threshold. The valence-band satellite in NiGa is resonantly
enhanced, and it has about the same Fano parameter and effective Coulomb interaction as those for ele-
mental Ni. These observations suggest that the Ni d band in NiGa is not completely filled. The number
of holes per Ni atom in the Ni d band for NiGa is estimated to be 0.33. The effective Coulomb interac-
tion between two 3d holes on the same site is 4.6 eV off resonance and 5.3 eV on resonance.

Resonant photoemission (RP) is understood as an
atomic process as described by Fano' to explain line
shapes in core absorption edges. RP's at the 3p and 2p ex-
citation thresholds of Ni metal were discovered by Guil-
lot et al. and by Wu et al. , respectively. The
phenomenon consists of a resonancelike increase of a
photoemission peak located about 6 eV below the Fermi
energy (E~) when the photon energy (h v) is varied in the
vicinity of the Ni 3p or 2p absorption threshold. In the
case of the Ni 3p resonance, the resonant enhancement of
the valence-band (VB) satellite is caused by the interfer-
ence of two excitation channels leading to the same final
state. The interaction between the discrete channel
(3p 3d 4s~3p 3d' 4s) and the continuum channel
(3p 3d 4s~3p 3d 4sel) coupled via the super-Coster-
Kronig (sCK) decay (3p 3d' 4s~3p 3d 4sc, l) gives rise
to a Fano-type line shape. A large amount of the theoret-
ical and experimental work of RP from transition metals
and their compounds has been reviewed by Davis.

The existence of the VB satellite in Ni is related to the
fact that Ni has a partially filled d band, which allows the
creation of a two-hole bound state on some Ni atoms
after a photoionization event. A similar but weaker res-
onance is also observed in Cu, Zn, Ga, and Pd (Ref. 9)
metals. However, for 3d transition metals lighter than
Ni, such as Cr, ' ' Mn, ' Fe ' ' ' and Co ' the ex-
istence of the resonant VB satellite is quite controversial.
It has been shown that the number of 3d holes (or 4s-4p
holes if the 3d band is full) is important in determining
the strength of the RP in transition metals. ' In com-
pounds, the strength of the resonant enhancement of the
VB satellite is related to the overlap of the p core-hole
and d valence states. Thus, RP can be used to probe the
transition-metal d character and hybridization, and is a
particularly useful technique for studying the electronic
structure of the transition-metal compounds. ' ' Many
studies have characterized the photon energy dependence
of the Ni satellite feature in compounds such as NjC12,
NjBr 21 NjO 22 —24 NjS 24 NjTe 22 NjSb 22 NjAs 25

Ni Si, and Ni Cu& „alloys. In the compounds stud-
ied to date, Ni has been the less electronegative species.
Thus the occupation of the d states should be less than in
elemental Ni. In the cases studied, the VB satellite was
still present and exhibited resonant behavior very similar
to that for Ni metal. The electronegativity values of the
partner elements for some Ni compounds are listed in the

TABLE I. Electronegativity, I„„and nz values for Ni and
Ni compounds.

Electronegativity' I... (%)'
Ni 1.8 100 (67;63)
NiCu 2.0 55' {67;60)
NiAs 2.0 51 (68;64)
NiGa 1.5 49~ (67;60)
NiTe 2.1 39" {66;63)
NiSb 1.8 24' (66;64)
NiS 2.5 7' (66;64)
'Electronegativities of the partner elements, Ref. 28.
Resonant satellite intensity. The numbers in parentheses are

the on-resonance and off-resonance photon energies (in eV) for
calculating I„,values. See text for explanation.
'The number of holes per Ni atom in the d band.
From Ref. 8.

'From Ref. 27, Fig. 2.
From Ref. 25, Fig. 1.

gThis study.
"From Ref. 22, Fig. 4{a).
'From Ref. 22, Fig. 5(a) ~

'From Ref. 24, Fig. 10.

0.50
0.35
0.34
0.33
0.28
0.19
0.07

first column in Table I. We note that there are several
electronegativity scales in the literature, in which the
most widely cited in many textbooks is that of Paulings.
Sacher and Currie pointed out that except for the Paul-
ing electronegativities, there is general agreement among
various scales. The dj6'erences between these and the
Pauling values (with the Pauling values usually higher),
particularly among the transition series, were shown to
be due to nonlinear problems with the thermodynamic
approach on which the latter are based. There is little
reason to choose among them, although the Gordy-
Thomas scale is used in Table I.

Here we present a RP study of NiGa, a compound in
which there should be some electron transfer to Ni atoms
from the less electronegative Ga, and thus a higher occu-
pation of the d states. It should be noted here that an ap-
proximate linear relationship is found between the work
function and electronegativity of metals. ' ' The work
functions for Ni and Ga are 5.2 and 4.0, respectively, im-
plying that Ga is less electronegative than Ni, which con-
tradicts many wrongly cited textbook electronegativity
values for Ga. To our knowledge, there are no band-
structure calculations and inverse-photoemission studies
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reported on NiGa. Thus RP offers an alternative to
answer the question of d-band filling in NiGa. The intent
of this study was to see what effect a decrease in the hole
concentration of the Ni d band would have on the photo-
emission satellite and its resonant behavior.

Preparation of the polycrystalline NiGa sample was re-
ported in a recent paper. Since NiGa has rather large
disorder parameter, it is expected that the NiGa sample
used in this study may contain some defects. Neverthe-
less, powder x-ray diffractometry showed that it was a
single phase and of CsC1 structure. Experiments were
carried out on beam line VIII-2 at the Stanford Synchro-
tron Radiation Laboratory (SSRL). Photon energies were
selected with a toroidal grating monochromator (TGM),
and a PHI 15-255G double-pass cylindrical mirror
analyzer (CMA) was used in the constant-pass-energy
mode to collect the photoelectron spectra. To increase
the counting rate, the energy resolution of the photoemis-
sion spectra was set to 0.5 eV at an excitation energy of
30 eV, and to 0.8 eV at 160 eV by adjusting the TGM slit
full open and the CMA pass energy to 50 eV. The pres-
sure during the measurements was 8X10 Torr. A
mass spectrum showed that residual gases inside the
chamber at this pressure value are hydrogen, methane,
water, carbon monoxide, and carbon dioxide. The mass-
to-charge ratio of 02+ (32) is absent in the mass spec-
trum, which means that oxygen contamination on the
sample surface comes from other molecules containing
oxygen. The NiGa surface was cleaned by repeated cy-
cles of argon-ion bombardment and annealed to 350'C
for 15 min. It was reported that contamination or con-
version of the Cu(100) surface was a problem at a pres-
sure of low 10 -Torr range as noticeable changes in
low-energy electron-diffraction patterns and ultraviolet
photoemission spectroscopy spectra were observed within
1 —2 h. Therefore, results reported here involved less
than 2 h of collection time before the sample was re-
cleaned. The sample surface from which RP data were
obtained contained about 3% of a ML of 0 and 6% of a
ML of C, as estimated from an Auger spectrum collect-
ed with the CMA. The sample surface after ion bom-
bardment and annealing contains about 10% more Ni
atoms than those in the bulk as determined from the peak
ratio of Ni (848 eV) to Ga (1070 eV) LMM Auger transi-
tions. It is worthwhile noting that these Auger electrons
come from roughly 15 A from the top of the NiGa sur-
face, while photoelectrons for photon energy between 60
and 80 eV come from about 5 A in depth. The surface
composition within the photoelectron emission depth at
h v=40 and 80 eV is, however, richer in Ga by 49% and
43%, respectively, as determined from the Ni 3d and Ga
3d peak areas and theoretical photoionization cross sec-
tions. This is not surprising, since adsorption of CO or
H significantly attenuates the transition-metal d bands.
A study of the electronic structures of nine ¹iGaand
Ni-In intermetallic compounds using x-ray photoemis-
sion spectroscopy (XPS) showed that all of them (except
Ni3Ga2) are richer in Ni within the XPS sampling depth
(roughly 20 A) after Ar+-ion bombardment and subse-
quent annealing. In that study, the NiGa surface, which
has a combined oxygen and carbon contamination of less
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FIG. 1. Photoemission spectra of (a) NiGa and (b) NiGa with

1.6 L oxygen on the surface. The dashed line in (b) indicates the
location of the peak of the oxygen-derived emission. Arrows in-
dicate the locations of the M2 3 VV sCK emission. Excitation en-
ergy is indicated at each curve. All the spectra are normalized
to equal intensity at the maximum of the Ni 3d-band emission.

than 1 at. %, is richer in Ni by 16% as confirmed by both
XPS and Auger spectra. Thus the NiGa surface within
the photoelectron emission depth of this study is most
likely Ni rich by about 10%. The preferential sputtering
of the gallium atoms from the NiGa surface agrees with
that observed for the oxygen deficiency after Ar+-ion
bombardment for the NiO surface.

Figure 1(a) shows the energy distribution curves
(EDC's) for NiGa for 60 eV~hv~80 eV. The binding
energy (Eii ) is referred to Ez, and all the spectra are nor-
malized to equal intensity at the maximum of the Ni 3d-
band emission, which consisted of only one peak at
E~ =0.8 eV. The determination of Ez for NiGa has been
published elsewhere. The satellite at -6 eV below the
Ni 3d peak is enhanced near the 3p threshold (h v=67
eV). It is well known that chemisorption of oxygen on Ni
causes a strong decrease in the number of d holes, and
should also weaken the intensity of the resonant satellite.
Therefore, a set of spectra similar to that in Fig. 1(a) was
taken, and is shown in Fig. 1(b) in order to see the effect
of oxygen contamination to the resonant satellite intensi-
ty. These spectra have 0 and C contaminations of 19%
and 6% of a ML, respectively, as estimated from Auger
intensity of each element. This corresponds to about 1.6
L (1 L= 1 Langmuir = 10 Torr s) of oxygen expo-
sure. ' We notice that at this oxygen coverage, the
room-temperature oxidation of Ni is well below the onset
(10-L oxygen exposure) of nuclear and lateral growth of
NiO islands. ' We also note that the resonance from the
0 2p states in single-crystal Ti02 or Ti203 is reported to
be very strong, ' while the resonance behavior of the 0
2p emission from oxidized Ti single crystals does not
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show the dramatic resonance seen in titanium-oxide com-
pounds. This is due to the relatively small amount of
Ti02 formed in the oxidation process (1.5-L Oz) on the Ti
surface. Since Ni or Ga is more inert than Ti, we assert
that, even at 1.6-L oxygen exposure, the NiGa surface is,
for the worst case, covered by a very small amount of
chemisorbed oxygen. The oxygen coverage on the NiGa
surface is so small that it does not affect the strong
enhancement of the satellite at resonance, as shown in
Fig. 1(a). The dashed line in Fig. 1(b) represents the peak
position of the Q 2p band emission at E~ =7 eV. The
peak positions of the M2 3 VV sCK emission, which are
observed for hv~ 67 eV, are marked by arrows in Figs.
1(a) and 1(b). As for the water contamination problem on
the NiGa surface, we notice that on certain faces of Ni at
room temperature, H20 dissociates, and sometimes ad-
sorbs, only in the presence of preadsorbed oxygen.
Since the fingerprint peaks of the OH radical" at
E~ =4.7 and 8.0 eV are absent in the photoemission spec-
trum at h v=40 eV for Nioa, there is either no or very
small amount of adsorbed oxygen on the NiGa surface.

It is very likely that the oxygen detected by Auger
comes from chemisorbed CO, since no detectable 02+
signal was observed in a mass spectrum taken just before
the photoemission experiments. In fact, at hv=30, 40,
and 50 eV, two features with peak binding energies of 7.8,
7.6, and 7.6 eV and 10.6, 11.2, and 11.2 eV, respectively,
were observed. We attribute the higher- and lower-
binding-energy features to emission from the CQ 4o. and
CO 5cr/1~ orbitals, respectively, due to chemisorbed CO
on the NiGa surface. These binding-energy values are
close to those reported for CO chemisorption on Ni(100),
Ni(110), and Ni(111) surfaces, and on the NiAl(110) sur-
face at 300 K. The CO 4o. level stays at around E~ = 11
eV up to h v= 90 eV as can be seen clearly from the spec-
tra in Fig. 1(a). Above hv=90 eV, it disappears almost
completely. The CO 5o'/lm level is hidden by the strong
resonance of the 6-eV satellite for 60 eV&hv&80 eV,
and further hidden by the sCK transition above hv=68
eV. In order to separate the CQ 5o. /1~ level and the 6-
eV satellite, a narrower optical slit opening than used
throughout this study was utilized, and two peaks with
binding energies of 6.2 and 7.4 eV were resolved at
hv=60 eV. We assign the higher- and lower-binding-
energy peaks to the CO 5a/1 sr level and the 6-eV satel-
lite, respectively. Shinn and Madey have argued that if
the symmetry of the 4cr orbital of a, CO (lying down on
the surface) is not changed by bonding to the Cr(110) sur-
face, the 4o peak intensity should be less than that of the
combined (5cr+ lm) feature. Since the CO exposure in
this study (estimated to be about 0.5 L) is below the onset
exposure (1 L) for the appearance of the 4o orbital of az
CO (terminally bonded configuration) on Cr(110), 8 only
the lying-down configuration is observed and the a& CQ
4o'(5o. + lvr) intensity ratio for NiGa is indeed less than
unity. Greuter et aI. reported that for a concentration
of H below -0.5 of a saturated coverage on Ni(111),
which is likely the case in our study, the H-Ni split-off
state merges into the bulk bands, making it a resonant
state which is very difficult to observe. We thus point out
that the value of the resonant satellite intensity for NiGa

for NiGa reported in Table I may have a larger uncer-
tainty than those for other nickel compounds due to H or
CO adsorption.

To obtain an absolute value of the intensity of each
peak as a function of h v, the intensity of the incident
light was measured for each spectrum of NiGa. The in-
tensities of the Ni 3d and satellite peaks, which were
measured at the peak maxima to avoid the problem of
background subtraction, are then normalized to the in-
cident photon intensity. Figure 2 shows the corrected in-
tensities of the Ni 3d and satellite peaks for NiGa as a
function of hv. The dashed and solid lines in Fig. 2 are
to enhance the visibility of the changes in the intensity.
The Ni 3d excitation spectrum shows interference dips at
67 and 72 eV, and the satellite shows a strong resonance
near 69 eV. The antiresonance dip in the d-band intensi-
ty was observed in many transition metals [Cr, '

Ni, ' and Cu (Ref. 53)] and their compounds
[CuO, Cu20, NiO, MnSi, FeSi, CoSi, Ni Si,
and GaP (Ref. 8)] and explained theoretically' by the
resonance between the direct excitation from the d band
and the threshold excitation from the 3p core level. The
separation of the double dips in the d-band intensity in
the vicinity of the Ni 3p3/2 and 3p&/2 core excitation
thresholds in 5 eV, a value almost three times the spin-
orbit splitting of the Ni 3p3/p and 3p&/2 levels. Thus we
do not attribute the double-dip structure to the spin-orbit
splitting of the Ni 3p levels. In any case, the dip for
NiGa is much deeper than that for the copper oxide or
the nickel silicide system. The sharp maximum in the
excitation spectrum of the Ni 3d band at 70 eV might be
due to the overlap with states that are responsible for the
huge resonance of the satellite peak near 69 eV, since it
has the maximum at roughly the same photon energy.
The maximum in the Ni 3d resonance emission occurs at
essentially the same photon energy in both Ni (Ref. 50)
(h v=71 eV) and NiGa (h v=70 eV), which can be inter-
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FIG. 2. Intensity of 3d and satellite structures in the photo-

emission spectra of NiGa normalized to the incident photon en-
ergy. The curve labeled 3d (6) represents the heights of the
3d-band emission peak as a function of photon energy. The
curve labeled satellite (0) represents those of the satellite. The
dashed and solid lines are to guide the eyes.
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preted, following Bertel, Stochbauer, and Madey, as evi-
dence of a significant degree of localization of the Ni 3d
resonance. The resonance is stronger in the satellite than
in the d band for NiGa, a phenomenon also observed in
nickel chloride. The resonance-antiresonance feature of
the satellite is asymmetric, which is similar to that for
Ni. ' ' ' We note that the resonant behavior of the sa-
tellite in Cu is nearly symmetric as a Lorentzian, and the
absorption is from the 3p to the 4s-4p band (3d' 4s
initial-state configuration). This observation indicates
that the initial state in the RP process is NiGa is largely a
partially filled d state (3d 4s and 3d 4s configurations),
and configuration mixing between these two initial states
contributes significantly to the 6-eV satellite. The sp state
may participate but is not dominant. ' This assertion
was also confirmed by XPS study of NiGa. ' The
strong Ni 3d-band resonance for NiGa is then due to the
3d 4s final state (3d 4s initial state), which is the same
configuration for the Ni metal 3d-band resonance. It
should be pointed out here that although some d spectral
weight is present at EF for NiGa, the clearest and surest
signature of empty d bands in NiGa is the 6-eV satellite
peak and its resonant behavior, since determination of EF
for NiGa involves some uncertainty as large as 0.2 eV,
which is caused by the limited instrumental resolution.
We also note that there is no satellite feature observed for
the Ga 3d peak (E~ = 18.5 eV) in this and previous stud-
ies ' of NiGa, and the corrected intensity versus hv
plot for the Ga 3d peak" does not show as large a varia-
tion as that of the Ni 3d peak in Fig. 2. Thus weak hy-
bridization is expected between Ga 3d and Ni 3d orbitals
in NiGa. This is not unreasonable, considering the large
energy difference (roughly 16 eV) between these orbitals.
More quantitative explorations of the d-band filling in
NiGa are given in the following.

The excitation spectrum for the 6-eV satellite can be
analyzed using the Fano function

F(E)=(q+ e) /(E + 1), (1)
E=(hv —hvo)/I (2)

Here h vp is the resonance energy, I is a quantity like the
self-energy of the resonance, c is the normalized excita-
tion energy, and q is an asymmetry parameter in Fano's
theory. The parameter q is determined roughly by the
optical transition-matrix element relative to the sCK ma-
trix element. As a crude estimation, q can also be ob-
tained from the following relations:

q=y+(y +1)'~ (3)

y=hv /hv& . (4)

Here hv is the separation between the locations of the
minimum and maximum of the excitation spectrum, and
h v& is the half-height width. The q value for the satellite
structure of NiGa thus obtained is about 2.4, which is
close to the corresponding value (q =2.5) for Ni(100) re-
ported by Guillot et al. The satellite peak for NiGa has
its maximum intensity at 69 eV, which is slightly above
the Ni 3p threshold in accord with the earlier results for
Ni. Their difFerence (about 2 eV for NiGa), which
is a function of q, is expected to be small; however,
without a well-defined Fano line shape in the experimen-

tally derived profiles, quantifying this difference is
difficult. The maximum and minimum in the Fano
profile can be obtained from Eqs. (1) and (2) as h vo+ I /q
and h vp q I respectively. From these two extreme
values (h v=69 and 64 eV) of the experimentally derived
Fano profile, we obtained I and h vp values of 1.8 and 68
eV, respectively, for NiGa, which are close to the corre-
sponding values for Ni (Ref. 2) (I =2.0 eV, h vo=66 eV).
The difference between the peak value of the Fano profile
and h vp is about 1 eV for NiGa, which is close to that for
Ni obtained experimentally (0.8 eV) or theoretically'
(0.7 eV). As pointed out by Guillot et al. , the values of
I and h vp for Ni are in excellent agreement with those of
the theoretical calculation, and the q value for Ni is
considerably larger than those obtained from either
energy-loss spectra ' (q=0.9 and 1.3) or theoretical
calculation (q = 1.8). We also note that Kakizaki
et al. , studying the hv dependence of the spin polariza-
tion of the 6-eV satellite of Ni(110) at various tempera-
tures, found that q =0.6 and hvp=64. 5 eV independent
of sample temperature. Equations (1) and (2) predict
that, for a small-q value, the height of the resonantly
enhanced peak is small compared with the depth of the
antiresonance dip. This corresponds to a relatively high
value of the product of the sCK matrix element and the
transition matrix element for the direct 3d emission rela-
tive to the matrix element for the 3p —+3d transition.
One thing worth noting is that the dip profile of the 1-eV
peak for the clean Fe(110) sample suggests a small-q
value, and no satellite feature was found in Fe. ' All
these observations mean that different final states can
have different resonant behaviors, and thus different q
values. The small difference in the q values for Ni and
NiGa is then an indication that the resonant satellites for
both materials correspond to a two-hole bound state
(3d 4s final-state configuration). Thus the Ni d band in
NiGa is not completely filled.

In order to compare our data with those of Miyahara
et al. , we define the resonant satellite intensity I„, the
same way as was done by them. BrieAy, it is defined as
the area of the resonant satellite structure above the
background curve normalized by the spectral intensity of
the Ni 3d band which is defined by the area of the Ni 3d
band component above the background. For simplicity,
we chose a linear background. The resonant satellite
structure is obtained by taking the difference between the
spectra of on resonance and off resonance. This pro-
cedure eliminates the possibility of oxygen 2p contribu-
tion, if any, to the resonant intensity. The I„, values
thus calculated for Ni and Ni compounds are listed in the
second column of Table I. The on-resonance and off-
resonance photon energies for Ni and Ni compounds are
enclosed in parentheses and separated by colons follow-
ing the I„,values in Table I. According to an XPS study
of the electronic structures of nine Ni-Ga and Ni-In in-
termetallic compounds, a faster filling of the Ni d bands
for a Ni concentration less than 50% in these compounds
is supported by the fact that I„, values decrease more
slowly from Ni to NiGa or NiIn than from 1:1 com-
pounds to Ni2Ga3 or Ni2In3. However, the complete
filling of the Ni d band is not supported, since a sharp de-
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crease in I„, value and a complete disappearance of the
6-eV satellite are not observed in these two series of com-
pounds. If the Ni d band is completely filled in NiGa, the
final state of the 3p ~nl excitation is either a 4sp state or
an unoccupied state with partial d character (due to s-d
hybridization). In either case, the I„, value for NiGa
should be much less than that for Ni. This is the case for
NiS and NiSb, but not for NiGa. This is the second indi-
cation that the Ni d band in Nioa is not completely
filled.

It is well known that the important interactions which
determine the presence of a satellite, its intensity, and po-
sition are the 3d-band-width ( W), the core-hole —3d-
electron Coulomb attraction energy (Q), and the band
filling. The experimental occupied d-band-width for Ni,
which is defined as the energy separation between the I.

&

points and E~, is 3.3 eV. ' The d-band-width for NiA1,
defined as the energy difference between R,z and R &5, is
2.6+0.25 eV (Ref. 62) as measured by use of angle-
resolved photoemission. The density-of-states-type XPS
d-band-width, with uncertainties introduced by the life-
time and instrumental broadenings, for NiGa, is 3.2-eV
full width at half maximum (FWHM), while that mea-
sured in this study is 1.8-eV FWHM with +0.2-eV varia-
tion in the photon energy used. It clearly shows that the
d-band-width measured with angle-integrated photoemis-
sion is a strong function of resolution. Nevertheless, the
d-band-width can be estimated from the interatomic dis-
tances. According to the moment rule, one expects the
bandwidth to vary as &z t, where z is the number of like
atoms and t the average hopping integral. t is expected to
vary like R, where R is the Ni-Ni distance. Since
NiGa is isostructural with NiA1, the d-band-width for
NiGa can be estimated from that for NiAl, and the lat-
tice constants for NiA1 (Ref. 64) (2.886 A) and NiGa
(Ref. 65) (2.8952 A). The W value for NiGa thus ob-
tained is 2.5 eV. However, if using the moment rule to
calculate 8' for NiGa from the lattice constant of Ni
(3.52 A), one would obtain 1.1 eV, which is unreason-
ably small. This suggests that the distance variation of t
is less rapid than R, and further suggests that hybridi-
zation between Ni d and Ga p orbitals is important. In
the limit W/Q ~0, the splitting of the main band and sa-
tellite is Q, and I„, is roughly given by nh/(1 nz), —
where nh is the number of holes in the d band. The Q
value for NiGa in this atomic limit is about 6.2 eV on res-
onance, and about 6.8 eV off resonance. For the other
limit Q/W~O, there will be no bound state, and the
spectrum will consist of one asymmetric line. For cases
with an immediate value of W/Q, it is difficult to obtain
an exact expression for the line shape. However, for
Q ) W (as in the case for NiGa), a bound state will still
exist and the I„, value will depend on nh/(1 nI, ), but-
will be reduced from this value. The reduction is a
function of the W/Q value, band filling, and band degen-
eracy. For simplification of the discussion, we assume
that the Q's for Ni and Ni compounds are large com-
pared with the corresponding 8 values, i.e., in the
W/Q~0 limit. Thus the nh values for Ni and Ni com-
pounds can be estimated, and are listed in the last column
in Table I. One can see that the satellite intensity is

strongest for Ni metal, which has 0.5 holes per Ni atom.
This nI, value equals the d-band occupancy used by Vic-
tora and Falicov in their exact calculation of the Ni
density of states (DOS) within the context of a full many-
body scheme, and is only 10% smaller than the theoreti-
cal and experimental estimates of 0.56 d hole per Ni
atom for Ni metal. It should be also noted that Bosch
et al. reported I„, and nh values of (130+20)% and
0.57, respectively, for 5% Ni in Au, in which Ni as a di-
lute impurity forms a very narrow (0.2-eV FWHM) virtu-
al bound state about 0.45 eV below EF. We thus have a
high degree of confidence in the procedures followed and
assumptions made in determining nI, values for other Ni
compounds. With a decreasing hole concentration in the
Ni compounds in Table I, the corresponding I„, values
decrease. For NiGa, the I„,and ni, values are 49% and
0.33, respectively. These values are compared with those
of 13% and 0.12 for Cu metal. ' It is generally believed
that satellites in the spectra of Cu vapors and Cu metal
are due mostly to the final-state effect, since (1) the
initial-state (31 4s and 3d' 4s) configuration mixing is
not appreciable, and (2) I„, does not vary much for
different initial states for Cu vapors and Cu metal. For
metallic compounds NiTe and NiSb, the resonances of sa-
tellites and main 3d bands are weaker compared with Ni
metal, which is explained by the smaller number of d
holes in these compounds. ' ' For NiS, the satellite is
very weak due to the large number of d holes (1.7 holes
per Ni atom) resulting from the Ni 3d —S 3' hybridiza-
tion. One point that must be made more strongly here is
that the different resonance behaviors of the satellite
structures in the Ni compounds are partly due to
differences in the electronegativity values and partly and
more importantly due to diff'erent 3p~3d and 3d~sf
transition probabilities resulting from the different d-
electron numbers. This point has also been mentioned in
the study of the 3d transition-metal dichlorides. There-
fore, it is not surprising that I„,and nh values in Table I
do not correlate with the corresponding electronegativity
values.

The effective Coulomb interaction of two holes at the
same site, U,z, is given by

Ueff —Ea, s
—2Ea, d (5)

where Ez d and Ez, are the binding energies of the d-
band maximum and the satellite, respectively. The U,z
value for NiGa thus obtained from the data of Hsu and
Williams is 4.6 eV off resonance and 5.3 eV on reso-
nance. However, this estimate of U,z carries some uncer-
tainty due to the well-known multiplet structures in the
d-band and satellite structures. However, if the major
peak of the multiplets is taken, a reasonable value of U,z
can be obtained. The off-resonance value for NiGa is
surprisingly close to that of 4.3 eV used by Victora and
Falicov in the calculation of total and angle-resolved
DOS's for Ni. A value U,&=4.3 eV was used by them
because good agreement between the calculated total
DOS (Ref. 64) and XPS spectra was found not only in
the existence and in the fitted position of the satellite, but
also in its relative intensity and in the 3d-band-width. In
the copper oxide system, U,& changes with d-band
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filling; while in the nickel silicide system, U,z is almost
the same and essentially equals to the elemental Ni value
of about 4.6 eV. That U,z does not change appreciably
from Ni to its silicides was also observed by Bisi et al.
in the study of XPS and Auger spectra of the nickel sili-
cide system. It is worthwhile mentioning here that the
U/Q ratio for NiGa (0.68 off resonance, 0.85 on reso-
nance) is very close to that assumed (0.7) for the heavy-
transition-metal dihalides. ' This is not unreasonable
since the U/Q ratio is essentially independent of ligands
because U and Q are mostly determined by atomic pa-
rameters. The similarity between NiGa and Ni can be
made more clear by plotting U,z and 28' versus atomic
numbers for the metals Fe, Co, Ni, Cu, Zn, Ga, and Ge,
as was done by Antonides, Janse, and Sawatzky. We
see that NiGa should be placed near Ni, and that these
two curves cross in the vicinity of Ni. This observation is
the third indication that the Ni d band is not completely
filled in NiGa.

The conclusions drawn from this study are (l)

configuration mixing between 3d 4s and 3d 4s initial
states contributes significantly to the satellite structure in
NiGa; (2) the strong 3d-band resonance for NiGa is due
to the 3d 4s final state (3d 4s initial state); (3) hybridiza-
tion between Ni d and Ga p orbitals is more important
than that between Ni d and Ga d orbitals; (4) the number
of holes per Ni atom in the Ni d band for NiGa is es-
timated to be 0.33; (5) the effective Coulomb interaction
between two 3d hole on the same site is 4.6 eV off reso-
nance and 5.3 eV on resonance; and (6) the Ni d band in
NiGa is not completely filled.
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