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Atomic structure of the Ag(001) c(2X2) Mn surface alloy
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The structure of the unstabt€2x 2) Mn surface alloy that is formed on Ag01) upon deposition of an Mn
monolayer at room temperature is determined by low-energy electron diffradt®BD). The optimized
structure model is basically a two-monolayer-thick MJg,q_, alloy that is ordered in a checkerboard ar-
rangement in the first layer and random in the second layer, with substantial deviations from ideal order and
stoichiometryx=>50. The surface alloy essentially prolongs the face-centered-cubic Ag lattice, with interlayer
distancesl;,=1.985+0.010 A andd,;=2.030+0.008 A only slightly reduced with respect to Ag bulk, and a
buckling of 0.07 A(Mn displaced outwardsn the top layer. The present work clearly confirms the unusually
large atomic volume of Mn in this environment as found in previous surface-extended x-ray absorption fine
structure work[P. Schieffer, M.-H. Tuilier, M.-C. Hanf, C. Krembel, G. Gewinner, D. Chandesris, and H.
Magnan, Phys. Rev. B7, 15507(1998] and disproves the geometry inferred from an earlier LEED study
[Wondong Kim, Wookje Kim, S.-J. Oh, J. Seo, J.-S. Kim, H.-G. Min, and S.-C. Hon, Phys. R&Y, 823
(1998].
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I. INTRODUCTION interlayer distance contraction. This disagrees with a previ-
ous LEED study, where the Mn-Ag alloy is described in
The properties of Mn-based surface alloys have recentlyerms of a bilayer-ordered surface alloy, with the Mn and Ag
attracted considerable attention because of the large magtoms ordered in a checkerboard arrangement within the two
netic moment expected due to a half-filled 8hell. For Mn/  first atomic planes and a very large contraction of 8.3% of
Ni(001) (Ref. 1) and Mn/Pd001) (Ref. 2, the alloy may be the interlayer distance between second and third atomic
several atomic layers thick and ordering takes place withirplanest®
the whole film. In contrast, a true one-monolayer-thigk Actually, this discrepancy can be related to the question of
ML-thick) surface alloy is formed after evaporation of 0.5 the stability of the films. Indeed, the film obtained after
ML of Mn on Co(001) at room temperaéuréRT) (Ref. 3 or  geposition of 1 ML of Mn at RT is not stable at RT, as Mn
on Ni(001) and C4001) above 270 K: For Mn/CU00D),  4datoms tend to change place spontaneously with Ag atoms
quantitative low-energy electron diffracti¢hEED) analysis  fom the substrate. This exchange mechanism takes place
reveals that in the topmost plane each Mn atom is Surauring and after Mn deposition and slows down within a few
rounded by four Cu atoms and that the alloy presents a., <" once the subsurface plane becomes Mn saturated.
Linusuajliy I_arge corrugation, W't?ﬁtghe Mn atoms lying 0'30This means that LEED measurements have to be performed
+0.02A higher ”‘"’!” the Cu_ atoris. only on a film whose atomic structure has been frozen by
Now when Mn is deposited on AQ0D at RT, ac(2 . . g
X 2) superstructure is obtained as well for coverages ranginCOOI'ng' as atomic exchange and diffusion are thermally ac-
gvated phenomena. Whereas in the SEXAFS Wotlke

from 0.5 to 4 ML, and the brightest half-order spots are . . )
observed for 1-1.5 MILAt 1 Mlig according to x-ra;? pho- structure was indeed stabilized by cooling at 100 K, LEED
y i ' data in Ref. 10 have been recorded at RT, that is, on an

toelectron diffractiof and surface-extended x-ray absorption ) . ]
fine structur® (SEXAFS studies, Mn atoms are essentially unstable film, which means that the r_esults are qqestlonable.
confined within the surface and subsurface planes, and the FOr all these reasons, it was desirable to achieve a new
Mn-Ag bilayer alloy is generally inhomogeneous, in the LEED investigation on a frozen and carefully optimized
sense that the surface contaioé2x2) andp(1x1) do- Mn-Ag surface alloy involving 1 ML Mn. We definitely
mains simultaneously. According to the best-fit SEXAFSshow that the topmost plane of the alloy is madec¢2
model, in thec(2x2) areas, the topmost plane exhibits X2) domains where every Mn atom is surrounded by four
about 50% Mn and 50% Ag atoms ordered in a checkerboardg atoms, while within the second atomic plane the Mn and
arrangement, and the subsurface sites are rather occupiég are located at random. Deviations from ideal structure are
randomly by Ag and Mn atoms. In contrast, thex(1) do- present, mainly related to antiphase boundaries between
mains display a pure Ag surface above an Mn-rich plane, i.esmall adjacent(2x2) domains. The atoms occupy fcc Ag
an inverted Mn monolayer structure. The Mn-Ag interatomiclattice sites, and the first and second interlayer distances are
distance is about 2.86 A as compared to 2.89 A for thecontracted by 3% and 0.7%, respectively, with respect to
Ag-Ag distance in bulk, which suggests a surprisingly weakbulk Ag, in nice agreement with earlier SEXAFS wdrk.
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Il. EXPERIMENT whereAE is the total energy range entering the calculation.
In order to take into account chemical ordering, we dis-
tinguished two inequivalent sites in the unit cell correspond-
ing to the checkerboard arrangement, within the first and
third atomic planes. Indeed, from symmetry arguments one
site only exists in layer 2. However, in Ref. 10, the authors
have considered both sites in the unit cell for the surface and
subsurface planes, a situation that actually implies 2-mm
rather than 4-mm point group symmetry and rotationally
¢(2x 2) superstructure spots. As soon as the latter reaChede"’huivalent domains. We will come back to this point later.

tmhlel_rglén[;’ :2: ;Islm mgn?stjlc;;y actol(i)clli?ddr?i\t/\rlggtgiot%rﬁgg:at“r{lhhe composition of each site was determined by means of
y - _ . . . 7,1 - .
the films are found to be quite stable with the additional e averag-malrix approximatio’™® (ATA) in the first

benefit of lower thermal disorder. This preparation methoolIhree layers. Both species were assumed to occupy the nodes

. . . f the fcc net at random. In the following, the atoms of the
gave better LEED dlagra}ms than a simple Mn deposition aguter layers were supposed to occupy the bulko8d) po-
RT and subsequent co_olmg at 100 K, and the relevant Struc'ition except for the interlayer distances that were allowed to
ture appears to be fairly homogeneous with only a smalflar
amount (<10%) of reordering towards an inverted Mn Y-

monolayer. Further details on sample preparation and char- For Vo andV;, the optimum occurs at-6 and 4.5 eV,
layer. . pie prep respectively, values almost identical to those found for a pre-
acterization can be found in Ref. 7.

: 12 _
Conventional LEED optics consisting of four grids and aVlous work.” The Debye temperature was checked punctu

fluorescent screen has been employed. The LEED spot intef’i‘%}; '2 itr??atoee tlwgn:jaéesrg :K ;2? Igpél:nzu mwmae S trr]ia;\hesdugc_)r
sities versus incident electron enerd¢E), have been ex- y Y ' g

tracted from pictures taken with a charge-coupled device trate was assigned a value Of. 250 K. .

(CCD) camera and using the method described in Ref. 12 AmaX|mum_ of ten phase .Shlft.s at the h|gh(_est eneBb

The data set includes nine inequivalent beasig integer. e\_/) was used in tr_\e calqulatlon, in contrast with the study of

and three fractional beamsorresponding to a cumulated Kim et al.who "m!t?d this parameter to }R.Th_e latter num-

energy range of 1511 V1003 and 508 V, respectively, for ber may be insufficient even at 160 eétshel_r highest energy

integer and fractional beams ' ' is actually 280 eY where Mn and Ag partial scattering am-
plitudes t, for I=6 have still large valuest{=0.11, tg
=0.05,...).

The experiments were performed in a UHV chamber with
a base pressure below<20™° mbar. The Ag001) single-
crystal surface was prepared by standards methadsomi-
nal monolayer of M1 ML is defined with respect to the
Ag(001) surface atomic densitywas deposited onto clean
Ag(001) kept at 210 K; afterwards, the sample was slowly
ramped to 298 KRT) upon monitoring the intensity of the

Ill. LEED CALCULATIONS

LEED calculations were conducted in a similar manner as |v. RESULTS: COMPOSITION AND STRUCTURAL
in our previous study of the(2x2) Mn antiferromagnetic MODEL
overlayet? and of the inverted Mn layer on A@01)."* We o
used the code of Moritz, which allows both for a standard The results are summarized in Table |, and tHector
grid search and for an automatic fit of the main paramefers. €volutions versus structural parameters are presented in Figs.
The same sets of phase shifts and Debye temperature weke'S- Near-optimum rather than exactly optimum parameters
used to describe the scattering and effect of temperature. Wexplain the small changes in the minimunfactor in the
also started the analysis with the previously optimized value§ifferent figures. The errors bars are derived from the vari-
of the inner potential. The optimization was rather straight-2nce ofR, and again are presented for near-optimum values.
forward as the periodicity is that of the bulk and the param-Figure 1 shows that the first interlayer spacing is contracted
eters reduce to average concentrations of the first four layer8Y 3% with respect to the bulk spacirig.044 A: the next
the corresponding interlayer distances, and finally, the inngPn€ is still reduced by 0.7%, and there is an extremely weak
potential V, and the absorptive potential (both constant —€xpansion, 0.6%, below. As can be seen in Fig. 2, the mixed
with energy and the Debye temperature. Beforehand, withtoP layer is clearly corrugated, the Mn-rich site being 0.07 A
fewer parameters, we optimized the scattering condition@Pove the Ag-rich sublayefig. 2). Hence the actual inter-
around the normal to the crystal incidence using the adapte@yer spacing from the first to the second layer, with respect
symmetries. to the center-of-mass plane, is about 2.01 A. We also tried to

The angles were checked several times in the course ¢pOVe out of plane half of the atoms of layer 3, but within the
the analysis and the actual conditions read,d) sensitivity of the method, the best agreement results from
=(1.25°,28°). coplanar atoms.

The agreement was assessed by the metric distBace The evolution of ther factors versus layer composition,
(Ref. 19 [=Ryd2 (Ref. 14] and by Pendry's factor R, shown in Figs. 3-5 for layers 1, 2, and 3, respeptlvely,
(Ref. 16 for comparisons. The error bars follow from the clearly demonstrates a strong tendency (@ 2) chemical

variance ofR..: order restricted to the topmost layer.
P In terms of average concentrations, the top three layers
Var(Dy) =R, nin X (8V, /AE) 12 contain, respectively{C,)=43%, (C,)=34%, and(Cs)
1/ p min ' =4% Mn. This corresponds to a monotonous decrease of the
=0.197x (8 X 4.5/1512?=0.03, adatom concentration with deptfiFigs. 3—5, in contrast
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TABLE |. Optimum parameters for the surface Mn-Ag alloy on(8@1). HereCj; is the atomic fraction of Mn on sitgin layeri; d;;
is the vertical spacing between the lowest atom in layard the highest atom in laygrAlso Z4; is the buckling in layer 1; in the present
instance, Mn atoms lie above the Ag sublattice. The last two lines show the equivalent parameters for the Mn films—surface antiferromag-
netic layer withc(2x 2) periodicity (Ref. 12 and the inverted (X 1) Mn layer(Ref. 13.

R d12 d23 d34 le C11 C12 CZla C31 C32

Structure D, (Ap) (A) R R A) (% Mn) (% Mn (%Mn) (% Mn) (% Mn)
Surf. alloy 0.120 0.197 1.985 2.030 2.057 .07 9 78 34 7 2.5
Layer average 43 34 4.5
Error bars +0.010 =*=0.008 =*0.016 =*=0.015 +12 *+17 +13 +10 +12
Surf. alloy 0.267 2.036 1.873 0.03 0 100 0/100 0 0
LEEDP

Total energ 1.789 1.989 -0.027

calc?

Inverted Mn 0.142 0.248 1.974 1.974 2.035 8 90 10

layef®

Mn overlayef 0.153 0.311 2.00 2.029 2.04 85 0-10 0

3 rom symmetry arguments one site exists in layer 2; inal, however, have distinguished both sites in the unit (sek text
bReference 10.
‘Reference 13.
YReference 12.

with many bimetallic alloys where, instead, the concentratioris present, each domain being separated from surrounding
shows damped oscillatior8. ones by antiphase boundaries. During the short RT anneal of
None of the sites, whether in the first or third layer, isthe Mn deposit, the exchange of atoihén versus Ag be-
actually occupied by a single species. In layer 1, one sitéween layers competes with surface diffusion, leading to this
contains a random mixture of 9% Mn and 91% Ag, the othedimited ordering. It is the presence of these antiphase bound-
being Mn rich(78%) (Fig. 3). The total amount of Mn is not aries which explains the apparent partial “random” distribu-
sufficient to allow a perfect alloy to develop all over the tions of Mn and Ag species in layer 1 in LEED calculations,
surface, although the final state is close tospwsy in layer ~ Ag atoms occupying the positions of Mn in the next domain
1. Thec(2x2) domains have grown and have reached theiland vice versa, not accounting for other kinds of defects. Yet
maximum size, but the order does not develop over very longnly small (2X1) pure Ag domains might be present, as
distances, which would yield clear-cut concentrations on théndicated by a previous studyrhe presence of a large num-
surface sites at least. Locally, the checkerboard arrangemebér of smallc(2X2) antiphase domains is quite consistent
with the observed width of the LEED reflections: super-
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FIG. 1. r-factor variations with the interlayer distances. The er-
ror bars, derived from the variance Bf,, are shown for near op- FIG. 2. r-factor variations with respect to the bucklifign-rich
timum values. site shifted out of layer 1 for near-optimum values.
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the top layer for near-optimum values.
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FIG. 5. Same as Fig. 3 for layer 3.

confidence in our results. As can be judged from Figs. 1-5,

structure spots are definitely broader than integral order one§;itnin error bar. allr factors yield the same geometry and

as already reported in earlier wotk,and indicate typical
coherent domains sizes of a few lattice parameters only.

In the present case the agreement is pretty good in co

V. QUALITY OF THE AGREEMENT

composition, the largest difference occurring for the buck-

ling, which happens to be a little larger with, (0.075 A

than forR, (0.065 A, and for the second interlayer distance

d,3. One can judge this correspondence between experimen-
n@l and calculated spectra in Fig. 6.

parison with the two previous cases of Mn films whéae

mos) pure Mn layers alternate wittelmos) pure Ag ones
(Table ). The metric distancel¥;=0.120) is quite good if
compared with other surface or bulk allolfsRestricting
the comparison to Mn films on AQ0J), all r factors yield
lower values for the present study, is also much lower

VI. DISCUSSION: COMPARISON WITH PREVIOUS
WORKS ON THE SAME STRUCTURE

The present LEED results are in perfect agreement with
those obtained from x-ray photoelectron diffractiogPD)
anisotropy and from measurements of the intensity and width

than the value obtained by Kinetal,” giving more ¢ 'Frpy spots as a function of the temperat(ifefor this
particular structure a 45% Mn55% Ag content in the top
1 026 layer is inferred from analysis in Ref. 7, which corresponds
p within 2% to the present LEED findings. The difference in
| —e—C,D, —8=0, K ol the second layer is hardly larger since we find 34% Mn for a
10.25 ~45% estimation from XPD anisotropy. Here too the con-
1 clusions from both studies are consistent in the sense that a
1024 random distribution of Mn prevails.
. In terms of the average composition, this is not far from
] the LEED results of Kimet al,*° who end with an alloy
J10.23 extending over two layers. However, the picture is somewhat
] different in the sense that they arrive at a perfect alloy, with
] a stoichiometric compositiof60% Mn, 50% Ag, while we
1022 instead find a short-range ordering in the top layer associated
] with a random distribution in the layer below.
Jo21 Regarding the optimum composition of layer 1, if we fix
e 1 the concentration of both sites to 0 and 100%—the model of
] Kim et al—the r factors increase fronD,=0.120 andR,
Fuesadls oo B s Ll elaa bl s (120 =0.197 toD,=0.134 andR,=0.214, respectively, showing
0 20 40 60 80 100

Atomic fraction (% at. Mn)

FIG. 4. Same as Fig. 3 for layer 2.

unambiguously that the actual Mn content is lower than in a
perfectly ordered layer. Similarly, tests were performed with
two inequivalent sites in layer 2. Such a situation implies
averaging over two domains so as to account for the lower-
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ordered layer on top of a truly random KhAgge mixture.

The same assumption—a perfect two-layer-ordered
MnAg slab—probably led Kinet al.to conclude that, while
the first interlayer spacing is bulklikéess than 0.5% con-
traction compared to 3% in our casthe second spacirdps
is contracted by as much as 8.3%, in clear contrast with our
finding of an almost bulklike distance. They attribute this
strange contraction to the “insensivity of LEED to the
atomic structure of the Ag atoms in the third layer.” This is a
strange claim as, in many studies of either surface or bulk
alloys—including the(111) orientation where the interlayer
spacing is larger—one could detect the geometry changes
and/or composition for such deep layers. To illustrate the
point we have plotted the variations offactors versus the
different optimized parametef§igs. 1-5. While the sensi-
tivity is obviously less marked in the third layéFig. 5), it is
nevertheless quite sufficient to extract the structure and Mn
. concentration as well.

\/\/ Part of the discrepancy obviously arises from differences
.2) ' e ! in the calculations—assumption on the modetdered or
] disordered alloy, number of phase shifts, third layer compo-
| / sition included or not, nonstoichiometry of alloy layers—but

the experimentalignment, preparation conditions, total en-
ergy range in the data getself may have contributed: in-

deed, as stated in the Introduction, temperature and time are
A /\ known to influence the composition of the surface layers via
i diffusion phenomena.
. . Finally, we wish to focus also on the corrugation of the
1(0.5,0.5) top layer: here also there is a clear quantitative difference
between Ref. 10 and our resu(&03 A instead of 0.07 A
whereas both analyses find an Mn sublattice sitting above the
Ag sublattice. Concerning the amount of data, it may be
remarked that, in the case of Kigt al,, only one fractional
beam was measured for a relative weight~-e10% in the
total energy rangé~80 V out of 800 V}, while, in our case,
c(2x2) data represent more than 30%900 V out of 1500
V), which may add to the origin of the difference in the
LEED results. With such a ratio and enlarged database, we
are more sensitive to the buckling of the surface layer. As
there is a strong interdependence of the geometrical param-
eters, this weak value of the buckling may be correlated to
the too small spacing they found faks. In addition, we

1 60 260 3(|)O

note that their total energy calculation results for an inter-
Energy (eV) layer distance fit much better with our results than with those

of the authors.
FIG. 6. LEED intensitiegin arbitrary unit$ vs energy(in eV) In addition, let us point out the excellent agreement be-
for the MnAg alloy phase on AQ01) calculated for near-optimum  tween our best-fit model geometry and previous SEXAFS
parametersthin line) as compared to experimefthick line). studies. From this model we derive a mean Mn-Ag distance

of 2.87+0.02 A as compared to 2.88).02 A in Ref. 9.
ing of the symmetry of the slab made of two stoichiometric
layers and of the appareaf2x 2) symmetry of the pattern.
The bestr factors occur for two sites containing,;=C,,
~40% Mn—that is, very close to what we obtained consid- In summary, we have shown that the surface of the AgMn
ering a single site and random distributié@,,;=34%: cf.  alloy resulting from deposition of 1 ML of Mn on A§0Y) is
Table )—whereas the samefactors increase quite signifi- made ofc(2X2) domains where Mn and Ag atoms are lo-
cantly for a stoichiometric and perfectly ordered layer—acally ordered in a checkerboard arrangement. The subsurface
pure Mn site associated with a pure Ag sitBr=0.145, plane contains 3#13% Mn located at random on the fcc
R,=0.220. We conclude thus that this stoichiometric bilayer-sites. The interlayer distancel, andd,; are slightly con-
ordered alloy can be discarded at the expense of a localliyacted(respectively, 1.985 and 2.030 Avith respect to bulk

VII. CONCLUSION
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Ag(001), while there is a small corrugation of the Mn atoms very large magnetovolume effect is evidenced for the various
(0.07 A). Mn/Ag(001) systems. X-ray absorption measurements have
Clearly, the MnAg alloy differs substantially from the shown that within thec(2X2) Mn-Ag alloy the Mn atoms
c(2x2) surface alloys observed for 0.5 ML of Mn on are in a high-spin state, comparable to the inverted mono-

Cu(00) or Ni(001). Indeed, much more Mn is found within |ayer as well as overlayd?.Possibly, theoretical work such
the subsurface plan@4% for 1 ML Mn) than in the case of a5 the studies of Eder and co-work&rsyho consider gen-
Cu(001) (12%),° and the corrugation within the top layer is eralized gradient correctiof&GC'9 to the exchange corre-
lower for MnAg (0.07 A) than for MnCu(0.3 A). In addi-  |ation functional, might better reproduce the present large

tion, thec(2x2) Mn-Ag alloy correlation length is about @ magnetovolume effect than the usual local density functional
few lattice parameters, whereas for Mn(G01), alloy ter-  methods, which fail seriously in this respect.

races and islands larger than 100 A can be fotiide larger
lattice parameter for Ag4.09 A) than for Cu(3.61 A) has to

be taken into account, and the most remarkable point here is
the exceptionally large Mn atomic size in the Mn/Ag surface
alloy. However, the Mn atomic size for the more stable in- One of us(Y.G.) is indebted to the Institut du Deloppe-
verted monolayef16.40 &) is close to that corresponding to ment et des Ressources en Informatique Scientifitiie|S)
thec(2x 2) surface alloy(16.68 &) or Mn overlayer(16.70  for his support with computing time. We wish to thank W.
A3) and is much larger than in bulk M12.20 &), as wellas ~ Moritz for providing the LEED code used for the present
in the MnCu surface alloy11.69 A).>'2 Hence a similar analysis.
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