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Photoelectron-spectroscopy methods combined with electrical-resistance measurements were em-

ployed to study the effects of intermixing at Au/Sb interfaces at low temperatures. For the purpose of
characterizing the growth processes of the intermixed phase on a ML scale, Au/Sb bilayers (layer
thicknesses DA„=0.5—75 ML and Dsb = 150 ML) were evaporated at 77 K and the different in situ tech-
niques allowed a comparison to vapor-quenched amorphous Au Sb&oo „alloys. For Au thicknesses be-
tween 0.5 and 0.9 ML, a change from a semiconducting to a metallic behavior of the samples has been
detected, as indicated by the development of a steplike photoelectron intensity at the Fermi level. Evi-
dence has been found that for Au coverages ~ 6 ML chemical reactions at the Au/Sb interface occur,
leading to the formation of a homogeneously intermixed amorphous layer with a maximum thickness of
about 2.3 nm and Au concentrations as high as x = 80 at. %. This latter value corresponds to the limit-

ing Au content where amorphous alloys can be prepared at low temperature (0 at. % x ~ 80 at. %).
For nominal coverages beyond 6 ML polycrystalline Au films were formed. Consequently, Au/Sb multi-

layers with sufficiently small modulation lengths, which were prepared at 130 K by ion-beam sputtering,
were observed to grow as a homogeneous amorphous phase over a broad range of compositions, as evi-

denced by in situ resistance measurements and by comparing the obtained crystallization temperatures
to those of vapor-quenched amorphous alloys. Variation of the deposition temperature T, revealed that
an amorphous interface layer is only formed for T, 220 K. This is consistent with the fact that for
multilayers with large modulation lengths containing unreacted polycrystalline Au and Sb layers, long-

range interdiffusion is found to set in at temperatures above 230 K. This interdiffusion, however, results
in the formation of polycrystalline Au-Sb alloys.

I. INTRODUCTION

Within modern solid-state physics, systems with re-
duced dimensions have attracted much attention not only
because of their relevance to technical applications such
as, e.g., in microelectronics, but also from a fundamental
point of view. Important new insights into quantum-
mechanical phenomena have been found in systems
whose physical dimensions could be strongly reduced
such as, e.g., in mesoscopic systems or extremely thin
films. With advances in thin-film preparation techniques
and the availability of sophisticated sample characteriza-
tion tools, it has become possible to fabricate and analyze
ultrathin structures with a degree of interfacial smooth-
ness on the atomic scale. Thin films, bilayers, and multi-
layers with compositional modulation lengths of several
angstroms have been widely used to study phenomena
such as superconductivity, ' magnetism, ' local-
ization —electron-electron interaction, and quantum-
size effects, "to give just a few examples.

In multilayered systems, much work has been motivat-
ed by the idea that coupling between different layers may
result in new and fascinating properties which can be

significantly different from those of each of the corn-
ponents. Such a coupling can either be mediated by con-
duction electrons ' or emerge from reactions between
different types of atoms at interfaces. ' Since interface
effects usually penetrate at least a few atomic layers into
the bulk, in layered systems with very short modulation
lengths the existence of reacted interface layers seems to
offer the possibility to design macroscopic samples with
properties dominated by the microscopic structure of the
interfacial region. This structure can range from being
perfectly ordered for epitaxial layer growth to completely
disordered (amorphous) interface alloys at sufficient low
temperatures in systems showing strong tendencies for in-
termixing.

The aim of the present work is to establish the nature
of the electronic states which develop at the interface be-
tween two different types of materials, in our case Au and
Sb. Because of the large negative heat of formation of the
AuXz compounds (X =In, Al, Cia, Sb, etc.), one might
expect that Au atoms, rather than acting as an inert no-
ble metal, may chemically react with the polyvalent Sb
atoms to form either a crystalline compound (AuS12) or,
at sufhcient low temperature, an amorphous phase whose
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existence is well known from earlier experiments. ' Re-
cently, metallic multilayers of Au/In (Ref. 13) and Au/Al
(Ref. 14) with very small individual layer thicknesses
were found to be completely amorphized by strong chem-
ical reactions even at 85 K. This new method has proved
to be different from the thermally driven solid-state
amorphization, ' ' a technique which sometimes allows
the amorphization of crystalline multilayered systems by
thermally activated fast diffusion of one of the com-
ponents into the other. Also in this case, when thick lay-
ers can be forced into the disordered state by thermally
activated solid-state reactions, ultrathin amorphous inter-
face layers have been reported to form in the as-deposited
state without applying an additional heat treatment, '

indicating that amorphization at interfaces is a very gen-
eral phenomenon. This new additional route into the
metastable amorphous state has been investigated by
means of different analytical tools such as electrical resis-
tance measurements, ' ' ' the perturbed yy-angular
correlation technique, Auger electron spectroscopy, and
electron-energy-loss spectroscopy. ' Unfortunately, all
these methods cannot be used to extract a direct picture
of the electronic states during the growth of the reacted
phase. Further experiments would be valuable in allow-
ing us to distinguish directly whether an amorphous or a
crystalline phase is formed.

Because of its inherent surface sensitivity (2 —10 ML)
combined with high-energy resolution, ultraviolet and
mono chromatized x-ray photoelectron spectroscopy
(UPS and MXPS) have been applied in the present work
to establish a direct picture of the electronic states which
will be created at the interfacial region during the step-
wise deposition of Au atoms on top of a thick Sb layer at
77 K. While the UPS technique is used to analyze details
of the valence-band structure of the reacted phase, core-
level spectroscopy gives additional information on the
chemical reaction between the two types of atoms. Since
resistivity measurements are also sensitive to the density
of states near the Fermi energy EF, it is of particular in-
terest to combine all three methods in order to investi-
gate the electronic structure of the interface layer. It will
be demonstrated that these methods are well suited to ex-
tract direct information on the formation of an amor-
phous (in the present case metallic) interface layer and its

limiting thickness. In addition, resistivity measurements
on various Au/Sb multilayers will show that the Au/Sb
system represents a further example where i.nterface reac-
tions can be exploited to prepare thick amorphous sam-
ples over a broad range of compositions. These measure-
ments will also confirm that thermally activated solid-
state reactions can be excluded to be responsible for the
formation of the disordered alloy at low temperatures.

II. EXPERIMENT

The photoemission experiments on Au/Sb bilayers
were performed in a Leybold-Heraeus EA11-100 electron
spectrometer consisting of a preparation chamber
equipped with two electron-beam evaporators and an
analysis chamber where photoelectrons can be recorded
by means of a hemispherical energy analyzer. Samples

were prepared by quench condensation of thick Sb Alms

(Dsb=150 ML) onto fused-quartz substrates kept at 77
K, followed by the stepwise evaporation of Au on top of
the Sb surface up to a total coverage of 75 ML. The
electron-beam evaporators were adjusted to give deposi-
tion rates of typically 0.01 ML/sec (Au) and 0.1 ML/sec
(Sb), both rates controlled by means of quartz-crystal
monitors. A11 evaporation processes were performed at a
pressure less than 5 X 10 mbar.

After each evaporation step the samples were
transferred into the analysis chamber where the photo-
electron spectroscopy methods have been applied at a
base pressure less than 10 ' mbar. During this whole
procedure, the samples were kept at the deposition tem-
perature T, =77 K. An UPS resonance discharge lamp
(He I, h v=21.2 eV) was used to investigate the valence-
band structure, monochromatized x rays (Al Ka,
h v=1486. 6 eV) to characterize core levels for chemical
analysis. Whereas no indications have been found for the
existence of any contaminations in the as-prepared state,
a small amount of oxygen could be detected after several
hours at 77 K rejecting the condensation of residual gas
atoms onto the samples. All spectra have been recorded
in the pass energy mode, giving a constant energy resolu-
tion of 60 meV and 0.6 eV (full width at half maximum)
for the UPS and MXPS measurements, respectively. No
additional data processing such as background subtrac-
tion or satellite correction (UPS) has been applied.

The Au/Sb multilayers (individual layer thickness of
Au, 0.42 nm, and Sb, 1.5 nm) were deposited at 130
K & T, & 250 K by means of ion-beam sputtering of ele-
mental Au and Sb targets using 0.5-keV Ar+ ions from a
Kaufman-type ion source within an UHV chamber (resid-
ual gas pressure prior to sputtering 3X10 mbar, Ar
partial pressure during sputtering 7X 10 mbar). The
sputtered atoms were collected on fused-quartz substrates
whose temperature could be controlled between 100 and
390 K. Typical growth rates of the layers were 0.03
nm/sec. During deposition the resistance of the growing
multilayers was monitored applying the standard four-
probe technique using pre-evaporated Ag contacts. Fur-
ther details of the experimental setup are given in Ref.
23. After the deposition of typically 20 Au/Sb bilayers
each multilayer was annealed in situ up to 390 K, simul-
taneously monitoring its resistance. In this way,
structural changes, which are rejected in the resistance
behavior such as crystallization from an amorphous
phase or interdiffusion and formation of a polycrystalline
alloy, can be detected.

III. RESULTS AND DISCUSSION

A. Valence-band spectroscopy on Au/Sb bilayers

One aim of this work was to establish how valence-
band states will develop after the deposition of Au atoms
onto a clean Sb surface at low temperatures. In Fig. 1

valence-band spectra are shown for Au overlayer
thicknesses up to 1.3 ML. The lowest curve corresponds
to freshly prepared Sb, which is a disordered semiconduc-
tor at 77 K. Based on the fact that, in disordered materi-
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FIG. 1. Valence-band spectra of the Au/Sb interfacial region
measured at a photon energy of 21.2 eV (UPS, He I) for Au cov-
erages up to 1.3 ML. The binding energy is referred to the Fer-
mi level E+. The two peaks observed at binding energies of
about 5 and 6.5 eV, respectively, reflect the Au 5d contribution
to the valence band.

als, photoemission intensities represent the sum of
different partial densities of states weighted by the corre-
sponding photoionization cross sections, only the p part
of the Sb valence-band structure is visible at a photon en-
ergy of hv=21. 2 eV, while the s part appears to be
strongly suppressed. This is due to a Sb 5s photoioniza-
tion cross section which, in the atomic limit, is about two
orders of magnitude smaller than the corresponding
value for Sb Sp states. The p part of the Sb valence
band extends in the binding-energy range between Eb =0
and 5.5 eV, sitting on a background of secondary elec-
trons which increases to higher binding energies. After
adding 0.5 ML of Au two nearly symmetric peaks can be
recognized, representing the Au Sd3/2 and Sd5/2 bands
centered at Eb =6.5 and 5.0 eV, respectively. By increas-
ing the thickness of the Au overlayer an enhanced emis-
sion from the Au Sd band is detected, accompanied by a
rising photoelectron intensity near the Fermi energy EF.
The binding-energy range near EF has been displayed on
an enlarged scale on the right-hand side of Fig. 1. For an
Au coverage of approximately 0.5 —0.9 ML, a steplike
electron distribution curve (EDC) develops, which is
smeared out by the resolution function of the energy
analyzer. This provides strong evidence that a
semiconductor-to-metal transition occurs for an Au over-
layer thickness in the submonolayer range.

In Fig. 2 the valence-band spectra of the interface layer
have been plotted for overlayer thicknesses DA„up to 75
ML. Again systematic trends in the development of the
curve shape can be recognized: while the Au Sd3/2 band
position remains unchanged for Au coverages up to 3
ML, a distinct shift to lower binding energies occurs for
DA„~ 6 ML, which is correlated with the appearance of
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FIG. 2. UPS spectra (hv=21. 2 eV) of the Au/Sb overlayer
system for Au coverages up to 75 ML.

an additional shoulder at Eb =7.3 eV. At the same time
the Au Sds/2 band, which exhibits a symmetric band
shape for overlayer thickness less than or equal to 3 ML,
shifts to lower binding energies. For DA„=6 ML, this
symmetric band shape is slightly changed due to an addi-
tional shoulder at Eb =2.7 eV, resulting in a distinct peak
for higher Au coverages (vertical dashed line). Therefore
the EDC corresponding to DA„=6 ML seems to separate
two groups of curves which, in the following, will be
identified as being due to amorphous (D~„(6 ML) and
polycrystalline (D~„)6 ML) material, respectively.

These photoemission results will now be compared
with data taken in previous studies on vapor-quenched
Au Sb ]00 alloys, which can be prepared in the amor-
phous state over a broad range of compositions (0
at. % ~x ~80 at. %%uo) . InFig . 3EDC'sof amorphous
Au Sb&00 alloys are displayed as a function of the Au
content x (solid lines). Valence-band data of polycrystal-
line alloys and of an Au reference sample (dotted lines)
have been added. By analyzing the details of the band
shape as a function of the composition, similar tendencies
can be recognized as in the case of Fig. 2. For rising Au
concentration x, the Au Sd3/2 band position remains
stable for x values less than 80 at. % and moves slightly
toward the Fermi energy for higher values where an addi-
tional shoulder shows up at a binding energy Eb =7.3 eV.
Again the Au 5d5/2 band, which is symmetric for the
amorphous alloys, shifts toward lower binding energies
and significantly changes its shape after the transition
into the polycrystalline phase because of an enhanced in-
tensity at Eb =2.7 eV.

These close similarities clearly suggest that Au atoms
deposited at 77 K on top of Sb will be chemisorbed, lead-
ing to an intermixed layer with disordered structure for
Au coverages up to 6 ML. At an overlayer thickness of 6
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ML, first indications for a slight admixture of a second
(crystalline) phase become evident. In this case the inter-
face layer, having an electronic structure similar to
Au85Sb», must be regarded as being mainly amorphous,
but no longer consisting of a single phase. In order to
corroborate these findings, EDC's of the Au„Sb, oo „al-
loys are shown in Fig. 4, which have been acquired at 477
K, i.e., well above the crystallization temperatures of the
amorphous samples. ' ' Distinct structures can now be
recognized that are absent in the amorphous state and
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FIG. 3. Valence-band spectra (h v=21.2 eV) of in situ
prepared Au„Sb&00 „alloys (Ref. 25). The alloys are observed
to grow as a homogeneous amorphous phase for Au concentra-
tions x 80 (solid lines).

are partly due to direct transitions of the photoelectrons
into unoccupied states. These structures are not present
in Fig. 2, corroborating that the intermixing processes at
77 K result in an amorphous rather than a crystalline
phase for sufficiently small Au overlayer thicknesses.

The systematic shift of the Au 5d5&2 band maximum,
which has been found for the reacted layer and similarly
for the amorphous Au Sb,oo „alloys, can now be used
to extract some more details about the growth of the in-
termixed phase. Such a behavior has been observed in
the valence-band structure of a large number of disor-
dered alloys containing Au and a polyvalent element.
Together with the stable position of the corresponding
Au 5d 3/2 band, this shift toward the Fermi energy
rejects an increase in the total Au Sd bandwidth due to
an increasing number of overlapping Au 5d wave func-
tions, equivalent to an increasing Au-Au coordination
number in the neighborhood of each Au atom. Therefore
the position of the Au 5d5&2 band maximum can be used
as an indication for a certain Au concentration in the sys-
tem under consideration. In Fig. 5 the binding energies
of the Au 5d5&2 band maximum taken from the Figs. 2
(Au on top of Sb) and 3 (amorphous Au„Sb, oo „alloys)
are presented as a function of the Au overlayer thickness
D~„(lower scale, dots) and the Au concentration x
(upper scale, squares). Solid lines have been added as a
guide to the eye. Obviously the deposition of an increas-
ing number of Au atoms onto Sb leads to a monotonic de-
crease of the binding energy of the Au 5d5&2 band max-
imum, thereby indicating an increasing Au content of the
amorphous interlayer. By relating the UPS binding-
energy shifts of both systems, a rough estimate of the
average Au concentration of the intermixed layer can be
obtained, leading to approximate values for the thickness
of the reacted Sb layer. The resulting data are shown in
Fig. 6. At very low coverages, the Au atoms seem to mix
with Sb atoms mainly located within the top layer of the
substrate film (left scale, dots) to form an amorphous al-
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FIG. 4. UPS spectra (hv=21. 2 eV) of Au Sb&00 alloys
measured in the crystalline state.

FIG. 5. Binding-energy values of the Au 5d, ~2 valence-band
maximum plotted as' function of the Au overlayer thickness DA„
(bottom axis, dots) and the Au concentration of the amorphous
alloys x (top axis, squares), respectively. Solid lines have been
added as a guide to the eye.
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FIG. 6. Estimated values for the average Au concentration of
the intermixed phase (right scale, triangles) and the Sb contribu-
tion to the reacted layer (left scale, dots) as function of the Au
overlayer thickness DA„.

loy of composition Au34S166 (right scale, triangles). For
rising D~„ the amorphous intermixed layer slightly ex-
tends into the Sb film, approaching a limiting thickness of
about 2.5 ML Sb. Assuming this thickness as the Sb con-
tribution to the reacted interface and an Au contribution
of about 6 ML, the limiting thickness of the amorphous
layer can be estimated to be of the order of 2.3 nm.

It has to be pointed out that, at the early stage of the
interface reaction, there exists a remarkable difference be-
tween the valence-band spectra of the interface layer and
those of the corresponding amorphous alloys. Taking an
Au coverage of, e.g., 0.5 ML, which according to Fig. 6
corresponds to an Au34Sb66 layer with thickness D =0.6
nm, a steplike intensity at the Fermi energy would be ex-
pected as compared to the amorphous alloys. However,
no indications have been found for such a steplike inten-
sity, but only a band shape showing a monotonic decrease
toward EF, where the intensity has dropped to zero. This
behavior cannot be explained as resulting from the amor-
phous Sb band shape superimposed by a small contribu-
tion of the reacted phase. At the Fermi energy, corre-
sponding to a kinetic energy of 21.2 eV, the inelastic
mean free path of the photoelectrons takes a value of 2.5
ML, which is of the same order of magnitude as the es-
timated interlayer thickness. Therefore significant con-
tributions from the semiconducting Sb substrate to the
valence-band spectrum can be excluded for a homogene-
ously reacted interface layer where lateral discontinuities
are absent. Assuming the presence of intermixed islands
on top of the Sb film, i.e., assuming the reacted layer to
be noncontinuous on a larger length scale, the superposi-
tion of the corresponding spectra should result into a re-
duced but nonzero density of states at Ez which is not
observed in Fig. 1.

The reason for the discrepancy mentioned above may
be found in the details of the Sb surface which is believed
to exhibit a certain roughness. Using an amorphous
semiconductor as a substrate film, ultrathin metallic lay-
ers can usually be prepared at low temperatures showing

a finite conductance even in the submonolayer range [e.g.,
Pb or Bi deposited on Ge at 4 K (Ref. 2)]. By analyzing
the conductance as a function of the metal overlayer
thickness, percolation in two dimensions has been report-
ed to play an important role in the explanation of the on-
set of conductivity. Percolation, however, relates the on-
set of conductivity (corresponding to a critical coverage)
to the development of a network of conducting paths
where charge can How over macroscopic distances.
These conducting paths, which, for DA„=0.5 ML, are
due to an intermixed Au34Sb66 phase, should behave, in
the simplest picture, like one-dimensional metallic sys-
tems with a vanishing density of states at the Fermi ener-
gy. Well beyond the critical value, the current will Aow
through a two-dimensional and, for higher coverages, a
three-dimensional metallic material corresponding to a
steplike density of occupied electronic states at the Fermi
energy. As will be shown below, first indications for a
finite conductivity were observed at a critical overlayer
thickness of DA„~0.4 ML, thus supporting the idea that
at the early stage of interface formation both effects, in-
termixing and changing dimensionality, play an impor-
tant role in the determination of the electronic structure
of the reacted layer. However, a detailed morphological
study will be needed in order to get a better understand-
ing of this problem.

B. Core-level spectroscopy on Au/Sb bilayers

By examining the changes of the substrate and adsor-
bate core levels during the interlayer growth it is possible
to deduce additional chemical and structural information
about the various stages of interface formation. Core-
level binding energies and line shapes are intimately relat-
ed to the local chemical environment of the probed
atoms. Changes in the valence-band structure due to
bonding are usually rejected in ground-state binding-
energy shifts of core electrons with respect to the pure
material. On the other hand, relaxation and screening of
the photoionized core hole state by valence electrons are
also known to contribute to the measured binding-energy
shifts as well as to inAuence the core-level line shapes.

Core-level spectra of both the Sb substrate (Sb 3d) and
the Au toplayer (Au 4f) were examined in greater detail
to evaluate the nature of the overlayer growth mode. All
core-level spectra were analyzed applying a numerical
least-squares-fitting procedure using Doniach-Sunjic
(DS) line shapes. Briefiy, the DS model function results
from the convolution of a Lorentzian with a one-sided
power law with singularity index a. The Lorentzian
rejects the lifetime width of the photoionized core hole
state and the singularity index a manifests the effects of
the screening response of the valence electrons. This pa-
rameter can be correlated with the local density of states
at the Fermi energy. ' To allow a comparison to mea-
sured photoemission data, the DS line shape has to be
convoluted with a Gaussian, representing the combined
effects of instrumental resolution, phonon excitation, and,
as we will see below, other sources of broadening.

The Au 4f spectrum presented in Fig. 7 has been ac-
quired after the evaporation of 1 ML of Au on top of
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to pure Au are shown for the amorphous Au Sb&00 al-
loys and for the Au/Sb interface, respectively. For the
lowest Au content in the alloy (x =10) a large shift to
higher binding-energy values (0.65 eV) occurs, which is
constant for compositions up to 30 at. %%uoAu . A t higher-
x values a rapid decrease is observed approaching a value
of 0.15 eV at the limiting concentration where an amor-
phous phase can exist (x =80). According to the inter-
pretation of the UPS spectra it is a natural conjecture
that for the chemically reacted amorphous interlayer
similar binding-energy shifts should occur as for the cor-
responding amorphous films. This is exactly what can be
seen in the right panel of Fig. 8. For 1 ML of Au on top
of Sb the average Au concentration of the reacted inter-
face layer is estimated to be about 43 at. %%uo(seeFig . 6).
In this case, intermixing at the interface leads to a mea-
sured binding-energy shift of 0.57 eV, which, within the
error bars, compares very well with the shift estimated
for the corresponding amorphous Au3~Sb57 alloy (0.51
eV). After increasing the number of Au atoms up to an
overlayer thickness of 6 ML, the Au 4f binding-energy
shift drastically Battens towards a value of 0.12 eV,
which, within the error bars, coincides with the value of
0.09 eV measured for Au85Sb&5. The distinct change in
slope at a coverage of 6 ML indicates the development of
a new growth mode.

The large Au 4f core-level binding-energy shifts ap-
parent for the amorphous alloys (0.65 eV) and the chemi-
cally reacted interface layer (D~„=1 ML, 0.57 eV) have
to be studied in more detail in order to separate the
ground-state contribution from the shift which will be
caused by final-state relaxation and screening effects.
This analysis can be done within the thermodynamic
model which has been developed by Johans son and
M5rtensson. This model has proved to be a very suc-
cessful description for crystalline, liquid, and amor-
phous alloys as well as clusters supported on different
substrates. Within this model the resulting binding-
energy shift, if an atom A is removed from the pure met-
al and dissolved in host B, can be expressed as

HEI, =E( A;B) E(A +1;B)+—E( A +1;A) . (1)

The term E( A;B) represents the enthalpy of solution at
infinite dilution of atom A in host B and the term 3 +1
refers to an atom with atomic number one greater than
that of A. While the first term rejects the ground-state
binding-energy shift upon solution, the other two terms
reQect the response of the conduction electrons to the
photoionized core hole. Using calculated heats of solu-
tion which can be taken from the semiempirical scheme
of Miedema and co-workers ' the above formula may
be taken as a first approximation to deduce the binding-
energy shift originating from the solution of up to 30
at. % of Au into Sb. This seems to be reasonable because
of the saturation behavior observed for the Au 4f binding
energy for alloy concentrations x ~30 (see Fig. 8). The
application of the above model yields an estimated
binding-energy shift of 0.57 eV, which agrees fairly well
with the values measured for the amorphous alloys and
the intermixed layer. Consequently, the large core-level
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FIG. 9. Least-squares analysis of the Sb 3d5&& core line of the
overlayer system introduced in Fig. 7 {DA„=1ML). The data
have been fitted with two lines corresponding to the disordered
Sb substrate (fixed line-shape parameters) and the chemically
reacted phase (parameters free adjustable).

shifts can be discussed as being due to a ground-state
shift of 0.32 eV superimposed by a final-state contribu-
tion of 0.25 eV. The ground-state shift to higher binding
energies, as observed for the reacted interlayer, therefore
rejects an energy gain of the system at 77 K even though
an amorphous rather than a crystalline compound has
been formed.

In Fig. 9 photoemission data are presented for the sub-
strate Sb 3d5&2 core level that have been acquired after
deposition of 1 ML Au. Because of an inelastic mean free
path of 6.5 ML for the Sb 3d photoelectrons and an es-
timated interface layer thickness of about 3 ML (1 ML
Au+2 ML Sb, see Fig. 6) it is reasonable to assume that
the Sb 3d5&2 line can be modeled as the sum of two com-
ponents originating from the pure Sb substrate and the
intermixed phase, respectively. In order to get a reason-
able quality of the fit, the Sb 3d5&2 line had to be superim-
posed by the tail of the Sb 3d3/2 level and an additional
component rejecting the existence of a small 0 1s signal
at Eh=533.4 eV. The resulting line-shape parameters
are summarized in Table II.

In the disordered state at 77 K the Sb core levels reveal
a singularity index a =0, which is equivalent to a vanish-
ing density of states near the Fermi energy, consistent
with the UPS data presented in Fig. 1. In the crystalline
state the Sb 3d levels are characterized by an asymmetry
parameter a comparable with that of the Au reference
sample. After the deposition of Au atoms on top of a-Sb,
the singularity index a corresponding to the reacted
phase drastically increases to a value of about 0.1. This
gives clear evidence that now electronic states at the Fer-
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TABLE II. Sb 3ds&2. An asterisk denotes fitted with two
components representing the substate (a-Sb) and the interface
layer contribution to the core-level spectrum, respectively. Pa-
rameters refer to the intermixed phase.

DA.
(ML)

c-Sb
a-Sb
1*

Singularity
index a

0.029
0.000
0.115
0.101
0.111

Lifetime
width (eV)

0.436
0.432
0.401
0.435
0.413

gaussian
width (eV)

0.604
0.587
0.647
0.678
0.670

(eV)

0.028
0

—0.216
—0.052
—0.100

C. Resistance measurements on Au/Sb multilayers

As in the previous case of spectroscopic data, the resis-
tance behavior during the deposition of Au atoms at

mi level are present at Sb sites screening the positively
charged hole state during the photoemission process.
These electronic states, which are absent in pure disor-
dered Sb, must be generated even at low temperature by
chemical reactions between the Au atoms and those Sb
atoms which are located at the surface of the substrate
film.

Similar chemical reactions have been reported to occur
for an Sb overlayer (Dsb=0. 5 ML) adsorbed on an Au
single crystal at room temperatures. At this tempera-
ture, where amorphous Au„Sb&00 alloys are no longer
stable, ' ' a singularity index of 0.08 has been extracted
for the Sb 4d core levels by means of synchrotron
radiation-induced photoemission which allows a better
energy resolution as compared to our experiment. From
the similarity of both values it can be concluded that the
strength of the chemical reactions occurring at Au/Sb in-
terfaces does not strongly depend on temperature, in con-
trast to the structure (ordered or disordered) of the re-
sulting intermixed phase.

The binding-energy shifts of the Sb 3d levels, extracted
by the fitting procedure, are significantly smaller than the
corresponding values of the Au 4f levels. Unfortunately
theoretical binding-energy shifts according to the ther-
modynamic model are not available because of missing
values for some of the enthalpies of solution, necessary to
apply formula (1). In addition, a more precise analysis of
the Sb 3d core-level shifts with respect to the amorphous
films is not possible because of too large scatter in both
sets of data. However, both systems reveal binding-
energy shifts of the same order of magnitude (= —0. 1

eV).
In summary, the core-level spectroscopy measurements

are found to be consistent with the conclusions which
have been drawn from the UPS results. As indicated by a
significantly enhanced asymmetry of the core lines, chem-
ical reactions must occur between the different types of
atoms at Au/Sb interfaces, leading to the formation of an
alloy with a disordered structure as long as the deposition
of Au atoms does not exceed a critical thickness of about
6 ML. These findings, which have been extracted from
experiments on Au/Sb bilayers, will now be employed to
understand the properties of AulSb multilayers.

T, = 130 K on top of Sb has been studied first for "thick"
bilayers (15-nm-thick Sb and 4.2-nm-thick Au). Typical
results are shown in Fig. 10, where the resistances as ob-
served during the deposition of the different atomic
species are plotted versus the film thickness. Figure 10(a)
gives an enlarged view of the Sb growth on top of an Au
film, the preparation of which resulted in an almost linear
resistance decrease on the scale of this figure, as can be
seen to the left of the arrow indicating the start of the Sb
deposition. The arriving Sb atoms lead to a steep resis-
tance increase for a Sb thickness of up to about 1 nm.
Further Sb deposition results in a saturation of this in-
crease at a thickness-independent resistance value, which
remains constant after switching off the Sb preparation.
The spectroscopic results introduced above suggest the
following interpretation of these resistance data. The Sb
atoms react with the topmost Au atoms to form an amor-
phous Au Sb,00 interface layer, which possesses a
much higher electrical resistivity than the pure polycrys-
talline Au film, thereby leading to a resistance increase as
observed. This reaction, however, is restricted to a Sb
thickness of less than about 1 nm. Above this value, fur-
ther Sb deposition results in an amorphous semiconduct-
ing (at 130 K insulating) Sb film, which does not contrib-
ute to the experimentally determined resistance, i.e., a
thickness-independent resistance value is obtained. If Au
is deposited on top of this amorphous Sb film, resistance
changes are observed as presented in Fig. 10(b), again on
an enlarged thickness scale. There the left arrow indi-
cates the start of Au deposition; at the right arrow this
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deposition is stopped. Clearly, the Au atoms on top of Sb
lead to a strong resistance decrease, which exhibits a
significant structure. For the first 1.5 nm of Au corre-
sponding to about 6 ML, a very steep resistance drop is
observed, which flattens out and is followed by the typi-
cal hyperbolic dependence as expected for pure polycrys-
talline Au films. Again, the anomalous initial resistance
decrease seen for the first 1.5 nm of Au can be explained
by assuming an interface reaction of the Au atoms with
the topmost Sb atoms forming an amorphous metallic in-
terlayer followed by the growth of a highly conducting
polycrystalline Au film. It is worth noting that the dras-
tic resistance decrease can be observed even for Au
thicknesses below 0.1 nm, for which percolating paths of
pure Au can be excluded, supporting the idea of an inter-
face reaction.

Thus both the spectroscopic as well as the resistivity
results indicate an interface reaction for the Au/Sb sys-
tem, leading to the formation of an amorphous interlayer
under the above conditions, which is restricted to below a
critical thickness. As a consequence, if the individual Au
and Sb layers are kept below their critical thicknesses, the
interface reaction should be complete and result in an
homogeneous amorphous layer. Furthermore, by stack-
ing such "subcritical" bilayers, a homogeneous, thick,
amorphous film should be obtained. The resistance
behavior during the preparation of such a multilayer sys-
tem is shown in Fig. 11 on an enlarged thickness scale.
In this case, an Au/Sb multilayer with individual
thicknesses of 0.42 nm of Au and 1.5 nm of Sb were
periodically topped on each other at T, = 130 K up to a
total thickness of about 40 nm. Assuming complete in-
terface reactions, the above thickness ratio corresponds
to a nominal resulting composition of AuSb2. The ob-
served periodic resistance behavior rejects the expected
interface reactions, as already explained in the context of
Fig. 10. Together with the independently determined
film thicknesses, the resistivity of each completely reacted

bilayer can be calculated giving a value of 145 pQ cm, in
good agreement with the corresponding result obtained
for quench-condensed amorphous AuSb2 films. ' ' This
confirms that an amorphous rather than a polycrystalline
interface alloy is formed by the observed reaction. A
critical final test of this conclusion is provided by an an-
nealing experiment of the multilayer system. If a homo-
geneous amorphous film has been formed by successive
complete interface reactions, a well-defined crystalliza-
tion temperature T„characterized by a narrow irreversi-
ble resistance drop should be observed on annealing. The
corresponding result of such an experiment is presented
in Fig. 12, where the resistivity of the multilayer system
from Fig. 11 is plotted versus the annealing temperature
during continuous heating at a rate of 1 K/min up to a
maximum of 390 K. Three characteristic temperature re-
gimes can be distinguished: Up to T„=285 K only a
slight irreversible resistivity decrease is observed and the
film exhibits a negative reversible temperature coefficient
dp/dT = —0.053 pQ cm/K, as determined by recooling
at 180 K (indicated by a double arrow in Fig. 12). Such a
negative dp/dT value is typical of amorphous metals. At
T, an irreversible narrow resistivity drop occurs,
rejecting the crystallization of the amorphous phase fol-
lowed by a broad, further decrease, indicating annealing
and grain growth of the polycrystalline phase. By recool-
ing from 390 K a typical metallic reversible behavior is
found with dp/dT =+0.038 pQ cm/K. The x-ray-
di6raction pattern of this crystalline metallic alloy re-
vealed only lines of the cubic AuSb2 structure, confirming
a complete reaction of the multilayers in accordance with
the Au/Sb thickness ratio. The obtained value of
T =285 K is again in good agreement with the crystalli-
zation temperature of amorphous AuSb2 films. ' ' Thus
this result completes the experimental proof that an
amorphous interlayer of restricted thickness is formed at
Au/Sb interfaces even at low temperatures.

Once an amorphous interlayer has been formed by the
reaction, it will be stable up to T . The question arises,
however, of whether T is identical to the upper limit of
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FIG. 11. Electrical resistance as observed during the
preparation at T, = 130 K of the multilayer 20X(0.42-nm-thick
Au+ 1.5-nm-thick Sb) versus total film thickness on an enlarged
scale showing the deposition of only five bilayers. The arrows
indicate the start and stop of Au and Sb deposition, respective-
ly.
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FIG. 12. Post-deposition annealing behavior of the resistivity
of the Au/Sb multilayer introduced in Fig. 11. Irreversible
resistance changes are indicated by arrows, reversible changes
by double arrows.
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FIG. 14. Resistivity changes of a "thick" double Au/Sb bi-
layer 2X(15-nm-thick Sb + 4.2-nm-thick Au) due to thermal
annealing.

deposition temperatures T, for which the amorphous,
rather than a crystalline phase is obtained due to kinetic
constraints. This question is answered by the results
shown in Fig. 13. Here the as-prepared resistivity values
of the same type of multilayers as in Fig. 11 (0.42 nm of
Au and 1.5 nm of Sb, total thickness 40 nm) are plotted
as a function of various deposition temperatures T, (open
squares) together with corresponding data obtained after
annealing the systems up to 330 K & T and recooling to
T, (open triangles). Clearly, up to 200 K the as-prepared
resistivities remain constant, indicating complete
amorphization by the interface reactions. For higher-T,
values a significant resistivity decrease is observed ap-
proaching the crystalline behavior. Furthermore, the
multilayers prepared at 250 K no longer exhibit a resis-
tance drop at T; rather they approach the crystalline
value over a broad temperature range. This observation
suggests that the kinetic constraints necessary to obtain
amorphous layers by interface reactions are lifted for
T, )240 K and, as a result, crystalline alloys are formed
even below T„. The physical reason for this can be better
understood and related to the onset of long-range
interdiffusion by studying thick Au/Sb bilayers (4.2 nm
of Au and 15 nm of Sb, as in Fig. 10) prepared at 130 K.
From the data presented so far, it is clear that these as-
prepared bilayers consist of an amorphous interlayer
sandwiched by still unreacted Au and Sb films, respec-
tively. Electrically, since the unreacted Sb film is insulat-
ing, the total resistance is dominated by the unreacted
Au. Thus, depending in detail on the different
thicknesses, the resulting resistivity in all cases is lower
than for a completely amorphous layer. A corresponding
experimental example is given in Fig. 14, where the resis-
tivity of two such bilayers on top of each other is plotted
as a function of the annealing temperature. Up to about
230 K the resistivity remains practically constant at the
as-prepared value of 96 pQ cm, which is as expected,
significantly lower than for a completely amorphous film.
At 230 K, the resistivity starts to increase, approaching a
value of 120 pQcm at 290 K, followed by the steep ir-
reversible resistivity drop at 295 K due to the crystalliza-

tion of the amorphous interlayers. Above this tempera-
ture, further annealing over a broad temperature regime
is observed and by recooling from 390 K, the reversible
(double arrow) resistivity behavior is obtained, typical of
a crystalline metallic alloy. An important feature in this
figure is the resistivity increase starting at 230 K, which
indicates the onset of further Au and Sb interdiffusion.
This interdiffusion, however, cannot lead into the amor-
phous phase, as has been shown in the context of Fig. 13,
since above 240 K only crystalline though still disordered
phases are formed. Thus the picture arises that for
T, & 240 K the kinetic constraints necessary for amorphi-
zation by interface reactions are lifted by the occurrence
of long-range interdiffusion even though the amorphous
phase is still stable at this temperatures if prepared well
below.

It is worth noting that a series of Au/Sb multilayers
have been prepared at 130 K with varying layer thickness
ratios spanning a wide range of nominal compositions in
the case of complete interface reactions from Au70Sb30 to
Au30Sb70. In all cases, amorphous interlayers were ob-
tained with as-prepared resistivities and crystallization
temperatures T„, in good agreement with the correspond-
ing results of quench-condensed amorphous films. ' '

As outlined above, clear experimental evidence has
been found for the formation of an intermixed layer of re-
stricted thickness at Au/Sb interfaces even at low tem-
perature. The structure of this interlayer could be
identified as being amorphous by means of different
analytical methods, yielding this result with a high degree
of consistency. In order to understand the underlying
growth processes in more detail, a microscopic picture
would be helpful in describing, for example, the adhesion
of Au atoms on a Sb surface at low temperature. It has
been demonstrated that thermally activated 1ong-range
interdiffusion can be excluded as being responsible for
these amorphization processes. Based on the observed
strong similarities of the interlayer results to the proper-
ties of quench-condensed amorphous alloys, a simple
physical picture will be proposed which may be taken as
a first approximation for the underlying effects as long as
detailed theoretical and experimental investigations are
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absent.
During the past decade amorphous alloys of the

noble-metal —polyvalent-element type have been the sub-
ject of intense research (for a review, see Ref. 25). In
these materials, which can uniquely be described in terms
of amorphous Hume-Rothery alloys, the conduction elec-
trons usually show a similar strong influence on the
atomic structure as in the crystalline case. On the other
hand, it has been demonstrated that there also exists a
strong inAuence of the disordered atomic structure on the
conduction electrons, resulting in a minimum or pseudo-
gap in the density of states at the Fermi level, as original-
ly proposed by Nagel and Tauc in 1975. The existence
of such a pseudogap (which is equivalent to a lowering of
the total energy of the electronic system as compared to a
free-electron model) has been argued to be responsible for
the forming ability as well as for the stability of this type
of alloy against crystallization. Within a modern inter-
pretation, such a pseudogap can be understood as being
due to the screening of the ions by the nearly free sp elec-
trons giving rise to charge-density oscillations around the
ions leading to Friedel oscillations in the effective pair po-
tential. These oscillations are responsible for the observa-
tion of strong medium-range order in the positions of the
ions (i.e., the atoms tend to reside at positions corre-
sponding to minima in the oscillating pair potential), re-
sulting in a shoulder or a peak in the structure factor
S(q) at wave numbers q =2k~, with 2k~ the diameter of
the smeared-out Fermi sphere. As a consequence, sp
electrons with Fermi momentum are forced to enhanced
umklapp scattering from the amorphous structure, lead-
ing to a pseudogap in the density of states at Ez.

Assuming that this description also holds true for the
amorphous interlayer, a pseudogap will be expected at
the Fermi level during the layer growth. This is exactly
what can be seen in Fig. 15 for the occupied part of the
valence band. Here the low-binding-energy range has
been plotted for an intermixed layer (D~„=3 ML) and
the corresponding amorphous alloy (Au6pSb4o). In both
cases, a significant decrease of the density-of-states curves
toward the Fermi energy is obvious, which is even more
pronounced for the intermixed phase. Therefore the fol-
lowing picture emerges about the growth of the inter-
layer. When Au atoms are deposited onto a clean, insu-
lating Sb substrate, the 6s electrons of Au interact with
the valence-band electrons of Sb to form hybridized
states. This hybridization results in local changes of the
electron density and is accompanied by structural relaxa-
tions of the Au and Sb atoms on a length scale which, be-
cause of strong kinetic constraints at low temperature,
corresponds to the nearest-neighbor distance. As shown
by Hafner and co-workers, ' this feedback process be-
tween local atomic arrangements and local electronic
structure has to be treated self-consistently. It can be de-
scribed by adjusting the atomic positions to the minima
of a screened effective pair potential, which, in turn, can
be characterized by the wavelength of the Friedel oscilla-
tions and this wavelength, on the other hand, is deter-
mined by the local electron density. The feedback loop is
closed by the dependence of the electronic density on the
atomic arrangement. After having obtained the metallic

6oSb4o

hv = 21.2eV
T = 77K

+ 3 ML Au

binding energy (eV)

FIG. 15. Valence-band spectra (h v=21.2 eV) of the inter-
mixed phase (DA„=3 ML) and the corresponding vapor-
quenched amorphous Au6pSb4p alloy on an enlarged scale, show-

ing a strong decrease of the density of states toward the Fermi
energy EF. All experimental data have been corrected for satel-
lite and secondary-electron contributions as well as for the
transmission function of the energy analyzer. In order to
demonstrate the strength of the pseudogap, a density-of-states
curve has been added (dotted line) which was calculated for
Au6pSb4p within a free-electron model (FEM).

state, this feedback mechanism results in the pseudogap
described above, the experimental evidence of which has
been presented in Fig. 15 for the disordered Au/Sb sys-
tern. Adding more and more Au atoms to the metallic
state leads to a continuous lowering of the average elec-
tron density toward a value of 1.8 electrons per atom
(corresponding to AuspSb20), which is known to be a lim-

iting value for the formation of amorphous Hume-
Rothery alloys.

IV. CONCLUSION

In conclusion, photoelectron spectroscopic methods
combined with resistance measurements have proved to
be a valuable tool in order to characterize the intermixing
processes which occur at Au/Sb interfaces even at low
temperatures. Strong experimental evidence has been
found for the formation of an amorphous intermixed lay-
er of restricted thickness, which cannot be explained on
the basis of thermally activated long-range interdiffusion,
but rather within a model demonstrating the importance
of correlation effects between the electronic and atomic
structure of the intermixed phase. Taking advantage of
this amorphization reaction, thick amorphous samples
could be obtained with properties similar to those of
quench-condensed amorphous films.
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