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Atomic-scale structural changes with composition in sputtered amorphous Mo-Ge films with
compositions from pure Ge to 70 at. % Mo have been studied with radial distribution function
(RDF) and differential anomalous scattering techniques, extended x-ray absorption fine structure
(EXAFS), and small-angle x-ray scattering. The complementary structural information from
large-angle scattering and EXAFS was investigated. The combined techniques indicate that
specific chemical ordering between Mo and Ge, much like that in the Ge-rich intermetallic com-
pounds, plays a predominant role in determining the local structures in the Ge-rich amorphous
material and continues to play an important role in the Mo-rich material. Three structural re-
gions with composition are distinguished. Structural region I, the semiconductor-metal transition
region, extends from a-Ge to about 23 at. % Mo. A Mo-modified amorphous structure with dis-
tinct local order like that in the Ge-rich compounds coexists with tetrahedral a-Ge on a very fine
size scale and rapidly modifies the remaining tetrahedral a-Ge with continued addition of Mo. All
indications of tetrahedral a-Ge disappear at about 23 at. % Mo. Region II extends from about 23
to roughly 50 at. % Mo. RDF’s and EXAFS show little change with composition in the average
structure across this region, which is characterized by strong ordering of Ge about Mo at short
distances, long Mo-Mo first-nearest-neighbor distances, and a lack of preferred Ge-Ge distances.
The collapse of the long Mo-Mo first-nearest-neighbor distances delimits regions II and III and
occurs as the material becomes Mo-rich. At 65 at. % Mo, an RDF and a Mo differential distribu-
tion function (DDF) look much like RDF’s of typical melt-quenched metal-metalloid glasses. Ge
EXAFS and DDF’s change little between regions II and III, suggesting that the Mo-Ge interac-
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tion persists as the material becomes Mo-rich.

I. INTRODUCTION

Purely amorphous Mo-Ge films can be formed over
the composition range from pure Ge to about 75 at. %
Mo by co-sputtering the elements onto uncooled sub-
strates. The structures of amorphous Mo-Ge change
from open semiconductor to dense, superconducting
metal over this unusually broad amorphous composition
range. Prior to this work, models existed to describe the
amorphous structure at the end points of this composi-
tion range, but there had been no determination of how
the structure changes across this range.

The structure of pure amorphous Ge (a-Ge) is de-
scribed as a random tetrahedral network (RTN) in
which the atoms remain tetrahedrally coordinated, the
lack of long-range order resulting from flexibility in
bond angles and dihedral angles more than in bond
lengths.! For the most Mo-rich samples, possible models
to describe the structure are those used to describe typi-
cal binary transition-metal-metalloid (T-M) glasses
which include, e.g., amorphous Ni-P, Ni-B, Co-P, Au-Si,
Pd-Ge, Pt-Si, and Pt-Ge. Common trends among these
typical T-M glasses include their ability to form by melt
quenching (and often other techniques) in a narrow com-
position range around a deep eutectic at about 20 at. %
metalloid and, often, a much smaller metalloid than met-
al atom. The earliest of these models? is based on the
idea of the smaller metalloid atoms filling larger holes in-
herent in a dense random packing® (DRP) of metal
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atoms, thus hindering crystallization. The possibility of
strong chemical interaction between the metal and
metalloid atoms was noted initially,* and subsequent dis-
cussions often place more emphasis on interaction be-
tween species than on size difference and DRP struc-
tures.>®

Metal-rich, amorphous Mo-Ge alloys, and closely re-
lated amorphous alloys, are very different from the typi-
cal T-M glasses: the equilibrium Mo-Ge system’ does
not have any eutectics; Ge is nearly the same size as Mo;
amorphous alloys cannot be melt quenched at room tem-
perature at any composition; and purely amorphous
sputtered films cannot be formed on uncooled substrates
at the 20 at. % metalloid composition. Binary amor-
phous systems which share most of these properties with
the a-Mo-Ge system include Mo-Si,> Mo-C,° Mo-Al,®
Nb-Ge, '° Nb-Si, '° Cr-Ge, ! and Cr-Si. "2

Understanding the structural changes across the
amorphous composition range was the primary motiva-
tion for this work. A transition from semiconductor to
metal occurs rapidly as Mo is added to a-Ge."
Structural changes accompanying this transition were
poorly understood, and of obvious relevance to the
changing electrical properties. It had been suggested
that, as Mo is added to the a-Ge RTN on the 1 at. %
level and above, it substitutes for Ge in the RTN, 415 or
occupies interstitial-like sites in the RTN.!® With con-
tinued addition of Mo to the amorphous films, the extent
to which the structures can be described as DRP’s of
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two-size spheres!’ or rather as resulting from specific
chemical interaction is of interest. How the amorphous
structure at the most Mo-rich compositions compares
with that of the typical transition-metal—metalloid
glasses was also of interest.

Techniques to study these amorphous structures were
chosen both for their ability to provide chemical-specific
structural information and to measure interference sig-
nals from as wide a region of the spherically symmetric
reciprocal space of these samples as possible. These
techniques included small-angle x-ray scattering, radial
distribution function (RDF) analysis, differential anoma-
lous scattering (DAS), 18 and transmission extended x-ray
absorption fine structure (EXAFS).

Until the last decade, direct study of atomic arrange-
ments in binary amorphous samples such as a-Mo-Ge re-
lied largely on x-ray or neutron scattering radial distri-
bution functions, and interpretation of the data was
often ambiguous because of the inseparability of the sig-
nals resulting from the three partial pair correlation
functions describing, e.g., the average Ge-Ge, Ge-Mo,
and Mo-Mo interatomic correlations. Isotopic substitu-
tion and neutron scattering can remove this ambiguity
when suitable isotopes exist and when samples large
enough for study can be made, neither of which obtain
for the thin films studied here and for a wide variety of
other materials. DAS and EXAFS use the tunability of
synchrotron radiation to at least partially overcome this
ambiguity. Amorphous Mo-Ge thin films are well stud-
ied for the application of these two species-specific tech-
niques, each of which provides a distorted description of
the average environment of a given species. Thus, a
secondary motivation for this work was to test the rela-
tive amounts of structural information obtained from the
species-specific techniques DAS and EXAFS applied to
structurally disordered binary alloys.

Small-angle scattering, large-angle scattering (includ-
ing RDF and DAS techniques), and EXAFS techniques
each measure a successively higher region of reciprocal
space or momentum transfer, and hence each has a
largely different, and complementary, structural sensi-
tivity. Because of its relatively low range in reciprocal
space, small-angle scattering (SAS) results from density
fluctuations on a size scale larger than interatomic dis-
tances. SAS thus helps address the question of composi-
tional inhomogeneity or phase separation which is im-
portant over the entire composition range. Large-angle
scattering and EXAFS each measure a successively
higher region of reciprocal space, each containing signals
resulting predominantly from interatomic-scale struc-
ture. Because of their largely different ranges, coupled
with the large amount of structural disorder in a-Mo-Ge
alloys (by which is meant a broad range of nearest-
neighbor distances on average rather than a single, sharp
distribution), EXAFS and large-angle scattering are sen-
sitive to largely different parts of the average near-
neighbor environments.!” Because EXAFS information
is not readily interpretable in a large region near the ori-
gin of reciprocal space, it is less sensitive to information
from all but the sharpest features of the interatomic
correlations in these materials.”> The complementary
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reciprocal-space ranges of the three techniques together
with the species-specific information of EXAFS and
DAS provides much direct information on the changing
structures with composition.

This paper is organized as follows. Section II de-
scribes sample preparation and initial characterization.
Section III presents the SAS results. Sections IV and V
present the scattering and EXAFS results, with Sec. VI
comparing the results of the two techniques. A sum-
mary discussion of the structural changes with composi-
tion is given in the final section.

II. SAMPLE PREPARATION
AND INITIAL CHARACTERIZATION

Thin film samples were prepared by magnetron co-
sputtering from targets of the elements onto rapidly ro-
tating, uncooled, Kapton substrates using an apparatus
described in Ref. 21. The base pressure before deposi-
tion was always less than 2 X 107° Torr. Purified Ar was
used as the sputtering gas at a pressure of 2 10~ Torr.
dc and rf power were input into the Mo and Ge targets
and varied to control the individual sputtering rates,
thus determining the composition. 47 in. below the tar-
gets, 0.003-in.-thick Kapton substrates collected the
amorphous deposit. The substrates rotated at about 600
rpm under the two targets, which were tilted to point to-
wards the axis of rotation. Film growth rates ranged
from 2 to 4 A per second. This rotation speed ensured
several passes of the substrates for each monolayer of
film growth to avoid compositional layering of the films.
Total film thicknesses of 3—5 pum resulted from several
hours of sputtering. The substrate temperature was not
monitored during deposition, and temperatures of
100-200°C are reasonably expected. Films were
prepared on different occasions, always using the same
apparatus in the same configuration. No attempt was
made to study the effects of varying preparation condi-
tions on the final amorphous structure.

Initial characterization of the films included deter-
mination of thickness, using an optical interference mi-
croscope, and composition, using an electron mi-
croprobe. The compositions quoted as 2 and 4 at. % Mo
were obtained by extrapolation of the Mo sputtering
rate, because the accuracy of the microprobe (several
atomic percent) is limited. Composition was constant
within the innermost 2-in. radius of the substrates, and
samples for study were taken from their area. The com-
position measured from both sides of one free-standing
film was the same within the measurement error. No Ar
was detected in any sample. For several samples, C and
O Auger lines were monitored in conjunction with depth
profiling by sputtering to learn of the concentrations of
these contaminants in the bulk. The intensity of these
lines decreased by about 2 orders of magnitude with re-
moval of several hundred angstroms of material. The
presence of O and C on as high as the 1 at. % level in
the bulk is plausible. No indication of oxide or carbide
structures was found in any of the direct structural tech-
niques.

Several layers of Kapton-supported films were typical-
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ly stacked to provide transmission samples of optimal
thickness for the various x-ray techniques.

III. SMALL-ANGLE X-RAY SCATTERING

Small-angle scattering was measured from the amor-
phous samples to investigate the possibility of composi-
tional inhomogeneity on a larger-than-atomic size scale,
which exists over the entire range of compositions stud-
ied. High-resolution transmission electron microscopy
has provided no indication of phase separatxon on any
size scale across the composition range?? in the as-
deposited films. Thus, any indication of density fluctua-
tions from SAS must either result from extremely small
regions or from larger regions with density fluctuations
too weak or too few for TEM to observe.

Measurements were made at the SAS beamline 1-4 at
the Stanford Synchrotron Radiation Laboratory (SSRL)
during dedicated operation of the SPEAR storage ring.
The SAS was measured in reciprocal space from
k =0.0064 to 0.15 A ~! where k =4rsin(6)/A is the
magnitude of the scattering vector, A the x-ray wave-
length, and 26 the scattering angle. Details of the exper-
imental apparatus, data reduction to an absolute scale,
and interpretation not supplied here can be found in
Refs. 23 and 24.

The small-angle x-ray scattering intensity from the
amorphous alloys consists of two distinct contributions:
a monotonically decreasing intensity localized below
005 A-! and a roughly constant, diffuse intensity ex-
tending across the k range. These two contributions are
evident in the data from the 8-at. %-Mo sample in Fig.
1. Based on an independent spherical particle model
(Guinier approximation®®), the SAS localized below 0.05
A~ results from density fluctuations on a size scale
greater than 50 A and is orders of magnitude too weak
to indicate phase separation into well-defined regions of
appreciably different density on this size scale. This in-
terpretation holds across the composition range, and is
in agreement with TEM images which show no structure
on this size scale. The source of this very weak scatter-
ing at the lowest k values remains unknown. Possible
sources include cracks or internal surfaces, voids, parti-
cle inclusions, and surface irregularities.

Of greater relevance to the changing amorphous struc-
ture with composition is the weak diffuse intensity which
extends across the measured k range with roughly con-
stant intensity as seen in Fig. 1. This dlﬁ'use intensity
(averaged over the range from 0.05 to 0.15 A ~!) exhib-
its a trend with composition shown in Fig. 2. The inten-
sity rises quickly from a minimum for a-Ge to a max-
imum at about 8 at. % Mo and then falls as the Mo con-
tent is increased. Interpretation of the fluctuations giv-
ing rise to this trend with composition is difficult based
on these data alone, and is aided by knowledge of
structural results from other techniques presented later.
The constant nature of the diffuse SAS with k and its
very weak intensity, even when most intense at 8 at. %
Mo, suggest that, within the Guinier approximation,
very small spheres having relatively little density con-
trast with a matrix is a reasonable first model to com-
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FIG. 1. Normalized small-angle scattering from the 8-
at. %-Mo sample shows two distinct contributions, a monoton-
ically decreasing intensity localized below k =0.05 ;\_1, and a
roughly constant diffuse intensity extending across the k range.
Data points are connected by a solid line. The smooth curve is
a calculation for an independent spherical particle model as-
suming 5-A radius spheres comprising 50% by volume with
density contrast equal to that for pure a-Ge and the amor-
phous alloy at 25 at. % Mo.

pare with the data. Assummg a 50% by volume mixture
of 5-A-radius spheres in a matrix with a density contrast
equal to that between pure a-Ge and that of the amor-
phous alloy at 25 at. % Mo yields the calculated scat-
tered intensity shown in Fig. 1. (The appropriateness of
these densities will become evident in later sections.)
The shape profiles do not agree, and even show different
trends with k. This is not surprising since the applica-
bility of independent-particle models for such small,
densely spaced regions is not expected to be complete.
Rather, we would expect inter-region and even inter-
atomic interference effects to be quite strong, leading to
a reduction of intensity at the lowest k values compared
to that indicated by independent-particle models. The
importance of this comparison is that the magnitude of
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FIG. 2. The average of the diffuse SAS intensity seen in Fig.
1 for the 8-at. %-Mo sample is plotted here for a range of com-
positions. The trend with composition interpreted as reflecting
a maximum inhomogeneity at roughly 8 at. % Mo existing on a
size scale of order 10 A.
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the diffuse intensity is not far from that calculated for a
model based on phases that are dispersed on a very small
size scale with reasonable density differences. Model cal-
culations assuming larger particles with similar volume
fractions and density contrasts indicate intensity local-
ized toward lower k values with orders greater intensity,
and are not consistent with the data or the TEM results.

From the trend in the SAS in Fig. 2, together with
these comparisons with simple models, we infer that
some inhomogeneity does exist as Mo is added to a-Ge,
and that this inhomogeneity is present on a very fine size
scale of the order of 10 A. Neither SAS nor TEM are
consistent with large density fluctuations on size scales
larger than this. The maximum in the diffuse SAS inten-
sity at about 8 at. % Mo suggests that the inhomogenei-
ty is a maximum at this composition, and that it de-
creases rapidly as more Mo is added to a-Ge. Large-
angle scattering and EXAFS results in the following sec-
tions are consistent with this interpretation of inhomo-
geneity on a very fine size scale, and yield much infor-
mation about the atomic-scale structure of the regions
making up this inhomogeneity.

IV. LARGE-ANGLE SCATTERING RESULTS

Large-angle scattering measurements were made using
the materials diffractometer on the wiggler beamline 4-3
during dedicated operation at SSRL. The room-
temperature samples typically consisted of two or three
layers of Kapton-supported films held flat on the axis of
the diffractometer by a metal frame in a symmetric
transmission geometry. The scattered intensity was mea-
sured in step-scan fashion by a scintillator crystal (Nal)
and photomultiplier detector. This detector’s poor ener-
gy resolution meant that it counted any sample fluores-
cence from the species near whose absorption edge the
incident energy was tuned. Solid-state detectors capable
of measurement in the vertical plane are now used for
this experiment, and discriminate against the Ka, but
not the KB fluorescence and much of the Compton
scattering.

Accurate knowledge of the changing anomalous
scattering factors (ASF) with energy is essential to ob-
tain reliable information from anomalous scattering
techniques. The atomic scattering factor is given by
S(KE)=fo(k)+f'(k,E)+if"(k,E) where E is the pho-
ton energy. f (k) is the energy-independent form factor,
whose values for this work were taken as those calculat-
ed for isolated atoms,?¢ and describes the scattering am-
plitude in the high-E limit. The ASF f'(k,E) and
f"(k,E) are quite appreciable when photon energies are
near absorption edges. f'' is directly proportional to ab-
sorption coefficient, and was obtained from absorption
data taken for the EXAFS experiment which had been
fit to published values®’ far from each species’ K edge to
obtain an absolute scale. f’ was obtained from f'' by
the Kramers-Kronig dispersion relation.? The ASF
thus obtained agree very well the calculated free-atom
values? except very near to and above the absorption
edges, where solid-state effects introduce structure not
present in the calculated, free-atom ASF.
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Normalization of each data set to an absolute, per
atom scale involved subtraction of the correctly at-
tenuated Kapton substrate intensity, determination of
the amount of fluorescence in the data and its subtrac-
tion, subtraction of the calculated Compton intensity,
determination of the scaling constant for the coherent
intensity, and correction for distortions of each of these
signals due to the changing sample size and absorption
with @ resulting from the transmission geometry used.
Corrections for these distortions require knowledge of
the absorption products ut (8) at various energies, which
were measured under the same experimental conditions
for which the data were collected. Two adjustable pa-
rameters were employed in the normalization of each
data set, the average density of the sample and a single
ut (0) value used to describe the combined absorption of
both Ka and KB fluorescence. Details of the normaliza-
tion are found in Refs. 24 and 18.

A. RDF results

For a single incident photon energy the intensity
coherently scattered by the binary a-Mo-Ge samples can
be expressed by a sum of three species-specific contribu-
tions as

Ik, E)= wgege (K EN[SGege (k) +11]
+WGeMo (K E)S Gemo (K)
+ Wnomo (K EN[S Momo (K)+ 1] .
Here
WGeGe Ko E)=Xgef Ge (K E)f ge(k, E)
and
WGeMo Ko E)=2xgRe[ f & (K, E) f o (K, E)]

are structure-independent weighting factors, xg, is the
atomic fraction of Ge, and Sg.g.(k) is the partial struc-
ture factor describing the k-space interference oscilla-
tions resulting from the Ge-Ge atomic correlations. A
total structure factor S (k) is obtained from this intensity
and is related to the deviation from the average number
density of atoms*® by

S(k)=[I(k)—{f1/{f)?
=(1/27) [ rlp(r)—p,,Isin(kr)dr .

Real-space information r[p(r)—p,,] is obtained from the
inverse transform, and the RDF is 41rr2p(r). The RDF
gives a weighted sum of all three partial distribution
functions and, hence, is somewhat ambiguous.

S (k)’s and RDF'’s for a series of compositions ranging
from a-Ge to 65 at. % Mo are shown in Fig. 3 and are
obtained using a photon energy 500 eV below the Mo K
edge. The RDF’s are of high quality, as evidenced by
the lack of spurious oscillations at distances below the
first peak. The average density, p,, was systematically
varied in the normalization of the data to obtain these
RDF’s. The best p,, values were determined as those
which yielded the flattest low-r behavior in the resultant
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RDF’s, and are estimated accurate to £+0.2 g/cm3. The
resultant best apparent densities are in Table I as are the
first peak positions and areas. Areas were measured out
to the minimum between the first and second peak.

Gross changes in the average structure with composi-
tion are seen in Fig. 3. Three structural regions, each
existing over a range of compositions, can be dis-
tinguished from both the S (k)’s and the RDF’s. Region
I extends from a-Ge to somewhat less than 25 at. % Mo.
Over this composition range all traces of the a-Ge RTN
disappear, as evidenced by the disappearance both of the
distinctive pattern of the a-Ge S(k) and of features in
the RDF’s at the positions of the three peaks in the a-Ge
RDF. The a-Ge RTN is replaced by an average struc-
ture with larger average coordination number and longer
near-neighbor distances, signaling the transition from
semiconductor to metal. Accompanying the disappear-
ance of the a-Ge RTN is an increase in the first peak
area, even at only 2 and 4 at. % Mo, which is sufficiently
rapid that it indicates that Mo does not substitute for Ge
in the RTN, but rather increases the average coordina-
tion.

Region II extends from somewhat less than 25 at. %
Mo to somewhere between 42 and 65 at.% Mo. No
clear indication of the a-Ge RTN is evident in the
RDF’s or S(k)’s here, and even at 25 at. % Mo the first
shell average coordination of 12 is indicative of a metal-
lic structure. The average structure changes little with
composition between 25 and 42 at. % Mo and appears to
have poorly defined average coordination shells, as seen
by the shallow minimum in the RDF’s between the first
and second peaks.

Large structural changes are seen on going to the
Mo-rich end of the composition range, which comprises
structural region III. At 65 at. % Mo the RDF and
S (k) look much like those of typical melt-quenched me-
tallic glasses,! with a large, well-defined first peak and a
split second peak in both k and r space.

The changing structure through the semiconductor-
metal transition region I is of special interest, and an ap-
parent mixture of a-Ge and a Mo-modified structure
through this transition lends an interpretation to the
SAS trends which suggest a maximum inhomogeneity in
this region. With the lack of a-Ge features at 25 at. %
Mo, the similar features of the 25 and 42 at.% Mo
RDF’s and the appearance of these features at less than
25 at. % Mo, it is reasonable to hypothesize that the
emerging Mo-modified structure is described by the
structure at 25 at. % Mo. If, at intermediate composi-
tions, the amorphous structure is a mixture of large,
well-defined regions of a-Ge and the modified 25-at. %-
Mo structure, then the actual S (k) would approach a
superposition of appropriate amounts of the a-Ge and 25
at. % Mo S(k)’s.

Superpositions in proportion to composition of the a-
Ge and 25 at. % Mo S (k)’s are compared with the actu-
al S(k)’s at 8 and 14 at. % Mo in Fig. 4. Strong similar-
ity of the two signals at each composition is seen, though
differences are apparent out to at least 6.0 A ~!. The
strong interference peaks of the actual S (k)’s do contain
features at k values closely corresponding to those in the
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FIG. 3. Total structure factors S (k)’s are shown in (a) for a
series of a-Mo-Ge samples with compositions as noted. All
data were collected with photon energy either 400 or 500 eV
below the Mo K edge (19999 eV), and are plotted on the same
scale but offset vertically for comparison. In (b) are the corre-
sponding RDF’s.
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TABLE I. RDF results.

Mo concentration Density Position

(at. %) (g/cm?) (A) Peak area®

0 5.3 247 4.0

2 5.7 2.48 44

4 5.9 2.49 4.8

8 6.3 2.54 52
14 6.8 2.60 6.0 104
25 7.4 2.67 12.3
42 7.8 2.67 124
65 9.3 2.74 13.5

“Areas represent a compositionally averaged number of atoms
because of the normalization used and can be converted into
units of (electron)?. Areas were measured from 2.0 A to the
minimum between the first and second peaks. For the left
column this minimum was about 3.0 A while for the right
column it was about 3.7 A. See Ref. 24 for more details.

superposed S (k)’s, but smeared in such a way that they
appear at k values intermediate between those of the su-
perposed signals. This suggests that the average struc-
ture at 8 and 14 at. % Mo does contain regions with lo-
cal structure like a-Ge and the 25-at. %-Mo structure,
and that interference between the signals from these re-
gions may account for the differences between the actual
and superposed S(k)’s. This is less consistent with
phase separation into large regions of these two local
structures, where this inter-region interference would not

1 I ¥ 1 l T T T T T

8% Mo

Stk)

Actual S(k)
............ Superposed S(k)

1 Il 1 | Il 1 1 1

0 1 2 3 4 B 6 7 8 9 10
-1
k (A7)

FIG. 4. Total structure factors S(k) are shown for the 8-
and 14-at. %-Mo a-Mo-Ge samples as solid lines. The dashed
lines are superpositions in proportion to composition of the a-
Ge and 25 at. % Mo S (k)’s, and show that the actual structure
at these compositions does have features similar to the a-Ge
and 25-at. %-Mo structures.

-1
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be as strong, and is more consistent with mixing of these
two local structures on a fine size scale. The same con-
clusion would be obtained using the 42 at. % Mo S (k)
to represent the Mo-modified material coexisting with
the tetrahedral Ge in this superposition, because of the
similarity of the S (k)’s at 25 and 42 at. % Mo.

RDF’s and S (k)’s tell much about the average struc-
ture at a given composition and its change with compo-
sition. They show the replacement of the a-Ge RTN by
a distinct Mo-modified amorphous structure by 25 at. %
Mo signaling the semiconductor-metal transition (region
D). In region II the average structure appears to change
little with composition, and appears to be much like that
of the emerging Mo-modified material of region I. In re-
gion III, the average structure shows features typical of
common metal-metalloid glasses and other metallic
glasses often described by DRP models. RDF’s do not,
however, provide any direct information about
differences in the average environment about each
species at a given composition. Hence the motivation
for application of species-specific anomalous scattering
and EXAFS techniques.

B. Differential anomalous scattering results

The DAS technique!® uses two independent data sets
collected using two incident photon energies near a
given species’ absorption edge, where only that species’
ASF are changing rapidly with energy. DAS analysis
begins by subtracting the self-scattering from each of the
two normalized data sets to give I (k)— ( f2). If the two
photon energies are close to the Ge K edge, and letting
Agel ] represent the difference with energy of the quanti-
ty in brackets, then the difference of the two reduced in-
tensities is

AGe[I(k’E)_<f2>]= AGe[wGeGe(k’E)]SGeGe(k)

+AgelWgemo (ks E) IS Gemo (k) -

Similar to the RDF case, the k dependence of the
weighting factors is approximately removed and the data
put on a per atom scale by dividing by

W(k,E|,E;)=Ag[wgege (K, E) ]+ Agelwgemo (K, E)]

to yield a differential structure factor Ag.[.S(k)], which
now contains information about Ge-Ge and Ge-Mo
correlations but not Mo-Mo correlations, since the Mo
ASF are, to a good approximation, constant at the two
energies used in the difference. The sine transform of
Ag[S(k)] yields a weighted sum of the quantity
r[pGch(r)'—pGe av]+r[pGeMo(r)_pMo av]’ to which TPay
is added and the result weighted by r to give the Ge
differential distribution function (DDF). The DDF
shows the average environment about just Ge atoms,
and, hence, is less ambiguous than the RDF. The same
procedure using two data sets taken with photon ener-
gies near the Mo K edge yields a Mo DDF.

Ge and Mo DDF’s were obtained using data sets tak-
en with photon energies immediately and farther below
each species’ K edge for compositions of 14, 42, and 65
at. % Mo. Table II shows the photon energies and asso-
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TABLE II. Anomalous scattering factors for DAS tech-
nique. Photon energies are measured relative to the K edge of
the species whose edge is being utilized for the DAS effect.

Energy
(eV) Mo f° Mo f” Ge f' Ge f"

14-at. %-Mo sample
Ge DAS —200 —0.6 1.6 -35 0.5
-25 —0.6 1.6 —6.1 0.6
Mo DAS —500 -33 0.5 0.2 1.5
—10 -1.1 1.0 0.2 1.5

42-at. %-Mo sample
Ge DAS —200 —0.6 1.6 -35 0.5
—15 —0.6 1.6 -70 0.7
Mo DAS —400 -35 0.5 0.2 1.5
—12 -73 1.0 0.2 1.5

65-at. %-Mo sample
Ge DAS —200 —0.6 1.6 —4.0 0.5
-5 —0.6 1.6 —115 0.8
Mo DAS —400 -35 0.5 0.2 1.5
—30 —6.5 0.6 0.2 1.5

ciated anomalous scattering factors used in obtaining
these DDF’s. Figures 5 and 6 show A[S(k)]’s and
DDPF’s for Ge and Mo, respectively, indicating how the
Ge and Mo average environments change with composi-
tion. In Fig. 5, the a-Ge total S(k) and RDF are in-
cluded for comparison. First-peak positions and areas
are presented in Table III, with the areas again mea-
sured to the minimum between the first and second
peaks. In Fig. 7 the Ge and Mo DDF’s at each compo-
sition are superimposed. Recalling that Ge DDF’s con-
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tain only Ge-Ge and Ge-Mo correlations while Mo
DDF’s contain only Mo-Mo and Mo-Ge correlations al-
lows us to infer much from Fig. 7 about how the three
individual pair correlations contribute to the DDF’s.

At 14 at. % Mo (in region I) the average Ge and Mo
environments are very different. The Ge environment is
quite disordered on average, as seen by the poorly
defined first shell with many apparent distances between
the first and second peaks, and broad, almost featureless
second and higher shells. Some tetrahedral a-Ge is still
present as indicated by slight shoulders at the second
and third a-Ge peak distances. The disordered part of
the Ge environment comes from modification by Mo.
The average first-shell coordination number is still rather
small, with the increase due largely to mcreasmg coordi-
nation at longer distances. The first peak is at 2.65 A,
about 0.2 A longer than the Ge-Ge distance in a-Ge.
The Mo average environment at 14 at. % Mo has a rela-
tively well-defined first shell composed of a major peak
at about 2.7 A and a small shoulder at about 3.3 A. No
indication of tetrahedral a-Ge structure is present in the
Mo DDF: the first-peak area is not consistent with Mo
substitutional in the a-Ge RTN and the shoulder has no
counterpart in the tetrahedral bonding scheme. Rather,
Mo is associated with a modified structure.

At 42 at. % Mo (in region II) no signs of the a-Ge
RTN are present in the Ge DDF. The Ge first-shell
coordination has increased to roughly equal that of Mo,
and the overall Ge DDF profile has changed markedly
from that at 14 at. % Mo. The Ge DDF continues to
show broader, less well-defined average coordination
shells than the Mo DDF, and a value well above zero
between the first and second peaks. The Mo DDF
changes much less than the Ge DDF on going from 14
to 42 at. % Mo, the major change being an increase in
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FIG. 5. Ge differential structure factors Ag.[S (k)] and corresponding DDF’s are shown for a-Mo-Ge samples with composi-
tions 14, 42, and 65 at. % Mo. For a-Ge, S (k) and the RDF are shown for comparison. All data are plotted on the same scale and
offset for comparison.
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FIG. 6. Mo differential structure factors Ay,[S (k)] and corresponding Mo DDF’s are shown for a-Mo-Ge samples with compo-
sition 14, 42, and 65 at. % Mo. All data are plotted on the same scale and offset for comparison.
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FIG. 7. DDF’s for a given composition are superimposed
here, and different compositions are plotted on the same scale
but offset vertically. Plotted this way, much can be inferred
about how the three pair correlations contribute to the average
structure at each composition and how these contributions
change with composition.

the shoulder on the high-r side of the first peak. The
identical first part of the first peaks of the Mo and Ge
DDF’s at 42 at. % Mo (see Fig. 7) is direct evidence that
this is a Mo-Ge feature. This same feature in the Mo
DDF at 14 at. % Mo suggests that this too is a Mo-Ge
feature. The shoulder at roughly 3.3 A on the high-r
side of the Mo DDF first peak at 42 at. % Mo does not
have a counterpart in the Ge DDF (see Fig. 7), identify-
ing this as a Mo-Mo feature. Likewise this emerging
feature at 14 at. % Mo is also a Mo-Mo feature. The
large amount of disorder between the first and second
peaks in the Ge DDF’s at both 14 and 42 at. % Mo have
no counterpart in the Mo DDF’s, so that this structural
disorder not only exists primarily around Ge but results
primarily from Ge-Ge correlations. All of these
identifications of individual pair correlations (Mo-Ge
shortest, Mo-Mo quite long, and Ge-Ge relatively disor-
dered) are very similar to those in both of the Ge-rich
intermetallic compounds Ge,Mo and Mo ;Ge,;.

At 65 at. % Mo (in region III) the Ge DDF is very

TABLE III. DAS results.

Mo concentration Peak position

(at. %) (A) Peak area®

Ge DDF’s

14 2.65 6.5

42 2.71 9.0 13.7

65 2.74 9.5 13.0
Mo DDF’s

14 2.68 8.6 10.5

42 2.69 8.7 12.7

65 2.81 14.3

2Peak areas approximate a compositionally average number of
atoms and are measured from 2.1 to 3.1 or 3.8 A for the values
found in the first and second columns.
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similar to that at 42 at. % Mo but the Mo DDF is very
different from that at 42 at. % Mo. The Mo-Ge main
peak of the Ge DDF remains constant in size and posi-
tion between 42 and 65 at. % Mo, as does the disorder
between the first and second peaks. The Mo DDF
shows that the long Mo-Mo first distance seen at 42
at. % Mo has collapsed to lower r into a very broad first
shell at 65 at. % Mo. Given that the short Mo-Ge dis-
tances remain intact, as seen from the Ge DDF, the
shorter Mo-Mo distances at 65 at. % Mo must still be
predominantly on the far side of the Mo DDF first peak.
The Mo DDF and Mo A[S (k)] at 65 at. % Mo look
much like RDF’s and S (k)’s of typical melt-quenched
T -M glasses.>!

The presence of Mo-Mo correlations at about 3.3 A at
14 at. % Mo in the Mo DDF has implications regarding
the homogeneity of the material at this composition.
Given the average density of about 6.8 g/cm’ and the
composition, the average number density of Mo atoms is
calculated to be 0.0076 A ~ 3, implying an average linear
separation between Mo atoms of 5.1 A, assuming they
are dispersed on a simple cubic lattice. The fact that
Mo-Mo correlations are seen at about 3.3 A may be evi-
dence that some segregation of Mo atoms is occurring at
this composition. This short observed Mo-Mo distance
in itself says nothing about the size scale of the segrega-
tion of Mo atoms into regions with local structure like
that of the Ge-rich compounds. Evidence that the size
scale of these Mo-modified regions at 14 at.% Mo is
small comes from comparison of the intensity of the
Mo-Mo shoulder of the 14 at.% Mo DDF with the
same feature at 42 at. % Mo. At 42 at. % Mo this Mo-
Mo shoulder has rou§hly the same area as it would for
the Ge-rich crystals,?* while at 14 at. % Mo this area is
much smaller. This is more consistent with the Mo-
modified regions existing with a very high surface-to-
volume ratio (i.e., very dispersed) rather than in large,
well-defined regions. Indeed, the difference between the
homogeneously dispersed distance and the observed
shorter distance is less than an atom spacing, so that
diffusion of only a very short distance is required for this
segregation. This interpretation of a finely dispersed
mixture is also consistent with the interpretation of Fig.
4 and with SAS and TEM results.

In summary, the DDF’s reveal much species-specific
information that the RDF’s cannot provide. At 14 at. %
Mo the Ge DDF shows indication of the a-Ge RTN and
much disorder, which results from modification by Mo.
Mo has a more ordered environment than does Ge, with
a first peak due mainly to Mo-Ge correlations and a
small contribution at larger r due to Mo-Mo correla-
tions. The DDF’s show the major change between re-
gions I and II to be the disappearance of the a-Ge RTN.
In region II the average structure is characterized by
short Mo-Ge correlations, long Mo-Mo correlations, and
disordered Ge-Ge correlations, much like in the Ge-rich
compounds The major change between regions II and
III is the collapse of the long Mo-Mo correlations from
about 3.3 A to shorter distances in the first shell, but
still longer than the Mo-Ge distances which appear to
remain unchanged from region II. In region III the
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average structure looks much like that of metallic glasses
described by DRP models, and Mo-Mo correlations
predominate in this appearance. Similarities and
differences between Mo and Ge DDF’s allow
identification of how the individual pair correlation func-
tions contribute to the structure.

V. EXAFS RESULTS

Absorption data were collected from many samples
ranging in composition from a-Ge to 70 at. % Mo above
the Mo and Ge K edges on several occasions at SSRL
beamlines 1-5 and 4-2 during both parasitic and dedicat-
ed operation of the SPEAR storage ring. The same ap-
paratus in the same conﬁguration was always used, and
consisted of 63- and 123-in. ion chambers before and
behind the samples, ﬁlled with N, and Ar slightly above
atmospheric pressure when working near the Ge and Mo
edges, respectively. The samples were held in transmis-
sion geometry near 77 K in an evacuated Dewar with
Kapton windows. The incident beam monochromator
was typically detuned about 30% to minimize harmonic
contamination of the beam. The EXAFS signal, X(k),
was obtained and normalized using standard pro-
cedures.?*

Structural information was obtained primarily from
modeling the data in k space, and also by observing
trends in the data with composition. In modeling, the
k3X(k) were assumed to conform to the expression

N
kX (k)=k2S Rf exp(—2025k?) | fa(m,k) |

B aB

X SIn[2KR 45+ dag(k)] - (M

Here, a refers to the absorbing atom species and 8 to the
backscattering atoms a distance R ,g from the absorbing
atom. Ng gives the effective number of atoms of a given
species at a given distance and aaﬂ is a description of
Gaussian static and thermal broadening of that shell.
fplm,k) is the backscattering amplitude and ¢,4(k) gives
the combined phase shift experienced by the photoelec-
tron on ejection from the absorbing atom, backscatter-
ing, and return to the absorbing atom. Calculated values
of fg(mk) and ¢,5(k) (Ref. 32) were used in the model-
ing because the structures of the Mo-Ge compounds are
not simple enough to determine these quantities in all
possible cases. When possible, these calculated values
were checked by modeling the EXAFS from standards
with simple enough structures, and were found to give
good agreement with the observed data.?* Absent from
this expression for the EXAFS are factors accounting
for mean-free-path and many-body effects, which
represent alternative channels for the photoelectrons
and, hence, reduce the magnitude of the EXAFS effect.
These effects are not well characterized theoretically,
and are essentially constant for a given shell. Empirical
backscattering amplitudes would include these effects, at
least approximately, but the calculated amplitudes used
here do not take them into account. They are implicitly
included in Ng, which is thus expected to have a smaller
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value than the actual coordination number. Possible
multiple-scattering effects®>3* are also neglected.

One- and two-shell modeling used a nonlinear least-
squares fit of Eq. (1) to the data in which R, N, and ol
for each shell were varied as parameters of the fit. Back-
scattering phase shifts of Mo and Ge differ by about 2
rad over most of the k range, thus facilitating
identification of backscattering species in modeling of
EXAFS from the amorphous alloys. Models with more
than two shells were not investigated because the data
were typically well fit with only one or two shells, and
because of the rapid proliferation of variable parameters.
The zero of the photoelectron energy scale, E,, was not
varied in the fit itself, but rather we investigated the sen-
sitivity of the fit results to different, fixed values of E|,.
In general, modeling trends are independent of E,
though parameters of the fits undergo small systematic
changes with E,. Before modeling, the data were win-
dowed by a Gaussian broadened square window from 3.0
to 15.0 A ~! for Ge EXAFS and from 4.0 to 12.0 A ~!
for Mo EXAFS. The same windows were incorporated
into the models. Because the calculated Sfglm,k) and
dqp(k) are available for k >3.8 A ~!, modeling began at
that k value. A goodness of fit parameter, =, defined
here as the sum of squares of the residuals between the
model and data at the data points divided by the sum of
squares of the data points, is useful in comparing
different models for a given data set.

A. Ge EXAFS modeling results

EXAFS signals k°Xg.(k) from above the Ge K edge
are shown in Fig. 8 for samples with compositions from
a-Ge to 65 at. % Mo. Strong trends with composition
are seen. For 21 at. % Mo and less, the EXAFS shows
primarily the same phase but with decreasing amplitude
with increasing Mo content. A distinct change in phase
occurs between 21 and 25 at. % Mo, and for convenience
we take 23 at. % Mo as the composite delimiting this
change. This change coincides with the distinction of
regions I and II identified from the scattering results,
reinforcing the interpretation that major changes in the
average Ge environment delimit regions I and II. With
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FIG. 8. Ge k’X(k) for a series of a-Mo-Ge samples with
compositions from a-Ge to 65 at. % Mo are shown here, all
plotted on the same vertical scale but offset vertically for com-
parison.

increasing Mo content from 25 at. % Mo, the phase and
amplitude profile change little while the amplitude in-
creases. Modeling results are discussed for the composi-
tion ranges less and greater than 23 at. % Mo in turn.

In the range from a-Ge to 23 at. % Mo, the EXAFS
data can be well fit with a Ge one-shell model at the
tetrahedral distance, and at 14 and 21 at. % Mo with
two-shell models with both Ge and Mo shells. Table IV
shows the parameters returned from the fits, which are
superimposed on the data in Fig. 9. The effective coor-
dination number of Ge about Ge in pure a-Ge is 2.8 in-
stead of the known value of 4, reflecting the neglect of
non-EXAFS effects and, perhaps, errors in the calculat-

TABLE IV. Ge EXAFS modeling results (<21 at. % Mo). The E, used to obtain these results is
that used to make k3X(k) for a-Ge give the tetrahedral distance (2.45 A) and is located about 6 eV
above the peak of the resonant line near the Ge K absorption edge.

Mo conc. Ge shell Mo shell
(at. %) R N o? R N o? h
One-Ge-shell results
0 2.45 2.80 0.0031 0.038
8 2.45 1.88 0.0039 0.011
14 2.46 1.07 0.0032 0.035
21 2.46 0.52 0.0018 0.036
Two-shell results
0 2.45 3.26 0.0036 2.56 0.17 0.0006 0.036
8 2.45 1.74 0.0033 2.61 24.1 0.105 0.020
14 2.46 1.20 0.0037 2.61 1.00 0.0167 0.033
21 2.46 0.60 0.0023 2.62 1.10 0.0169 0.057
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FIG. 9. Modeling results of the Ge k*X(k) with compositions <23 at. % Mo are shown here. (a) shows one-Ge-shell models su-
perimposed on the data, and (b) shows two-shell models with one Ge and one Mo shell. Models are dashed curves, and data points

are joined by solid lines. Modeling results are in Table IV.

ed amplitudes or in normalization. In general, the fits
using the one-Ge-shell model are quite good for k>7
A ! and become increasingly poor at lower k with in-
creasing Mo content. Two-shell fits with Ge at the
tetrahedral distance and Mo at a longer distance im-
prove the fit at low k compared to the one-Ge-shell ra-
dius as seen in Fig. 9(b) and Table IV. For the 8-at. %-
Mo sample, large N and o? values for the Mo shell re-
turned from the model are clearly unphysical, and show
that the modeling technique can yield spurious results.
For the 14- and 21-at. %-Mo samples, the Mo-shell pa-
rameters returned from the model are plausib}e, and
show Ge-Mo distributions at roughly 2.61 A with
broader widths than the Ge-Ge first-shell distributions in
a-Ge. We believe that these Ge-Mo distances reflect
Ge-Mo correlations in the Mo-modified material that
coexists with the a-Ge RTN at these compositions.
Similar Ge-Mo distances are also observed in the Ge
EXAFS in structural regions II and III and in the Mo
EXAFS in regions I and II, as seen later.

For compositions above 23 at. % Mo, the modeling
situation is much different. Here the data are better de-
scribed by a Mo rather than a Ge one-shell model, as
seen in Figs. 10(a) and 10(b) and Table V. For all com-
positions, the Ge-Mo model distance is about 258 A
while the Ge-Ge model distance is about 2.68 A. No
signs of tetrahedral a-Ge are present in this range, con-
sistent with the scattering results. As seen in the figures
and in the X values, the Mo one-shell model matches the
data better than does the Ge one-shell model. Two-shell
models with one Mo and one Ge shell improve the fit
over the Mo one-shell results as seen in Fig. 10(c) and

Table V. Improvement is most dramatic for the 42- and
65-at. %-Mo samples. In all cases, the one- and two-
shell results are reasonably self-consistent, in the sense
that two-shell best-fit results input into one-shell models
lead to one-shell best-fit results, and vice versa. Howev-
er, the Mo shell is more consistent between the one- and
two-shell models, as seen in the more closely similar
Ge-Mo than Ge-Ge distances in Table V. These results
indicate Ge-Mo distances shorter and sharper than Ge-
Ge distances over this composition range. Strongly in-
creasing average coordination about Ge is indicated with
increasing Mo composition, from a value at 23 at. % Mo
which would appear to be even less than that for
tetrahedral a-Ge.

These modeling results provide a picture of how the
average environment about Ge changes with composi-
tion. As Mo is added to a-Ge, the EXAFS is primarily
sensitive to what tetrahedral Ge remains, until about 23
at. % Mo, when all indications of tetrahedral Ge vanish.
This is consistent with RDF and Ge DDF results. The
Ge environment in this modified material evidently has
Mo first neighbors in broad average shells (compared to
the Ge-Ge shells in a-Ge) at longer distances. This situ-
ation, Ge surrounded most closely by Mo at about 2.58
A, best describes the EXAFS over the entire range from
25 to 70 at. % Mo. The closest Ge-Ge distances in this
range appear to be about 0.1 A longer than the Ge-Mo
distances, providing evidence for preferred Mo-Ge in-
teraction, at covalentlike distances. The trends in total
effective coordination number with composition in
Tables IV and V suggest that the average Ge coordina-
tion first decreases and then increases with addition of
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FIG. 10. Modeling results of the Ge k3X(k) with compositions >23 at. % Mo are shown here. (a) shows one-Mo-shell models,
(b) shows one-Ge-shell models, and (c) shows two-shell models with a Mo and a Ge shell. Models are dashed curves, and data

points are joined by solid lines. Modeling results are in Table V.

Mo. This curious behavior is not in agreement with
scattering results. We believe that this low apparent
coordination number at about 23 at.% Mo, and the
trend with composition, are at least partly the result of
extreme average structural disorder about Ge at 23 at. %
Mo, as discussed in Sec. VI.

B. Mo EXAFS modeling results

k3Xyo(k) from above the Mo edge for samples with
compositions from 4 to 70 at. % Mo are in Fig. 11. The
4 at. % Mo data set is truncated at k =8.8 A ~! because

of difficulties associated with obtaining a transmission
EXAFS signal from a sample with such a low Mo con-
centration. Two distinct trends with composition are
seen. For less than or equal to 42 at. % Mo, the EXAFS
has a remarkably constant phase and a slowly decreasing
amplitude with increasing Mo content, suggesting that
the Mo nearest-neighbor environment is roughly con-
stant in this range. At 65 and 70 at. % Mo the EXAFS
has much reduced amplitude and a slightly different
phase compared to that in the Ge-rich region. Unlike
the case in the Ge EXAFS, where compositional division

TABLE V. Ge EXAFS modeling results (> 25 at. % Mo). E, values used for these fit results cor-
respond to the energy at the midpoint of the Ge edge rise. This E, was found to yield minimum X

value for the Mo one-shell fit.

Mo conc. Mo shell Ge shell
at. % R N o? R N o? 2

Mo one-shell results

25 2.59 1.03 0.0071 0.136

29 2.58 1.16 0.0070 0.157

42 2.57 1.75 0.0064 0.083

65 2.60 3.35 0.0063 0.095
Ge one-shell results

25 2.68 1.00 0.0064 0.204

29 2.68 1.14 0.0064 0.212

42 2.67 1.85 0.0064 0.179

65 2.70 3.73 0.0067 0.221

Two-shell results

25 2.59 0.64 0.0057 2.69 0.75 0.0140 0.128

29 2.57 0.76 0.0052 2.74 0.19 0.0020 0.145

42 2.56 0.75 0.0037 2.71 1.21 0.0080 0.056

65 2.58 1.60 0.0036 2.75 2.77 0.0088 0.042
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FIG. 11. Mo k3X(k) for a series of a-Mo-Ge samples with
composition from 2 to 70 at. % Mo are shown here, all plotted
on the same vertical scale and offset vertically for comparison.
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between major trends occurs between regions I and II, in
the Mo EXAFS the division occurs because regions II
and III identified in the discussion of the scattering re-
sults. Modeling results for these two composition re-
gions will be considered in turn.

In regions I and II, the Mo EXAFS is dominated by
Ge neighbors at about 2.6 A, as concluded from com-
bined one- and two-shell modeling results summarized in
Table VI. One-shell models with both a Ge and a Mo
shell were investigated. The Ge one-shell fits have Ge at
about 2.6 A from the central Mo in a roughly constant
number at less than about 21 at. % Mo and in a slightly
decreasing number with increasing Mo content from
there. The Mo one-shell fits have Mo at a very short 2.5
A from the central Mo with similar composition trends.
These Mo one-shell fits do not match the phase of the
data across much of the k range and are not considered
good fits. This is reflected in the much larger = values
returned from the Mo one-shell fits compared to the Ge
fits. Only the Ge shell of these one-shell models is con-
sistent with two-shell models containing both a Ge and a
Mo shell, as seen in the two-shell results which were ob-
tained with the one-shell results as initial inputs to the
two-shell model. The Ge-shell parameters are much
more consistent between the one- and two-shell models
than are the Mo-shell parameters, which show an in-
crease in distance of 0.1 A and unphysical o2 values for
two compositions. In the two-shell models which do
yield physically plausible parameters for the Mo shell,
the improvement in the X value compared to that for
the Ge one-shell fit is not consistent. These inconsisten-

TABLE VI. Mo EXAFS modeling results (< 42 at. % Mo). The E, value used for these fits corre-

sponds to the half-height of the Mo K edge jump.

Mo conc. Ge shell Mo shell
(at. %) R N o? R N o? 3
Ge one-shell results

4 2.61 4.44 0.0085 0.053

8 2.60 4.36 0.0087 0.044
14 2.60 4.56 0.0082 0.023
21 2.61 4.16 0.0078 0.061
25 2.59 3.59 0.0081 0.043
29 2.59 3.37 0.0079 0.039
42 2.59 2.93 0.0077 0.047

Mo one-shell results
8 2.50 4.11 0.0092 0.146
14 2.51 421 0.0086 0.122
21 2.50 3.97 0.0083 0.144
25 2.49 3.26 0.0083 0.112
29 2.49 3.18 0.0083 0.104
42 2.49 2.71 0.0079 0.091
Two-shell results

8 2.58 3.71 0.0046 2.61 0.87 0.0047 0.040
14 2.59 4.18 0.0075 2.59 0.74 0.0065 0.020
21 2.60 3.87 0.0074 2.58 0.69 0.0072 0.059
25 2.60 3.97 0.0092 2.47 0.02 —0.0059 0.036
29 2.58 2.85 0.0068 2.58 0.78 0.0083 0.030
42 2.59 2.59 0.0106 2.48 0.11 —0.0014 0.030
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FIG. 12. One-Ge-shell modeling results of the Mo k3X(k)
with compositions in regions I and II are superimposed on the

data here. Models are dashed curves, and data points are
joined by solid lines.

cies, together with the very poor Mo one-shell model
compared to the Ge one-shell model, lead us to conclude
that, within this simple two-shell model, only Ge at
about 2.6 A consistently accounts for the Mo EXAFS in
this composition range. Figure 12 shows these Ge one-
shell models superimposed on the data. The possibility
of some Mo at roughly 2.6 A cannot be ruled out,
though this modeling study provides much stronger evi-
dence for Mo-Ge neighbors than for Mo-Mo neighbors.
Modeling of the Mo EXAFS in region III is made

difficult by the poor signal-to-noise level resulting from
the decreased amplitude. This decreased amplitude is it-
self interesting, as a cursory interpretation may lead to
the conclusion of decreased Mo coordination, which is
inconsistent with scattering results, as discussed in the
next section. Modeling results (Table VII) are similar to

those just discussed for regions I and II. In a one-shell
model, both a Ge and a Mo shell can fit the data, with
the Ge shell at about 2.65 A giving a slightly better fit
than the Mo shell at a short 2.54 A. When these
one-shell results are input into a two-shell model as ini-
tial parameters of the fit, only the Ge shell yields a con-
sistent result. The Ge one-shell fits are superimposed on
the data in Fig. 13, and match the data fairly well above
6.0 A, but show significant deviations from the data at
lower k suggesting that broader shells might be contrib-
uting in that region.

Summarizing the Mo EXAFS with composition, these
modeling studies suggest that Ge atoms at about 2.6 A
or slightly longer give the dominant contribution to the
EXAFS over the entire composition range. This dis-
tance is much shorter than the sum of the metallic
(Goldschmidt) radii, and suggests a strong preference for
Mo to be surrounded by Ge at covalentlike distances.
No contributions from Mo are consistently identified in
the modeling. The constancy of Mo EXAFS from 4 to
roughly 50 at. % Mo shows that the Mo environment of
the Mo-modified material in region I is very similar to
that in region II, where no tetrahedral Ge exists. This
strongly suggests that Mo does not enter the a-Ge RTN
in region I in a substitutional or interstitial fashion, but
rather actively modifies the RTN to produce a preferred
local structure like the average structure in region II.
The slight decrease in amplitude with increasing Mo
content in region II, and the sharp reduction in going to
region III are not consistent with decreased coordination
about Mo, when compared to DAS result, for reasons
discussed in the next section.

From modeling the EXAFS with these simple Gauss-
ian shell models we determine which species at what dis-
tances appear to make the primary contribution to the
EXAFS at each edge. In most cases the data are rela-
tively well fit by one- or perhaps two-shell models, with

TABLE VII. Mo EXAFS modeling results (> 65 at. % Mo). The E, value used for these fits corre-

sponds to the half-height of the edge jump.

Ge shell Mo shell
Mo conc. R gi R qi
(at. %) (A) N (A7) (A) N (A") >

Ge one-shell results

65 2.64 0.88 0.0088 0.18

70 2.66 0.073 0.0095 0.21
Mo one-shell results

65 2.53 0.56 0.0064 0.25

70 2.55 0.49 0.0069 0.26

Two-shell results
65 2.63 0.80 0.0082 2.37 —3.58 0.062 0.11
70 2.67 1.03 0.014 2.52 0.03 —0.0028 0.19
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k (A7)

FIG. 13. One-Ge-shell modeling results of the Mo k*X(k)
with compositions in region III are superimposed on the data
here. Models are dashed curves, and data points are joined by
solid lines.

the fits becoming less good at the lowest k values in
some cases. The dominant contribution to the EXAFS
at each edge across most of the composition range is
from Mo-Ge nelghbors at about 2.6 A. At first glance
some trends in the EXAFS results may appear incon-
sistent with those from the DAS technique. This is con-
sidered further in the next section.

VI. COMPARISON OF EXAFS
AND SCATTERING RESULTS

Structural information has been obtained from
EXAFS and scattering results in rather different ways.
Scattering provides direct real-space results from in-
terference oscillations in k space which have been nor-
malized and transformed to r space with little ambiguity.
We have chosen a less-direct modeling technique of the
EXAFS data because of uncertainties in the choice of
backscattering phases and amplitudes and other possible
effects which make normalization to an absolute scale
and transformation to unambiguous quantities in real
space more difficult. Our choice of Gaussian shells for
modeling the EXAFS is arbitrary. However, we are able
to obtain relatively good fits based on these models. We
feel this fitting procedure is justified because of the ten-
dency of EXAFS oscillations to result from the sharpest,
shortest, real-space features for disordered systems, as
discussed more below.

DAS and EXAFS each provide information about the
average environment of a single species in these a-Mo-
Ge alloys. In comparing results from these different
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techniques applied to the same samples it must be
remembered that each technique has a characteristic,
and largely different, range of measurement in reciprocal
space. The range of the DAS experiment is roughly
0.5 <kg, <10.5-15.0 A ~', the upper limit depending
on the x-ray wavelength. The effective k scale of
EXAFS is twice that of scattering [because of the factor
of 2 in the argument of the oscillatory term in Eq. (1)],
so compared to scattering the EXAFS range is roughly
7.0 <2k gxaps <27.0 A ~'. Scattering measures interfer-
ence oscillations in a range relatively near to the origin
while EXAFS oscillations are not readily analyzed near
the origin but rather in a higher region of reciprocal
space. These largely different ranges, coupled with the
large amount of average structural disorder about a
given species in these amorphous alloys, result in largely
different and complementary structural sensitivities. '
These different sensitivities are reftected in the nature of
the changes with composition of the k-space signals of
the two techniques. The dominant changes in the S(k)’s
and A[S (k)]s are in the shape of the lowest one or two
interference oscillations which are largely below the
EXAFS k range. The dominant changes in the k>X(k)
are changes in phase between the structural regions
identified and in amplitudes within structural regions.
At the lowest k values, the k3X(k) show more subtle
changes with composition.

Differences in structural information contained in the
interference signals of the scattering and EXAFS tech-
niques applied to amorphous solids are demonstrated in
Fig. 14. Amorphous Ge is a good standard for compar-
ison of the two techniques because of its relatively un-
derstood structure having a well-defined first shell con-
sisting of four neighbors at a single, sharp, distance and
less well-defined second and farther shells. In Fig. 14
are superimposed interference signals S(k) and k°X(k)
for scattering and EXAFS, respectively. The EXAFS k
scale has been multiplied by 2, but the additional phase

Interference signal

+ k3x(k)

o]} 10 ° 20 30
k (A7)

FIG. 14. Reciprocal-space oscillations from scattering and
EXAFS are superimposed for amorphous Ge. The k scale of
EXAFS has been multiplied by 2 for comparison with the
scattering data, but EXAFS phase shifts have not been re-
moved. In the region of overlap and at higher k, these in-
terference oscillations result from only the sharp, first-neighbor
distance.
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shift has not been removed from the EXAFS data. In
the region of overlap and at higher k the two signals
both show the same single, low frequency. This lowest-
frequency signal results from the first-neighbor distance,
as demonstrated by the EXAFS modeling. The EXAFS
data show no strong higher-frequency oscillations indica-
tive of second and farther distances. The scattering sig-
nal, however, shows higher-frequency interference struc-
ture in the region closer to the origin, below the EXAFS
range. Clearly this higher-frequency structure in S (k)
results from correlations beyond the first shell. Second
and higher shells are evident in the RDF in Fig. 3. The
increased average width, or static disorder, of these
more-distant shells damps interference oscillations aris-
ing from these correlations® in the k range accessible to
EXAFS. The results for a-Ge is that EXAFS and
scattering each perceive the same first-neighbor struc-
ture, but only scattering measures well the damped in-
terference signal from the farther neighbors.

Interference oscillations from average structural disor-
der in the first coordination shell can be damped so
strongly with k that EXAFS is sensitive to only the
sharpest or more well-defined features of the average
first shell.?%3%36:1937 For the amorphous alloys we find
that, just as the second and higher shells of a-Ge are
perceived differently by EXAFS and scattering because
they are disordered, so for the alloys even the first shells
are perceived differently by the two tecnhiques. The
EXAFS results indicate distances at the leading edge of
the first shell compared to the DAS results for each
species. The DDF’s first-shell peak positions and widths
increase significantly compared to a-Ge, and especially
the Ge DDF’s show poorly defined average coordination
shells having many distances, on average, between the
first and second shell. Evidently the sharpest structural
features in each species’ average environment is the dis-
tance of closest approach of the nearest neighbors in a
broad first shell. EXAFS acts as a high-pass filter in k
space to measure interference oscillations primarily from
this sharpest feature. Scattering acts as a lower-pass
filter, and real-space results place more emphasis on
broader features in the average first and farther shells.

Haying this understanding of the origin of the
different structural sensitivities of EXAFS and scattering
applied to these disordered alloys, we find that the tech-
niques do give a consistent, although somewhat different,
view of the changing amorphous structure as a function
of composition. Both techniques consistently indicate
similar divisions with composition between three
structural regions. In region I both techniques are sensi-
tive to some tetrahedral a-Ge and to some Mo-modified
material. The transition between regions I and II is sig-
naled by the disappearance of tetrahedral a-Ge in both
techniques. The decreasing Ge EXAFS amplitude
across region I might be interpreted as a decreasing
average coordination about Ge, inconsistent with the in-
creasing Ge coordination indicated by the Ge DDF at
14 at. % Mo. Instead, we interpret the Ge EXAFS as
dominated by the remaining tetrahedral Ge and infer
that the Ge associated with the Mo-modified material is
very disordered, on average, so that its EXAFS is
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strongly damped. Indeed, significant disorder about the
Mo-modified Ge in region I is seen in the Ge DDF at 14
at. % Mo. Both techniques indicate that the Mo envi-
ronment in the Mo-modified material in region I is dom-
inated by Ge nearest neighbors, and the Mo DDF shows
Mo-Mo distance at about 3.3 A, to which the Mo
EXAFS is not sensitive. The Ge EXAFS more precisely
shows the composition delimiting regions I and II is be-
tween 21 and 25 at. % Mo, with no data for intermediate
compositions. Composition trends in both DAS and
EXAFS show that the average structure in region II is
much like the Mo-modified material in region I. This
disorder is also evident in the crystalline compounds
Ge,Mo and Mo,;Ge,;, as discussed in Sec. IV B.

Both techniques consistently indicate that Mo-Ge dis-
tances are the shortest in region II. The DDF’s show
that in addition to Mo-Ge nearest neighbors, the Ge en-
vironment is characterized by extremely disordered Ge-
Ge distances extending between the first and second
shells and the Mo environment by long Mo-Mo distances
at about 3.3 A. Likewise both techniques show that the
Mo average environment shows the dominant change
with composition on going to the Mo-rich alloys, signal-
ing the transition between regions II and III. Both tech-
niques show that only small changes occur in the Ge
average environment between regions II and III. The
Mo DDF’s show that the long Mo-Mo first distances of
regions I and II collapse on going to region III into a
very broad and large first shell. The Mo EXAFS shows
a drastic reduction in amplitude on this transition,
which is interpreted as indicating a very disordered aver-
age first shell about Mo rather than a decreased coordi-
nation number. Strong chemical ordering of Mo about
Ge at the shortest distances is consistent with both tech-
niques at 65 at. % Mo.

The potential of EXAFS to miss structural informa-
tion from even the first average coordination shells is a
serious limitation of this technique applied to structural-
ly disordered materials. However, just as EXAFS acts
as a high-pass filter in reciprocal space, thus missing os-
cillations from highly disordered features, so scattering
acts as a low-pass filter and is less sensitive to the shar-
pest features. The two techniques are thus complemen-
tary, and both should be applied to the study of disor-
dered structures when possible.

VII. SUMMARY AND CONCLUSIONS

The combined techniques of small-angle x-ray scatter-
ing, large-angle x-ray scattering (including anomalous
scattering), and EXAFS yield a complementary, con-
sistent, and very detailed description of changing
atomic-scale structure with composition in sputtered
amorphous Mo-Ge alloys across the range from 0 to 65
at. % Mo. Normalized small-angle scattering allows
limits to be set on compositional inhomogeneity, and
trends in the SAS intensity with composition, together
with information from other techniques, are meaningful
in interpreting the nature of the inhomogeneity. Large-
angle scattering provides structural information about
short- and intermediate-range order in these materials,
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and differential anomalous scattering provides chemical-
specific information on these size scales. EXAFS, be-
cause of its lack of low-k data together with the large
amount of structural disorder even in the first shells of
the amorphous alloys, provides direct chemical-specific
information about the sharpest distance distributions in
the average first shells of these, as well as indirect infor-
mation about the amount of disorder on average about a
given species from trends with composition and compar-
ison with scattering data.

Three structural regions are distinguished as a func-
tion of composition. Major changes in the average envi-
ronment of one species or the other delimit these
structural regions, though structural changes with com-
position also occur within the regions.

We emphasize that the three structural regions
identified in this work are simply a means of classifying
the major structural changes with composition. Physical
properties are not necessarily expected to show major
changes at the compositions delimiting the structural re-
gions. For example, the semiconductor-metal transition
is expected to occur somewhere near the middle of
structural region I, rather than between regions I and 1I,
based on this structural study.

Structural region I extends from amorphous Ge to
about 23 at. % Mo. As Mo is added to tetrahedral a-Ge
on the 1 at. % level and above, it does not substitute for
Ge in the RTN or occupy interstitial-like sites in the
RTN. Rather, Mo atoms appear to actively modify the
tetrahedral Ge to yield local structures much like those
in the Ge-rich intermetallic compounds. The Mo-
modified material has a distinct local structure charac-
terized in part by Mo atoms highly coordinated by Ge
with the closest Ge at short, covalentlike distances. This
Mo-modified material coexists with the remaining
tetrahedral a-Ge and modifies more of the Ge with in-
creasing Mo content. This coexistence of two distinct
local structures occurs on a very fine size scale, and is
not well described as phase separation, except perhaps in
its incipient stages. A peak in the diffuse SAS intensity
at 8 at. % Mo suggests that near this composition the
two local structures exist in some sense in equal
amounts, with the tetrahedral a-Ge decreasing as it is
modified by Mo with increasing Mo content. By 14
at. % Mo, Mo-Mo neighbors are seen at distances (3.3
A) longer than the Mo-Ge distances, indicating some
segregation of Mo-modified regions. The Mo-modified
material is also characterized by extremely disordered
Ge-Ge correlations and, above 14 at. % Mo at least, by
long Mo-Mo first distances which increase in number as
the modified material consumes the remaining RTN.
All indications of amorphous Ge with tetrahedral char-
acter vanish at roughly 23 at.% Mo. EXAFS shows
that the Mo first-nearest-neighbor environment remains
remarkably constant as Mo modifies the a-Ge, and that
at 23 at. % Mo the Ge average environment shows a
maximum of disorder. From these structural data the
transition from semiconductor to metal is expected to
occur somewhere toward the middle of structural region
I, as observed in work by Yoshizumi et al.® The com-
positional inhomogeneity towards the middle of region I,
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resulting from a finely dispersed mixture of tetrahedral
a-Ge and Mo-modified material, is equaled at no other
composition. This changing amorphous structure with
composition through the semiconductor-metal transition
has important implications for the physical mechanisms
giving rise to this transition which are beyond the scope
of this work.

Structural region II extends from 23 at.% Mo to
roughly 50 at. % Mo. Changes in the average structure
with composition are much less dramatic in region II
than in region I. The average structure in region II is
characterized by Mo-Ge correlations shortest, Ge-Ge
correlations very disordered, and rather long Mo-Mo
first distances. These correlations are extremely similar
to those in the intermetallic compounds Ge,Mo and
Mo,;;Ge,;, and also to those in the Mo-modified material
of region 1. It appears that specific chemical interaction
between Mo and Ge similar to that in these compounds
accounts for the local structures in the amorphous alloys
in region II. The average structure is not well described
as a dense random packing of two-size spheres in region
II. RDF’s and EXAFS show the average structure
changes little with composition from 23 to roughly SO
at. % Mo. Those structural changes that do take place
appear to accommodate the specific interaction between
Mo and Ge so that the characteristic correlations men-
tioned above remain largely intact. The increasing am-
plitude of the Ge EXAFS with Mo content suggests that
the average Ge environment becomes more well defined,
while the decreasing Mo EXAFS amplitude suggests
that its average first-neighbor environment becomes
more disordered.

Structural region III is the Mo-rich material, and the
composition delimiting .regions II and III is poorly
defined due to the lack of data between these regions. In
region III the structure was studied only at 65 at. % Mo,
where the RDF and especially the Mo DDF look much
like RDF’s of typical melt-quenched transition-
metal-metalloid glasses. The major structural change
delimiting regions II and III is the collapse of the long
Mo-Mo distances from about 3.3 A in region II to short-
er distances still longer than the Mo-Ge neighbors in re-
gion III. This shortening of Mo-Mo first-nearest-
neighbor distances represents the partial breakdown of
the chemical ordering of the Mo-modified material of re-
gion I and the average structure of region II, and can be
thought of as a natural consequence of the increased Mo
concentration. The Ge average environment changes lit-
tle between regions II and III, indicating a strong prefer-
ence for Mo-Ge nearest neighbors.
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