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Segregation at the PdAg(111) surface: Electronic structure calculations
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An efficient procedure to calculate surface segregation profiles of substitutionally disordered binary alloys is
presented. We show that a simple thermodynamic model with realistic atomic configurations at the surface
region combined with the total energies obtained from exact muffin—tin orbitals calculations leads to accurate
surface segregation profiles. We find that the calculated surface segregation energies in random alloys show
significant dependence on the local environment of the atoms involved in the segregation process. Correspond-
ingly, the alloy surface energy is significantly affected by the subsurface atomic layers. As an example the
PdAg111) surface is considered.
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[. INTRODUCTION results for the segregation profile, segregation energies, and
Surface related phenomena play an important role in variSurface energy are presented and discussed in Sec. Iil.
ous fields of human interest. The reaction paths and rates of Il. METHOD
the surface processes depend crucially on the properties of
the considered surface. One natural way to produce a surface A. Theory

having optimal properties for a specific task is to exploit  Qur procedure is based on electronic structure calcula-
segregation at alloy surfaces. To benefit most of this quastions for realistic atomic configurations at the surface region
two-dimensional world requires the understanding of thepy using the full charge densityFCD)® exact muffin—tin
foundations of surface chemistry and surface physics at therbitals(EMTO)%*'method combined with a simple thermo-
atomic level. Unfortunately, the experimental data about thelynamic modet?13 Within the EMTO formalism we calcu-
multilayer surface segregation are scarce. Concentrationate the one-electron kinetic energies exactly for the opti-
within the top surface layer have been obtained, e.g., bynized overlapping muffin—tin potential, so it provides an
Auger electron spectroscop$AES),! scanning tunneling excellent ground for accurate FCD based calculations. Com-
microscopy (STM)2 and electronic work function bined with the Coherent Potential Approximati¢GPA 14
measurements However, it is very difficult to get reliable the EMTO method is superior compared to the former ap-
data of the segregation in the subsurface layers. Thus, acclrtoaches within the alloy theofy:'>1° _
rate theoretical determination of the segregation profiles of The semi-infinite bulk surface system is modeled by a
alloy surfaces is of high importance. slab consisting of\_lt atomic layers parallel to the surfac_e.
Former theoretical segregation profiles have also been intn€ layers are divided into two groups: surface region

adequate. Most of the first principles computational investi-(m"j‘rl_(etfj byﬂﬁ olf th|ckr_;_ess|:ls_lat);]ers andd.bfilk ;etﬁlor(b)d |
gations have been focused on dilute alloys at the impuritygonts'S Ing o s _?yers. ofr?halnl sperlo 'C; yd}? € moade
level [see, e.g.(Ref. 4 and references therdinHere we Iys ém anin |nclie acrjra¥r:3 e sba S sfeptarae %%’?‘Cltl;;'m i
present a new procedure basedaiminitio alloy theory to c?e%:a{asellgn;?ﬁ;toe;ﬁe. Iay(S'r Insurr]n vengrezgmeSmV(\j”n :jneno?eum
investigate surface segregation profile in random substituthe average number of atoms FIJ,er layer in ?he bulk region and
tional alloys. To elucidate our approach we study th&l)

in the whole slab, respectively.
surface of face centered culficc) Pd, sAgg s random alloy. Let us consider a binary alloy of componemsand B

Pd and its alloys are important materials in chemical industryy i, concentrations®=c; and ciB=1—ci in the layeri. The

as catalysts and in hydrogen technology as storage and sefsnservation of the total number of atoms within the unit cell

sor material$7 In addition, the PdAg alloy is also interest- leads to the condition

ing from a theoretical point of view as an example of alloys N

having continuous solid solubility in the fcc crystallographic 3

structure. anbe + 22 NG = NtnC, (1)
The present surface segregation model is described in =t

Sec. Il, where, for completeness, we also give the most imwherec, is the average concentration of the atof the

portant numerical details of our calculations. The theoreticabulk andc is the average concentrationA&fatoms within the
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whole slab. The factor 2 appears because the slab has twehere due to the symmetry of our slab only half of the

identical surfaces. atomic layers are specified. For the eight-layers cedindc,
The surface segregation profile is obtained by minimizingwere chosen as the independent variables, and the concentra-
the Helmholtz free energl of the unit cell tion of the third and fourth layers were calculated according

B to Eq. (1). For the 14-layers cell we optimized the concen-
F=U-TS 2 trations of the third and fourth atomic layers as well. All
whereU, T, andS are the internal energy, temperature, andthese unit cells includetl,=4 vacuum layers.
entropy. The internal energy is obtained from self-consistent The convergence of the total energy with respect to the
EMTO-CPA calculations. For the entropy we use the connumber ofk-points and the thickness of the slab was tested

ﬁgurationa| mean field expression: in detail. We found that 14Jk-points in the irreducible
wedge of the Brillouin zone and eight atomic layers within
S=—kgNpny[cpn cp + (1 —cp)In(1 —cp)] the slab are sufficient to obtain the required accuracy in the
Ng total energy.
~ 2kg> ni[ciln ¢+ (1 -c)In(1 - ¢, 3
i=1
Ill. RESULTS
wherekg is the Boltzmann constant. For a fixed average slab
concentrationc the optimal surface segregation profile A. Atomic interactions
(cf,...,&}) is obtained from a set of equations To investigate the range of the atomic interactions we
SE(CyC CuCo) performed two test calculations for an additional 14-layers
L~2) - ¥Ngr &b -0 (4) slab(19)(2sH{(3b)(4b){(5b)[ (6b)(7b) ]}(.5 with the constraint
&C; ¢=c® c3=¢4 andcs=cz=c;=0.5. In the first case we lifted the re-

o i striction that atoms belonging to the four central atomic lay-
with i=1,2,...,Ns. In these equationg;,C,,...,Cn, @€  grs of the unit cell to be identical, but still keeping the con-
treated as independent variables, witjés determined from  centrations of the atomic layers fixed to 0.5, i.e., unit cell
the condition(1). (19(29{(3b)(4b){(5b)(6b)(7b)}o 5 A 0.1 meV change in the

total energy per atom was obtained. However, the slope of
B. Numerical details the total energy with respect to the concentration of the sur-

In the EMTO-CPA calculations the one-electron equationJace was not changed. This indicates that the surface induced
were solved within the scalar-relativistic and soft-core ap_oscillations of the electronic structure are small in the fifth
proximations. The Green function was calculated for 16and deeper atomic layers. Moreover, the fluctuations of the
complex energy points distributed exponentially on a Semi_su_n‘ace concentration have a negI|g|pIe effect on thes<=T oscil-
circular contour. In the EMTO basis set we includggl and lations. The_ above conclusions are in accordance with the
d orbitals. The exchange-correlation potential was introducedesults obtained for pure elemerts. o
within the local density approximation according to Perdew [N the second test we increased the number of identical
and Wang:” The slab calculations for the PdAg alloy were atomic layers in the central part of the slab from four to eight
carried out using the theoretical equilibrium lattice parametend introduced the concentration of the atomic layers to be
7.513 a.u. This value is very close to 7.517 a.u. obtained idual from third atomic layer and onwards, i.e., considered
experimentd? the unit cell (15)(29/{(3b)[(4b)(Sb)(6b)(7b)]}. This changed

The atomic positions were fixed to the ideal fcc lattice the total energy per atom by more than 0.1 meV. What is
sites. The atomic defects, relaxations and vibrations were ndfioreé important, the slope of the total energy with respect to
included in the present model. Former investigations basel® Surface concentration was significantly changed. This
on the embedded-atom meti8dhow that the average ef- shows that .the surfa_ce.effects penetrate up to the third and
fects of the local lattice relaxation and vibrational entropy onfourth atomic layers inside the material.
the segregation energy in PdAg alloys are about 23% and
4%, respectively. According to experimetits and
calculations there is no reconstruction on tii&ll) surface
of PdAg. Using the EMTO method we estimated the effect of The surface segregation profile@K was determined up
the surface relaxation on the segregation profiles to be leds the fourth surface layer using the 14-layers slab
than 1%. (19(29(39)(49{(5b)[(6b)(7h)]}. We found that the concen-

For the unit cell we use the following notations: eachtration profile corresponds to alternate Ag and Pd layers,
atomic layer is shown within the brackebs surface layer is  with 100% Ag in the top layer. However, deeper in the bulk
1, next layer is 2, etc. If atomic layers are identical theythis profile is mainly due to bulk rather than to surface ef-
appear within the brackefd, and if atomic layers have the fects. This is because for bulk the ordered structure with
same concentration they appear within the bracfetd/hen  alternate Pd and A¢l11) layers has lower energy than the
the composition of layers is fixed the Ag concentration issubstitutional disordered phase. Using the energy differences
indicated by a subscript. The self-consistent calculationsve estimated that the third and fourth layers reach the aver-
were carried out for 8- and 14-layers slabs using the unitge disordered bulk structure at150 K. Therefore, our in-
cells (19)(29{(3b)(4b)} and (19(29(39)(49{(5b)[(6b)(7h)]};  vestigation at higher temperatures was restricted to the seg-

B. Surface segregation profile
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TABLE |. Surface segregation profile for fdd11) surface of
PdAg random alloysi1) is the Ag concentration in the surface
layer, and(2) in the next layer. In our calculations “bulk” refers to
the average Ag concentration within the whole giaé., toc from
Eq. (1)], and the average concentration of layers 1 and 2 was bal-
anced by using the bulk region as a reservbiis the temperature
and the last column shows whether the work is experiméasat)

1200 "

900 or theoretical(theor).
z
~: g At. % Ag
% 600 > Bulk (2) 2 T (K) Ref. Method
g ‘§ 50 100 0 0 a Theor.
E g 50 92 19 300 a
Tos0 § 50 81 35 600 a
50 75 41 900 a
50 72 44 1200 a
-~ 50 70-99 673-873 b expt.
50 54—-63 hd
33 95 820 2
FIG. 1. (Color online The Helmholtz free energy per unit cell <33 93 720 2
of the PdAg slab as a function of the Ag concentration of the sur- 33 91 770 2
face atqmic layer(c;) and the subsurface atomic I_ayerz). The <33 91 820 2
separation between the constant-energy contours is 0.03 eV. To al-
low direct comparison between the plots at different temperatures <33 90 920 2
the energy scale of each subplot is changed in such a way that the 33 92 250 20
minimum of the free energfshown as a black dptorresponds to 50 78 870 23 theor.
0 eV in each subplot. For the minimum points see Table I. 50 75 1000 24
50 84 800 25

regation profile within two atomic layers at the surface using
the (19(29{(3b)(4b)} slab. _Present work. _ _ _
The Helmholtz free energk(c,,c,) from Fig. 1 was cal- AES data obtained without matrix correction.
culated at five different temperatures from 0 to 1200 K. The \ES data with matrix correction included.
surface segregation profilsee Eq.(4)] at each temperature
corresponds to the minimum poiftS(T),c3(T)] of the free  the interpretation of the AES ddtassumes bulk like com-
energy. The equilibrium concentratiodsandc) are given in ~ position from the second surface layer. Lifting this constraint
Table I, where we also list the available experimental andesults in~5% increase in the surface concentration. Taking
former theoretical data. into account these uncertainties in the experimental data we
At low temperature the surface layer of PdAg alloy is conclude that the average AES concentration is in very good
calculated to be Ag rich and the subsurface layer Pd richagreement with our value of 75% near 900 K.
This is due to the higher surface energy of Pd compared to Woudaet al? investigated surface segregation at th&1)
that of Ag. With increasing temperature the substitutionalsurface of PghAgs; alloy by the STM technique. The Ag
disordering is twice as rapid in the second layer as in the firssurface concentration was observed to decrease from 93% to
layer (see also Fig. 1 Around 600 K this tendency towards 90% as the temperature is increased from 720 to 920 K.
disorder with increasing temperature begins to have equdased on semiempirical studies, Waegal?? have shown
rates in the first and second atomic layers. that at moderate temperatures the top layer concentration is
In the following we compare our segregation results fromnot very sensitive to the bulk concentration. This result indi-
Table | to the available experimental data. From detailedcates that it is meaningful to compare surface segregation
literature search we have found three independent measurdata obtained for alloys encompassing 50% and 30% Ag.
ments on the surface segregation of PdAg randon¥herefore, we use the STM data to judge the accuracy of our
alloys}220 First we consider data reported in AES results for the temperature induced changes in the surface Ag
measurementsin the AES experiments the surface compo-concentration. Using our surface concentrations from Table |,
sition is estimated from the Auger current. Due to the ap-at temperatures between 600 and 1200 K for the average
proximate relation between current and concentration, thereoncentration slopédc,/JT) we obtain—1.5% per 100 K.
is a significant uncertainty associated with these measuréFhis value is in perfect agreement with the one calculated
ments. Following Reniers’s suggestidhe true surface com- from the STM segregation profile between 720 and 92D K.
position should be between the two sets of AES values fronfrinally, the 92% Ag surface concentration by Noordermeer
Table I. Accordingly, we estimate the average AES surfacet al,?° obtained at 250 K using thermal desorption spectros-
Ag concentration to be around 72%. The model employed ircopy, is also in very good agreement with our value at 300 K.
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11;ABLE Il. Segregation Zepefgies of Ag from the bulk to the first is the samec,=0.5 for all considered cases, thus enabling
(Eszg) and to the secontEg,y) layers and from the second to the comparison between different cases in a consistent way.

first layer (Egzz).- As Table Il shows the segregation energies depend dras-
o b w tically on the atomic environment. Therefore, the conven-
1 C Esegr (€V) Esegr (€V) Esogr (€V) tional way of relying only on the data of the pure elemental

metals or on the impurity level data in predicting the surface

1.0 0.0 —0.08 0.03 —0.11 ;i . .

0.9 01 012 0.01 013 concentration of PdAg alloys leads to inevitable errors. In-
: : ’ ' : terestingly, the calculated segregation endggy, of Ag with

0.8 0.2 —0.16 —0.02 —-0.14

increasing homogeneity of the slab approaches the segrega-
0.7 0.3 -0.20 —0.04 —0.16 tion energies obtained by Ruban al? for a Ag impurity
segregating from the bulk to the surface of pure(P®.26

eV) and for a Pd impurity segregating from the surface of

The results of Vurenst al?® were obtained by using the pure Ag to the bulk—0.28 e\). The present result for Ag in
Monte-Carlo method with experimental parameters, whilethe homogeneous 50% PdAg is0.28 eV, which compares
Foiles* used the embedded atom method. Their resultsyery well with the above data by Rubatal. The similarity
listed in Table I, suggest a surface segregation close to whaf the segregation energy in the cases of the homogeneous
we have obtained. Rousset al?> used the equivalent- 509 alloy and the impurities in elemental metals can be
medium approximation with a modified tight-binding related to the homogeneity of the solvent. In each case the
scheme. They predict a somewhat higher Ag surface concegegregating atom in the initial and final states is surrounded
tration compared to our results. by alloys having the same local environments.

In relation to the free energy surface from Fig. 1 we note ~ The temperature dependent surface concentration of al-
the small asymmetry of the slope Bfc,,c,) with respect to  |oys is frequently evaluated using the Langmuir-MacLean
thec;=-c,+1 line. This suggests that diffusion in PdAg sur- formula. Solving the formula
faces at various depths, relative to the surface, could be in- b
vestigated by annealing. Denoting the diffusion rate of Ag C1 Cb exp(_ Esé({Cl’Cb))

between the atomic layefsand j by Ry(T) the initial evo- 1-¢, "1 -c, keT
with the segregation energy E@) is equivalent with mini-

lution of the concentration of Ag in the first and second
layers of originally homogeneous disordered PdAg with in-"""""
creasing temperature is expected to be in between the limif&'#!n9 the_ Helmholtz free_energ@). I;oweve_r, the usual
czzconstam(R%,'Zz R§,'3) andc, ~-c,+1 (R%,'2> R2D'3). way of taking the segregation ener§§égto be ||_’1dependent
of the local environment can lead to substantially wrong re-
sults. For instance, using the segregation energy of the ho-
C. Surface segregation energy mogeneous 50% PdAg alldy-0.28 eV} in Eq. (7) leads to

. . . e Ag surface concentration of 97% at 900 K. This value is
The surface segregation energy defined is the energy co%q . o
of interchanging an atora in the bulk with an aton® at the much higher compared to the calculated 75% from Table 1.

surface. It can be calculated as the difference in the energies

()

per unit cell of the system with ator at the surface and in D. Surface energy
the bulk, i.e., oo
At temperatureT the surface free energy of an infinitely
TR ) large slab is defined as
S0 2nAc, |

Fslat{T) B Fb(T)

AT) = A

8

wheren is the number of atoms in one atomic layer within
the unit cell.U; andU,, are the energies per unit cell for the
cases where the atow is at the surface and in the bulk,

respectively.Ac; is the change in the concentration of the )
the slab and the bulk calculations, aAds the surface area.

atomic typeA in the surface layer. Number 2 appears in the ) X )
denominator because the unit cell contains two identical surl '€ Present surface energies of the PdAg alloy are listed in
faces. In our case=1 and in the limitAc,— 0 we can write  'aPle Il for five temperatures between 0 and 1200 K. For
comparison, in table we also give the surface energies of the
E1D = | U;-U,_1dU 6 pure end members. All the surface energies were calculated
segr Ac'lrﬂo 2Ac;  2dc; 6 at the theoretical lattice parameters 7.513, 7.374, and 7.672
a.u. obtained for PdAg, Pd, and Ag, respectively. Because of
As above we can define the segregation energy for théhe angular momentum cutoff &t 2 the present surface en-
second layer a&2> =1/2dU/dc, as well as the segrega- ergies for Pd and Ag are lower compared to those reported
tion energy from the second to the first laydii2 in, e.g., Ref. 26. However, the obtained trends of the surface
=1/2(dU/dc, -du/dc,). energy are not expected to be affected by this.
The present results for the segregation energies are given At low temperatures due to the strong Ag segregation the
in Table Il, where the concentratioas andc, are chosen in  surface energy of alloy is close to the surface energy of pure

such a way that the concentration of the bulk part of our slalAg. The suppressed surface segregation at higher tempera-

where Fq,{T) and F,(T) are the Helmholtz free energies
corresponding to the unit cell@qual number of atomsn
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TABLE lIl. Surface energy of PdAg random alloy as a function face energies of Ag and P@able Ill). Note how well this
of temperaturgT). Number in parentheses give the estimated sur-syrface energy follows the calculated trendy¢T): the 2%
face energies obtained from the surface energies of pure Pd ad Agjfference betweery and Yess Calculated at 0 K, gradually
(shown at the bottom of the tablen combination with the surface y,anishes with increasing temperature. However, when such a
concentrations from Table |. For comparison we also give the SUrsimple approximation is made one should also take into ac-
face energy of the completely homogeneous PdAg alloy. count the volume effect in the surface energy. Decreasing the
lattice parameter of pure Ag from the equilibrium value of

Y 7.672 a.u. to the lattice parameter of PdAg alloy leads to 7%
T (K) (eV/surface atom /) decrease in the surface energy, i.e., to 0.464 eV/surface atom.
This surface energy is already with 9% lower compared to
PdAg 0 0.5090.501 1.19(1.12 the surface energy of PdAg alloy at O (Rable 1ll). Conse-
300 0.537(0.519 1.26(1.17 quently, the surface energy of PdAg is not exclusively deter-
600 0.547(0.539 128(1.23 mined by the surface atomic layer, but the subsurface layers
900 0.553(0.551) 1.29(1.27 have also significant contributions to the alloy surface en-
1200 0.557(0.557 1.30(1.29 ergy.
Pd 0.701 1.70 IV. CONCLUSIONS
Ag 0.501 1.12
PdAgf 0.588 1.37 Using a simple thermodynamic model in combination

with the EMTO-CPAab initio method we have investigated
the composition of the surface and subsurface atomic layers
tures leads to a more homogeneous alloy. Therefore, witRf the (111 surface of the substitutionally disordered 50%
increasing temperature the surface energy of PdAg alloy’dAg alloy. The calculated surface segregation profile and its
should approach the surface energy of the completely homdemperature dependence are in good agreement with the
geneous PdAg alloy. Our results from Table 11l support thisavailable experimental data. The details of the energetics of
trend. the considered surface show that at high concentrations even
According to Eq.(8) ¥(T) depends on the temperature the properties of this relatively simple inhomogeneous binary
directly through the entropy term TS and, implicitly, via the System differ drastically from those predicted by impurity
temperature dependent surface composition. In PdAg abolgvel calculations.
25% of the increase in the surface energy with increasing
temperature is due to the entropy term, while the rest of the
increase is is due to surface segregation and the higher sur- The authors acknowledge the computer resources of
face energy of Pd compared to that of Ag. We find thatCSC-Scientific Computing Ltd., Espoo, Finland. M.R. ac-
¥(T) shows a strongly nonlinear temperature dependenceé&nowledges the financial support from Vilho, Yrjo ja Kalle
With increasing temperaturedy/dT decreases from Vaisadlan Rahasto during his stay in Uppsala. K.K. acknowl-
2.3x10% mJ/n?K, calculated near 0 K, to 3:810° edges the financial support via the researcher exchange pro-
mJ/ntK, corresponding to~1000 K. gram of the Academy of Finland and the Hungarian Acad-
In Table Il we also list the surface energgumbers in  emy of Sciences. Part of this work was supported by the
parenthesgsestimated from a linear rule of mixture ag;  Research Projects OTKA T035043 and T046773 of the Hun-
=C1Yag+(1-C1) vpe Wherec, is the equilibrium surface con- garian Scientific Research Fund and the Hungarian Academy
centration of Ag(Table ), and yag and ypq4 denote the sur-  of Science.

8Homogeneous alloy.
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