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From x-ray-absorption near-edge structures to thed-hole population in Pd-Ag alloys
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The charge transfer upon alloying and the screening of the core hole in the x-ray absorption process
in Pd-Ag alloys are discussed according to different models and with respect to different quantities. The
charge transfers are analyzed using the first-principles electronic structure and spectrum calculations based
on the linear muffin-tin orbitals method. Experimentally, both Pd and Ag glatharge and lose noa-
charge in Pd-Ag compared to pure Pd and Ag. The theoretical result agrees with the experimental one for
Pd whereas the calculated charge transfer for Ag is in contradiction with the experimental result. This
discrepancy is attributed to the differences in the electronic structure of Pd and Ag requiring new interpretation
of the Ag x-ray-absorption near-edge structures of Pd-Ag alld§8163-18209)02831-3

I. INTRODUCTION get mored-type charge with increasing Ag content is also

supported b the Auger electron spectroscopic
Bulk and surface properties of Pd-Ag alloys have recently PP y g P P

. ) g measurements.
attracted experimental interest: The Pd-Ag alloy system However, in order to make more definite conclusions

has a complete miscibility and therefore acts as a prototypgpt the charge transfer in alloys on the basis of spectro-
of a system whose electronic properties can be controllablgcopic data one should consider the following items in more
altered. This is useful, e.g., in the understanding of the elecdetail. (i) The intensity of the considerdd; , XANES spec-
tronic properties of surfaces. Despite the fact that Pd-Ag is &a is proportional to the square of the matrix element be-
relatively well-known system, the interpretation of its prop- tween the » and conduction states which means that the
erties using spectroscopic data still calls for some attentionpbtained spectra can probe only such é eharge transfer
Recently Coulthard and Shanmade a detailed experi- that occurs or at least produces a disturbance within those
mental survey of the character and direction of charge trangegions of the atom where thgXtate has significant inten-
fer in Pd-Ag alloys in connection with the behavior of the sity. A possible 4 charge transfer occuring in the other
alloy d band from a local perspective. They used Pd and Agegions of an atom can be detected only indirectly or it can-
L3> and L;-edge x-ray-absorption near-edge structurednot be detected at al(ii) Changes in the localization of the
(XANES) and x-ray photoemission spectra to analyze the4d wave functions may lead to charge redistribution without
charge transferL;, XANES provides information on the any net charge transfer. However, these localization effects
unoccupied part of the andd band (; XANES is related could also change the overlap of the 2nd 4d states in a
with the p band while photoemission provides information S|m|.Iar way as the charge transfers do. Therefo_re, it is not
on the occupied part of the bands. According to their experiStraightforward to draw conclusions about possible charge
ments, Coulthard and Sham concluded that in Pd-Ag both PHansfers in alloys on the basis of experimental spectra alone.
and Ag gaind charge and lose noti-charge compared with Il. METHOD
pure Pd and Ag metals and the net charge transfer was ar- '
gued to be from Ag to Pd in agreement with electronegativ- To shed more light on the interpretation problems above
ity arguments. The finding that the Pd sites in Pd-Ag alloyswe perform first-principles electronic structure and x-ray
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spectrum calculations for Pd-Ag alloys. The electronic enthe peak of the empty states just above the Fermi level,
ergy bands and wave functions needed in the charge transfatich is in distinct contrast with the measurements of
and spectrum calculations are obtained by using the scalaGoulthard and Sharh.For Ni, which belongs to the same
relativistic linear muffin-tin orbital§LMTO) method includ- column in the Periodic Table as Pd, both the electron-
ing the combined correction terms and the atomic spherenergy-loss specti&@ELS) and bremsstrahlung isochromatic
approximatiorf: For the details of the calculational procedure spectra(BIS) show a similar significant peak near the edge.
we refer to our earlier studi€sThe absorption spectrum in The BIS is related with a neutral atom and the EELS corre-
the dipole approximation is given by sponds to an atom with a core hole. Thus, theoretical and
experimental results suggest that at the end of the transition
- metal series the effect of the core hole on thdensity of
ID(E)OCkb(E%>EF) (@€ r[Wyp)|?8(Ec—Exp+E), (1) states(DOS) around the Fermi level is less pronounced than
at the beginning of the transition-metal series. Since we are
whereEy,, Er, andE, are, respectively, the energy of the interested in thel states of Pd-Ag alloys near the Fermi level
one electron state with the wave vectoand band indeb,  we can justifiably use the ground-state calculations to inter-
the Fermi energy, and the energy of the core stdteand  pret the experimental data.
¥\, are, respectively, the core state and the conduction-band

state of an electrore is the polarization vector of the x-ray B. Charge transfer
photon, and is the position coordinate of the electron. The | the following, we will focus on the basic assumption

basis functions in the calculations consistspp, andd func- made in analyzing the XANES data of Pd-Ag alloys namely
tions. The inclusioq of thé states only leads to negligible hat 4 change in the white-line intensity at thg, edge

effects to the considered quantities. The core-hole calculag;ows us to probe directly the effect of aIoniﬁg on the
tions are performed using a four atom unit cell. Increasingy_nole population of Pd-Ag alloys. Because the physical

the number of atoms in the unit cell to 32 does not apprecian operties of the pure constituents of an alloy form the basis

bly change the results at the Fermi level. In reality, the cony understanding of the properties of alloys, we begin our

sidered Pd-Ag alloys are substitutionally disordered intermeg;iscussion by summarizing the basic electronic properties of
tallic alloys. In the calculations, however, the cry§tal ure Pd and Ag(see, e.g., Refs. 10-12The number of
structure of these aIons. is simulated by the conventiona|,zjence electrons in Pd and Ag is 10 and 11, respectively.
repeated supercell technique. Resolving the electronic states of the valence electrons into
s, p, andd components shows that both metals have approxi-
Ill. RESULTS AND DISCUSSION mately the same amount of naktype electrong1.05 in Pd
and 1.00 in Ag indicating that Ag has approximately ode
electron more than Pd. In Pd, part of the antibonding states
At first, it is useful to consider problems related with the of the d band are unoccupied leading to the slightly smaller
interpretation of x-ray absorption spectra in a general levelatomic volume of Pd compared to that of Ag. The experi-
Good presentation of the various phenomena involved in thenental lattice parametdboth metals have fcc structyris
core level spectroscopies is given, e.g., by Fu§dreaddi-  7.3524 and 7.7205 a.u. for Pd and Ag, respectiveBue to
tion to the usual problems related with the exchangethe above difference in the atomic volumes the average va-
correlation potential of the electron gas there is an additionakence electron density in Pd is higher than that in Ag despite
problem in the absorption process due to the existence of thae larger valence electron number in Ag. The average den-
core hole. When an x-ray photon is absorbed by an electrosity of valence electrons is 0.101/&.and 0.096/a.d.for Pd
in a core level the electron makes a transition to a higheand Ag, respectively. Due to the larger nuclear charge and
unoccupied level leaving the core hole behind. This corehe larger number of antibonding states of Ag thed-type
hole has an effective chargel screened by the valence valence charge is more localized in Ag than in*®d.
electrons. During the screening the valence and conduction Conventionally the charge transfer between the atomic
bands are deformed and the amount and character of thgtes in alloys is defined with respect to certain volumes as-
deformation depends on the system considered. To calculag®ciated with the considered atomic sites. In our study we
the electronic structure of the screened system various mo@hoose these volumes to be the Wigner-Sais) spheres
els have been used. In tlet 1 approximation the perturba- of the constituents of the alloy. At first, we discuss the net
tion of the core hole is approximated by replacing the ab-charge transfer in Pd-Ag alloys using a simple model based
sorbing atom by an atom whose atomic number is one unibn the pure metal data. In this model, which we call a rigid
greater than that of the original atom. In the core-hole apcharge-density mod¢RCDM), we assume that the effective
proximation the band-structure calculation is performed for asalence charge density of pure metals can be represented by
system in which an electron of an absorbing atom has beethe superposition of uniform charge densities located in the
transferred from the core level to the Fermi lelel. corresponding WS spheres. The charge density of an alloy is
For simple metals the experimental spectra related with ghen formed by attaching the charged WS spheres of the pure
core hole (absorption and Auger spectrare usually ac- metals to the exact atomic positions of the alloy. The ob-
counted for better by calculations using the-1 or core- tained charge transfer in the alloy, compared to the pure
hole approximation than by ground-state calculatfo@r — metal case, is then produced by the change of the overlap-
transition metals the situation is not so straightforward. Ouiping of the rigid atomic charge densities, which is due to the
core-hole calculation for Pd and PdAg leads to the complet@ossible change in the lattice parameter upon alloying. In our
filling of the 4d band and consequently the disappearing ofcase, when Pd is diluted with Ag the lattice parametar

A. Screening of the core hole
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FIG. 1. Calculated x-ray absorptidn, edges of Pda) and Ag
(b) in Pd-Ag alloys. Curves from top to bottonfa) Pd, PdAg,
PdAg and PdAg, (b) Ag and PdAg.
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0.075
WS radiug of the alloy increases almost linearly from the
pure Pd value to the pure Ag value as a function of Ag
content'® Before using the RCDM, one has to decide what is
the proper effective charge density to be attached to the pure
metals. For instance, in the case of Pd and Ag one could
think that the total effective charge within the WS spheres
could be the amount of itinerans%nd 5 valence electrons
or the amount of §, 5p, and 4 valence electrons or some-
thing in between. The best agreement with the LMTO results
is obtained if the itinerant nod-valence electrons are used
to produce the charge density in RCDWable ).
Unfortunately, the simple model used above does not tell
us anything about the possible complex interplay between - .
the dif¥eren€gt symmetriespof the chargepdensity uppon alloying, FIG. 2. The charge-density differenceafloy minus pure ele-

. . . R . mend for Pd () and Ag (b). Solid line s-, dashed linep-, and
However, this information is essential in interpreting thechain-dotted lined-type charge. The alloys considered are/Ryl

SpeCtr,al data of alloys because due_to the sglectlon rules ﬂ?ﬁ\d PdAg. The curves correspond to the alloys in the following
experimental spectra are related with the different angulayay. tor pd thes andp charge decrease and theharge increases
momentum components of the electronic states. In order tQ;, increasing Ag content, for Ag theandp charge decrease with
understand the charge transfer in Pd-Ag in more detail Wecreasing Pd content whereas theharge increases in the inner

have to use more sophisticated methods. In the following, thgart of the WS sphere and decreases in the outer part of the WS
first-principles LMTO calculations are used to analyze thesphere.

charge transfer in Pd-Ag alloys further. According to our

calculations Pd gaind charge and loses naheharge upon conclusions made by Coulthard and Sha@me Table), our
dilution with Ag. Ag losesd charge and its nod-charge results for Ag differ significantly from the conclusions de-
behaves nonmonotonically in such a way that the totatived from the experiments. According to Coulthard and
charge transfer in Ag is practically constant upon dilutionSham the partial charge in Ag behaves in a way similar to
with Pd. While our results for Pd are consistent with thethat in Pd. Whether this disagreement is real or it is only due

0.050

0.025

charge density difference

0.000

—0.025 1 1 1 | 1 |
0.0

r(a.u.)

TABLE |. Charge transfer in Pd-Ag alloya Qpy: the change of the total charge within the Pd WS sphere
(S (Ref. 13 compared with the pure Pd caseQy : the change of thg charge within theX WS sphere
compared to purX case K=Pd or Ag). Results are given in numbers of electrons. In RCDM the charge
density consists of §and 5 electrons. Experimental results are taken from Ref. 1.

AQpq AQRg AQRI  AQY  AQN™

At.% Ag S(a.u) RCDM LMTO Exp. LMTO LMTO LMTO LMTO
0 2.8733 0.00 0.00 0.00 0.00 0.00

25 2.9044 0.05 0.02 0.12 0.07 —0.06 —0.09 0.04

50 2.9374 0.11 0.07 0.22 020 -0.13 —0.06 —0.00

75 2.9745 0.18 0.11 0.24 026 -0.14 —0.03 —0.01

100 3.0171 0.00 0.00
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FIG. 3. The valence charge density of PdAg alloy in (k80
plane(Pd in the middle and Ag in the corner

to different definitions for charge transfer used in the calcu-
lations and in the analysis of the spectral properties is to be
solved.

A

In our calculations, we define the charge transfer to be the Ela
change in the number of certain type electrons within the WS % N
sphere. Coulthard and Sham relate the charge transfer to the I™o17
change in the intensity of the white line of the absorption 2_\01
spectra. This intensity depends on the number of unoccupied 1?2\0,
electronic states and the transition probability for an electron 1 N
to transfer from a core state to an unoccupied state. The 013\ o,
calculatedL ; absorption edges of Pd and ABig. 1) agree 0 IS
quite well with the experimental spectrsuggesting that the ®) X (a.u.)
disagreement between the theoretical and experimental re- N
sults for the charge transfer in Ag sites in Pd-Ag alloys is due Electron localization function - Ag
to different interpretations of the spectra. The DOS data ex- ’ 0.22 T

0,220\ 0,15

tracted from the spectrum measurements can be related to the 7 3;})&
number of electronic states through Egy), but the problem 028 0,250
is to relate the obtained number tg a sﬂ;)ecific regign in space. % Qo'ﬂ%

Of course, the induced charge transfer crucially depends on
the spatial region used in the consideration. This mapping
from the number of electrons to the corresponding spatial
regions in an alloy is determined by the matrix element be-
tween the core state and the conduction state involved in the
particular absorption procefsee Eq(1)]. Thus, the charge-
transfer data obtained from the measurements of absorption
spectra cannot be compared directly with the calculated net
charge transfers within WS spheres. Instead, one needs to
consider the charge-transfer distribution within the WS
sphere.

7

(¢) x (a.u.)

C. Charge distributions and electron localization function FIG. 4. The valence ELF dB) pure Pd,b) PdAg alloy, andc)

A more informative picture of the charge transfer in Pure Agin the(100 plane.
Pd-Ag alloys can be obtained if one considers the charge
density of the alloy as a function of position coordinate in-result for Pd is quite clear and it is in agreement with the
stead of a single number specifying the excess or deficiencgesults of Coulthard and Shah®d gainsd charge upon al-
of the electronic charge within the WS spheres. The effect ofoying except at the outer regions of the WS sphere where
alloying on the charge distribution can be illustrated by subthe d charge density decreases. The mbcharge density of
tracting from the charge density of the alloy the correspondPd decreases upon alloying within the whole WS sphere. Pd
ing charge density of the pure metal. As Figazshows, the in Pd-Ag is an example of a case with a straightforward
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interpretation of the charge transfer: the spectral data, nehaxima in the ELF of Pd and Ag can be related to the maxi-
charge within the WS sphere, and the charge distributionmum of the 4l radial wave function. In the region outside the
they all lead to the same conclusion, Pd gaihand loses atomic cores the ELF of Pd shows stronger bonding charac-
non-d charge upon alloying with Ag. ter between the nearest-neighbor atoms than the ELF of Ag.
The situation with Ag, however, is more complicated. TheThe anisotropic structure of the ELF in Pd can be related to
d charge density decreases in the inner part of the W$he partly unfilled 4 band of Pd. Thus, the structures in the
sphere, but increases in the outer part. In this case, the speeLF can be related to thé-hole population and the nodal
tral data, net charge within the WS sphere, and the chargstructure of the valence wave functions. In the ELF distinct
distribution lead to the contradictory interpretation of theeffects of alloying can be seen. The filling of thd Band of
charge transfer at Ag site. When considering the don- Pd in the PdAg alloy is manifested as the decreasing of the
charge at Ag site the situation is not any simpler. Figul® 2 anisotropy of the ELF at Pd sites and the decreasing of the
shows that the nod-charge increases upon alloying, which bonding character between the atoms in the Pd-Ag plane of
is in contradiction with the conclusion made according to thePdAg compared to pure Pd. The corresponding alloying ef-
spectral data that predicts decreasing datharge upon al- fects in the ELF at Ag sites are small.
loying. The calculated net nom-charge within the WS
sphere is practically constant. This can be explained by the
decreasing of the volume of the Ag WS sphere upon alloying IV. CONCLUSIONS

compensating the effect of the increase in the daarge The electronic structure of Pd and Ag differs with respect
density in Ag. Summarizing from Fig. 2, the general trend ofig the position of thed band. Pd has partially filled band
the electronic density in Pd-Ag alloys with increasing Ag hereas thal band of Ag is completely filled and has the
content is that the density of the ndneharge decreases at pinding energy of several electron volts. When alloying Pd
both atomic sites. This can be related to the increasing of thgit, Ag the experiments show that the top of the: and of
volume of the alloy with increasing Ag content. At the samepq in Pd-Ag alloys is shifted to lower energies with increas-
time thed charge gets more localized, i.e, ieharge den- ing Ag content. This is manifested as the increase of the
sity increases in the inner part of the WS spheres and desccupation of the Pddi band. Our calculated result for the
creases in the outer parts of the WS spheres. increase of thel-type charge in Pd with increasing Ag con-
To analyze the charge distribution and bonding betweegant agrees qualitatively with this result.
the atoms of an alloy two-dimensional charge-density plots For Ag our results, however, are in contradiction with the
are usually considered. As Fig. 3 shows there are only minoggncjusions drawn from the experiments. Our results show
dlfference.s bgtween the valence charge densities of the Rfat the totald-type charge of Ag decreases somewhat upon
and Ag sites in the PdAg alloy. Moreover, there are only|ioying with Pd. Conclusions drawn from the charge trans-
small differences between the charge densities of the samgrs are not straightforward since both the expansion of the
atomic type in the alloy and in the pure elemental metal. TQyaye functions into the, p, andd components related to the
see more clearly the effects of alloying on the charge densityifferent atoms and the volume of an alloy change from the
one has to consider, instead of the charge density, a quantipy|yes for pure metals upon alloying. Furthermore, the
that is related more directly to the variations of the charge\charge transfer does not need to have the same sign through
density. One such possible quantity is the electron localizagye whole WS sphere. Actually, in the outer part of the Ag
tion function* (ELF) which depends on the gradients of the \ys sphere the alloying increases theharge density while
charge density and wave functions the totald charge of Ag decreases. In the case of Pd-Ag
2y -1 alloys, the experimental result of the decreasing of the white
] line in Ag should be related to the charge transfer from Ag to
Pd due to the alloying and change of the volume of the
2 crystal rather than the charge redistribution in the Ag site.

wherep is the electron density. In Fig. 4, the valence ELF of Thus, the interpretation of the absorption spectra of alloys
pure Pd, the PdAg alloy, and pure Ag is shown. The ELF ofWith regard to the charge transfer requires a detailed spec-
pure Pd is more anisotropic than that of pure Ag. In theffum calculation combined with the charge-density consider-
central part of the atoms the valence ELF has a minimun®tions.

due to the small value of the valence charge density and due
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