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Core Level Chemical Shifts in Metallic Alloys
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The average chemical shifts and the distribution of the shifts about the average are obtained for CuPd,
CuZn, and AgPd alloys using supercells that contain hundreds of atoms. Density functional theory
and local density approximation (DFT-LDA) calculations are carried out using the trdecally
self-consistent multiple-scattering method. The DFT-LDA calculations provide reliable predictions for
the chemical shifts in the alloys, but the electron spectroscopy for chemical analysis potential model
does not. [S0031-9007(98)06901-4]

PACS numbers: 71.20.Be, 71.15.Mb, 71.23.—k, 82.80.Pv

Charge transfer has always played a major role in theobinding energy of a core electron because of the relaxation
ries of valence and bonding in condensed matter [1]of the electrons around the core hole [7]. The chemical
It is generally believed that charge transfer can be inshift for an atom in an aIonéE,f,’l’(c), is the change in
ferred from the shifts of core level binding energies inthe binding energy relative to the pure metal. It has been
different chemical environments, and x-ray photoelectrorproposed that the many-body relaxation corrections are
spectroscopy, which can be used to measure such shiftgpproximately independent of concentration, so they are
became an important tool under the appellation elecnot very important in measurementsmf}i(c) [8].
tron spectroscopy for chemical analysis (ESCA) [2]. The The alloys are modeled with supercells that contain
charge transfer in metallic alloys has always been of ingeyeral hundred atoms, and periodic boundary conditions
terest and is studied experimentally using ESCA, x-rayyre applied to them. An orde¥-method for which the
absorption near-edge structure (XANES), bremsstrahlungomputer time increases linearly witi must be used,
isochromat spectroscopy (BIS), and Auger electron apanq the one that is employed here is the locally self-
pearance potential spectroscopy. It is reasonable o agpnsistent multiple scattering (LSMS) method, which has
sume, and it has been demonstrated theoretically [3], thJeen described in the literature [9,10]. It differs from
the charges on the atoms of a given species in a binanjiher ordery methods in that it is based on the multiple

substitutional alloy with no short-range order take on ascattering method of Rayleigh [11], Korringa [12], and
continuous distribution of values about their mean. Thecohn and Rostoker [13], and it is particularly well

suggestion has been made that this distribution of chargegjited to calculations on transition metals. At the present
should be reflected in a distribution of binding energieSsiage of development of the LSMS, the core electrons
for a given atomic core level, and the resulting disor-5re treated nonrelativistically or fully relativistically, and

der broadening of the core level has been studied exne conduction electrons are treated nonrelativistically or
perimentally using a high-resolution ESCA spectrometegasirelativistically. The calculations in this paper are

[4]. In the present paper, an ord8rmethod for studying  nonrelativistic, and the muffin-tin approximation is used.

the electronic states of disordered alloys [3,5,6] will beThg | SMS is an all-electron method, in that the core states
used to calculate the chemical shifts and their distributionye jterated to self-consistency.

about their mean within the density functional theory and  gjnary substitutional alloys are modeled by creating
local density approximation (DFT-LDA) for three alloy 5 gravais lattice and placing. or B atoms on the
systems. The experimental results and the DFT-LDA Calgjtes with the probabilityc or 1 — c¢. It might be
culations will be compared with each other and with thejhoyght that putting the atoms on the ideal lattice sites
predictions of the ESCA potential model that was used tqs 4 severe approximation. However, x-ray diffraction
analyze the experimental data in Ref. [4]. experiments on alloys show consistently that the static
In the DFT-LDA, the binding energy of a core level ins gisplacements of atoms from their ideal sites due to
E,1(c) of an A atom on sitei in an A-B alloy with a  the size effect are less than a third of the rms thermal
concentrationc is the negative of the one-electron core disp|acements at room temperature, even for a”oys for
level energy measured relative to the Fermi energy. Thevhich the sizes of the atoms are very different [14—-17].
binding energy for thel atoms,E;,;(c), is the average of  The results of calculations and experiments on three
Eﬁj(c) over all theA sites. It is well understood that alloy systems are shown in Table I. All of the calculations
there are significant differences between this Koopmaifor the CuPd alloys use supercells containing 256 atoms
approximation to the binding energy and the measurethased on fcc Bravais lattices, the lattice constant for the

0031-900798/81(9)/1905(4)$15.00 © 1998 The American Physical Society 1905



VOLUME 81, NUMBER 9 PHYSICAL REVIEW LETTERS 31 AGusT 1998
TABLE I. Experimental and calculated chemical shifts.

Alloy Expt Calc ESCA
(source of Atom shift shift FWHM Charge shift
experiment level (eV) (ev) (eV) (lel) (eV)
50% CuPd 2p Cu —0.70 —-0.72 0.05 —0.18 —0.83
(Ref. [18]) 3d Pd 0.26 0.34 0.10 0.18 0.83
80% CuPd 2p Cu -0.25 -0.27 0.05 —0.08 —0.40
(Ref. [18]) 3d Pd 0.70 0.65 0.08 0.31 161
50% CuZn 2p Cu 0.34 0.35 —-0.10 —0.60

2p Zn —0.01 0.51 0.10 0.60
CuzZn B2 2p Cu 0.35 0.57 0.00 —0.13 —0.17
(Ref. [19]) 2p Zn -0.20 -0.29 0.00 0.13 0.17
50% AgPd 3d Ag —0.50 —0.48 0.31 0.05 0.26
(Ref. [20]) 3d Pd 0.00 —-0.10 0.08 —0.05 —0.26

50% alloy being 6.9 a.u. and for the 80% alloy beingis clear from Table | that the DFT-LDA predicts a FWHM
7.1 a.u. The disordered 50% CuZzn alloy is in fhghase thatis considerably smaller than that upper bound for both
(bcc) with a lattice constant of 5.5 a.u. and is modeledCuPd alloys. If anything, the DFT-LDA prediction for the
with a supercell containing 432 atoms. The ordegd FWHM is on the small side. Although we have argued
phase of CuZzn is in the B2 (CsCl) structure with the samehat size effects are not a primary factor in this analysis,
lattice constant as th@ phase. The 50% AgPd alloy the size effects in CuPd used in a recent discussion of the
is modeled with a supercell containing 256 atoms and &uger spectra in Cu-rich CuPd alloys [21] might serve to
fcc Bravais lattice with a lattice constant of 7.61 a.u. Theincrease the calculated FWHM somewhat.
pure metals Cu, Pd, Ag, and Zn are all taken to be fcc with It would be interesting to see measurements of the dis-
lattice constants 6.7677, 7.43, 7.2744, and 7.79 a.u. Theibution of the core level shifts about the average in other
experimental chemical shifts for CuPd are the most recerdlloys systems. The DFT-LDA calculations predict that
[18]. A number of technical problems were overcome inthe FWHM for the Ag core level in the 50% AgPd alloy
order to obtain the experimental data on CuzZn shown irwill be 3 times larger than for the Pd level. The calcula-
the table [19]. The shifts have been measured for AgPtions also indicate that the distributions are considerably
for a wide range of concentrations [20]. The choice of thebroader for the core levels in the disordered Cuzn alloy
core levels listed in Table | is dictated by the availability than for the other alloy systems studied. It will presum-
of experimental data, which are, in turn, determined by thebly be difficult to see this effect experimentally because
existence of peaks in the energy range that can be sampléds not easy to quench CuZn in the disordeg@dgphase,
using Al K« or Mg K« x rays that are well defined. in addition to the other technical difficulties described in
The calculated shifts in the fourth column of Table | Ref. [19].
agree with the experimental shifts in the third column To this point, nothing has been said about the way that
to within experimental error. The shifts calculated forthe charge in the alloys is assigned to the individual atoms.
ordered and disordered CuZzn are significantly differentThe reason for this is, of course, that such a concept does
The data indicate that the CuZn alloy used in thenot enter into the calculations. If a first-principles DFT-
experiments is in the ordere@’ phase, as expected. LDA method is well converged, the way that space is
The agreement between theory and experiment in Tabledivided up in the calculation is irrelevant. The argument
lends further credence to the proposition that DFT-LDAhas already been made for placing the nuclei of all the
calculations of chemical shifts for alloys are reliableatoms in the disordered alloy on the sites of a Bravais
because the many-body effects cancel to a large degree.lattice, so there is no compelling reason to divide space
The distribution of binding energies about the meanin any way other than equal volumes for the two atoms.
can vary considerably from one alloy to another. AThe primary purpose of Refs. [3,5,6] was to calculate for
rough measure of this distribution is obtained by fittingdisordered metallic alloys the net charggswithin the
the density in energy of the calculated data points to &tandard Wigner-Seitz cells for the Bravais lattice, and
Gaussian, the shape of which is measured by the fufrom those charges to calculate the Coulomb potentials
width at half maximum (FWHM). It appears that the V' at the sites. The net charggs are calculated for all
only experiments designed to measure this distribution arthe atoms in the alloys, and the averages of these charges
the ones in Ref. [4] that focused on the 50% and 80%or each of the atomic specieg? and¢®, are shown in
CuPd alloys, and the conclusion from these experiment$able I. The units are the absolute value of the charge
is that the FWHM for the C2p level must be less than of an electron, so the number0.18 for Cu in 50% CuPd
0.25 eV. The calculations in Ref. [4] are based on themeans that, on the average, 0.18 electrons move from the
ESCA potential model, and predict a FWHM of 0.5 eV. It Pd atoms to the Cu atoms.
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The formula that is commonly used for interpreting distribution of charges;’ that the authors of that paper
ESCA measurements on molecules states that the potentedsumed is not unreasonable and they calculated the
shift for anA atom on site is related to the charges on the Coulomb potentials/’ correctly. The reason that they
atoms byv, (c) = k2,4' + Vi, wherethe;’ andV' have obtained a FWHM that is outside the range that can
been defined, anﬁr’?’l is roughly the Coulomb repulsion be consistent with their experiment is Slmply due to the
integral between the core electron and the valance electrof@ilure of the ESCA potential model.
on the site [22] The dependence kﬁ,l on the atomic The failure of the ESCA pOtentiaI model is iIIUStrat.Gd
species and the core level is ignored in Ref. [yg]l — even more graphically bg/ut_he fact that nocqle of the points
k, and the choice fok is discussed extensively. We corresponding to theSE;,"(0.5) versus Vs, (0.5) and
use this version of the ESCA potential model withset 8E2Z;”(0.5) versusVZZ;”(O.S) for the 216 Cu and 216 Zn
equal to 2 divided by the radius of the nearest-neighbosites in the 50% CuZzn alloy fall on the line with slope
shell, as is also done in Ref. [4]. According to the ESCAone in Fig. 2. The value ok was taken to be 2 over
potential modeB E, | (c) = V7 (c), so a plot of8E,/(c)  the nearest-neighbor radius as for CuPd, but there is no
versusvf,‘,’,'(c) should yield a straight line with a slope Positive value of that could be used to obtain agreement

of 1. with the ESCA model. The fact that the points that

The plot of the average chemical shifts for the CuPdcorTespond to the chemical shifts for alloy in the ordered
alloys withc = 0.5 andc = 0.8 versus the corresponding B2 structure fall on the lines defined by tiée;," (0.5)
average ESCA potentials in Fig. 1 yields a line that has and BEQZ,;‘”(O.S) for the disordered alloy is not surprising.
slope approximately equal to 1. This is in agreement witlThe sites in the random alloy that they correspond to
the calculations in Ref. [18], and the agreement could nare the ones that have a fairly short-range environment
doubt be made better by fine-tuning the valuekohs that happens to be the same as in the ordered alloy.
those authors did. However, the points that correspongthe plot of the]285E£lg’l(0_5) versus V;Zg”(oj) and

to tgi_ shifts of thecigldividual atolr)gf in the two %gfl)ys, the he 1285];55’%9,5) versusvf,f”(o.s) for 'the 50%. AgPd
8y, (c) versusVy,”(c) and 634" (c) versusVs; ™ (c),  alloy in Fig. 3 is even more discouraging for this model.

do not fall on the line at all. The FWHM's from the 1, 5p82/( 5y are distributed rather broadly about their
staﬂsfucal Fjlstrlbutlon of the ordinates of these _p(.)'msmean, but the different values that they take on clearly
are listed in Table I. The FWHM's from the statistical . S Ag.i

distribution of the abscissayﬁ,“”(c) and V337 (c), are have no relationship with thes;” (0.5).

approximately 0.7 eV for both constituents in both alloys. It has been pointed out [8] that the failure of the ESCA

The difference between this and the FWHM of 0.5 evpotential model for metallic alloys can be demonstrated
that was obtained for the C2p level in Ref. [4] fro.m without any calculations by noting that there are alloys,

: : L such as CuNi, CuZr, PdZr, and PdTi, in which the sign of
the ESCA potential model is not significant.  Thus, thethe chemical shift is the same for both constituents in the

alloy. The present calculations show that Cuzn and AgPd
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FIG. 1. The crosses show the chemical shiftssdf," (0.5) ESCA potential {6V)

versus the ESCA potentialEch"‘i(O.S) for the 128 Cu atoms FIG. 2. The crosses show the chemical shi&EZ,C,f’i(o,s)

n tprgﬁ model of the P??% CuPd alloy. The plus signs showyersys the ESCA potentialg;," (0.5) for the 216 Cu atoms
0E347(0.5) versus Vs,"(0.5) for the 128 Pd atoms. The in the model of the 50% Cuzn alloy. The plus signs show
diamonds showbE,, " (0.8) versusV,,"(0.8) for the 204 Cu  §E7(0.5) versus Vi, (0.5) for the 216 Zn atoms. The
atoms in the model of the 80% CuPd alloy. The trianglessquares show the average chemical shifts versus the average
show 8 E5;"(0.8) versusVs, " (0.8) for the 52 Pd atoms. The ESCA potentials. The diamonds show the chemical shifts
squares show the average chemical shifts versus the averagersus the ESCA potentials for the ordered B2 alloy. The slope
ESCA potentials. The slope of the solid line is 1. of the solid line is 1.
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