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Hydrogen-Induced Polymorphism of the Pd(110) Surface
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Using density functional theory, we investigate the adsorption of hydrogen on Pd(110). We find
system to be unique in that hydrogen modifies the surface morphology into a multitude of coexis
structures, which are precursors for its solution in the bulk metal. This behavior is manifes
in the energetic near degeneracy between thes1 3 2d paired-row and missing-row structures, and
s2 3 1d structures containing subsurface hydrogen. The uncommon paired-row structure, induced
an incompletely screened Coulomb repulsion between adjacent rows, opens hydrogen diffusion cha
into the bulk. [S0031-9007(97)03861-1]

PACS numbers: 82.65.Dp, 68.35.–p, 73.20.At, 82.20.Kh
i-
ven
in
o
-

n

ed

s

or
g

-

a-
e
e
ics
n
nt
e

].
n-
One traditional focus of interest in surface science h
been the “catalytic effect” which a solid surface exhibit
to destabilize and break internal bonds of adsorb
molecules [1]. Much less attention has been paid
far to the effect of adsorbates on the atomic geome
of the substrate, which in turn can change profound
its catalytic behavior. Our theoretical results, present
here, suggest that hydrogen is unique in modifying t
morphology of the Pd(110) surface into a rich variety o
energetically near-degenerate structures. The associ
polymorphism is expected to result in structural chang
at catalytically active sites during reactions. Detaile
information about the equilibrium adsorption geometr
also sheds further light on the likely mechanism o
hydrogen entering into bulk metals.

Whereas the clean (110) surfaces of the late5d metals
Ir, Pt, and Au reconstruct spontaneously [2–5], it tak
a high coverage of hydrogen to induce reconstructi
on the (110) surface of the late4d metal Pd [6–11].
With increasing hydrogen coverage, the low energ
electron diffraction (LEED) pattern of the Pd(110
surface has been observed to change from as1 3 1d
to a s2 3 1d and finally a s1 3 2d superstructure at
low surface temperaturesTs & 200 K [12,13]. Experi-
mental data suggest that thes2 3 1d superstructure at
one monolayer (ML) coverage arises from an order
hydrogen superlattice on an unreconstructed Pd surf
[14,15], and that thes1 3 2d structure involves a re-
construction of the substrate [7–11]. Whereas seve
observations [8,11,16] seem to favor the paired-ro
model for HyPd(110)-s1 3 2d, both the missing-row
[17] and the paired-row [18] models of reconstruc
tion have been discussed for the hydrogen-cover
Ni(110)-s1 3 2d surface which shows a very simi-
lar behavior. Beyond this rich variety of structures, man
other surface geometries have been observed on Pd(1
when the system was heated [7–9,11].

The large number of partly conflicting experimental re
sults calls not only for a bias-free determination of th
atomic geometry, but even more for the explanation of t
physical origin of hydrogen-induced surface reconstru
0031-9007y97y79(7)y1329(4)$10.00
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tion. In the following, we will argue that the HyPd(110)
system is unique in that many vastly different geometr
cal arrangements are energetically near degenerate. E
large-scale atomic rearrangements may occur rapidly
the presence of the highly diffusive hydrogen, leading t
a further enhancement of polymorphism [7,19]. The re
sulting coexistence of different structures would explai
apparent controversies between experimental data.

In the following, we will describe the likely coexisting
equilibrium structures and identify the driving forces for
structural transitions on the clean and hydrogen-cover
Pd(110) surface usingab initio calculations. We will
discuss the energetics of structural transitions in term
of the changing surface energyEs per surface Pd atom.
For a sufficiently thickN-layer metal slab, this quantity is
given by [20]

E0
s ­

1
2 sEtotal

Pd-slab 2 NEtotal
Pd-bulkd (1)

for the clean surface and

EssQd ­
1
2 sEtotal

HyPd-slab 2 NEtotal
Pd-bulkd

2 QsEtotal
H-atom 1

1
2 Edis

H2
d (2)

for the hydrogen-covered surface. The total energies f
Pd systems are given per Wigner-Seitz cell, containin
one atom in the bulk andN atoms in the slab.Q denotes
the hydrogen coverage, and the factor1y2 accounts for
the two (identical) surfaces of the slabs.

We used two different implementations of the den
sity functional theory (DFT) [21] to calculate the equilib-
rium structures and the total energiesEtotal of clean and
adsorbate-covered surfaces [22]. For geometry optimiz
tion, we used the full-potential linear augmented-plan
wave method (FP-LAPW) [23,24] that yields metastabl
and stable geometries via a damped molecular-dynam
approach. Nonlocal terms in the exchange-correlatio
functional were described using the generalized gradie
approximation (GGA) [25] that had been used to describ
hydrogen adsorption on Mo(110) [26] and Pd(100) [27
For the sake of comparison, we calculated surface e
ergies also using theab initio pseudopotential method
© 1997 The American Physical Society 1329
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with a local orbital basis [28], based on the local densit
approximation (LDA) [29] for the exchange-correlation
functional. This method had been used to describe t
interaction of hydrogen with different Pd surfaces [20,30
and with bulk Pd [31].

We modeled the metal surface by a periodic arrang
ment of seven-layer slabs [32] with a (110) surface, sep
rated by 10 Å thick vacuum regions. Hydrogen atom
were adsorbed on both sides of the slab when describ
covered surfaces. All hydrogen atoms and all atoms
the topmost two Pd layers were allowed to relax on top
a rigid “bulk” structure. The basis and further computa
tional details have been outlined in Ref. [27] for the full
potential GGA calculation, and in Refs. [20,30,31] for th
pseudopotential LDA calculation. All calculations have
been performed nonrelativistically. Results obtained b
the two computational techniques for the key quantit
of interest, namely, surface energy differencesDEs, were
found to agree to better than0.05 eV.

Our calculations indicate that for the clean Pd(110
s1 3 1d surface, the topmost interlayer spacing contrac
with respect to the bulk valued0 by Dd12yd0 ­ 28.2%,
whereas the distance between the second and third lay
expands byDd23yd0 ­ 10.7%. These values are in good
agreement with the observed LEED data of Ref. [14
Dd12yd0 ­ s25.1 6 1.5d%, Dd23yd0 ­ s12.9 6 1.5d%,
andDd12yd0 ­ s25.7 6 2d%, Dd23yd0 ­ s10.5 6 2d%
of Ref. [33]. Our LDA value E0

s ­ 1.27 eV for the
surface energy of clean Pd(110)-s1 3 1d lies somewhat
higher than the GGA valueE0

s ­ 1.1 eV, confirming
the trend that LDA-based surface energies lie genera
0.2 eV above GGA-based values. We find the surfac
energy value for the unreconstructed system to be on
0.02 eV lower than that of a missing-row reconstructe
surface, indicating a tendency towards multiple metast
bility of even the clean surface. The calculated wor
function of the clean Pd(110) surface, based on GGA,
fGGA ­ 4.85 eV.

Our results for the Pd(110) surface atQ ­ 1.0 ML
coverage suggest that hydrogen atoms adsorb prefera
in highly coordinated surface sites [6,27], such as th
quasithreefold (QT) coordinated sites and the long-bridg
(LB) adsorption sites. We found that in both cases hydr
gen atoms seek threefold coordination and form as2 3 1d
“zigzag” superstructure. Even though no reconstructio
is induced at this coverage, the substrate geometry
modified significantly. The calculated interlayer spacin
changesDd12yd0 ­ 23.2%, Dd23yd0 ­ 11.4%, and the
Pd-H distancedH2Pd ­ 1.8 Å compares favorably with
the LEED data of Ref. [14],Dd12yd0 ­ s22.2 6 1.5d%,
Dd23yd0 ­ s12.9 6 1.5d%, anddH2Pd ­ 2.0 6 0.1 Å.

We find that the presence of one monolayer hydroge
reduces the surface energy of Pd(110) toEssQ ­ 1d ­
0.95 eV within the LDA. The small surface energy dif-
ference between the QT and the LB adsorption geome
of only DEssQ ­ 1d ­ 0.02 eV suggests a coexistence
of various hydrogen arrangements even at low tempe
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tures. The work function, which shows a stronger d
pendence on the surface morphology than the surface
ergy, should be more useful to identify surface structure
We find that atQ ­ 1 ML coverage the work function
of these structures increases byDfGGAsQTd ­ 10.15 eV
and DfGGAsLBd ­ 10.07 eV with respect to the clean
surface. Comparison between these and the observed
ues Dfexpt ­ 10.22 eV [34] and Dfexpt ­ 10.24 eV
[15], together with the slight energetic preference for th
QT adsorption geometry, suggests the QT structure
prevail.

At the higher coverageQ ­ 1.5, hydrogen appears
to affect the substrate geometry even more significant
We focus our calculations on the paired-row (PR) an
missing-row (MR) geometries, the favorite structura
candidates for thes1 3 2d reconstructed surface [8,11,16–
18], and compare our results to the unreconstruct
s2 3 1d phase containing hydrogen atoms in subsurfa
sites (SS) [see Fig. 1(a)]. We generated the paired-r
reconstructed surface by placing1.0 ML of hydrogen in
quasithreefold coordinated trough sites and the remain
0.5 ML of hydrogen in either long-bridge sites or on top
of second-layer Pd atoms in the troughs. To obtain t
unreconstructed Pd(110) phase with subsurface hydrog
we placed1.0 ML of hydrogen in the trough sites and
0.5 ML of hydrogen in octahedral subsurface sites. Th
missing-row surface was constructed by placing1.0 ML
of hydrogen in quasithreefold coordinated sites betwe
the two topmost Pd layers and the remaining0.5 ML of
hydrogen in the QT and LB trough sites. The optimize
surface geometries and surface energy differences for
PR, MR, and SS structures are presented in Fig. 1.

Calculated surface energy differences between the d
ferent substrate structures and adsorption geometries
Q ­ 1.5 ML were all found to be very small, of the or-
der DEs & 0.06 eV. This result suggests that no singl

FIG. 1. (a) Schematic view of the Pd(110)-s1 3 2d paired-
row reconstructed surface (PR), the Pd(110)-s2 3 1d recon-
structed surface with occupied subsurface sites (SS), and
Pd(110)-s1 3 2d missing-row reconstructed surface (MR), a
at hydrogen coverageQ ­ 1.5. (b) Density functional results
for the surface energy differencesDEs of these structures with
respect to the Pd(110)-s1 3 2d paired-row structure (j). The
dashed line connecting these data points indicates a nonzero
tivation barrier between these structures.
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structure is energetically preferred, but rather that ma
different phases should coexist even at room temperatu
Still, transition between these structures may be hinde
by energy barriers, indicated schematically in Fig. 1(b
In this likely case, the actual surface structure may d
pend crucially on the preparation conditions, which cou
partly explain apparent inconsistencies in the experime
tal data. In view of this fact and the sensitivity of th
work function on the substrate and adsorbate structure,
do not expect perfect agreement between the calcula
and observed work function values for any of our stru
tures. Indeed, the calculated values span a wide ra
from DfGGA ­ 20.120 eV for the subsurface structure
to DfGGA ­ 10.380 eV for the missing-row structure
with respect to the clean surface, depending sensitively
the adsorption geometry. The work function values o
served at thes1 3 2d surface,Dfexpt ­ 10.300 eV [34]
andDfexpt ­ 10.325 eV [15], fall into the range of cal-
culated values, and are most consistent with our resu
for the paired-row and the missing-row surfaces.

The high stability of the missing-row structure come
as no surprise, since this is the favored reconstruct
pattern of (110) surfaces of late5d metals [2–5]. Much
more interesting is the reason for the stability of th
paired-row reconstructed surface, shown schematically
Fig. 2(b). We label the horizontal displacement of th
topmost rows bydx and note the energetic degenerac
of the isomorphic structures with1dx and 2dx. This
atomic geometry is also interesting from the point
view of opening hydrogen diffusion channels into th
bulk. Our results for the energetics of the Pd(110)-s1 3 2d
paired-row reconstruction at the hydrogen coveragesQ ­
0.0, 1.0, 1.5 are summarized in Fig. 2.

FIG. 2. (a) Surface energy of clean and hydrogen-cover
(Q ­ 1.0, 1.5) Pd(110) surfaces as a function of the row
pairing relaxation dx of Pd atoms in the topmost layer
(b) Schematic side view of a paired-row reconstructed surfa
showing the quantitydx. Also shown is the change of the
surface energyDEs due to row pairing (≤ and solid line) for
a clean (Q ­ 0) and a H-covered (Q ­ 1.5) Pd(110) surface.
The trend is given by the band structure contribution toDEs (j
and dash-dotted line) and counteracted by the Coulomb termr
and dashed line).
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As shown in Fig. 2(a), the surface energy of a clea
surface is minimized in the unreconstructed geometr
given bydx ­ 0. One monolayer coverage of hydrogen
not only lowers the surface energy, but also reduces t
energy cost of row pairing. Even at this higher coverag
there is no energetic gain upon row pairing. Increasin
the hydrogen coverage toQ ­ 1.5 lowers the surface
energy further, but is accompanied by a decrease of t
site-averaged hydrogen adsorption energy byø 0.1 eV
due to a significant repulsion in the hydrogen adlaye
To reduce this repulsion, the system responds by pairi
the Pd rows, resulting in an energy gain of0.22 eV per
surface atom. The predicted row displacementdx ­
0.32 Å and the large vertical buckling of second-layer P
dzsPd d ­ 0.3 Å for the paired-row reconstructed surface
[see Figs. 1(a) and 2(b) for a schematic view] are i
very good agreement with the observed valuesdxexpt ­
0.2 0.4 Å anddzexptsPdd ­ 0.3 0.44 Å [8,9].

While this calculation establishes the paired-row
structure as a good candidate for a hydrogen-cover
surface, the total energy itself says little about the driv
ing force for row pairing. In order to understand the
mechanism of this reconstruction, we subdivided the tot
energy into band structure energy, given by the contr
bution of the occupied states to the first moment of th
density of states, and a second term which is dominat
by the Coulomb energy. The contribution of thes
two terms to the surface energy differences upon ro
pairing is shown in Fig. 2(b). We found that at zero
and 1.0 ML coverage, the band structure contribution
to the surface energy favors row pairing, whereas fo
Q ­ 1.5 this term disfavors row pairing. Since this
behavior is just opposite the trend in the total energ
we can exclude the Peierls instability as a source of th
type of reconstruction. In contrast to the band structu
term, the Coulomb energy contribution to surface energ
differences always shows in the same direction as t
total energy itself. This leads us to conclude that th
paired-row reconstruction is driven by a gain in Coulom
energy.

The onset of reconstruction only at high hydroge
coverages suggests an intimate link between changes
the Coulomb energy and the charge distribution ne
the adsorbed hydrogen atoms. In Fig. 3 we present t
difference charge density on the unreconstructed Pd(11
surface atQ ­ 1.0 and thes1 3 2d reconstructed surface
at Q ­ 1.5. Independent of coverage, we find tha
hydrogen atoms accumulate an excess charge of0.1 0.2e
upon adsorption on Pd(110). This is also true in thos
trough sites on the Pd(110) surface that contain tw
hydrogen atoms [left panel in Fig. 1(a) and lower half o
Fig. 3(b)]. The lack of screening charge in the middl
of the troughs, indicated by a horizontal “band” of low
screening charge density in the lower half of Fig. 3(b
leads to a net gain in the Coulomb energy when the
hydrogen atoms increase their mutual distance, by push
the corresponding neighboring rows apart.
1331
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FIG. 3. Charge density differenceDn (with respect to a super-
position of atomic charge densities) for (a) the unreconstruct
Pd(110) surface, covered by an ordered monolayer of hydrog
and (b) the Pd(110)-s1 3 2d paired-row reconstructed surface
with Q ­ 1.5 hydrogen coverage. The contour plot ofDn is
shown in the plane of the hydrogen atoms. The position of P
atoms is indicated by (d), that of H atoms by (r).

The likely scenario of hydrogen adsorption on Pd(110
and its solution in the bulk appears to be the following. A
coverages up toQ ­ 1.0, hydrogen atoms preferentially
occupy the quasithreefold coordinated trough sites. A fu
ther increase of the coverage leads to the troughs becom
filled with a dense hydrogen phase. To counteract the
mutual, incompletely screened Coulomb repulsion, hydr
gen atoms push locally the neighboring surface rows apa
thereby opening channels to subsurface sites which can
commodate such atoms at little cost to the surface ener
[see Fig. 1(b)]. Consequently, we expect a coexisten
between the paired-row and the subsurface structures.
concerted exchange mechanism, on the other hand, m
assist in the formation of the missing-row structure that r
quires large mass transport.

The low energy differences between various morphol
gies in a surface region saturated by hydrogen will likel
lead to the coexistence of more than the three structu
discussed here. Owing to the sensitive dependence
the work function on the surface morphology, we sug
gest to obtain more detailed information about the succe
sive steps occurring during the adsorption of hydrogen o
Pd(110) by careful measurements of the work function
a function of hydrogen coverage.
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