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ABSTRACT

The measurements presented here show the value of synchrotron l i g h t for
determining both the e lect ronic s t ruc ture of over iayers, and the physical
nature of the overlayer-substrate i n te r f ace . A comparison i s given between
deposited layers and thermally stab;1. 'zed l aye rs . Estimates are also made
of the bonding energy between the overlayer and substrate.

Introduct ion

In t h i s paper we wish to indicate some of the ways tha t synchrotron
rad ia t ion can be used to study the propert ies of metal overlayers in a ra th -
er straightforward way. The propert ies of N i , Pd, and Pt layers on the
Ta(l lO) surface w i l l be used to i l l u s t r a t e the features of t h i s technique.
These par t icu lar systems are of great i n te res t since in the case of Pd over-
layers on Nb, which has been studied in d e t a i l [ i , 2 , 3 ] the hybr id iza t ion of
the overlayer with the underlying substrate causes d ras t i c changes in the
layer propert ies, and th i s in turn causes dramatic changes in the chemical
p roper t i es . [1 ,2 ,3 ,4 ] The combination of e lec t ron ic s t ruc ture measurements
and core level sh i f t s are used to estimate the bonding energy of Pt on Ta.

Experimental

The experiments were carr ied out on rec rys ta l l i zed Ta f o i l s which c rys -
t a l l i z e d in the (110) o r i e n t a t i o n . The metals were evaporated from tungsten
baskets, except for Pt which was made i n to a co i l and then d i r e c t l y heated
by passing current through i t . The core level measurements were made using
tunable radiat ion provided at NSLS. The spectra were measured wi th a
double-pass cy l i nd r i ca l mi r ror analyzer. Some of the valence band spectra
were taken with a laboratory He lamp. The reso lu t ion of the measurements
using synchrotron rad ia t ion was essen t ia l l y determined by the Plane Grating
Monochromator (PGM) which, at present has a resolving power of about
AE/E-150.

Data

Valence Band Spectra in Fig. 1 anc 2, we show the angle integrated va l -
ence band photoemission spectra taken for Ni and Pd, and Pt layers, and in
addition we show results for thermally treated layers. The data show that
in all cases the states of the overlayer metal hybridize with the substrate
and appear below EF- In the case of Ni th is is less apparent, but d i f fe r -
ence curves verify that the i n i t i a l Ni states appear below Ep. Pd i n i t i -
a l ly grows in a commensurate overlayer on both Nb [1J and Ta, then becomes
incommensurate with a (111) FCC structure from one to 1.2 layers and f i na l l y
grows as (111) Pd as more Pd is added. When a thicker Pd layer is heated
most of Pd goes into the Ta or Nb and there is a temperature range from 700
to 900C where a stable "commensurate" monolayer of Pd exists on the sur-
face. Ni and Pt also appear to grow commensurately although there is some
evidence of mismatch in the LEED pattern, f i na l l y become incommensurate, and



Fig. 1 (a) Energy distribution curves of Ta(llO) and Pd films of increasing
coverage on Ta(llO). Photoemission spectra were taken using Hel (21.2 eV)
VUV radiation, (nj denotes the approximate palladium coverage (1.0 = a
monolayer). (b) Data for thermally stabilized films, annealing temperature
is at right.
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Fig. 2 (a) Energy distribution curves for thermally stabilized Ni films
on Ta(llO) taken using Hel (21.2 eV) radiation. Annealing temperatures are
given on the figure, (b) Pt films on Ta(llO). Approximate Pt ovarlayer
coverages shown on figure (n - 1.0 is - monolayer coverage).
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Fig. 3. Energy distribution curves
taken using synchrotron radiation
for a palladium "monoiayer" on
Ta(llO) produced by thermal stabil-
ization. Note the absence of states
at EF for hv = 80 and 100 eV.
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Fig. 4. Ta 4f corelevels for
(a) clean Ta(110), (b) approximate
monolayer Pd coverage and (c) ther-
mally stabil ized Pd "monolayer" on
Ta(llO) at hv = 60 eV.

then form a (111) oriented FCC layer
for thicker f i lms. When a N i ( l l l )
layer is heated on Ta there is a tem-
perature range where i t forms a stab-
i l i zed layer with a C(2x2) structure
on Ni(111). Fig. 2a shows that the d
bands of this "surface compound" have
a large component below Ep, and are
lower than in the monolayer deposited
f i l m . Data for Pt are shown in Fig.
2b.

The features shown above are eas-
i l y obtainable with a discharge lamp
and do not require the use of synchro-
tron radiat ion. However synchrotron
radiation allows the study of cross
section dependence which fac i l i ta tes
unraveling which features belong to
which element. For example the fea-
ture near Ep in Fig. 1 are thought
to be Ta states from the underlying
layers, and actually the density of Pd
states is quite small at Ep. In
Fig. 3 we show that by going to higher
photon energies where the Ta cross
section is reduced relat ive to the Pd
cross section, that the states at EF
are greatly reduced r 1at ive to the
features below Ep and hence have
mostly Ta l ike character. This tech-
nique can be developed in a more
general way to determine the symmetry
of various surface orb i ta ls . [5 ]

Core Level Spectra

The major subject of interest
here, and which has great value for
determining the qual i t ies of the f i lm
and f i lm substrate interface are the
core level spectra. In this regime of
energies, synchrotron radiation is
unique. The case studied here in -
volves metal overlayers on Ta, and we
have chosen to use the 4f levels of Ta
as the major probe of interface qual-
i t y . Pt also has sharp 4f levels, and
in th is case both the substrate and
overlayer core levels can be studied.
The 4f core levels of Ta are shown in
Fig. 4(a).

We have previously mentioned that
a monolayer of Pd deposited on Ta(110)
grows commensurately on the surface.
I t then becomes incommensurate with
the Ta(110) surface, and remains in
the Pd( l l l ) structure as further Pd is
deposited. Such a monolayer is shown
in Fig. 4(b). In 4(c) a layer made by
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Fig, 5. Comparison of Ta 4f core-
levels for (a) approximate monolayer
Pci coverage, (b) thermally s tab i l -
ized Pd layer on Ta(llO), (c) d i f -
ference curve (b)-(a) at hv= 60 eV.
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Fig. 6. Ta 4f core! level spectra
for clean Ta(llO) and for Ta(llO)
with a thermally stabilized Ni over
layer.

heating a thicker Pd layer is shown.
For the clean Ta surface only the
4f5/2 and 4f7/2 peaks are appar-
ent. (Any surface core level shi f ts
are not resolved here.) When Pd is
added two doublets are now apparent,
those from clean Ta and also the peaks
from the Ta-Pd interface, which are
shifted to higher binding energies.
I t is interesting to note that the
peak for the thermally stabil ized Pd
"monolayer" in Fig. 4(c) , shows rela-
t i ve ly less pure Ta. In Fig. 5 wo
show by a difference curve that the
relat ive value of the shifted Ta peak
is higher in the thermally stabil ized
layer. A reasonable interpretation of
th is result is that in the deposited
layer the Pd is s t r i c t l y in one layer
and there is s t i l l a strong signal
from the clean Ta coming from below
the interface layer. In the thermally
stabi l ized layer additional Pd must be
in the surface layers, which reduces
the clean Ta signal . Hence these re-
sults show that the underlying surface
region is di f ferent in these two
cases, even though LEEO and Auger i n -
dicate somewhat comparable resul ts.
Actually while Auger spectra do not
show any obvious peak shi f ts in the Ta
peaks there can be s l igh t l y d i f ferent
Auger intensit ies for the two types of
layers.

In Fig. 6 we show tha core level
spectra for clean Ta and a theimally
stabil ized Ni layer on Ta. In th is
case, where there is a C(2x2) phase
only shifted Ta peaks are observed.
This implies that the Ni-Ta compound
is several layers th ick .

In Fig. 7 the core levels are
shown for clean Ta and for d i f ferent
Pt coverages. The Pt-Ta interface is
indicated by the shoulder at high
binding energy which increases with Pt
coverage. The quality of th is in ter -
face is clearly not as good as the
Pd-Ta case because a Ta 4f core com-
ponent readily attr ibutable to tanta-
lum oxide is clearly v i s ib le . In
Fig. 8 the Pt 4f levels are shown over
the same coverage range. I t is evi-
dent that at 0.2 ML coverage the
greatest sh i f t to higher binding ener-
gy is observed. When the Pt coverage
reaches 0.4 ML, the sh i f t appears to
stay constant up to 1 ML, but i t is
not at the bulk value. This apparent-
l y implies islanding of the Pt and
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Fig. 7. The Ta 4fy/2 a n d 5/2
photoelectron energy distr ibutions
for various Pt coverages on Ta(llO)
Photoemission excited by 80 eV
synchrotron radiat ion, (a) clean
Ta(l lO), (b) 0.2 ML, (c) 0.4 ML,
(d) 0.6 ML, (e) 0.8 ML, ( f ) 1 ML.
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Fig. 8. The Pt 4f7/2 and 4f5/2
photoelectron energy distributions for
various Pt coverages on Ta(llO)
photoemission excited by 120 eV
synchrotron radiation, (a) clean
Pt(lll), (b) 0.2 ML, (c) 0.4 ML, (d)
0.6 ML, (e) 0.8 ML, (f) 1 ML.

then the growth of islands from 0.4 ML to 1 ML.
The results for Pt on Ta are of interest for yet another reason. Be-

cause there are relat ively sharp f levels in both metals, core level shifts
can be measured for both substrate and overlayer and some estimate can be
made of the binding energy. There is as yet no real prescription for doing
this and some assumptions must be made. I f i t is assumed that the bonding
of the overlayer and substrate is due to hybridization of the d-bands, and
i f further there is no net charge transfer. Then the core levels shi f ts es-
sential ly define the shif ts in reference levels when the metals come togeth-
er, and i t is the large shi f t of the Pt d-bands to lower binding that leads
to the major term in the bonding energy. This shi f t turns out to be greater
than the core level shif ts which are re lat ively small. I f one goes through
th is analysis as described by Oelhafen [6 ] the binding energy is about -1.9
eV/atom. The expression given by Oelhafen for the heat of formation is

rAAB
AB

d E 'valence
band of AB

f
* valence
band of A

(E-EF) PAd£ +

ABand similar terms for B. AH is the heat of formation, pftD is the part ial
d-band density of states of element A in the alloy AB, N$ is the average
number of d electrons of element A in the alloy per atom, and Ac is the core
level sh i f t . I t is clear that the part ial density of states can only be



• determined when the d bands do not greatly overlap. This assumption 1s only
partially valid in this present case, although the data in Fig. 2b show Pt
features which are fairly separate from the Ta d band. Another approach
which involves different assumptions, is the work of Johansson and Martenson
[73 which is based on a Born-Haber cycle and the equivalent core approxima-
tion which assumes that the core ionized Z atom is equivalent to a valence
ionized Z+ atom. This method provides a shift of -0.9 eV for Pt on Ta which
is in agreement with the data in Fig. 7. However it was assumed that the
difference of the heats of adsorption for Pt and Au on Ta can be approxi-
mated by the heats of solution as calculated by Miedema, et al. [8]

Another interesting feature in the data which will not be mentioned
here is valence band satellite features in Ni and Pd. Work has been done on
the cross section dependence of the 6 eV Ni satellite a.td the 8 eV Pd satel-
lite as a function of photon energy for both thick layers and monolayers.
For the monolayer films the satellite shifts to higher binding energies.

Summary

This work is meant to show the great wealth of information that can be
obtained by synchrotron studies of metal overlayer systems. The combination
of valence band and core level features allows some estimate to be made of
the heat of formation at the interface and the change in electronic states
at the interface. Future experiments ate also in progress to investigate
the chemical properties of these overlayer systems, which are s ign i f icant ly
different from either the thick overlayer metal or the substrate.

Acknowledgements

We are grateful to the staff at NSLS and to F. Loeb and R. Raynis for
excellent technical support on the U7 beamline. Research is supported by
the Div. of Materials Sciences, U.S. DOE under contract DE-AC02-76CH00016.

*Current address: Univ. of Minnesota, Minneapolis, Minnesota 55455.
**Current address: Phys. Dept., Boston University, Boston, Mass. 02215.

References

1. M. Strongin, M. El-Batanouny, and M. Pick, Phys Rev. B J!2_, 3126 (1980).
2. M. El-Batanouny, M. Strongin, G. P. Williams, and J . Colbert, Phys.

Rev. Lett. 46, 269 (1981); M. Sagurton, M. Strongin, F. Jona, J .
Colbert, Phys. Rev. 28, 4075 (1983).

3. J . P. Muscat, Surf. Sci. 131, 299 (1983); V. Kumar and K. Bennemann,
Phys. Rev. 28_, 3138 (19837T~M« El-Batanouny, D. R. Hamann, S. R. Chubb,
and 0. W. Davenport, Phys. Rev. B J7_, 2575 (1983).

4. M. W. Ruckman and M. Strongin, Phys. Rev. 29, 7105 (1984).
5. M. El-Batanouny, M. Strongin, and G. P. WiTTiams, Phys. Rev. B 27, 4580

(1983).
6. P. Oelhafen, Jour. Phys. F: J l l , L4 (1981).
7. B. Johansson and N. Martensson, Phys. Rev. B Zl, (1980).
8. A. K. Niessen, F. R. de Boer, R. Boom, P. F. de Chatel, W. E. M.

Mattens, and A. R. Miedema, Calphad 7_, 51 (1983).


