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Surface phase stability diagram for Pd deposits on NiL10): A first-principles theoretical study
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Different surface structures of Pd deposits orildl0), from alloys to ordered phases, in a range between
0.125 monolayer and near 4 monolayers, have been studied using density functional calculations. The main
feature of these deposits is the stress exerted by the Ni substrate on the Pd atoms, due to the size difference
between the two metals. The surface phase stability diagram has been constructed, allowing to find the most
stable surface structures at a given coverage. At low covera@e’(monolayey, the disordered alloy phase is
found to be stable. Then, at higher coverage, ordered surface structures are stable, and a mixing of some of
them can coexist in some ranges. Between 0.7 and 1 monolayer, the surface presents an equilibrium between
the alloy phasdcontaining 70% of Pd atom&nd a 1 nonolayer phase. In the 1-4 monolayers range, the
equilibrium is set up between the two extreme phases: 1 monolayer and 4 monolayers: These deposits show a
peculiar structure, in which a periodical Pd vacancy at the Ni-Pd interface ensures the release of the stress and
induces a heteroepitaxial dislocation. The stability of these structures versus the coverage is discussed as a
competition between surface alloying and surface stress. Finally, the electronic structure of these phases is
studied and appears to be closely linked to the surface strain of the Pd deposit, even for the alloy phases. These
bimetallic surfaces reveal a wide range of local density of states, simply by changing the Pd coverage. Then,
the possibility to tune the specific catalytic properties of these deposits is discussed.
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[. INTRODUCTION the complete experimental determination of the surface
structures difficult. These deposits are characterized by a cer-
Bimetallic surfaces have already been widelytain polymorphism and several types of domains can com-
investigated. However, there still is a great deal of interest pete on the surface. The potential coexistence of phases
for these compounds that show many particular propertiemakes the experimental or theoretical analysis of the struc-
and interesting behaviors from catalysis to information storture even more difficult. However, the detailed understanding
age. The reactivity of metal catalysts, for example, can bef the catalytic reactivity of these deposits requires a precise
modified by depositing the active metal on another metallicdknowledge of the stable surface structures as a function of Pd
substrate, with different geometric or electronic propertiescoverage. The simple hard sphere model that was used
In particular, deposits of Pd on Nil0) have shown an en- previously cannot be directly applied to these systems, due
hancement of the catalytic activity for the partial hydrogena+o the important geometric misfit between Pd and Ni, and
tion of butadiene, with an increase of two orders of magni-more precise simulation techniques need to be involved.
tude for moderately annealed four-layer thick system§yetal alloys and deposits have already been the subject of
compared to the pure Ni or Pd surfaée8.Moreover, the  coyeral theoretical studidsl®
excellent selectivity of Pd for the hydrogenation of a single '
insaturation of the two double-bond butadiene molecule i
kept.
A key point for the deposits is the difference in size be-
tween the two metals. In the case the of Pd ofiLN), the
misfit is close to 10%, the bulk diameter of Fa.75 A)

Surface stress and alloy effects are the factors that have
been pushed forward in order to explain the change in elec-
tronic structure and chemical reactivity. Models for the quan-
tum calculations are simple pseudoepitaxic systems. How-
ever, the relaxation of the stress in these deposits can create,

being larger than that of Ni2.49 A). Low-energy electron as seen from_the experiments, new _surface structures with
diffraction, (LEED) scanneling tunneling microscog$TM) unusual _atomlc coord|nat_|(_)ns, Whl_ch in turn could be a ke_y
and x-ray diffraction have shown that the deposit of Pd Onexplan_atlon for the specific reactivity. Hence_a systematic
Ni(110 is not pseudoepitaxial, but that the compressiveanalysis of the energy and structure of the various phases as
stress in the layers is released by the formation of compleR function of coverage can give important insights in the
reconstructions, which depend on the Pd covefdge dif- respective role of residual stress or specific atomic structure
ferent behavior is observed in the two inequivalent directiondor the catalytic activity of these deposits. This is our aim in
of the Ni(110 substrate, with a long periodicity to 11  this paper for the case of deposits of Pd orilll)) and in a
times that of the Ni substrate as a function of Pd coverage range of coverage between 0 and 4 monolayéis). After a

the direction along the close-packgd10] rows, and a brief description of the calculation methd8ec. Il), the op-
simple or double periodicity perpendicular to the rap00]  timal structures are presented in Sec. lll. The associated en-
direction. The complexity of these deposits and the depenergies are then gathered in a surface phase stability diagram
dence of the surface reconstruction with the coverage, mak&ec. 1V). The obtained structures with various sizes of re-
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construction will be associated with their electronic proper-sponds & a 1 monolayer coverage. The choice of a two-

ties, in relation with their potential reactivityfsec. . dimensional(2D) growth for this deposit is justified by the
calculation of the adsorption energy of a Pd atom ofi ),
Il. CALCULATION METHOD AND COMPUTATIONAL as compared to the energy of a Pd atom in Pd bulk. The
CONDITIONS former is 220 meV more stable than the latter, so the forma-

tion of islands of bulklike Pd is not favored and the growth

Pd-Ni surfaces are represented by periodic slabs. The curs in a Franck—van der Merwe mode.

slabs are repeated in a super-cell geometry with at least 8 A g gqrycture is obviously highly stressed since the Pd

of vacuum between them. The Ni substrate is made of 5;,mq are submitted to the Ni parameter, 2.49 A. The stress
Iayers. The repetition vector in thEllO] direction is is Compressive7 and we have shown in a previous W
Adyiniulky » Where A=1-11 anddy;niguk) 1S the Ni-Ni it could be relaxed in an ideal way by increasing the Pd-Pd
distance in the bulk. The calculations were performed usingjistance to 2.72 A. The energy associated with this stress
the plane-wave density-functional code VASE with  relaxation has been estimated to 90 meV by Pd atom. There-
Vanderbilt ultrasoft pseudopotentigis®for both Pd and Ni.  fore, the epitaxial deposit is certainly unstable and should
The exchange-correlation energy and potential are describ&ghdergo a reconstruction to minimize the energy of the sys-
by the generalized gradient approximat{&terdew-Wang 91 tem. Two possible ways to relax this kind of surface have
(Ref. 20]. The comparison of systems with large variationspeen investigated. The first one is the formation of a surface

of the cell parameters imposes a high accuracy irkibpace  alloy, and the second is the development of periodic vacan-
integration. A Monkhorst-Pack mesh of X®x 1 was used cjes.

for A=1 and thek-point sampling density in the reciprocal
space was maintained as constant as possible with the size 2. Surface alloy
increase of the supercell at least for thex 1 structures. For

the 11X 2 structuregcorresponding to a Pd deposit around 4bu
ML), a Monkhorst-Pack mesh ofX13x1 was used: the

k-point sampling density is then lower, due to the size Ofg, 06 pg.Nij alloys formed from Pd deposits associated
these systems that are composed with 190 atoms. HOV"ev%'th various coverage between 0.1 monolayer and 1 mono-

t_he geometric structure is stil conve_rged W'_th these cond|] yer. This allows us to calculate the formation energy of an
tions and the energy allows comparisons with other relate(f1

: S lloyed surface layer with a composition ranging from a di-
systems kel an accuracy of 25 meV/Pd atom, which is conp 4 pg solution to an epitaxial Pd monolayer. Because of
sidered as sulfficient for our purpose.

The structures that we have investigated are mainly inthe use of a periodical DFT code, we can only study ordered
. . Y Talloys[Fig. 1(@)], but, by using large cells with low symme-
duced by the stress that arises from the difference in siz ys[Fig. @], but, by using larg w W Sy

_ fry, the case of unordered surface alloys can be approached.
between the Ni substrate and the Pd absorbate. However, |10 qar to compare the energy of the surface alloys of dif-

our calculations, the optimized Pd bulk diameter happens tQ " g :
. ) . . g erent compositions, we calculate the energy associated with
be a little larger(2.80 A in bulk calculationthan in reality P 9y

L2 ) : an equilibrium between a purely epitaxial Pd/NiO), sur-
(2.75 A).' This is _mamly due'to the approximated eXChange'rounded by a naked Ni10 surface, and the alloyed surface.
correlation functional used in the DFT approach. Hence, aFigure 1b) depicts the energy, by Pd atom, for this equilib-
the bulk calculated Ni-Ni distance is the same as experimen; . v arsus the Pd coverage ,First at low (’:over(zﬁlgls—o 3
tally (2.496 .A versus 2.491 A, respecpvglythe §p|taX|aI monolayey, the alloy is very stable, with a stability of nearly
stress to which the Pd atoms are submitted, is slightly Stronf 55 mev by Pd atom, as compared to the epitaxial surface

ger in the calculated than in the true surface. As we shall S€®or a higher coverage, the energy by Pd atom increases, but

a defect in the'surfa'\ce struptu_res is assumed to allow thﬁ1e surface alloy remains more stable than the epitaxial struc-
stress release inducing periodical structures. Consequent| re in any case

as more stress Sh.OUId induce more defects, we expect that the 5 g point, in order to study the ordering of these alloy
calculated periodical reconstructions are characterized by ases, it is important to test the variation of the energy with
frequency of defects slightly larger than what can be foun he distance between the Pd atoms in the alloy configuration.

experimentally. We can calculate the evolution of the energy of a given slab
containing two Pd atoms, when the relative position of these
two Pd atoms is changed in the elementary cell. For ex-
The calculated structures for the deposits of Pd orample, in a 81 cell with 2 Pd atoms, the system with two
Ni(110 will be presented in this section, starting from low neighboring Pd atoms is only destabilized by 30 meV com-
coverage structurdd monolayer(ML) and les$ and going  pared to a cell with Pd atoms at a distance of 10 A. Then, at

As a solid solution is obtained at any compoaosition in a
Ik Pd-Ni alloy, the formation of a surface alloy can be
expected from a Pd deposit on (l10. We have studied

Ill. Pd/Ni(1100 SURFACE STRUCTURES

to thicker layers up to 4 ML. a given coverage the energy change of different configura-
tions of the alloy is estimated to a few tenth of meV, only.
A. Low-coverage structures The low-coverage calculations have shown that alloying,

which tends to create Pd-Ni bonds, seems to be very favored.
This contrasts with the fact, just shown above, that the rela-

The perfect epitaxial monolayer of Pd{i0) is used as tive position of Pd atoms in the surface, and hence the num-
an energy reference for the Pd adsorption energy. It correder of Pd-Ni bonds, does not significantly change the energy.

1. The epitaxial deposit

085412-2



SURFACE PHASE STABILITY DIAGRAM FOR Pd ... PHYSICAL REVIEW B4 085412

TABLE I. Evolution of the Pd-Pd distance in a Ppair embed-
ded in a Pd-Ni alloy surface, as a function of the composition of the
surface.
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0.75 2.58
0.86 2.54
1.00 2.50

quence, but with all the surface atoms maintained in their
epitaxial sites. In a first approximation, this allows us to
estimate the creation enthalpy of two Pd-Ni bortgtarting
from a Pd-Pd and a Ni-Ni bongsat a frozen geometry: we
find a value of 145 meV. Additionaly, the stress energy re-
lease for the two Pd of the relaxed paired sequence can be
estimated to 120 meV, which leads to the small energy dif-
ference(of only 25 me\j between these two configurations.
We can hence clearly see that the weak mixing enthalpy
between Pd and Ni in these surface alloys is directly linked
to the near cancellation between the Pd-Ni bond formation
energy(which favors the mixing and the surface stress re-
lease(which favors the segregatipim Pd islands with larger
distance between Pd atoms and Ni islands with shorter Ni-Ni
distances (the surface atoms tend to be under tensile
stresé??).
Furthermore, at a temperature of 600 K, which is the an-
: : : nealing temperature for these systems, the mixing entropy of
0.2 0.4 0.6 0.8 1 . ) . 9
P —— a disordered surface alloy gives a typical s'tablllzatl'on of 7'0
meV by Pd atom. Then, the free energy gain associated with

FIG. 1. Surface alloy for Pd on Ki10). (a) Surface view of an the mixing entropy at a coverage of 0.25 ML is larger than
ordered configuration for a Pd coverage of 0.5 ML. The Pd atom idh€ 10ss of enthalpy linked with the access of less stable
indicated by a dark ball, while the Ni atom is shown as a smallercOnfigurations with closer Pd atoms. Hence, we expect a dis-
light ball. (b) Energy(eV per Pd atomvs Pd coverage. The limiting ordered surface alloy.

structure for a coverage of 1 ML is the epitaxial deposit, and it is _|f the alloy is Stgble at low coverage, itis rapiqlly desta-
the energy reference. bilized when reaching the 1 ML situation. In the dilute case,

. ) ] the particular stability from the alloy structure can be asso-
So, something must counteract the creation of Pd-Ni bondgjated, on one hand, with the creation of Pd-Ni bonds that
to explain this small energy dependence of the relative Pdpnear to be energetically favored, and on the another hand,
position. A good candidate is the stress release linked it the fact that nearly all the Pd stress can be released in
the difference of size between Pd and Ni. This phenomenop,any surface Ni atoms that elastically absorb this stress.
can be demonstrated on the example of>al4alloy cell 1o effects concur to destabilize the alloy at a coverage
with two Pd atoms by comparison of the two following Se- |5rger than 0.5 ML. First, the average number of Pd-Ni
quences: the alternating sequence Pd-Ni-Pd-Ni and thg,nqgs decreases with the coverage. Second, the release of the
paired sequence Pd-Pd-Ni-Ni. The energy difference bezompressive stress for the Pd atom is reduced. This can be
tween these two cells is smalaround 25 meY as found  jysirated from the variation of the Pd-Pd distance in a sur-
_prewously_ for the larger & 1 ceII._The al_ternatlng SeqUeNce face pair, when the Pd coverage is changed. Compared to the
is constrained by symmetry, having all its surfaces atoms 0@ jtaxial situation, the Pd-Pd distance is strongly increased in

epitaxial sites: it cannot release .the stress. However, there & Pd coverage alloys, while the stress realeased is rapidly
four surface Pd-Ni bonds by unit cell. In contrast, the paired,ingered for higher coveragéSable |).

sequence cell has only two surface Pd-Ni bonds but the sur-
face atom can laterally relax to partially decrease the stress:
the Pd-Pd distance increases to 2.66 A, and the Ni-Ni dis-
tance decreases to 2.36 A. In a previous Letter, we have studied the case of periodi-
In order to detail the influence of relaxation on the surfacecal vacancy formation in the depoSiThis family of struc-
energy, we have then calculated the energy of a paired sédres is obtained from the 1 ML epitaxial situation by remov-

E (eV/Pd atom)

3. Vacancy structure
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- g FIG. 3. Registry of vacancies in the direction perpendicular to

the rows:(a) surface view of an example of possible separations
between vacancies on adjacent rows; the arrows indicated the in-
phase(favorable or out-of-phase(unfavorable relaxation of the

FIG. 2. Stress release with periodic vacancies in the Pd oversubstrate Ni atoms(b) surface energyeV) vs number of sites
layer: (a) surface view for 6 Pd atoms on 7 Ni substrate atofhs; between vacancies.
energy(eV per Pd atomvs the number of Pd atoni¥ between
vacancies. The energy reference is the epitaxial monolayer deposiire in-phase and increases strongly with the vacancies sepa-
ration: the energy increase is about 200 meV for a distance of

ing periodically one Pd atom from the adlayer, in fiel0]  three sites between the vacancies, compared to the in-phase
direction. SoN atoms remain in the adlayer and the period-situation(0 ;ites). This effect exp_lains why all the vacancies
icity of the structure in thé 110] direction corresponds to tend to be in-phase, therefore inducingNa1 reconstruc-
(N+1) Ni atoms in the substrate. The structure had beefo": This curve can be explained by taking into account the
called N/(N+1), with N varying between 2 and 9. Figure underlayer Ni substrate. The Pd atoms at the end of the Pd
2(a) shows the \}acancy obtained in a 6/7 structure. island exert forces on the underlying Ni atoms so that they
Concerning the stability of these structures, the main reMove in the direction that reduces the cost of the epitaxial
sults are recalled below. The adsorption energies of th&Nergy- When the vacancies are in-phase, the Ni atoms which

N/(N+1) structures are presented in FighR as a function  aré shared by the two rows are pushed in the same direction,
of the numbem of Pd atoms. This curve presents a mini- &S shown in the case of the Ni underlayer between rows A

mum aroundN=4—6 corresponding to an average Pd ad-and B[see whitg arrows in Fig.(d]. In contrast, as illus-
sorption energy of 56 meV/atom. The shape of this curvd@t€d by the white arrows between rows B and C, the two
was discussed as coming from a competition between thre?ftS Of forces coming from the B row, and from the C row
main contributions’the vacancy creation energy that results&'® Sh_'fted, a”‘?' on most of the Ni atoms the forces have
from a Pd-Pd bond breaking, the stress release energy th@pPosite directions. So, when the vacancies are out of phase,
comes from the fact that the Pd-Pd distances relax and i€ underlying Ni atoms are pushed in opposite directions
crease as compared to the epitaxial situation, and, finally, th@nd cannot move. This local stress increases the energy. So,
epitaxial contribution due to the displacement of the Pd oufn® Peculiar reconstruction of this family 8 (N+1) struc-
of their Ni-epitaxial sites. tures appears to be driven by the relaxation of stress, both in
In the [001] direction, there is a correlation between thethe[110] and the[001] directions.
Pd rows that could explain why, at low coverage, ordered .
periodical structures are observed by STM. ForxaZ7cell, 4. Reaching the 1 monolayer structure

with a vacancy in each of its twp110] rows, we have Within this stress release mechanism by vacancy forma-
calculated the energy as a function of the number of sitetion, the coverage is always lower than one. It is, however,
separating the two vacancies. Figur@)3illustrates a case possible to reach the monolayer in a similar reconstruction if
with two in-phase vacancigsows A and B, and a case with on aN/(N+1) structure, one additional Pd atom is added
a separation of two sites between the vacan@i@ss B and  covering a site between two adjacent vacangkdg. 4(a)].

C). The energy{Fig. 3(b)] is minimum when the vacancies This adatom looks like the starting point of a second layer
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£ FIG. 5. From the vacancy to the defect structure: adsorption
= -0 energy(eV) of a Pd atom on &l/(N+1) structure, ve\.
% -0.03 . . .
5 +1) structure versud induces an increase of the optimal
& .0.04 cell period. We can conclude that thé&l{1)(d)/(N+1)
structures are stable, since they keep much of the stress re-
-0.05 lease of theN/(N-+1) Pd islands, while the Pd adatom
- . . . . . brings a compensation to the bond loss associated to the
3T 4 5 8 7 8 9 vacancy formation.
N This (N+1)(d)/(N+1) family is intrinsically less stable

than theN/(N+ 1) structure, but it can accomodate more Pd

FIG. 4. 1 ML coverage: S'[I'IESS release by formation of a defect Irby unit cell than theN/(N+1). Its absolute stability will be
the Pd overlayerfa) surface view;(b) energy(eV per Pd atorhas discussed in the phase diagram section.

a function of the number of Pd atoms separating the defects. The

energy reference is the epitaxial monolayer deposit. .
B. High-coverage structures

over a defective first layer. This set of periodical structures is In order to hint for surfaces that are experimentally more
called (N+1)(d)/(N+1), where N+ 1) corresponds to the active for _cataly3|s, we have studied other families of struc-
number of Ni epitaxial sites by unit cell as well as the num-tures at higher coverag¢g—4 monolayers
ber of deposited Pd atoms, making up a def@itmono-
layer. 1. 2 monolayer structure

For this N+ 1)(d)/(N+ 1) family, the energy curve, ver- The more obvious way to get a stable higher-coverage
sus N, is depicted in Fig.(8). It presents the same shape asstructure is to start from theN+1)(d)/(N+1) structure
theN/(N+1) structure energy behavififig. 2(b)], the main  and build up a second layer ®f Pd including the adatom
feature being a shift in the minimum position. The optimumpreviously mentioned. This family has a coverage close to 2
period is aroundN=8, with an energy of-48 meV by Pd ML [2N/(N+1), whereN+ 1 is the number of Ni sitgdsand
atom. Therefore, in theseN(+ 1)(d)/(N+1) structures, the is illustrated in Fig. €), in the case oN=6. The optimiza-
Pd atoms appear to be nearly as stable asNAHeN+1) tion of the structure shows that the second Pd layer presents
structure, despite the Pd atom on top of the vacancies. What periodical undulation, but without any vacancy. This kind
is the energy contribution of this peculiar adatom? The comef structure can be seen as a starting corner dislocation that
putation of the adsorption energy of one Pd oN/dN+1) allows the transition between the underlayer bf+{1) Ni
structure, giving al+1)(d)/(N+1) structure, is presented atoms and the surface layer NfPd atoms. Dislocations on
in Fig. 5. The adsorption energy becomes more and morheteroepitaxial deposits have been observed in many
favorable a\ increases. This behavior can be related to thesystems=-2° The top Pd atoms are then close to their opti-
vacancy size of the underlaying/(N+1) structure. ASN  mal parametef2.75 A) and the stress can be considered as
increases the vacancy length is decreasing, and the adsompainly released from the creation of this array of disloca-
tion of the adatom becomes more stable, by optimizing the&ions. The energy behavior of this 2 ML family, versus the
Pd-Pd and Pd-Ni bond distance. The balance between thimumberN of surface Pd, has still the same shape as in the
adsorption energy and the energy behavior of NN two previous structuregFig. 6(b)]. The energy by Pd atom
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0.095 s s . . s (b) [001]
2

N FIG. 7. 4 ML deposit structure with an array of corner disloca-
tions at the interface: X 1 reconstruction(a) view along thg 110]
direction (5 Ni substrate layers are shown in light bgllg) view
along the[001] direction: no pairing present.

FIG. 6. 2 ML deposit structure with vacancies in the first layer:
(a) surface view;(b) energy vsN (number of Pd atoms in the first
layer separating the vacancigghe energy reference is the epitaxial

monolayer deposit. 7x2 structure converges to an island aggregation in the

. _ [110] direction[Fig. 7(a], with no pairing in the[001] di-
curve presents a minimum fot around 4. With our energy yaction and a geometry converging toward & T structure

reference_, thg minimun energy is 0.1 eV less stable than thﬁfig. 7(b)]. In the vicinity of the vacancy, there is a large
p_urely eplta_X|aI surface at 1 ML coverage. Then, the adsorpbuckling in the the Pd second layer, and the influence of the
tion energy is weaker than that of the Pd monolayer. We havgqiocation propagates up to the surface layer. With this short

also tried to find @\ X2 reconstruction for this coverage, but genaration between dislocations, the resulting Pd-Pd distance

none was found to be stable. is large (up to 2.91 A and the initial compressive stress in
the epitaxial system is overcompensated.
2. 4 monolayer structures The 11X 2 structure is much more ordered and shows two

The optimal catalytic activity is obtained for deposits kirljs of perpendicular reconstructions. The first one, in the
around 4 ML. Therefore, we studied structures that comé110] direction[Fig. 8@], can again be seen as a disloca-
from the growth of the previous 2 ML structure, just by tion. Compared to the previous structure, the dislocation is
filling two more layers. The final coverage corresponds to 4Nmuch more localized at the interface and the ordered struc-
Pd atoms oveN+ 1 Ni sites, with the dislocative vacancy in ture more or less recovered already in the second Pd layer, in
the first layer[Fig. 7(a)]. Experimentally’® the surface was the[110] direction. The Pd-Pd distance along the row at the
found to be reconstructed infax 2 way (A=9-10). So, in  surface ranges between 2.73 and 2.75 A, close to the optimal
order to investigate this behavior, we have computdd ( Pd diameter at surfaceThis structure shows a second recon-
+1)X2 cells, but, because of the large size of the cell, thestruction, in thg001] direction[Fig. 8b)], which has a pair-
calculation of all the members of this family was not pos-ing and buckling structure. Such a pairing reconstruction was
sible: the 1 2 structure needs an unit cell with 190 atomsshown to be unstable for a pure (R#0 surfacé’ and is
and 1900 electrons, which is very large in terms of computspecific of these deposits on (110. At the surface new
ing time. Therefore, we have only studied th& Z (Fig. 7), Pd-Pd bonds are formed between adjacent rows, while the
11X 2 (Fig. 8), and the X2 epitaxial 4 ML surfaces. The distance between Pd neighbors in the first and third layer is
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273 A 275 A turei. If n; andn, are the number of unit cells of the struc-
tures 1 and 2, respectively, we get the following equations,
from the conservation of the Pd atoms and of the number of
epitaxial sites:

Vai /l i [} i [ —4 W 4 st_SZN
NN ’ INZT ‘ " === 3
‘ 22K | K LSIN— SN
| v | / 4 | 4

and analogously fon,.

So, when a surface with a mean Pd coverage dfsso-
ciates into two phases formed by structures 1 and 2 that have
a coverage rate; andr, and a Pd adsorption ener§y and
E, respectively, the average adsorption endtgyf Pd atoms
on this the surface is given by

(@)

— T T3 T—T1
TE= 71E1+ '7'2E2. (4)
T1— To To— Tq1

Therefore, the relevant energy variable appears tetbe
for describing the phase stability diagram. This is the average
adsorption energy of Pd atoms by Pd atom and by Ni site and
the most stable surface minimizes this energy.

This relation can be modified using an homomorphic

(b) transformation. Let us define the reduced coverage

r_ T

FIG. 8. 4 ML deposit structure with an array of corner disloca- i~ 1+7° ®
tions at the interface: 42 reconstruction:ia) view along the
[110] direction;(b) view along the[001] direction. Displacements Then, we get
for the pairing reconstruction are indicated by arrows.

r_ ! '

i i ) = T Tz , T Tl ,
increased. Moreover, the detailed structure and behavior of TE= —— B+ —— ;. (6)
these surfaces was compared, with very good agreement, to T1™ T2 T2 T1

experimental result® . e
This transformation induces a change of scale: as the cover-

age is varying between 0 and, the reduced coverage
has a range between 0 and 1.

In the previous section, we have shown that many locally Then, we express the reduced energ§ of all our struc-
stable structures can exist for the Pd/NIO) surfaces. The ture versus their reduced coveragfe In this representation,
question that needs now to be clarified is to classify the stathe stable structures are associated with the convex envelope
bility of all structures and to extract some phase stabilityof the whole set of curves. When the curve of a family con-

IV. PHASE STABILITY DIAGRAM

diagram as a function of the Pd coverage. stitutes the convex envelope, it means that these structures
are stable. In contrast, when the convex envelope is created
A. Comparison between structures from a straight line between two structures, the surface com-

position is a mixing of these two structures. In that case, the
lever rule gives the proportion of the two structures by the
N relative position of the total reduced coverage on the line.

=3 (1

In order to built the phase stability diagram we define

) B. Entropy
where 7 is the mean coverage of a total df Pd atoms

deposited orS epitaxial site of a Ni surface. If two different 10 get the proper phase stability diagram at temperatures

structures 1 and 2 coexist at the surface, the local coverag@Ver 0 K, we have to take into account the entropy as part of
7, and 7, are defined by the free energy. But, for condensed matter, entropy is always

quite difficult to extract completely from calculations. So, in
. this article, we just consider the mixing entropy: since the
Uy (i=1,2 (2)  surfaces presented are analogous, with Pd deposited on the
same substrate of Ni, the vibrational entropy is expected to
whereN; and S; are, respectively, the number of Pd atomsbehave similarly for all them and can be neglected for com-
and of epitaxial sites in the unit cell of the considered strucparisons.

085412-7



J.-S. FILHOL, D. SIMON, AND P. SAUTET PHYSICAL REVIEW B4 085412

‘ ‘ ‘ ' ' into the 8()/8 structure and the alloy surface of composi-
0.20 - | ——alloy T=0K 0.2 tion 7' =0.4. At 7' ab 0 P
——alloy T=600K T 4. At 7' above 0.5, the phase stability diagram
0.16 [ | —o—N/(N+1) 1 0.16 presents another envelope between ffth/8 structure and a
i(z’:l‘;(‘h)lﬂ))’(””) / 4 ML surface. From a quadratic fit with the calculated 7
S 0120 | aNiN+1)xe o ,0oqoe X2, 11X 2, and 1x 2 structures, the most stable 4 ML struc-
- oos| 2 L e tures can be assigned to<2 or 10X 2 surfaces, which cor-
E_’ 5/ respond respectively ta’ around 0.78. So, the surface
® 004 L, 1 0.04 should present a mixing between the 1 ML and 4 ML struc-
0.00 4 1, tures. Between these two limit structures, the phase stability
‘ diagram shows that the 2 ML surface is less stable than the
0.04 1 004 mixing. Nevertheless, some other possibilities could be in-
‘ ‘ ‘ , vestigated: for example, the structures around 3 ML (
0 01 02 03 04 05 06 07 08 =0.75) might happen to be stable and then induce other
T mixing lines. However, the shape of our phase stability dia-

am should not be strongly modified.

To summarize, in this phase stability diagram, three kinds
for several families of deposit structures: surface alloys With of stable structures appear: the family of surface alloys, up to
triangles and without(plus mixing entropy contribution, vacancy 7 = 0-4, the 1 ML defect structurg8(d)/8] and the 4 ML

structure(circles, defect structur¢squarey 2 ML (crossel and 4 Structurg, with a &2 or 102 reconstruction. It must be '
ML (down triangles structures with an array of dislocations at the €mphasized that these stable structures are not necessarily

interface. The dashed line forms the convex envelope of these efihose that have the strongest Pd atomic adsorption energy,
ergy curves. The energy reference is the epitaxial monolayer desince the total energy of the surface per unit area takes into
posit. account the number of Pd atoms on the surface. For instance,

the alloy surface at’>0.4 still has a Pd adsorption energy
The mixing entropy is large for the alloy phase, that welarger than that of the 1 ML structure, but a better energy
consider to be unordered. To express this entr@py Pd  compromise is found by disproportionating in thé=0.4
atom we use the classical canonical expression for alloys: and the 1 ML, 7' =0.5 structures. Theses two limits allow
the minimization of the average energy by Ni surface area.
=1 7 7 1-27 [1-27 Similarly, the adsorption energy of the Pd atoms on the
AS=kg— L ’In< 1 ,) + T In( T ) ; N/(N+1) structure is largefFig. 2(b)] than that of the Pd
T o o7 o o atoms on the &{)/8, 1 ML, surface. But, the latter can ac-
commodate more Pd atoms than the former, for the same Ni
whereAS is the mixing entropy by Pd atom on the surface surface area, then, it minimizes the total energy of the sur-
andkg the Boltzmann constant. We transform this expressiorface.
to get the reduced entropy:

FIG. 9. Phase stability diagram showing the reduced energ)gr
7'E(7") (eV) vs the reduced coverage (see text for definition

V. DISCUSSION: VARIATION OF ELECTRONIC

7' AS=kg[(1—7")In(1-7")—7'In(7") —(1-27") PROPERTIES

XIn(1-27], (8) As shown in the previous section, the deposits of Pd on
where 7’ AS is the reduced mixing entropy by the Pd atom Ni(110 surfaces present a large diversity of structures as a

and 7’ is the reduced coverage. All the other structures wdunction of the coverage. Surface phase transitions occur,
have studied in this article are highly ordered, so their mix-changing the composition and the geometrical aspect of the
ing entropy is considered as negligible. top layer of Pd atoms. Can we relate these structural varia-

tions with the catalytic activity and selectivity of the surface?
Actually, this investigation needs a specific study of the ad-
sorption and reactivity phenomena induced by these peculiar
Figure 9 presents the phase stability diagram for the desurfaces. Nevertheless, assuming, as is usually done, that the
posits of Pd on Nil10 surfaces, showing the reduced en- adsorption and the reactivity are mainly related to the elec-
ergy as a function of the reduced coverage. At low coverageronic structure of the metal surface, it is important to under-
the stable structures are the alloy surfaces. At 600 K, thistand the electronic features of the surface structures that we
structure is stable betweet\=0-0.4, and even at 0 K, with- have emphasized from our phase stability analysis. This can
out the stabilization due to the mixing entropy, it appears tabe done by using the local density of state®OS) associ-
be stable as far as’=0.38. Betweenr’=0.4 and 0.5, the ated with the various Pd atoms of the considered surfaces. A
stability curve is a convex envelope, which means that thelescriptor of the chemisorption properties that was used
surface is formed by the coexistence of two phases: the supreviously®~3is the center of thel band of the LDOS of
face alloy, with a composition’ =0.4, and the 1 ML struc- the surface atoms. There, we will present two parameters: the
ture (7'=0.5), described in Sec. lllA4, the most stable d-electron energy average on the occupied staiggvery
within this family being the 8¢)/8 surface. The vacancy close in practice to the center of tHdand, and the width of
structure,N/(N+ 1), appears to be unstable: it dissociatesthe occupiedd band, ,. These two parameters are usually

C. Stability of these structures
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alloy T surface Pd neighbors, in the considered structure. All non-
5/6 o | equivalent Pd atoms are indicated for each structure. This
9(d)/9 average distance is related to the compressive stress “felt”
AML 11x2 o by the Pd atom.in the deposit: a shprt Qistam:é9 A fora
epitaxial 1/1 Iarge.compresswe stress on th_e epitaxic structyre, and a larg-
Pd(110) o ¥ T est dlstance_ when the_ stress is released, as in reconstruc_ted
v structures with vacancies and defects. The largest Pd-Pd dis-
I tance (2.80 A) corresponds to the pure Ad0 surface. A
7.00 | +o J linear correlation appears between this local atomic Pd-Pd

a distance and the change in the electronic propertjgsand
=t 77,. This behavior has already been theoretically predicted in
many homogeneous surfaces under stte§s!#and it is ex-
tended here to surfaces presenting Pd with different residual
stress and local distance environment. The correlation previ-
I ously described between thieband center and thd-band

-7.40 L L L L width is clearly visible by comparing Figs. @ and 1@b).
(a) 24 25 26 2.7 28 2.9 The strongest effect of the stress can be observed directly on
pd-pd the epitaxial 1/1 structure, corresponding to the parameter of
145 the Ni sublayer, 2.496 A. It presents a large decrease of the
] ' T mean energyy,=—6.60 eV, and a marked increase of the
width, 7,=1.19 eV, as compared to the pure(PLD) sur-
C face with the 2.80 A parameterpg=1.38 eV, andy,=
1.35 b ] —7.24 eV. The shorter Pd-Pd distance increases the cou-
s pling between Pdl states on the surface, and hence the
L Pa ] band is wider than that of the pure Pd surface. Being wider,
[ s the d-band center is lower in energy, in order to prevent a
125 L +0 ] loss of electronic population on the Pd atoms. In the vacancy
. tS structure, N/(N+1), and the 1 ML, N+1)(d)/(N+1),
L ve ] structures, the effect depends on the Pd environment since
3 alloy the local stress is not homogeneous. The surface Pd atoms
5/6 ] yield a wide set of average distances between one given Pd
ilflldl_)/191x2 e and its neighbors. So, the electronic properties of these sur-
epitaxial 1/1 ] faces are finely tuned by the selected Pd atom position and
C Pd(110) residual stress. This can be seen in Figgajland 1@b) in
106 L e, s e the case of they; and », electronic properties for the vari-

b 24 25 26 q 2.7 28 29 ous surface Pd atoms of the vacancy 5/6 and the defective
(b) pd-pd 9(d)/9 structures. The main effect of the increase of the
stress on the Pd atoms is to decrease the bbaind average
aenergy 7, and to increase thd-band dispersion widthy,.
The alloy Pd surfaces presents the same electronic behavior
as a compressed Pd structure. For the 0.5 ML, with the Pd-

-6.60 H

® 6 4O 0 +

-6.80 H

n,(eV)
o]

-7.20 | + -

n,(eV)

115 [

® 64030 +

FIG. 10. Electronic properties of the surfaces projected on
surface Pd atom(a) d-band center energy;; (eV) vs average
Pd-Pd distance(b) d-band width %, vs average Pd-Pd distance.

Structures are pure PHLO) (black diamong, epitaxic 1 ML deposit OO . .
(black circle, surface alloysplus), 5/6 vacancy structurgsircle), T d-Ni-Ni surface unit cell, the positions of thg anAd 72 are
9(d)/9 defect structurdsquarg, 4 ML array of dislocations with N agreement with the Pd-Pd distance of 2.66 A. This con-

11X 2 reconstructior{down trianglé. firms the compressive stress to which Pd atoms are submit-
ted, as we have assumed to explain the energy behavior of
correlated: a more narrod/band with identicall band cen- the alloy surface. As the alloy dilution increases, an increase
ter would have more states below the Fermi level, for metal®f 7, and a decrease of, are observed. This is fully con-
on the right of the periodic table, such as Pd or Ni. Thissistent with a stress decrease.
would result in a charge transfer toward ttiestates. Self- The four layer 1X2 surface has a different geometry
consistent field effect will prevent this charging, and the since it shows a pairing reconstruction in {1®0) direction.
states will shift up in energy in order to give a quasi-charge-However, this reconstruction seems to have little influence
neutrality. Hence narrow bands will have a higlteband on the average electronic properties of the surface atoms,
center energy compared to wide bands. Three aspects of tiséce the 1X2 surface follows the same linear correlation
surface structure can be analyzed throughand 7,: the  as the other structures. Two electronic structures clearly de-
effect of surface stress, the influence of surface alloying, angart from the linear correlation, especially with a reduced
the role of theA X2 pairing reconstruction. The computed bandwidthz,. These correspond to atoms with smaller me-
values of; and », are given in Fig. 10, as a function of the tallic coordinations: the Pd atom next to the vacancy in the
surface Pd-Pd distance, calculated as the average distanf system and the one capping the defect fai)#q.
between the considered Pd atom for the projection and all its We conclude that the stress on the surface Pd atoms has
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large consequences on the electronic properties, with a widéween the stress and the epitaxy seems to drive the observed
and lower projectedl-band DOS for locally compressed at- reconstructions, yielding a wide range of dislocative struc-
oms. Of course, this behavior can strongly influence the retures. In the alloy case, the stress is opposed to the alloying,
activity of molecules adsorbed on these surfaces. One poignd as the coverage increases, the stress is becoming so
that appears here is that the ideal structure of purely epitaxiagtrong above 0.67 ML that this induces a demixing of the
Pd/Ni(110 is subject to a strong stress and hence its elecalloy. The calculations show microscopic structures for cor-
tronic structure is far away from that of more stable surfaceser dislocations: at 1 ML, the dislocation is reduced to a
which have been extracted from the phase diagram, ansimple vacancy with a Pd atom on top. The stress in the

where a large part of the compressive stress is released Y 10] direction is efficiently released, but there is still some
formation of arrays of dislocations. So, model epitaxial sur-residual stress in thE001] direction. This stress increases
faces seems to be quite far from more realistic ones, and aggith the coverage and finally induces soh& 2 reconstruc-
expected to behave differently. To explain more precisely thgjons that are not stable for the pure(Pt0) surface. These
surface reactivity of these kind of bimetallic compounds, itstructures present very peculiar surface coordinations with
might be important to take into account the electronic propmearly square surface sites and important subsurface buck-
erties of the realistic stress released stable structures. Surprifng and pairing reconstruction. They are expected to have
ingly, the four-layer deposit, which gives the largest activity, particular behavior for many catalytic reactions. Another as-
is the one with the smallest strain in the surface Pd atomsyect associated with the complexity of these structures is the
compared to pure Pd. It shows the weakest increase igjspersion of the local stress. This is associated with an im-
d-band width, and the smallest-band center down-shift portant change in the electronic properties, with the variation
compared to Pd. This could put some doubts on the relatiogf the projectedd-band centerp; by 0.5 eV andd-band
between strain and reactivity in this case, although the obgigtnh 7, by 0.2 eV. The control of the deposit coverage
servedd-band shift is still around 0.25 eV. Three hypothesiscoyld be an useful way to tune the electronic properties of a
can be put forward in order to explain this increase of reacsyrface and to design optimized catalytic surfaces for a cho-
tivity. First, the electronic structure needs to be analyzedep reaction.

since specific orbitals a$z®> can have a crucial influence in The next step is then to understand the link between the
the interaction with molecules. Then, it could also be ex-syrface structure and electronic properties, and the reactivity
plained by the presence of defects that could be especiallyf molecules on these surfaces. For that purpose, studies of

reactive, as shown by recent calculatidh#doreover, upon  the reactivity on these surfaces and their link to the surface
adsorption, but also during the activation step, importankirycture are under investigation.

structural changes could appear on the surface and thus the

reactivity behavior of these surfaces cannot be simply ex- ACKNOWLEDGMENTS
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