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Energetics of Sr adatom interactions on the M¢112) surface
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First-principles methods are used to investigate the formation and structure of the ordered phases of Sr atoms
adsorbed on the furrowed Nbl2) surface. The energetics of various commensurate and incommensurate
adatom structures providing information on lateral interactions between adatoms is determined for coverages
0.11=0® =<1 monolayer. It is found that the binding energy of Sr atoms decreases with increasing coverage.
The experimentally observep8x 1) and p(5X 1) adatom chains are found to belong to the most favored
structures fol® <0.5. The energetic difference between these two structures amounts to 20 meV. The experi-
mental work function variation with Sr adatom coverage is very well reproduced. The energy barriers for Sr
diffusion along the atomic troughs are calculated and discussed.

DOI: 10.1103/PhysRevB.69.235424 PACS nuniber68.43.Bc, 68.35.Bs, 68.43.Fg, 73.30.

I. INTRODUCTION surate structures were reported although long-range order of

. these structures is still possible.
The presence of surface atomic steps and terraces may . : . .
The coupling mechanism between alkali-atom chains on

drive the growth of specific adatom structures. Adatoms usu-, . : !
ally gather in linear chains decorating the steps. The bc{:he W and M(Q1.12) surface IS ofter\ e>.(pla|ned. by a hylf’”d
(112) surface has a furrowed structure in which atoms carmodel of the dipole-dipole repulsive interactions mediated
— .. . by the local distortion in the substrate electron distribution
adsorb along close-packdd11] directions. Extensive ex- . S S
: . . _induced by the adsorbed atof3his distortion is screened
perimental studies of submonolayer adsorption of metalli

atoms on the112) surface of tungsten and molybdenum dis-cby adsorbate induced Friedel oscillations of the electron dis-
y ibution and leads to an indirect interaction potential of a

covered a diversity of ordered adatom structures that providF i AN
evidence for a strong anisotropy of lateral interactions. Forong-range oscnla_tory character._Th_e_mmlma n the adatoms
example, Au and Pd atoms form long atomic chains follow-Interaction potential have a perlo_d_|C|ty of twice the Fermi
ing the furrowst? The occupied troughs are separated byWave number and thus t_he|r positions d_epend on the sub-
three or two unoccupied ones, for Au and Pd, respectivelyStrate band structure. Lattice-gas model simulatidéndhave
while the Pt-atom chains are distributed at random. Som&hown the applicability of such a potential to describe the
other metals, for example Ag and Ni, do not form chains.Stable phases. Understanding of the subtle mechanism of the
The self-assembly of atomic chaisanowire$ is a mani- coupling leading to the formation of atomic chains requires,
festation of the attractive interaction between atoms in thdiowever, a more quantitative analysis of their energetics
same furrow. On the other hand, the presence of unoccupidehsed on accuratb initio calculations.
troughs suggests a repulsive interaction between atomic The long periodicity of chain structures makes them dif-
chains across the furrows. ficult to treat by first-principles methods. Such calculations
Although the structure of atomic chains to a large extenperformed by present authétdor the Li/Mo(112) system
is dictated by that of the underlying surface, they do nothave demonstrated a predominance of the Li-Mo adsorbate-
necessarily follow the direction of the troughs. Alkali and substrate chemisorption interactions over the weak lateral
alkaline-earth metal atoms adsorbed in the furrows ofj-Liinteractions. The results of these extensive calculations
Mo(112) and W112) form quasi-one-dimensional com- of binding energies of a variety of configurations have shown
mensurate chain structures of th@1x 1) type, aligned nor-  that chain structures are the most favored ones. Based on our
mal to the furrows. The structures are observed for cover- ab initio results, Drautzt al14 examined 18 different ada-
ages smaller than 0.5 monolay®4L ) and their periodicityn ~ tom configurations using cluster expansion techniques and
along the substrate rows can vary from 2 to 4 forfound that the lowest energy structures coincided with ours.
Li/Mo (112 and up to 9 for a Sr/Md12,*° where the To disentangle the mechanism behind the formation of dif-
chains can be separated by as much as 25 A. Thus, for loferent adsorbate phases first-principles calculations are nec-
coverages of alkali-metal adsorbates, the repulsive adatonessary.
adatom interaction prevaif$at short distances along the fur-  In this work, we report on results of extensive first-
rows, with possible attractive minima at larger distances of principles calculations for various configurations and cover-
surface lattice constants. In the direction perpendicular to theges for the Sr/M@ 12 system. Our focus is on the ordered
furrows this repulsive interaction is to a large extent screenedtructures of the Sr adlayers corresponding to coverages of
by the substrate atoms, and the attractive and repulsive comip to 1 ML. Section Il outlines the methodology of calcula-
ponents can be balanced leading to formation of commenstions. In Sec. Il we discuss our results, and Sec. IV provides
rate structures. For coverages exceeding 0.5 ML, incommera brief summary.
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Il. DETAILS OF CALCULATION

The calculations employ density-functional theory
(DFT)'>%%in the generalized gradient approximation for the
exchange-correlation energy functiofah plane wave basis
set and the projector augmented-w&R&W) potentiald® as
implemented in the Vienna&b initio Simulation Package
(VASP),1% which allow an accurate treatment of the consid-
ered system. A plane wave basis energy cutoff of 250 eV is
applied. The M6112) substrate is modeled by periodic slabs
consisting of seven molybdenum laydrs9 A thick) sepa-
rated by eight equivalent layers of vacuum. The Sr atoms are
adsorbed on one side of the slab and an artificial electric field
arising due to the asymmetry of the system is compensated
by a dipole correctioA? The coordinates of atoms in the four
topmost molybdenum layers, and of all the adsorbed atoms,
are optimized until the forces on unconstrained atoms con-
verge to less than 0.025 eV/A. The equivalent mesh 20 FIG. 1. (a) Top view of the M@112) surface showing the direc-
X 12X 1 of 60 Monkhorst-Pack specialk-points is used to tions of the atomic furrows and two surface unit cells applied in the
sample an irreducible wedge of the Brillouin zone of the 1calculations(b) Side view of the seven Mo layer slab. The numbers
X 1X (7+8) orthorhombic unit cellland proportionally re- to the right show the calculated interplanar separatiopnd) of the
duced depending on the size of supeiceélb improve the topmost layers. The bottom number is for the bulk interplanar
convergence, for the fractional occupancies a Methfessebpacing.

Paxton methott with a broadening of 0.2 eV is applied.

effect on the adsorption process. Lateral shifts of the surface
IIl. RESULTS AND DISCUSSION layers as a whole are small and are not altered compared to
our previous work.
A. Clean Mo(112) surface The calculated surface energy amounts to 2.38 eV/atom
The bulk and bare metal-surface structural parameterand is slightly smaller than the value repoi&fr the LDA.
were determined by us previousfbut in order to check the The work function for the relaxed surface calculated for vari-
difference, which might result from the replacement of ultra-ous supercells is equal to 4.11-4.12 eV. This 8%
soft pseudopotentials by the PAW potentials, they were resmaller than that determined by us previously, and 5% less
calculated here. The calculated lattice parameter of bcc Mo ighan the experimental work functiq4.36 e\V) measured by
3.152 A; i.e., it is the same as determined by us previctisly, photoemissior!
in perfect agreement with the experimental value 3.1% A,
and local density approximation(LDA) calculations
(3.16 A), 2 while the bulk modulug260 Mbaj is 3% higher B. Surface structures of Sr/Md(112)
compared to the pseudopotential calculafidn. In this subsection, we discuss the changes in the surface
Figure 1 displays the atomic arrangements of ¢th#2)  structure and the electronic properties of the clear{1M8),
surface slab of a bcc crystal. The results reported here for induced by Sr atoms of coverages H® < 1. Coveraged
1X1 surface unit cell of the vicinal Md12) agree well with  is defined as the ratio of the number of adatoms to the num-
our earlier resultd® A furrowed (112 surface shows, in ac- ber of substrate atoms in a surface unit cell. Based on our
cordance with the predictions of a simple electrostaticprevious calculations and on experiméfitom the outset we
model?#25a 17% contraction of the interplanar distance forlimit the number of possible atomic configurations, and as-
the topmost atomic plane, in very good agreement with ousume that the most favored adsorption sites for Sr atoms are
previous work (-17.799,'3 other recent first-principles the positions that would be occupied by atoms of an addi-
calculations’® and experimental valueg8.Vertical relaxation  tional substrate layer; i.e., the butkolume) sites. However,
of deeper layers is relatively small and amounts to —0.93%or some of the considered Sr coverages/structures, the sec-
(-1.2%), 3.0% (2.9%), and —0.31%(-0.3699 for the sec- ond or third adatom was initially located in a bridge or hol-
ond, third, and fourth interlayer spacing, respectively, and aréow site. In most cases they are unstable, and the atoms
very similar to those determined by us in Ref. 13, which areshifted towards volume positions.
guoted in parentheses. Denoting by minus and plus signs To account for the long-range character of lateral interac-
contraction and expansion, respectively, the multilayer relaxtions that lead to the formation of the low-coverage struc-
ation pattern as a function of increasing depth from the surtures of thep(nx 1) type, withn=<9, large surface unit cells
face can be writtel§ in the form ——+-, which disagrees have to be appliedcf. Figs. 1 and 2 Table | presents the
with a —+-+ sequence determined by another DFT LDAbinding energie€,, with respect to the energy of a free Sr
calculatiort® and experimem® This discrepancy, which con- atom, calculated for different coverages and a variety of sur-
cerns deeper Mo layers, may arise partially from the differenface unit cells considered. Note that the binding energy,
exchange-correlation functionals applied and has a negligiblerhich is calculated from the total energy difference of the
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coverage(®=1/2 ML), the Sr atoms do not forrp(2x 1)
chains (ACac), but instead form ac(2x2) configuration
(AChbd). These results and the more extended data of Table I
show that the energetic difference between the chain struc-
tures, which can be considered as a measure of amplitude of
the lateral Sr-Sr interactions on Nidl2), is below 100 meV.
Note that this is approximately tripled compared to the
Li-Li adatom interactiond? In case of Li adatoms, whose
size is similar to Mo atoms, the repulsive interaction across
the furrows is screened by the substrate and the formation of
FIG. 2. Geometry of a single Sr adatom on the(Mt?) surface p(2Xx1) chains is possible. The Iarge_r S_r atoms protrude
in the 8x 1 and 5< 1 unit cells(upper row, and two and four Sy~ @bove the top Mo rows and the screening is much less effec-
adatoms in the % 2 cell. Atoms are adsorbed at the bulk sites in tive. Consequently, to balance the repulsive interactions
atomic furrows. Adatoms belonging to the same furrow are denote@0Nng and across the furrowscé2 X 2) structure of hexago-
either by upper or lower case letters. The labeling corresponds tbal symmetry(Fig. 2) is formed.
that adopted in Table I. The binding energy of the Sr adatom cor- For the most favored linear-chain structures, a decrease in
responding to a given configuration is printed below. the binding energy with increasing coverage is clearly seen

. . . ' Table Il). While for ®<1/2 the changes in the binding
systems with and without adsorbate, is defined here nergy do not exceed 0.1 eV, they grow rapidly for

positive® Similarly as for the Li/M¢112) system, for low  _ 35" 21 amount to 1.6 eV for a full monolayer coverage.
coverages the chainlike structures are favored. The strongest

binding is found for the atoms in p(9X 1) chain. This pat- TABLE I. Binding energies of Sr atoms on NiblL2) for differ-

tern was discarded by recent measurenfeintsavor of the  ent coverages and sizes of surface unit cells applied in the calcula-
p(8x 1) structure, which, according to the present calcula-tions. The position of a single Sr atom in a volume site is denoted

tions, is slightly less stable. For a higher coveré@e-0.5 a by A, and the subsequent volume sites by B, C, D, etc. The corre-

more homogeneous distribution of Sr atoms, such as thsponding sites in a neighboring furrow are labeled by lower case

c(2x 2) structuregAChd pattern in Fig. 2becomes favored letters, respectively. The binding energies of same Sr structures and
over linear chains. The energetic differences usually amourfoverages calculated in different unit cells are printed in bold face.

to several tens of meV. Thus, they are two orders of magni=
tude smaller than the Sr-Mo-substrate chemisorptive bindingoverage(ML) Surface cell ~ Sr atom positions Ep(eV)
For the most strongly bound atom in tf@Xx 1) structure,

&,A,,.L,LL,.L,L,,,L,L,, o
E,=3.100 eV

E,;=3.058 eV E=3.019 eV E=3.042 eV

and the most weakly bound atoms in th& 2 unit cell, this i;: Zii 2 21(1)(7)
difference is~250 meV. Sr atoms bind more strongly to the '
Mo substrate than Li atoms do. For small coverafg® 4x2 A 2.957
x 1) structure}, the difference in the binding amounts to 1/6 6x1 A 3.083
220 meV and for higher coverages drops to 160 meV. 1/5 5x1 A 3.080
The binding energies calculated for the same coverage df/4 4x 1 A 3.058
Sr atoms in unit cells of different sizes and for different 8x1 AE 3.052
number ofk-points allow to estimate the error bars. The 8x1 AB 3.022
values oft, for a single Sr atom in the 4 1 and two evenly 8% 1 AC 3.054
spaced Sr atoms in>81 cell differ by about 6 me\(Table 8x1 AD 3.047
). Similarly, for the (4 1) structure of 2 Sr atoms in the '
8X 1 and 4x 2 cells(AE and Aa structures with 12X 1 ax2 AC 2.867
and 5x6x1 k-point meshes, respectivglyone obtains 4x2 AC 2.895
binding energies that agree to within 6 meV. Thus, the accu- 4X2 Ab 3.013
racy in the determination of the relative energies in different 4x2 AB 2.867
unit cells amounts to about £5 meV. 4%2 Aa 3.058
Calculations of the binding energy of two Sr atoms per- 4% 2 Ad 3.013
formed for the fixed coverag®=1/4 but in two diferent ;53 6x 1 AD 3025
surface unit cell§8x 1, and 4x 2 (Fig. 2)], clearly show
(Table | that for this coverage, the formation of thp4 /2 4x1 AC 3.019
X 1) chain structures across the rows is favored over cluster- 6x1 ACE 3.016
ing along the rows and over the zigzag and rectangular- 8x1 ACEG 3.013
centered structures. We conclude that, similar to the 4x2 ACac 3.019
Li/Mo (112 system'® the bonding of Sr adatoms and the 4X2 AChd 3.042
stability of their structures enhances with aligning adatoms3/5 5x 1 ACE 2.997
normal to the furrows. 3/4 4x 1 ABC 2.744
The geometries of some stable structures for coverageg 4% 1 ABCD 1.485

1/8, 1/5, and 1/4 ML are presented in Fig. 2. For a highek
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TABLE Il. Binding energies of Sr atomic chains adsorbed on & ' ' ' ' ' '
Mo(112) for different coverages and surface unit cels, ; and O 9x1
dgr o denote the average distance of a Sr adatom to the tbpmost an 40 O 4x1 i
second Mo layer, respectivelE, is the difference in binding en- L < 5x1
ergieskE, per Sr adatom with respect to the binding for the coverage —~ \f A 6x1
®=1/9 ML. o 35 F ® 8x1 |
Z * - - % Exp.
Coverage Surface Adatom distance E, AE, '%
(ML) cell  dsiA)  dgdA) (V) (eV) 530} 1
1/9 9x1 2.15 3.23 3.117 0.000 _g
1/8 8x1 2.14 3.22 3.100 -0.017 = 25 b 4
1/6 6x1 214 322 3083 -0.034 * I s SRR
1/5 5x1 2.13 321  3.080 -0.037 | ﬁw ]
1/4 4x1 2.14 322 3.058 -0.059 20 . o . . T
1/3 6X1 2.13 3.21 3.025 -0.092 0.00 0.25 0.50 0.75 1.00
1/2 4x1 214 323 3019 -0.098 Sr coverage (ML)
3/5 ox1 217 3.26 2997 -0.120 FIG. 3. (Color onling Calculated work function changes for the
3/4 4x1 2.18 327 2744 -0.373  5r/Mo(112 adsorption compared with the measured daister-
1 4x1 2.06 3.16 1485 -1.632 isks) of Ref. 5 For each coverage only the work function values of

the most stable chain structur@slculated in different surface unit

. . . . cells of n X 1 type are plotted.
A magnitude of this variation fo® <3/5 is enhanced com-

pared to the Li/M@112) adsorption and suggests a strongeralthough smaller in magnitude, vary more radically, chang-
interaction of the Sr atoms with the Mo substrate. The deing even their sign. This results in a reordering of the
crease in the binding energy with coverage is in general ac=—+— relaxation pattern for a clean surface into a —+-+
companied by a small decrease in the vertical distance of thgequence for 1 ML of Sr atoms. The vertical shifts of the
Sr adatom to the underlying Mo plane. The changes are ngtoms of _the particular Mo layers relative to the center-of-
regular, however. Interestingly, a dramatic change in thd"ass position are small and do not exceed 0.04 A )
binding energy which occurs foB=1 (E, is halved com- The work function variation due to Sr adsorptlon |n.the
pared to the® <3/4 ML casg, is only weakly reflected in a most st_ablg structurgdable | for.a given coverage is dis-
change of the vertical Sr-Mo-layer distance, which is re-Played in Fig. 3 and compared with experiment. Both depen-
duced by 0.06 and 0.08 fo second and first layer, respec- Qenmes are calibrated by setting the experimental work func-
tively). This reduction of the vertical bond length of Sr ada-tion for the clean M@112) equal to the calculated valge
toms in the fivefold coordinated volume positions is similar (4-11 @V The calculated data follow a smooth curve which
to that reported by us for Li/Md12) systemi3 and differs shqws a variation typ|cal of alka}ll metal ad_sorpﬁ%as ex-
from the trend observed for alkali-atom adsorption on simpld?ainéd by the classical Langmuir-Gurney plCtE&ﬁOth the
metal surface®® overall shape and the position of a minimum in the experi-
The Sr atoms, similar to Li atoms, have a stabilizing ef-mentalA®(®) curve at®=0.5 ML, as well as the magni-
fect on the M¢112) surface. It is manifested in a diminished tude of the work function lowering of about 2 eV, for 0
contraction of the average interlayer distance between thg © <0.5 are very well reproducetThe magnitude of the
topmost Mo layers with increasing Sr coverag@able I1), initial dipole moment, wh|qh can be.measured by the slope
from —17% for a clean MA.12), down to -14.4% for® of the curve for_®$0.25, is apprgxmately d_oubled com-
=1. Interestingly, the relaxations of the deeper Mo layersPared to the Li/M@112) system'® The maximum work
function lowering is 70% larger for Sr/Ma12) adsorption.
TABLE lIl. Change in the average geometry of the four upper- It agrees with a common view that the larger the atomic
most layers of Sr/M@L12) systemAd;; are the vertical relaxations radius of the adsorbate the further away from the surface is

of interlayer distancgin % of the bulk interlayer spacing the ionized atom and the larger is the induced dipole mo-
ment. This geometrical effect is additionally enhanced by a

Coverage Cell  Adp Adys Adz, Adys larger electron transfer from Sr to Mo than that from Li to
Mo. In addition, the value of work function for 1 ML cov-

0 Ix1 -17.0  -0.93 3.0 031 erage(2.43 eV}, that corresponds to metalization of the ad-

1/9 ox1 -16.7 =0.22 2.5 —0.42 layer, agrees well with the experimental work function for

1/8 8x1 -166  -0.33 2.4 043 polycrystalline SR

1/5 5x1 -16.4 0.30 2.0 -0.42 It is worth noting that at 1 ML coverage, the calculated

1/4 4x 1 -16.0 0.61 1.9 -0.54  binding energy(Table Il) is smaller than the heat of forma-

1/2 4x1  -155 23 055 -0.41 tion of Sr crystal(1.72 e\).?? This supports the view that

1 4x1  -14.4 51 1.7 -0.02 under usual experimental conditions the second layer starts

to form before the monolayer coverage is reached. Therefore,
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the experimental data in Fig. 3 do not correspond to the

calculated geometry, although they still agree quite well. It Eo8 I - (oxt)a(8x)
means that work function is rather insensitive to the Iong—%
; 2 002}
range order in adsorbate layer. 2 /(6X1)&(5X1)
g 004
C. Low-coverage Sr structures %
The results of(Table ) show that for® <0.5 the com- § =008
mensurate chains formed of Sr adatoms are favored. Thit@
agrees with experimental observatibmgich predict stable g -0.08
(8%x 1) and(5Xx1) Sr structures in this range of coverages. <
The former structure is also suggested by our calculation buh% 010
is characterized by a slightly smaller binding than {8
X 1) one. The SO X 1) structure, which is 17 meV more R
stable than the(8x 1), was also reported in an earlier ex- 01 02 03 04 05 06
perimental study, but is not confirmed by a more recent Sr coverage (ML)

one’ On the other hand, the(8x 1) is only commensurate

at temperatures below 125 K and grows as islands. The av- FIG. 4. Binding energy differencegompare Table )lvs cov-
erage size of the islands at their first appearand@=a0.07  €rage, showing the surface phase diagram of sigt®) and un-
is around 24 A, which corresponds to multiplicity=9 of  Stable chain structures for low Sr coverages.

surface lattice constants;; (Ref. 6. Thus, the discrepancy (e is not observed experimentally. However, experiment
between theory and experiment may result from the fact thaghows that both th@(2x 1) and p(3x 1) can be stabilized
calculations are performed for a globally homogeneous covVghen small amounts of oxyge(of surface concentration
erage, whereas experiment deals with more local coverages.1 o) is present at the surface. The same applies to the
According to experimerftalready at coverage8~0.25, 9% 1) chains. Thus, it seems that our phase stability dia-
the p(5x 1) structures are replaced by islands witl? X 2)  gram (Fig. 4) predicts the regions of coverages for which

structure which, eventually, form a stable single phas® at stable commensurate structures of Sr adsorbate should ap-
~0.5. It seems that this finds support in our results. As it ispegr.

seen from Table |, the(2x 2), or AChd structure in nomen-  Finally, let us note that the stability of one or the other
clature of Table I, and some other structures@s#0.25 are  phase should always be considered with respect to the pos-
characterized by similar binding energies. sibility of mixing. This means that phases such(3x 1) and

Interestingly, although the energy differences betweengx 1) are unstable towards mixing into coexistencec(
particular structures for the Sr/NIbl2) system are, in gen- x2) and (5x1), and (5% 1) and (8 X 1) phases, respec-
eral, distinctly larger than for the Li/Mad12),'® the two tively. As is seen from Fig. 4, and also observed in
stable but different configurations that are observed in eaCExperiment”,l the average binding energy for the coexisting
of the systemdi.e., Sr{8x 1) and (5x 1), and Li{4X1) phases is higher than for the pure phases.
and (2x1)], differ by the same amount of energy  As already mentioned, the Sr atoms bind about 0.2 eV
(=20 me\). stronger to Mo than Li atoms. This seems not to have much

In order to analyze the stability of different linear struc- effect on the Sr-Mo bond length, which is increased com-
tures, it is interesting to plot the binding energy differencespared to the Li-Mo bond by the amount equal to the differ-
vs coverage for lower coverage$ig. 4). The plotted ence(=0.6 A) in metallic radii of Sr and L{Fig. 5). For the
changes in the binding energy with the increasing coveraggr(5x 1) system, the binding of Sr to the Mo atom of the
corresponding to structurgshaing of smaller periodicity, second Mo layer agrees with experiment within 3%. Similar
show an interesting phase stability diagram in the form ofg the Li/Mo(112) system'3 and in contrast to the classical
“devil's staircase” in which commensurate phases are sepa-angmuir-Gurney modé? of alkali atom adsorption, which
rated by incommensurate phasss is seen, for coverages predicts an elongation of the bond for a higher coverage, the
0.17=®=0.5, one can distinguish two regions of stable hond length remains nearly constant or is slightly decreased
chains which differ by=5 meV in the binding energyi.e.,  as the coverage is increased. The change in the surface elec-
the differences are within the limits of accuracy of our cal-{rgn density distribution which is manifested in a rapid de-
culationy. Among the two Sr structures, namely, thé6  crease of the work function foB <0.25, shows almost no
X1) and p(5x 1), experiment suggests that the latter iseffect on the chemisorption bond length. The calculated
stable. Our results indicate that formation of this structure isjengths are close to the sum of metallic r&lifor Sr
probably, preceded by an equally favorp5x 1) phase, -Mo(3.55 A), and this suggest a substantial metallic contri-
which may coexist witp(5x 1) in some regions of the sur- pution to the bond, larger than that resulting both from
face. According to our diagram, another region of stableneasurement$ and calculation'$ for Li-Mo system. This
chain-phases should appear for ¥8®<1/2. An inspection implies, in accordance with experiment, that for Sr adsorp-
of Table | shows that the Si2X 1) is by ~20 meV less tion the volume sitegi.e., the positions that would be occu-
favored than the(2 X 2) one. In addition th@(3X 1) struc-  pied by the next substrate layeare most favored. On the
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Sr(8x1) Sr(5x1) them32:33 For typical temperature§T~ 750 K) applied in

diffusion experiment®-32 the barrier for Sr diffusion along

@ O O @ the troughs ceases to exist. The calculated barrier heights
also consistently explain the fact that the annealing tempera-

3.41 3.40 (3.30) tures of 500—-700 K, applied in experiment to activate the

adatoms, allow one to order the adlayer to form chain struc-

3.66 3.20 3.66 3.19 tures that are subsequently studied at lower temperatures

(3.47) (3.23) (100 K).

D. Higher coverage structures(0.5<0®=<1)

According to experiment, commensura@ X 2) islands
corresponding to coverag®=0.5 ML, start to grow at much
lower global coverag® =0.23, coexisting initially with the
p(5%x 1) domains’ In the coverage rang®=0.48-0.53 a
singlec(2 X 2) phase is observed. This, however, can be eas-
ily transformed with small amounts of oxygen impurities

relaxed surface the Sr atoms are shifted from these idedM0 a stable domain gf(2x 1) structures”* The role played
positions, but the calculated shifts are smaller than those dd the irregularly distributed O doping is difficult to quantify
termined in experimertt. in this type of calculations and is deferred to a future study.
Energy barriers for diffusionAt elevated temperature of Our calculations showTable 1) that thec(2x 2) structure is
the sample, the Sr atoms can start to diffuse. High energpy 20 meV more stable than thE2x1).
barriers perpendicular to the furrows will dictate a unidirec- For ©>0.53 ML, the commensurate-incommensurate
tional diffusion along the furrow® similarly as for transition occuré. The appearance of the incommensurate
Li/Mo(112.%2 Figure 6 displays the energy barrier, calcu- structures is also clear from the inspection of binding ener-
lated in a 4x 2 unit cell, for a Sr atom moving between two gies displayed in Table I. A Sr atom in@2x 1) chain is
volume sites along the furrow. The barrier was determinednly by 15—-20 meV more strongly bound than in the incom-
from the total energy difference of an adatom placed in a@nensurate structure corresponding@c;S_/S. Similarly as '
succession of locations along the troudti11] direction ~ for Li/Mo(112) system, the Sr atoms which are evenly dis-
and its energy in a volume site. The calculated barrier idributed along the furrow do not remain pinned in their initial
below 80 meV and its magnitude is reduced by 20% comPositions but are shifted to form three-atom chains along the
pared to Li/Md112) system!3 This shows that a larger size furrows. This indicates a weakening of the coupling in the
of Sr atom makes the barrier easier to overcome. For LPriginal chain directions and a dominating role of interac-
diffusion on Md112) the presence of another Li atoﬁ in a tions along the furrows. It should be noted that the calcula-
neighboring cell decreased the barrier for Li diffusidby tion corresponds to zero temperature while the above men-
~10%. Thus, the proximity effect of other Sr atoms for antioned phases are observed at finite temperatures. Thus, since
increased coverage may reduce this barrier further. The efife bonds across the furrows are weakened and at room tem-

ergetic cost for Sr adatom to diffuse across the atomic rowgerature the barrier for activation Sr atoms is reduced, in

is an order of magnitude higher than for a diffusion along theanalogy to the Li/M@112) systenf, the complete rows of Sr

rows. Thus, at sufficiently low temperatures, the diffusivity 2&0Ms in the individual furrows can easily form floating

along the furrows is higher by a factor10® than across rows, or domains of rows, of evenly_spaced atoms. Depenpl—
ing on the oxygen doping, the floating domain can be split

FIG. 5. The Sr-Mo bond lengthén A) for the two Sr chain
structures on M@.12). The larger, black circle represents the posi-
tion of a Sr atom and the darker circle in the middle a Mo atom of
the second atomic layer. The measured valieS. 5 are given in
braces.

. ' along one of the rows and the fragments shifted against each
80 r top 1 other to form the domain walls of different pattern.
% 60 | i The larger atomic radius of Sr atoms compared to the Mo
£ i bri hol 1 radius (~40% largey, in principle, does not allow the for-
>, 40 . mation of the(1X 1) adsorbate lattice commensurate with
g 00 | 1 the Mo substrate. However, by placing four Sr atoms in a
5 | ] 4 X1 surface unit cell, we found that they remain pinned in
ol vol | their positions along the furrows thus forming a 1 ML com-
' w ' mensuratep(1x 1) adlayer structure. This suggests that the
10 d/ao'5 0.0 Sr atomic radius is substantially reduced compared to the

atomic radius in a bulk Sr crystal. Our calculation shows that
the binding of atoms in this adlayer is drastically decreased
FIG. 6. Energy barrier for Sr atom diffusion between two vol- (Table ). It is approximately halved compared to the lower
ume (vol) sites along the furrow. The other labels denote hollowcoverage structures discussed earlier. On the other hand, this
(hol), atop of Mo atom(top), and bridge(bri) sites. The distance is dramatic change in the binding is not reflected in the
measured in units of surface lattice parametef.73 A. adsorbate-substrate distance. The distance of adsorbate layer
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to the first and second Mo layers is reducedy.12 A only ~ Sr(9x 1) structures at very low coverages is suggested. The
(~6%). calculated work function variation with Sr adatom coverage,
0=0=1, is in very good agreement with experiment and is

IV. SUMMARY consistent with the classical Langmuir-Gurney picture of al-

kali metal adsorption. The energy barriers for Sr atoms dif-

The clean M¢112) surface properties are well repro- fysion along the furrows are by 20% reduced compared to
duced. The structure and energetics of various configurationge barriers encountered by Li adatoms.

of electropositive Sr atoms adsorbed on the relaxed1¥?)
surface for different coverages in the range £/@ <1 are
presented and discussed. We found that adsorption of alka-
line earths atoms has a stabilizing effect on(t®), which This research has been supported by the Academy of Fin-
is manifested in a reduced topmost layer relaxation. Théand through the Centers of Excellence Prog(@000-2005%
binding energy of Sr atoms forming chain-structures de-and partially(A.K.) by the Polish Committee for Scientific
creases with increasing coverage. Sr atoms are by abo&esearciKBN) Grant No. 1 PO3B 047 26. We are grateful
0.2 eV more strongly bound to the Mo substrate than to Lito the Centre for Scientific ComputingCSO, Espoo, Fin-
atoms. Our calculations show, in good agreement with extand, for generous allocation of computer resources. A.K.
periment, thaip(8x 1) and p(5X 1), which differ in energy acknowledges with thanks the hospitality of the Laboratory
by 20 meV, belong to the most stable Sr structures in thef Physics of HUT during his on leave stay in Helsinki. We
range of coverages considered. The possibility of stabl¢hank Herbert Pfnir for useful comments on this work.
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