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AND PROPERTIES OF THIN OVERLAYERS

M. W. RUCKMAN,* V. MURGAI,** and MYRON STRONGIN
Brookhaven National Laboratory, Physics Dept., Upton, N.Y. 11973

ABSTRACT

The measurements presented here show the value of synchrotron light for
determining both the electronic structure of overlayers, and the physical
nature of the overlayer-substrate interface. A comparison is given between
deposited layers and thermally stabilized layers. Estimates are also made
of the bonding energy between the overlayer and substrate. .

Introduction

In this paper we wish to indicate some of the ways that synchrotron
radiation can be used to study the properties of metal overlayers in a rath-
er straightforward way. The properties of Ni, Pd, and Pt layers on the
Ta(110) surface will be used to illustrate the features of this technique.
These particular systems are of great interest since in the case of Pd over-
layers on Nb, which has been studied in detail{i1,2,3] the hybridization of
the overlayer with the underlying substrate causes drastic changes in the
layer properties, and this in turn causes dramatic changes in the chemical
properties.[1,2,3,4] The combination of electronic structure measurements
and core level shifts are used to estimate the bonding energy of Pt on Ta.

Exgerimenta]

The experiments were carried out on recrystallized Ta foils which crys-
tallized in the (110) orientation. The metals were evaporated from tungsten
baskets, except for Pt which was made into a coil and then directly heated
by passing current through it. The core level measurements were made using
tunable radiation provided at NSLS. The spectra were measured with a
double-pass cylindrical mirror analyzer. Some of the valence band spectra
were taken with a laboratory He lamp. The resolution of the measurements
using synchrotron radiation was essentially 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 and 2, we show the angle integrated val-
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 this is less apparent, but differ-
ence curves verify that the initial Ni states appear below Ef. Pd initi-
ally grows in a commensurate overlayer on both Nb [1] and Ta, then becomes
incommensurate with a (111) FCC structure from one to 1.2 layers and finally
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, finally become incommensurate, and
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then form a (111) oriented FCC layer
for thicker films. When a Ni{111)
layer is heated on Ta there is a tem-
perature range where it forms a stab-
ilized layer with a C(2x2) structure
on Ni(l11). Fig. 2a shows that the d
bands of this "surface compound” have
a large component below Ef, and are
lower than in the monolayer deposited
film. Data for Pt are shown in Fig.
2b.

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

Core Level Spectra

The major subject of interest
here, and which has great value for
determining the qualities of the film
and film 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-
ity. Pt also has sharp 4f levels, and
in this 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.
It then becomes incommensurate with
the Ta(110) surface, and remains in
the Pd(111) structure as further Pd is
deposited. Such a monolayer is shown
in Fig. 4(b). 1In 4(c) a layer made by
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heating a thicker Pd layer ‘is shown.
For the clean Ta surface only the

4f5 /2 and 41772 peaks are appar-

ent. (Any surface core level shifts
are not resolved here.) When Pd is
added two doublets are now apparent,
thase from clean Ta and also the peaks
from the Ta-Pd interface, which are
shifted to higher binding energies.

It is interesting to note that the
peak for the thermally stabilized Pd
"monolayer® in Fig. 4(c), shows rela-
tively less pure Ta. In Fig. 5 we
show by a difference curve that the
relative value of the shifted Ta peak
is higher in the thermally stabilized
layer. A reasonable interpretation of
this result is that in the deposited
layer the Pd is strictly in one layer
and there is still a strong signal
from the clean Ta coming from below
the interface layer. In the thermally
stabilized layer additional Pd must be
in the surface layers, which reduces
the clean Ya signal. Hence these re-
sults show that the underlying surface
region is different in these two
cases, even though LEED and Auger in-
dicate somewhat comparable results.
Actually while Auger spectra do not
show any obvious peak shifts in the Ta
peaks there can be slightly different
Auger intensities for the two types of
layers.

In Fig. 6 we show th2 core level
spectra for clean Ta and a theimally
stabilized Ni layer on Ta. In this
case, where there is a C{2x2) phase
only shifted Ta peaks are observed.
This implies that the Ni-Ta compound
js several layers thick.

In Fig. 7 the core levels are
shown for cicen Ta and for different
Pt coverages. The Pt-Ta interface is
indicated by the shoulder at high
binding energy which increases with Pt
coverage. The quality of this inter-
face is clearly not as good as the
Pd-Ta case because a Ta 4f core com-
ponent readily attributable to tanta-
lum oxide is clearly visible. 1In
Fig. 8 the Pt 4f levels are shown over
the same coverage range. It is evi-
dent that at 0.2 ML coverage the
greatest shift to higher binding ener-
gy is observed. When the Pt coverage
reaches 0.4 ML, the shift appears to
stay constant up to 1 ML, but it is
not at the bulk value. This apparent-
ly implies islanding of the Pt and

Bl )

R %y
',.E,“,



VT TITTITTTTI TT T TTT Lo
T 1 ] 3 L ) l
Ar =80 oV P1+Te{ii0) 21 he =120V
< ’ *ﬁ:;- 21
P . - T ]
= o U . : » (mee i
e g o~ ,‘ P (2P FiLm
gﬁ*;' kY ' &“Hs‘ §q“nu
£ ., : - ;
3 o FR A e | =r ™ o
2 o P - . i < -
s o i : sl LSl
':I "AJ# e hd }’.
- . s . .
- .’1 ~ % > | “"\.. (o)
> SN S e = ]
[~a v &  ° o) ;
2 £ . -
& 7 3 3 Megme)
= pro 3 2 ‘\5 ‘hﬁhﬁ
= A S 2L [T1]
s PR R R CU s A -
= £ : 3 i
x < 7 8 \
8 L - o
= L -P( Comuudll - IR A
+ p b M
»
an*” - S, ’
£ Fe s ‘."\_ﬁ- w
Fhp e Y .
L -.’ ¥ 2 - ) )\
5 -
>~ P1+To (10} ":\
hctmrnena™” - . ) e, {e)
, to} LU0 L1y gg ey,
e ] [ B o S -78 ~74 -70 -%6
Tar -3 -2y -a A9 o7 - BINDING ENERGY [ev)

" GINDING ENERGY (oV)

Fig. 7. The Ta 4f7,2 and 4fg/7 Fig. 8. The Pt 4fy/2 and 4f5/)
photoelectron energy distributions photoelectron energy distributions for
for various Pt coverages on Ta(110) various Pt coverages on Ta(110)
Photoemission excited by 80 eV photoemission excited by 120 eV
synchrotron radiation. (a) clean synchrotron radiation. (a) clean
Ta(110), (b) 0.2 ML, (c) 0.4 M., Pt(111), (b) 0.2 ML, (c) 0.4 ML, (d)
(d) 0.6 ML, (e) 0.8 ML, (f) 1 ML, 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 relatively 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. If it is assumed that the bonding
of the overlayer and substrate is due to hybridization of the d-bands, and
_if further there is no net charge transfer. Then the core levels shifts es-

sentially define the shifts in reference levels when the metals come togeth-
er, and it is the large shift of the Pt d-bands to lower binding that leads
to the major term in the bonding energy. This shift turns out to be greater
than the core level shifts which are relatively small. If one goes through
this analysis as described by Oelhafen [6] the binding energy is about -1.9
eV/atom. The expression given by Delhafen for the heat of formation is

Eg

. (F A8 y
M= Iva]ence(E'EF) py dE - Iva]ence(E'EF) PpdE + Npse
band of AB band of A

and similar terms for B. aH is the heat of formation, pﬂB is the partial

d-band density of states of element A in the alloy AB, NQ is the average
number of d electrons of element A in the alloy per atom, and Ae is the core
Tevel shift. It is clear that the partial density of states cam only be



* determined when the d bands do not greatly overlap. This essumption is 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
[7] which is based on a Born-Haber cycle and the egquivalent core approxima-
tion which assumes that the core ionized Z atom is equivalent ic 2 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«d 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 ccre level featuras 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 arc also in progress to investigate
the chemical properties of these overlayer systems, which are significantly
different from either the thick overlayer metal or the substrate.
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