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Migration of the subsurface C impurity in Pd (111
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The diffusion of subsurface impurities such as C in palladium surfacékldf orientation has been studied
under the generalized gradient approximation combining a pseudopotential plane wave scheme as implemented
in the VASP code with the aim of providing a better understanding between theoretical and experimental
behavior. We analyze the stability of different subsurface sites, the energy barriers separating them from
neighboring sites and the corresponding energy profiles. It is found that the most stable sites are located
between the first and second surface layers, in good agreement with the experiments.
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I. INTRODUCTION I. METHODOLOGY

The presence of small quantities of impurities can alter All geometry optimizations and minimization of the total
the structure and reactivity of materials such as optical, me€nergy have been performed using the VASP progtéithe
chanical, and electronic properties of crystalline solids of<0hn-Sham equations of the DFT have been solved with the
surfaces. This change in electronic structure can affect th@eneralized gradient approximati6BGA) proposed by Per-

6 S ; ;
local reactivity of the substrate by enhancing or decreasingeW I:;md Vf\:ané, ‘an t[\e ?I%trontlr?nt mferactlon described
the ability of the surface to bind adsorbates and catalyz y ultrasolt pseudopotentials, so that plane-wave expan-

: : . .“sion can be truncated at a cutoff energy of 290 eV. For the
reactions. Cleaning by sputtering and exposure to reactiv rillouin-zone integration a ¥ 3x 1 Mognykhorst-Pack spe-
gases under ultrahigh vacuum conditions is usually sufficienCial k-points grid has been used for tlﬁé\s’§><2\s‘“§) R30°
to temporarily remove impurities bound externally to the SUT0nit cell. Finally, a spin-restricted approach has been em-
face or S|tuat¢ din Fhe f(_aw outerr_nost layers of t.he crystal. Ir&gyed since spin polarization effects have been found to be
SOme Cases |mpur|t|es_|n S“‘?h sites can be quite stable, wi gligible. Despite the intrinsic error of the GGA in vacancy
significant energy barriers either to segregate onto the SUksrmation in metalg, this approach has been successfully

face or migrate deeper into the bulk. Despite the interesiiseq 1o investigate Pd surface phenomena with accurate
generated, little is known about the diffusion processes ofggyitsio-13|n these references, a cutoff energy of 250 eV is
these subsurface impurity atoms. used together with a 88X 1 k-points grid for a X 1 sur-
Recent STM experimentts report the presence of three face cell. We have carried out convergence checks regarding
types of impurity in the(111) Pd surface trapped between the the cutoff energy for the plane waves as well as kisoint
first and second surface layers in interstitial sites. O and @rid for our systems, the difference in energy being in the
have been proposed as the most likely candidates for the swder of 0.002 eV.
calleda and 8 impurities, respectively, while the presence of  The surfaces were represented by periodic slabs using a
S is confirmed by Auger spectroscopy. Thend 8 impuri-  vacuum of at least 10 A between them. Two slab models are
ties occupy octahedral sites. Third impurity, sulfur is locatedused, a three-layer slab containing 36 Pd at¢Rig. 1) and
in substitutional sites in the first layer. The diffusion of thesea four-slab model containing 48 Pd atoms. The latter is used
species is remarkable in that it appears to be confined to ther studying the diffusion to the bulkSec. 11l O. Tests re-
plane parallel to the surface, and could be measured directigarding the slab thickness show that the difference in surface
from the STM images at low temperatures. The values obenergy between a bare three- and four-layer slab is
tained for the diffusion activation energies were 0.65 and?.008 J m? which is rather small. Our models represent a
0.72 eV fora and B impurities, respectively. good compromise between accuracy and computational limi-
In this paper, we analyze the diffusion of a carbon impu-tations. The dimensions of th@y3x2y3) R30° unit cell
rity that can be present under the surface of1Rd) by  used in our calculations are 9.52®.526 A and is 12 times
means of periodic calculations. We discuss the stability obigger than the X 1 unit cell. The topmost layer was relaxed
the impurity atoms in octahedral and tetrahedral interstitiain all calculations, whereas the bottom one was kept fixed to
sites, and their barriers for interstitial diffusion. Diffusion the relaxed slab positions of the clean(PHl) surface. The
toward the bulk and to the surface is found to be less favorintermediate layers are selectively relaxed depending on the
able than the horizontah plane motion: the impurity atom system, the first neighbors of the impurity being always re-
is then trapped in the subsurface in agreement with the edaxed in their x,y,z positions. Relaxation of the second
perimental results. Energy profiles are calculated and thaeighbors around the impurity results in a gain in energy of
transition states associated to diffusion are characterized. at most 0.05 eV. However, for some systems relaxation of
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TABLE I. Relative energy in eV for the different sites in the Pd
slab. TS indicates the energetic barriers of the transition states. The
imaginary frequency associated to the transition vector is also
shown in cm?. Three diffusion paths of the C atom have been
explored, horizontal diffusion, vertical diffusion toward the bulk,
and vertical diffusion toward the surface. The fourth column indi-
cates the Pd atoms close to the studied site as labelled in (€jg. 1

AE Imaginary frequency Neighboiig. 1(c)]

\ / X ARY
\/ Wé@\ Horizontal diffusion
)4 ?ﬁ@% X tetl 0.41 12,35
= 4\77 tsl 0.74 131.1 2,3,5
oct 0.00 2,3,4,5,6,7
FIG. 1. Slab model for Pd111). (A) Top view, the X1 and ts2 0.86 347.3 46,7
(2y3%2y3) R30° unit cells are shown in bold and dashed lines, tet2 052 4678
respectively(distances in A The octahedral and tetrahedral sites I
are displayed(B) Side view of the(2y3x2y3) R30° unit cell Vertical diffusion toward the bulk
involving 36 Pd atomsthree layers of Pd, each layer contains oct (layer ) 0.00 2,3,4,5,6,7
12 Pd atomk (C) Detail of the sites present in the slab, octahedral ts1’ 1.93 312.3 5,67
(oct and oct) and tetrahedra tetl, tet2 and tet). tett’ (layer 2 1.14 5.6.7.9
tet2 (layer ) 0.63 4,6,7,8
the second neighbors resulted in severe energy convergence 2 1.80 397.9 6,7.8
problems and only first neighbors were relaxed for all sys-oct' (layer 2 0.27 6,7,8,9,10,11

tems. Thus, 0.05 eV can be considered as a measure of the

" Vertical diffusion toward the surface
degree of uncertainties due to the method and model used

and shows the reliability of the approach chosen. oct 0.00 2:3.4.5,6,7
The energy profiles for the different diffusion processes ts’ 1.21 219.7 23,4
have been calculated. The position of the projection of the s 0.66 2,34
impurity atom on the surface plane is taken as the reaction  tetl 0.41 1235
coordinate, the coordinate of the impurity is optimized to- ts1”’ 1.03 126.7 1,2,3
gether with the nearest atoms of Pd. The transition states s’ 0.72 1,2,3

associated to such processes are calculated, the atom beiRg
initially placed in a triangle of Pd atoms at the border be- B _ o o
tween two interstitial sites. The validity of the transition state ~ A. Stability of the carbon impurity in interstitial sites

obtained in this way was checked by a full vibrational fre- Atomic carbon has been propOSed to belﬂqmpunty in
quency calculation achieved by calculation of the HessiasTM experimentd.We have then explored the stability of
matrix followed by a diagonalization procedure to obtain thesych species at different sites in the surface. The highest
eigenmodes. The corresponding transition states only prese§ymmetry sites are octahedi@pct) and tetrahedral with up
one negative force constant. We then checked that the eigegnd down orientatiofitetl and tetas in Fig. 1c). We have
vector associated with the negative force constant was rsxplored the first interstitial regiofbetween Pd layers 1 and
lated to the considered reaction pathway. This procedure ab) and the second interstitial regi¢between Pd layers 2 and
lows one to obtain accurate transition states and activation),

barriers. The details of the geometry, energetics, and vibra- The insertion of a C atom in a Pd slab is exothermic
tional frequencies of these transition states are reported in th@ositive valug calculated by the formula

following section.
Bins= (EC + Eglan~ EC+sIat)

the most stable site being the octahedral &it&5 e\j in the
1. RESULTS AND DISCUSSION first interstitial region in agreement with the STM experi-
ments. Table | shows the relative energy for the different
We have considered the presence of a C atom in &ites. Diffusion paths are discussed below. The imaginary
Pd(111) slab. As a first step, the stability of the impurity is frequency values associated to the transition states are also
analyzed at both octahedral and tetrahedral subsurface siteshown in Table |.
Then, the pathways for migration of such impurity trapped
between the first and second Pd surface layers are calculated
and the associated transition states are characterized. Finally Figure 2 shows the schematic reaction path for the two
the possibility of a migration process toward the bulk and topossible interstitial diffusion pathways of C confined be-
the external surface are also considered. tween the first and second layer.

B. Horizontal diffusion
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i S S S T S S S FIG. 4. Energy profile for the vertical motion of C atoms during
032 034 036 038 040 042 044 046 048 050 7 diffusion toward the surface. Relative energy in eV, selected dis-
tances in A.

FIG. 2. Energy profiles for the diffusion of interstitial C impu-
rities from octahedral to tetrahedral sites through two transition
states. Relative energy in eV, selected distances in A. this case we have used a four-layer slab. There are two pos-
sible pathways for the migration of C from an octahedral
Tetl— Oct: A straight path from the tetrahedral site tetl position in the first interstitial spacing to an oct position in
to the octahedral position goes through the triangle formedhe second onel) a vertical motion to a position tetlbe-
by two atoms from the top Pd layer and one from the seconéween layers two and thrééhree atoms belong to the second
Pd layefnumber 2,3,5 in Fig. (t)]. A transition state ts1 has layer, one to the third laygfollowed by a horizontal migra-
been characterized close to this geometry. The barrier enerdipn to the oct position; or(2) a horizontal migration in the
is found to be 0.74 eV, which is close to the experimentalffirst interstitial spacing to the tet2 position followed by a
value of 0.67 eV(Ref. 1) for C. An imaginary frequency vertical motion to oct We have studied the vertical motions
associated to the reaction coordinate Table | confirms théoct—tetl’) and (tet2— oct') and drawn the energetic pro-
nature of the transition state. file (Figs. 3 and 4 Our results show that vertical migrations
Tet2— Oct: A straight path from the tetrahedral site tet2 toward the bulk are expensive in energy: the barriers for the
to the octahedral position through the triangle formed by twovertical motions are 1.9@s1’) and 1.80 eMts2') when two
atoms Pd in the second layer and one Pd atom in the topf the four layers are allowed to relax. These values are
layer [atoms 4,6,7 in Fig. (£)]. A transition state ts2 is ob- close, high and higher than those for the in-plane displace-
tained for this geometry. The activation barri@86 eV} is  ments. The reason is that there is no possibility for an in-
higher than for ts1, so the latter would be preferred. plane relaxation when passing through a horizontal triangle
(at least the horizontal cell vectors are fixeoh the contrary
when the three atoms of the triangle do not belong to the

] ) - same layer, there is a possibility forzaelaxation.
We have also investigated the stability of the octahedral

and tetrahedral sites in the second interstitial spacbey

tween layers 2 and)3Again, the octahedral site represents D. Migration of the C impurity to the surface

the most stable position of the three different high symmetry

sites, as shown in Table 1. However, this site is less stable Finally, we have considered two pathways leading to the
than the oct site in the first interstitial region by 0.27 eV. In segregation of C from the subsurface to the surface. First, a
vertical motion from an octahedral site to the surface site s
through a transition state”tsThe barrier for this process is
1.21 eV. The second involves a horizontal migration consist-
ing of a jump from oct to tetl and then to the surface site s1
through the transition state tsIThe barrier is then 1.03 eV.
We conclude then that even if expulsion from tetl is easier, it
is still energetically better for the carbon atom to remain
confined in the subsurface region between the first and sec-
ond Pd layers. The vibrational frequency analysis confirms
the nature of the transition states.

C. Migration of the C impurity toward a bulk position
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FIG. 3. Energy profile for the vertical displacement of C atoms DFT calculations using periodic slab models have been
during the diffusion toward a bulk position. Relative energy in eV, carried out to study the diffusion of subsurface C impurity in
selected distances in A. Pd surfaces of111) orientation. The main conclusions of
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