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The analysis of the x-ray-absorption fine structure (XAFS) yields information about the local atomic
arrangement of the absorbing atom. The technique was used to study systematically the lattice dilata-
tion or compression caused by substitutional impurity atoms in the fcc metals Al, Cu, Ni, Pd, and Ag
and the bee metals Fe, Nb, and V. Measuring XAFS spectra at the K and L edges of a variety of metals,
interatomic distances, coordination numbers, and Debye-Waller factors were determined. Using experi-
mentally determined amplitudes and phases from appropriate model compounds, the accuracy of the
analysis is about 0.5% for nearest-neighbor distances and about 10% for coordination numbers and
Debye-Waller factors. For the 61 systems investigated, shifts of the first-neighbor-shell distance of up to
10 pm are found, while the shifts of higher shells are generally small. Systematic variations within the
rows of the Periodic Table are observed, indicating the importance of electronic effects. The results are
discussed in comparison with lattice-parameter measurements and band-structure calculations.

I. INTRODUCTION

Technologically important properties of metals and
semiconductors are largely influenced by structural and
chemical defects. A large variety of experimental
methods, many of them diffraction techniques (using x-
rays, neutrons, or electrons), has been used to study
them. With the advance of synchrotron radiation, ab-
sorption spectroscopy has emerged as an additional tool
for the study of geometric and electronic structures of de-
fects in solids. In this paper we want to describe an x-
ray-absorption fine-structure (XAFS) study of the lattice
distortion of impurity atoms substituted in a host metal.
One aim of the paper is to show the capabilities of the
method as well as the difficulties encountered in this tech-
nique. The other aim is to provide a data base for the test
of theoretical calculations.

Randomly distributed solute atoms expand or
compress the host lattice and change the average lattice
parameter, measured, e.g., by x-ray diffraction. However,
the local distortion near the impurity will generally be
different in magnitude or sign, depending on the coordi-
nation shell involved. It can be measured by XAFS.
This technique gives insight into the strain fields of
solutes and can be used to obtain information on the elas-
tic interaction potentials of atoms in an alloy. The elastic
strain influences the interaction of solute atoms with oth-
er defects (e.g., dislocations) as well as the tendency to-
wards long-range ordering or clustering. Therefore, it
contributes to the basic understanding of alloy formation
and behavior. In the last years, the theoretical concepts
describing the properties of electronic ground states of
ideal crystals and ordered alloys have greatly im-
proved.!"? Starting from the atomic numbers of the ele-
ments involved, self-consistent ab initio calculations can
determine band structures, cohesive energies, lattice pa-
rameters, and lattice structures in satisfactory agreement
with experimental data. It also became possible to deter-
mine lattice distortions by impurity atoms in metals using
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local-density-functional theory and the Korringa-Kohn-
Rostoker (KKR) Green’s-function method.> XAFS can
provide a unique data base for the systematic comparison
of experiments and band-structure calculations. In order
to perform this comparison, five fcc host metals (alumi-
num, copper, nickel, palladium, and silver) and three bcc
metals (iron, niobium, and vanadium) were chosen. The
impurity atoms were chosen from the three long rows of
the Periodic Table to study the influence of successive
filling of electronic shells.

II. EXPERIMENTAL

Dilute substitutional binary alloys of Al, Cu, Ni, Pd,
and Ag were investigated. For the Pd matrix, Fe, Co, Ni,
Cu, and Ga were chosen from the first long row of the
Periodic Table; Y, Zr, Nb, Mo, Ru, and Rh from the
second row; and Hf, Pt, Au, Pb, and Bi from the third
row. Additionally, the rare-earth elements Sm, Eu, Gd,
Yb, and Lu and the actinides Th and U were selected. In
a similar manner, Ti, Mn, Fe, Ni, Ga, and Ge (first row);
Pd, Ag, In, and Sn (second row); and Au and Pt from the
third row were chosen for the Cu matrix. In Ni, the
solutes investigated were Ti, V, Cr, Mn, Fe, Co, Ga, Ge;
Nb, Mo, Pd, In; Pt and Au. In Al only the first row ele-
ments Mn, Cu, Zn, Ga, and Ge were studied. In addi-
tion, the alloy of the neighboring elements AgPd and the
bee systems FeCr, FeMn, NbAu, NbZr, and VTi were in-
vestigated. In Table I, these 61 systems are listed togeth-
er with the solute concentrations as determined from the
weight of the constituents. These solute concentrations
are generally between 1 and 2 at. %, which is well suited
for XAFS transmission experiments. The concentrations
had to be kept below about 2 at. % to avoid short-range
order or even clustering of the solutes. In those cases
where the solubility is too small, lower concentrations
were used. For Culn, CuSn, FeMn, and for the Al alloys,
the solute concentration was less than 1 at. %. For the
binary systems CuFe, CuCo, Culn, and CuSn, the solute
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TABLE 1. Impurity type and concentration, c¢,; nearest-neighbor distance, 7,; and shift compared to
pure host metal, Ar,, as determined by XAFS, model system, applied correction, r,; and shifts calculat-
ed from the data by King (Ref 23), by Pearson (Ref. 6), and taken from Abraham et al. (Ref. 3).

Host Pd
Ary Ary Ary
Solute Co r; (pm) Ar, (pm) Model 7, King Pearson Abraham

Fe 2.00 271.7 —2.9+0.3 Pd,Fe 0 —1.6

Co 2.14 270.6 —3.940.7 Pd,Fe —0.7 —2.1

Ni 2.00 269.4 —5.141.0  Pd,;Cus; 06 —19

Cu 2.01 268.7 —5.91+0.4 Pd,;;Cus; 0 —2.5

Ga 2.07 273.2 —1.4+1.5  Pdy,Cus; —12

Ga 2.07 274.6 0.1£2.0 Pd;Fe —3.0

Y 2.00 280.9 6.310.4 Pd;Y 0 9.4
Zr 2.06 274.9 0.410.4 Pd;Zr 0 3.6 3.2 3.5
Nb 2.12 271.8 —2.840.3 Pd;Nb 0 0.8 0.7 —0.9
Mo 2.11 269.8 —4.71£1.0 Pd;Nb —0.7 —0.6 —0.6 —3.0
Ru 2.16 271.8 —2.7£0.9 Pd 14 —1.1 —1.2 —2.7
Rh 1.75 272.1 —2.5+1.0 Pd 0.7 —0.7 —0.8 —1.3
Sm 3.23 282.3 7.8+0.3 Pd;Sm 0

Eu 1.70 281.3 6.7+0.3 Pd;Eu 0

Gd 2.28 282.0 7.5+0.8 Pd;Gd 0

Yb 2.25 278.4 3.9+0.8 Pd;Lu 0.5

Lu 2.22 278.7 4.24+0.5 Pd;Lu 0

Hf 1.72 274.2 —0.31£0.4 Pd4,Hf 0

Pt 1.64 273.4 —1.1£1.0 Pd;Pb 2.0 0.2 0.1

Au 1.92 275.4 0.910.8 Pd;Pb —1.5 2.2 2.0

Pb 2.00 278.5 4.0+0.3 Pd,;Pb 0 5.2

Pb 2.23 278.0 3.410.3 Pd;Pb 0

Pb 2.30 277.7 3.210.4 Pd;Pb 0

Bi 2.44 2793 4.8+1.0 Pd;Pb —0.5 7.0

Th 2.00 284.3 9.84+0.4 Pd;Th 0

U 2.00 275.6 1.1+0.4 Pd,U 0 1.3

Host Cu

Ti 2.00 258.3 3.5+1.0 Ni,Ti —1.8 4.1 7.4
Mn 1.00 256.8 2.0+1.0 Ni;Mn —1.2 5.5 4.0 2.5
Mn 1.00 256.4 1.6£2.0 Cu 1.8

Fe 1.00 253.7 —1.2+1.0 Ni,;Fe —1.2 0.7 0.4
Fe 1.00 253.3 —1.5%+1.1 Cu 2.1

Fe 2.30 255.2 0.4+1.2 Ni;Fe —1.2

Fe 2.30 255.1 0.2+1.5 Cu 2.1

Co 1.00 254.5 —0.3+1.8 Cu 14 —0.6 —1.2
Ni 1.00 253.0 —1.8+0.7 Ni —1.1 —1.4 —13 —1.2
Ni 1.00 253.1 —1.7+£1.2 Cu 0.7

Ni 2.00 252.5 —2.3+0.7 Ni —1.1

Ni 2.00 252.8 —2.0£1.0 Cu 0.7

Ga 1.00 257.6 2.8%1.1 Ni;Ga 0.9 3.9 3.5

Ga 1.00 258.6 3.7+£0.9 Ni;Ga 0

Cu

Ge 4.00 256.5 1.6+0.9 Ni;Ge —-0.9 44 3.9 2.6
Ge 4.00 257.0 2.1+0.8 Cu —2.1

Pd 1.00 258.6 3.84+0.6 Cus;Pdy; 0 4.5

Pd 2.00 258.6 3.840.4  CusPdy, 0

Ag 1.00 260.9 6.1£0.7  CusPdy;  —0.7 7.0

Ag 2.00 261.3 6.5+£0.9  CusPd,, —0.7

In 0.62 262.8 8.0+£0.7 NizIn —0.7 12.7

Sn 0.57 261.3 6.5+0.7 Ni;Sn —1.0 13.4

Pt 1.00 259.6 4.8+0.8 Ni,;Pt —1.0 5.0 4.2

Pt 1.00 258.7 3.9+0.5 Cu;Au 0.6

Au 1.00 259.6 4.8+0.4 Cu;Au 7.6 6.3

Au 5.00 261.1 6.31+0.4 Cu;Au 0

S
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TABLE 1. (Continued).

Host Ni
Ar, Ar, Ar,
Solute Co ry (pm) Ar, (pm) Model 7. King Pearson Abraham
Ti 2.00 250.8 2.21+0.4 Ni,;Ti 0 3.5 6.1
A\ 2.00 247.9 —0.7%+1.1 Ni;Ti —0.7 1.6 1.5
Cr 2.46 247.6 —1.11+0.7 Ni;Mn 0.7 1.2 0.0
Mn 2.00 250.9 2.31+0.4 Ni;Mn 0 2.8 3.0 1.6
Fe 2.01 248.8 0.2+0.3 Ni,;Fe 0 1.3 0.1
Co 2.00 248.2 —0.41+0.6 Ni 0.7 0.3 —0.7
Ga 3.29 252.0 3.3+1.0 Ni;Ga 0 2.0
Ge 2.90 249.8 1.2+0.3 Ni,Ge 0 1.8 1.7
Nb 2.00 254.1 5.41+0.7 Ni;Nb 0 6.1
Nb 2.00 253.5 4.9+0.9 NisMo 0.6
Mo 2.00 251.0 2.4%0.3 Ni;Mo 0 2.6 3.0
Pd 2.00 253.8 5.2+0.3 Cus;Pd,, 1.0 49
In 1.50 256.9 8.3+0.3 Ni;In 0 4.4
Pt 2.00 255.4 6.7+0.3 Ni;Pt 0 5.4 4.8
Pt 2.00 254.7 6.110.9 Cuz;Au 2.1
Au 1.97 256.8 8.2+1.0 Cu;Au —0.8 7.6 6.0
Au 1.97 257.7 9.1+0.9 Ni,Pt 1.0
Host Al
Mn 0.50 275.0 —9.9+2.0 Mg,Ge —0.5 —54
Cu 0.50 279.2 —5.7+£0.7 6'-AlCu 0 —4.4
Cu 1.00 278.0 —6.91+0.7 6'-AlCu 0
Cu 1.50 276.0 —8.9%0.5 6'-AlCu 0
Cu 2.30 275.4 —9.5+0.5 6'-AlCu 0
Zn 1.00 284.0 —0.9£2.0 Mg,Ge 2.0 —0.7
Ga 0.50 287.0 2.1+1.0 6'-AlCu —1.0 0.6
Ge 0.30 287.7 2.84+0.8 Mg,Ge 0 1.5
Ge 0.70 287.0 2.1+0.6 Mg,Ge 0
Ge 1.00 287.5 2.6+0.5 Mg,Ge 0
Ge 1.50 288.2 3.3£0.5 Mg,Ge 0
Host Ag
Pd 0.98 285.4 —2.5+0.5 Ag 0.5
Pd 0.98 285.4 —2.5+0.6 Pd —0.7
Host Fe
Mn 0.84 247.7 0.1+0.8 Fe 0.7
Cr 1.38 246.3 —1.3%1.5 Cr —2.6
Cr 1.38 247.2 —0.4%1.2 Fe 14
Host Nb
Zr 2.00 291.2 5.8+0.6 Zr 0
Au 2.00 289.8 4.410.6 Nbs;Au 0
Host V
Ti 2.00 265.4 4.1+1.0 V 0.7

concentration was near the solubility limit. These sam-
ples where quenched from 1073 K into water to prevent
decomposition of the alloy. In a number of cases (A4ICu,
AlGe, CuAg, CuAu, CuFe, CuNi, CuPd), several alloys
with different concentrations where produced in order to
check for unmixing or clustering effects. The results will

be discussed in some detail for the cases of 4/Ge and the
metastable alloy 4ICu.

Phases and amplitudes for the XAFS analysis were ex-
tracted from model systems. Therefore, appropriate in-
termetallic compounds for each dilute alloy were
prepared. In order to show the transferability of phases
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and amplitudes from the model compounds, ordered
AuCu (tetragonal AuCu-I structure) was fitted with
phases and amplitudes from Cuj;Au and Au metal. A
very good fit was obtained with (8.2+1.0) Cu neighbors
at a distance of (269.4+0.5) pm and (3.9%+1.1) Au
neighbors at (279.7+0.6) pm from the absorbing Au
atom. These values compare well with the literature

data* giving 8 Cu neighbors at 269.4 pm and 4 Au atoms
at 279.5 pm. In Table II, model compounds and pure
metals used for the data evaluation are listed. Also listed
is the number and distance of first and second neighbors.
For the compound 4,B,,, this is a B-A4 distance in the
first shell and a B-B distance in the second shell, unless
otherwise noted in the table. The interatomic distances

TABLE II. List of model compounds 4,B,, and pure elements used for the XAFS analysis. Listed
are crystallographic structure type, sample type [foil (F) or powder (P)], interatomic distances, and

coordination numbers for first and second shell.

Model Structure Sample r; (pm) N, r, (pm) N,
Ag Cu F 287.9 12 407.1 6
Al Cu F 284.9 12 402.9 6
AlCo CsCl 4 246.3 8 284.4 6
AINi CsCl P 246.0 8 284.1 6
6’-AlCu (CaF,) F 248.7 8 406.1 12
Au Cu F 287.5 12 406.6 6
Au;Cu Cus;Au F 280.8 12 397.1 6
AuCu AuCul F 272.8 8 Au 385.6 4 Au
+4 Cu +2 Cu
Cr w P 249.2 8 287.8 6
Cu Cu F 254.8 12 360.4 6
Cu;Au Cu;Au F 263.8 12 373.1 6
Cus;Pdy; CsCl F 256.8 8 296.5 6
Fe w F 247.6 8 285.9 6
Mg,Ge CaF, P 275.4 8 449.6 12
Nb w F 285.4 8 329.5 6
Nb;Au B-W P 290.2 12 449.6 6
Ni Cu F 248.6 12 351.6 6
Ni;Fe Cu;Au P 250.9 12 354.8 6
Ni;Ga Cu;Au P 252.7 12 357.4 6
Ni;Ge Cus;Au P 251.8 12 356.0 6
Ni;In Cuz;Au P 264.3 12 375.0 6
Ni;Mn Cu;Au P 253.1 12 358.0 6
Ni;Mo Ni,Mo F 254.2 12 359.4 4 Ni
+2 Mo
Ni;Nb Cu;Ti 4 259.5 12 365.3 6
Ni;Pt Cu;Au P 257.7 12 364.5 6
Ni;Sn Ni;Sn P 262.8 12 381.0 6
Ni;Ti Ni;Ti P 254.2 12 435.2 6 Ni
+2 Ti
Pd Cu F 274.5 12 388.2 6
Pd,;;Cus; CsCl F 256.8 8 296.5 6
Pd;Eu Cu;Au 4 288.5 12 408.0 6
Pd;Fe Cuz;Au P 271.1 12 384.3 6
Pd;Gd Cu;Au P 288.6 12 408.2 6
Pd;Hf Ni;Ti P 279.6 12 477.0 6 Pd
+2 Hf
Pd;Lu Cu;Au P 284.3 12 402.0 6
Pd;Nb Al Ti P 276.3 12 388.6 4
Pd;Pb Cu;Au P 283.8 12 401.4 6
Pd;Sm CuzAu P 289.5 12 409.4 6
Pd;Th Ni;Ti P 294.8 12 507.3 6
Pd,;U Ni;Ti P 289.9 12 493.9 6 Pd
+2 U
Pd,U Cu;Au P 286.5 12 405.2 6
Pd;Y Cu;Au P 287.4 12 406.4 6
Pd;Zr Ni;Ti P 280.7 12 478.9 6 Pd
+2 Zr
| 4 w F 261.2 8 301.7 6
Zr Mg F 320.2 12 547.9 8
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in Table II are given for a temperature of 77 K. If no
measurement was available at this temperature in the
standard literature,*”® the lattice spacing was interpolat-
ed according to the thermal expansion coefficients of the
elements.” Any change of these distances (e.g., due to
more accurate measurements) would cause corresponding
changes of the XAFS results.

The alloys were produced from high-purity materials
by melting with inductive heating in a cold crucible un-
der a high-purity Ar atmosphere. The binary alloys were
slowly cooled to room temperature. Subsequently they
were rolled to the desired thickness, with some annealing
steps to remove the effects of cold work, if necessary.
Several alloys mentioned above were annealed and
quenched to room temperature after rolling. The model
compounds were annealed for long times below the or-
dering temperature to ensure a degree of long-range or-
der close to unity. However, it sometimes turned out to
be difficult or in the case of Au;Cu even impossible to ob-
tain S =1. A part of the model compounds was ground
into fine powder and held in place using adhesive Kapton
tape. Another part was rolled to the desired thickness,
marked F in Table 2. Generally, the rolled foils gave
better and more reproducible results due to the absence
of pinholes. Furthermore, the thickness variation was
lower and thickness control easier than for the powders.
For foils as well as for powder samples, the thickness was
close to the optimum thickness given by 1/u(E), with
u(E) the absorption coefficient of the material at an ener-
gy just above the solute atom’s edge. The optimum
thickness varied from 6 um for NiTi to 170 um for AlGe.

The XAFS measurements were carried out at the
ROMOI1 beam line of the Hamburger Synchrotron
Strahlungslabor (HASYLAB). A double crystal system
was used to monochromatize the radiation. Silicon {111}
crystals were used for energies between 4.9 (Ti K edge)
and 9.0 keV (Cu K edge), while Si {311} crystals were
used for higher energies up to 29.2 keV (Sn K edge). For
{111} crystals, the energy resolution is between 0.6 and
2.0 €V for this energy range. For {311} crystals, the en-
ergy resolution is 1.0, 2.9, and 11.2 eV at 9, 15, and 29.2
keV, respectively. These numbers are similar to the ener-
gy spread due to the finite lifetime of the core hole [Ti K,
09¢eV;CuKk,1.5eV;RbK,3.4eV;SnK,9.2eV (Refs. 10
and 11)]. The second crystal was slightly detuned to re-
ject harmonic contributions. We estimate the contribu-
tion of the third harmonic to be less than 10~ * even at 5
keV. Incident and transmitted intensities were measured
using ionization chambers. A reference material (this is a
substance with a well-known edge position) was measured
between the second and a third ionization chamber. It al-
lows one to calibrate the energy scale within +0.1 eV.
The ionization chambers were filled with mixtures of N,
and Ar or He. The partial pressures of the gases were
selected according to the energy so that the first chamber
absorbed about 10% of the incoming photon flux and the
second chamber about 90% of the transmitted flux. The
energy was scanned in steps of about 0.5 eV in the vicini-
ty of the edge and in steps of about 2 eV well above and
below the edge. The experiment was fully controlled by a
Digital Equipment Corporation micro VAX computer.
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FIG. 1. X-ray absorption at the Mn K edge in a dilute
Ni-2.0 at. % Mn alloy, measured in transmission at 77 K.

All spectra were recorded at 77 K in order to reduce
thermal damping of the XAFS oscillations. The samples
were mounted on aluminum frames which were im-
mersed in liquid nitrogen in order to keep exchange and
cooling times short. The synchrotron beam passed
through the sample 15 mm above the level of liquid nitro-
gen. In favorable cases (low concentrations, low-Z solute
in high-Z matrix, no fluorescence from the matrix),
XAFS was measured in fluorescence mode using a large-
area p-i-n-type photodiode (Hamamatsu S3594). Fluores-
cence measurements of NbAu, PdY, PdRu, PdTh, and
PdU, however, proved to be less satisfactory than
transmission measurements because they are more prone
to systematic errors. In the transmission mode, solute
concentrations as low as 0.3 at. % could be measured
with good accuracy. The high signal-to-noise ratio (see
Figs. 1 and 2) is attributed to the mechanical stability and
careful assembly of the ion chambers (thus avoiding leak
currents and microphonic sensitivity). Furthermore, the
use of short low-noise wires between ion chambers and
the Keithley K 427 amplifiers was found advantageous.

8_ T T T T
Ni—Mn
41 4
o~
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FIG. 2. XAFS signal y(k)k? at the Mn K edge from Fig. 1.
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III. DATA EVALUATION AND RESULTS

In order to extract structural information from the
spectra, the standard procedure described in Ref. 12 was
used. It will be demonstrated for the lattice distortion
around a Mn atom in a Ni matrix. The transmission
spectrum measured at the Mn K edge is shown in Fig. 1.
In a first step, the oscillating contribution y(k) is isolated
from the total absorption coefficient u(k). The low-
frequency background is removed from the higher-
frequency XAFS signal by means of cubic spline func-
tions. Y is a function of the photoelectron wave vector k
given by k =1/2m (E —E, ) /#, where E,, is the threshold
energy. In a first approximation, E, is set equal to the
first inflection point of the edge. It is treated as an adjust-
able parameter in the further analysis. y(k) is then nor-
malized using the edge height J and the factor
[1—(8k%a?)/3], with @ =#/2mE,.'> It is then multi-
plied by a weighting factor k" (n=1,2,3). Only data
above k =25 nm ™! are used because the low-k part of the
spectrum is not well described by the simple XAFS
theory. The resulting XAFS signal (k)k?, shown in Fig.
2, is then Fourier transformed in order to separate the
contributions from the various shells. The Fourier trans-
form (Fig. 3) shows peaks from at least four coordination
shells. The peak positions, however, are shifted to lower
distances when compared to the actual atomic positions
in the crystal due to effects of the scattering phase shift.
The contributions of individual shells can be separated by
means of a filter (dotted line in Fig. 3). A smooth window
function with slopes proportional to [1—cos(7/r)] is
used. The filtered contribution is then transformed back
into k space (Fig. 4).

Phase and amplitude information is necessary to obtain
interatomic distances and coordination numbers. De-
tailed calculations are available!'> which give a good qual-
itative description of the phase shift of the photoelectron
in the absorber and backscatterer, as well as for the back-
scattering amplitude. Nevertheless, experimentally deter-
mined phases and amplitude have a number of advan-
tages. The XAFS formula (for a review see Ref. 14) is de-

i Filter
200} S Ni—Mn
H
: 1st neighbor
e 150} i 9 n
RS 4th
&= 1o0of 3rd .
50| ’X 2nd 4
o E s {
(o] 0.2 0.4 0.6 0.8 1
r (nm)

FIG. 3. Fourier transform of the XAFS signal y(k)k? from
Fig. 2. Four neighbor shells are indicated. The contribution of
the first shell is separated by a filter function (dotted curve).
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FIG. 4. Fit of the first-shell contribution from Fig. 3 (+)
with phases and amplitudes from Ni;Mn (—).

rived under a number of assumptions (plane-wave ap-
proximation, single scattering only). Furthermore, the
energy E is not well established. There is good reason to
assume that these effects are similar in a well-chosen
model and the system under investigation and that in a
first approximation they cancel out.

In several cases, there is no appropriate model avail-
able for a given pair of absorber and backscatterer. It has
been shown'’ that compounds from neighboring elements
in the Periodic Table can be used. The errors are small
and linear with the difference in atomic number, 86Z.
They can easily be corrected if 8Z is only a few atomic
numbers. This correction is listed below with the results
in Table I. The errors are much larger if the backscatter-
er is exchanged for a neighboring element, because then
phases and amplitudes are different in the model and the
system to be analyzed. Therefore, pure Cu would be a
better model for the system Cu-Ni than Ni. Generally,
the model compounds should be chemically similar to the
system under investigation, and they should have well-
defined and well-known neighbor shells. For the NiMn
alloy, Ni;Mn is an appropriate model because the first
shell is identical with the dilute alloy (a Mn atom sur-
rounded by 12 Ni neighbors). The fit of the first-shell
contribution with phases and amplitudes from Ni;Mn is
shown in Fig. 4. It turns out that the nearest Ni neigh-
bors around the Mn atom are shifted outwards by
2.31+0.4 pm. This is a change of 0.9% when compared to
pure Ni. The coordination number turns is
N;=12.1£1.0 The distance to the second neighbors is
the same as in pure nickel within the accuracy of the data
(about £1.5 pm).

The errors quoted are derived from the parameter
range of the least-squares fitting procedure and from a
comparison of repeated measurements of the sample un-
der various operating conditions of the beam line and, if
available, of fits using different model compounds. An er-
ror estimation for the NiMn system is illustrated in Fig.
5. It shows the increase of the least-squares difference s
between measurement and fit if one parameter [intera-
tomic distance (bottom), coordination number (middle),
Debye-Waller factor (top)] is fixed to a specific value
while the other parameters are adjusted in order to op-
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FIG. 5. Increase of least-squares difference between measure-
ment and fit if one parameter is fixed to a specific value while
the other parameters are adjusted in order to optimize the fit.
Data from NiMn, Fig. 4. Bottom: First-neighbor distance
fixed, Middle: Coordination number fixed. Top: Debye-Waller
factor fixed. Horizontal bars give error estimate if condition
5§ =5minV 2 is chosen.

timize the fit. For a given value of the least-squares
difference, an error estimate for the three parameters can
be determined. Here the criterion s =s,,;,V'2 is used,
where s, is the result of the best fit. In Fig. 5, the accu-
racy of nearest-neighbor determination is found to be
+0.4 pm, while the error of the coordination number is
about 1 and the difference of the squares of the Debye-
Waller factors of the model and system under investiga-
tion is 802=—3.1%5 pm?. In the fitting procedure, the
interatomic distance is only weakly correlated to either
coordination number or Debye-Waller factor, while these
two factors are strongly correlated.!? This is the reason
why the accuracy of the distance determination is much
better than that of coordination number.

The complete list of the results for first shell distances
is given in Table I. Along with the interatomic distance
r; and the shift compared to the pure metal Ar,, the
model compound and the applied correction, 7, if any, is
given. A number of special cases will be discussed below.
In order to illustrate difficulties encountered in the evalu-
ation procedure, the cases of Ge and Cu solutes in alumi-
num shall be presented.'®!” Alloys with different compo-
sitions were prepared. The compositions were 0.3, 0.7,
1.0, and 1.5 at. % for AIGe. The solubility of Ge in Al is
about 2 at. % at 700 K.!® The alloys were quenched from
700 K into a eutectic mixture of water and hydrochloric
acid at 213 K and stored in liquid nitrogen in order to
freeze in vacancy migration. Since there is no appropri-
ate compound of Al and Ge, Mg,Ge was used (see Tables
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I and II). The XAFS evaluation shows (Fig. 6, Table I)
that for Al1-0.3 at. % Ge, the first-neighbor shell of a Ge
atom is 287.7 pm apart, an increase of 2.8 pm when com-
pared to pure Al (284.9 pm at 77 K). For the other con-
centrations up to 1.5 at. %, the first-neighbor distance is
identical within experimental error (0.5 pm). It has to
be concluded that the quenching process is sufficiently
fast to prevent alloy decomposition at room temperature.
AICu alloys were prepared with compositions of 0.5,
1.0, 2.0, and 2.3 at. % Cu. The solubility of Cu in Al at
820 K is about 2.5 at. % and about 0.1 at. % at room
temperature.!® For higher concentrations, decomposition
proceeds via Guinier-Preston (GP) zones, 6’ and 6" to the
0 phase CuAl,.?° The alloys were quenched from 813 K
in a manner similar to 4/Ge. The result of the analysis is
shown in Fig. 6. The small Cu atom contracts the first Al
shell. Contrary to AIGe, the shift depends on the Cu
concentration. The first-shell distance decreases from
279.2 pm for 0.5 at. % Cu to 275.4 pm for 2.3 at. % Cu.
Extrapolating this linear relationship to 0% Cu yields a
first-shell distance around a Cu atom of 280.0 pm, a lat-
tice contraction of 4.91+0.5 pm compared to pure Al
(dashed line in Fig. 6). This trend is attributed to short-
range order in the as-quenched alloy. This conclusion is
supported by the measured coordination numbers. For
the alloy Al-2.3 at.% Cu, between one and two Cu
atoms are found in the first shell of a Cu atom, in agree-
ment with the observation of Cu clusters by diffuse x-ray
scattering in Al-1.7 at. % Cu at 793 K.2! The impor-
tance of the thermal history of these metastable alloys is
stressed by conflicting experimental results.!””?> Anneal-
ing samples containing GP zones!” at 473 K for times be-
tween 35 and 3300 s leads to drastic changes of the in-
teratomic distances (open circles in Fig. 6). After an-
nealing for less than 100 s, interatomic distances similar
to the supersaturated solution are found, due to the disso-
lution of the GP zones (“reversion”). Upon prolonged
annealing, a different state of decomposition is reached as
shown by a 2.9% drop of the first-neighbor distance. The
results of Fontaine et al.?? are presumably caused by the
occurrence of GP zones rather than a solid solution.

290 _ g
n Al—Ge N
L 4 ¥ ¥ '
£ 280 i
- Wc
—
335 sec
270 B
o 3300 sec
0 1 2
c, (at.%)

FIG. 6. Interatomic distances determined by XAFS for A/Ge
(M) and AICu (A) alloys and for an A4ICu alloy containing GP
zones (O) after three annealing steps at 473 K (Ref. 17).
Dashed line: pure aluminum.
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Similar to 4/Ge, CuNi, CuPd, and CuAg do not show
a change of interatomic distance with solute concentra-
tion. CuFe, on the other hand, shows an increase of the
first-shell distance with Fe concentration (see Table I).
For CuAu, higher interatomic distances are observed if
the Au concentration is as high as 5 at. %. However,
aside from the local lattice distortion, a solute atom sub-
stituted into a crystal leads to an overall increase of the
crystal lattice parameter. For CuAu, the change can be
estimated from the data by King.?> For an addition of 1
at. % Au, an increase of the first-shell distance of about
0.4 pm is calculated. The addition of 5 at. % Au causes
an increase of 1.8 pm. Comparing the interatomic dis-
tances as determined by XAFS to this expanded lattice
parameter gives a corrected shift of about 4.5 pm for
both concentrations. For the other systems investigated,
the lattice-parameter change is within the error limits.

For the analysis of the PdU system, the two model
compounds Pd;U and Pd,U are available. Good fits,
however, were obtained with Pd;U only. This compound
melts congruently, while Pd,U melts peritectically, mak-
ing the phase pureness questionable. Analyzing Pd,U
with phases and amplitudes from Pd,;U did not give good
fits with values consistent with literature data.

The analysis of five bce alloys (see Table I) posed spe-
cial problems. In bcc crystals, the second shell is only
15% farther away than the first shell. This makes it hard
to clearly separate them in the Fourier transform. In fcc
crystals, the second shell is 41% farther away. In ideal
hep crystals (i.e., ¢ /a =1.63), the first two subshells are
sufficiently close to treat them as one shell with 12 atoms.
The next two subshells can similarity be treated as one,
being well separated from the first one. These are favor-
able circumstances for an XAFS investigation of the
close-packed crystals. As an example for the analysis of a
bcc system, the data for NbAu are shown in Figs. 7 and 8.
The XAFS signal is calculated as yk3. This gives a better
separation of first- and second-shell peaks in the Fourier
transform (Fig. 7). The data are fitted well (Fig. 8) with
phases and amplitudes from Nb;Au, which has a B-W
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FIG. 7. Fourier transform of XAFS signal y(k)k* for bcc
NbAu. Three neighbor shells are indicated. The contribution
of the first shell is separated by a filter function (dotted curve).
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FIG. 8. Fit of the first-shell contribution from NbAu (+)
with phases and amplitudes from Nb;Au (—).

structure with 12 nearest neighbors in the first shell. The
first-neighbor shift is 4.4+0.6 pm.

Particular caution is advised if model and system have
different symmetry. Some worsening of the fits and a
larger error, particularly for the coordination numbers, is
expected. For NbAu mentioned above, the coordination
number comes out too high (N;=19). Another case is
the compound Cus;Pd,; used for CuPd, CuAg, and NiPd.
In one case, PdCo, no reliable results could be obtained
with this model. For similar reasons, bcc V is a much
better model for VTi than hep Ti in spite of the problems
with the bce structure mentioned above. The use of Nb
as a model for NbZr did not give good-quality fits. As
discussed in Ref. 24, the phases were transferred from Zr
and the backscattering amplitude taken from the Nb met-
al. In a similar manner, the quality of the fit for the fcc
system CuGa could be improved by using phases from
Ni;Ga and amplitudes from Cu metal (see Table I).

A number of related publications should be mentioned.
Raoux et al.?’ have studied the lattice distortion in Al1-3
at. % Mg and found a change of the first-neighbor dis-
tance of 8.041.5 pm. Mimault et al.?® studied 4/Zn and
found a decrease of the interatomic distance of —2.0+1.0
pm. Room-temperature measurements of Ti-0.5 at. %
Cu by Marcus?’ showed a decrease of the Ti—Cu bond
length of —5.0+4.5 pm when compared to the average
bond length in pure Ti. Munch et al.?® found a rise of
the first-neighbor distance in Cr—1 at. % of 5 pm (no er-
rors given). Stearns?® measured the lattice distortion of a
number of 4sp and Ssp elements in Fe. The following
changes of the interatomic distances are given: Fe-Ge,
5+2 pm, Fe-As, 3+2 pm, Fe-Sn, 612 pm, Fe-Sb, 10+3
pm. Renaud et al.’° studied Au,_,Ni, solid solutions.
For the dilute alloy Ni—1 at. % Au, a lattice expansion
of 6.4+1.0 pm is reported. For the alloy Au-1 at. % Ni,
a lattice contraction of —5.6+1.5 pm is found. Hastings
et al.3! used fluorescent techniques to study a Cu-75
ppm Fe alloy and found a decrease of the first-neighbor
distance of —1.6+1.0 pm. Dilute alloys of Cu and Ag
containing 1 at.% Pd were studied by Weightman
et al.? In CuPd, the nearest-neighbor distance increases
5+1 pm, while in AgPd, little change of the nearest-
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neighbor distance (—1x1 pm) within the error limits is
found. Craievich et al.* found a lattice expansion of 6.8
pm (no error given) around an Ag atom in a
CuAg-4 at. % Ag alloy. Cohen et al.** reports a lattice
expansion in CuSn—-0.3 at. % Sn and CuSn-1 at. % Sn of
about 7+2 pm. Measurements by Mikkelsen et al.’’
show that, in Cu-5 at. % Au, the first-neighbor distance
is increased by 10+1 pm, while in 4uCu-5 at. % Cu, the
first-neighbor distance decreases by —4=*1 pm. Finally,
Mikkelson and Boyce*® have measured Ga, _,In, As solid
solutions. For Ga-As bonds, a linear increase of the
nearest-neighbor distance with x is found, with a max-
imum of 4+1 pm for x =1. The In—As bond length also
increases with x, with a minimum of —4+1 pm for x =0.
For As-As pairs, two bond lengths are found, depending
on whether As-Ga-As or As-In-As atoms are involved.
In the dilute limits, very little lattice distortion is found.
A similar study has been performed by the authors®’ for
the systems (Ga,In)P, (Ga,In)Sb, Ga(P,As), and
Zn(Se,Te).

The measurements on A4IZn,?° NiAu,° CuFe,’! CuPd,
AgPd,32 CuAg,33 and CuSn (Ref. 34) show good quantita-
tive agreement with the results presented here within the
accuracy of the data. The disagreement concerning
AICu alloys?? has been discussed already. Furthermore,
the results by Mikkelson et al.®>> on CuAu are clearly
larger than our results.

IV. DISCUSSION

In order to show the general trend of our results, the
lattice distortion caused by first row elements in Ni, Cu,
and Pd is shown in Fig. 9. The magnitude and sign of the
first-shell shift depend on the lattice spacing of the host
material. The large Pd lattice is contracted by the 3d ele-
ments up to —6 pm (Pd Cu) when compared to pure Pd.
The Ni lattice, on the other hand, is rather expanded lo-
cally by the solute atom up to 3 pm (NiGa). A roughly
parabolic shape is found as a function of atomic number
Z. A minimum lattice expansion (or maximum lattice

22 24 26 28 30 32 34 Z

FIG. 9. Nearest-neighbor shift caused by first row impurities
in the host metals Ni, Cu, and Pd measured by XAFS. The
solid line is meant to guide the eye.
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contraction) is observed near nickel (Z =28), while the
reverse is true near the ends of the row of the Periodic
Table. The same is found for second row elements (Fig.
10). The parabolic curve appears most pronounced for
Pd and centers near Mo (Z =42). This is analogous to
the parabolic behavior of the cohesive energy (which is a
measure for the binding of atoms in a solid), e.g., in pure
3d metals.*® Similar observations exist for the metallic ra-
dii (or interatomic distances) in 12 coordinated pure met-
als.’® It should be noted that the minimum of the curve
is found near the middle of the 4d row (Fig. 10), while it
is shifted to higher atomic numbers for 3d elements (Fig.
9). This point will be discussed below. Finally, in Fig. 11
the results of heavy elements in the host metal Pd are
shown. The rare-earth elements are clearly distinct from
the 5d group. While there appears to be a linear decrease
for the lanthanides, again a parabolic curve is found for
the 5d elements. Both findings are roughly analogous to
the behavior of the metallic radii.** The two groups are
separated by a drop of the lattice distortion upon going
from Lu (Z =71) to Hf (Z =72). We will treat three
theoretical models in order to discuss the experimental
results.

A. Continuous medium theory

A simple approach is the assumption of a continuous
isotropic elastic medium. The effect of the impurity atom
is described by the Kanzaki forces F” acting on the nth
neighboring atom and creating just the same shift in the
ideal crystal as the defect creates in the real crystal. The
shift S(r) is expressed using the elastic Green’s function
G, in the infinite crystal as*!

S;(r)=G,,(r —R")F,, . (1)

Here, and in the following, we assume summation over
two identical indices. For a substitutional impurity in a
cubic environment, Eq. (1) can be approximated by

8r Ni ]
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FIG. 10. Nearest-neighbor shift caused by second row im-
purities in the host metals Ni, Cu, and Pd measured by XAFS.
The solid line is meant to guide the eye.
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FIG. 11. Nearest-neighbor shift (@) caused by lanthanide,
5d, and actinide impurities in Pd. The solid lines are meant to
guide the eye. For comparison, values derived from elastic
theory ( *) are included (Ref. 23).
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with P,8,,,, the dipole force tensor, which is the first mo-
ment of the Kanzaki force distribution. For cubic sym-
metry, the tensor reduces to a scalar. It can then be cal-
culated from the volume size factor, f. This factor is
given by f,=(8Q/8¢)/Q 4, i.e., the rate of change of
atomic volume with composition, normalized by the
atomic volume of the solvent. According to Ref. 41, the
following expression is derived:

_ faley+2cp)a’
0 12

with the compression modulus, (¢;; +2c¢;,)/3, and the
lattice parameter, a. Combining the last two equations
for i =1 (first neighbors) gives the following relation be-
tween the first-neighbor shift in a fcc lattice and the
volume size factor:

fole +2e)a®
Soleut2en’ g @

where G,;; is the appropriate derivative of the elastic
Green’s function. Equation (4) was used to calculate
first-neighbor shifts from measurements of lattice param-
eters as a function of concentration®?3 (see Table I). The
values of the Green’s functions for the host metals Al, Ni,

(3)

Arlz_
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Cu, and Pd (Ref. 42) are listed in Table III.

The results for first row elements are shown in Fig. 12.
there is good quantitative agreement with the XAFS data
for the 3d elements in Ni and Cu. The parabolic behav-
ior as a function of atomic number is obvious, in spite of
some overestimation for the 4sp elements. The agreement
for the host Pd is very poor, the measured distortion is
much larger. However, it has to be taken into account
that the lattice-parameter measurements are more ham-
pered by problems of clustering or alloy decomposition.
This might explain some of the discrepancies. The gen-
eral trend is reproduced for second row elements (Fig. 13)
as well as for the 5d elements (Fig. 11), using the data by
King.?* The rather simple approach of the elastic theory
gives a fairly good description of the local distortion of
fcc lattices. The results are listed along with the XAFS
results in Table I.

B. Eshelby analysis

Eshelby*’ has analyzed the problem of a compressible
inclusion in an isotropic elastic matrix. The volume of
the defect is larger by AV, than the volume of the ma-
trix it replaces. The volume change induced by the defect
at the surface is AVy,. For an elastically isotropic crys-
tal, these terms are related via the Eshelby constant, y:‘“

AVﬁn :'VAVloc (5)
with
1—v
=3 6
Y 1+v '’ ©

where v is the Poisson ratio v=c,/2(c;; +c44). The lo-
cal volume change AV, is related to the normal dis-
placement S (r) according to

AV =4mr3S(r) . (7

For first-neighbor shifts (», =a /V'2), the displacement is
given by

— A Vloc _

AV,
41'rq/r% '

Ar, (8)

4177‘%
With the unit-cell volume V,=a 3 /4, we derive
V2
Ari=fq——r, . 9
rv=rFa gy r ©)
The proportionality constant between Ar; and f in

Eq. (9) can be compared to the results of Sec. IV A using
Green’s functions. For Cu (y =1.545, Ref. 44), Eq. (9)

TABLE III. Lattice constant (Ref. 8), a, compression modulus (Ref. 50), and Green’s function (Ref.
42) for nearest-neighbor shift for fcc host metals at 77 K.

Host Al Cu Ni Pd
a (pm) 402.9 360.4 351.6 388.2
(¢1;+2¢1,)/3 (GPa) 79.4 142.0 187.6 192.7
G (1/N) —6.74X10° —6.81X10° —4.12X10° —3.33%10°
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FIG. 12. Nearest-neighbor shift caused by first row elements
in Ni, Cu, and Pd as measured by XAFS (solid symbols) and de-
rived by band-structure calculations (open symbols) (Ref. 3) and
from elastic theory (%) (Refs. 6 and 23).

gives Ar,/fq=9.28 pm. From the Green’s functions
[Eq. 4)], Ar,/fq=16.01 pm is derived. The Eshelby re-
sult is too small by a factor of about 1.8 due to the anisot-
ropy of Cu.** For Al (y =1.444, Ref. 44), which is more
isotropic, the results from the Green’s function [Eq. (9)]
and Eshelby analysis differ by only 4%.

Apparently, even the simple Eshelby approach can
give a reasonable estimate for the first-neighbor shift.
Both theories, however, are phenomenological only.
More insight is obtained from ab initio calculations.

C. Band-structure calculations

The shift of neighbor atoms is caused by defect-
induced changes of the charge density, illustrating the
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FIG. 13. Nearest-neighbor shift caused by second row ele-
ments in Ni, Cu, and Pd as measured by XAFS (solid symbols)
and derived by band-structure calculations (open symbols) (Ref.
3) and from elastic theory (% ) (Refs. 6 and 23).
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connection between electronic and atomic structure. For
the theoretical description of real systems, the quantum-
mechanical treatment of a many-electron system is re-
quired. Improvements of the density-functional theory,
the methods of band-structure calculations, and compu-
tational capabilities make it possible to treat point defects
in metals. Based on the KKR Green’s-function
method,*>*6 a procedure has been developed*’ ~**3 which
allows one to calculate the forces on six neighbor shells of
an impurity. The atomic shifts caused by the relaxation
of these forces were calculated using harmonic lattice
theory.> Theoretical results are available for 3d and 4sp
elements in Cu and Ni and 4d elements in Pd. These data
are listed in Table I. For 3d and 4sp impurities in Cu and
Ni (Fig. 12), there is generally good agreement with the
XAFS results. For these host metals, the disturbance
(i.e., the valence difference between host and impurity) is
small, and the parabolic curve above Z =25 is well repro-
duced. Deviations from a simple parabolic shape in Ni
for Z <25 (Mn) are caused by magnetic effects. The
magnetism of the impurity causes larger lattice distor-
tions. This gives rise to a w-shaped curve with an addi-
tional maximum for Mn. Even a small asymmetry in Cu
can be explained by magnetoelastic interaction.®* Major
deviations from the experimental values are found for the
low-Z elements Ti and V. The atomic shifts are overes-
timated, most likely due to anharmonic effects or because
the small-disturbance approximation does not hold. In
Fig. 13, the results for 4d elements in Pd are shown. Due
to the absence of magnetic effects, a simple parabolic
curve is observed in Pd with a minimum near the middle
of the 4d row, in good agreement with the XAFS results.

V. CONCLUSIONS

We have presented in this paper high-precision XAFS
data of the lattice distortion around impurity atoms in 61
dilute alloys with Al, Ni, Cu, Pd, Ag, V, Fe, and Nb ma-
trices. The technique is ideally suited for that purpose
due to its atom-specific character. It can be applied to al-
most any impurity atom in contrast to perturbed angular
correlation or to Mossbauer spectroscopy. It has turned
out that the first neighbor of an impurity in a metal can
be shifted up to 10 pm or about 3.6% of the interatomic
distance. In general, the higher neighbor shells are shift-
ed by much less than 1%.

Over the last years, the quality of ab initio calculations
of electronic and structural properties has improved con-
siderably. The present experimental data give an excel-
lent test of the accuracy of these calculations. These, on
the other hand, give an insight into the mechanisms re-
sponsible for the observed quantities. In the present case,
two main contributions to the lattice distortion can be
identified. The first one is due to the filling of bonding
and antibonding orbitals with increasing Z in a row of
the Periodic Table. The second one is a magnetoelastic
contribution most pronounced for magnetic impurities.

It is found that a phenomenological theory with Kan-
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zaki forces and Green’s functions describe the relation
between local lattice distortion and lattice-parameter
changes in a satisfactory way. Although this description
does not give the reasons for the distortion, it gives a
good estimate of the local distortion when only lattice-
parameter changes are known.

U. SCHEUER AND B. LENGELER
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