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Formation of a bilayer ordered surface alloy Mn/Ag(001)
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Low-energy electron diffraction/V analyses reveal that Mn thin films deposited on(@d) at room
temperature form substitutional, ordered, bilayerdyiy 5o surface alloys. The Mn atoms in this structure have
local magnetic moments of considerable value, as judged from the $Mco& level spectra; these local
magnetic moments of Mn are effective in the formation of the ordered surface Altojnitio total energy
calculations have been done and the results confirmed the experimental observations.
[S0163-18298)03611-X

Mn thin films on various noble metal systems have at-Mn/Ag(001) system, thisc(2X2) pattern originates from a
tracted a great deal of attention because of the close relatidsilayer ordered surface alloy formed of evaporated Mn. This
between their magnetic properties and geometrical'bilayer” growth mode has not been observed before for
structure®? In search of the correlation between structureany other surface alloy system, although single-layer ordered
and magnetism, the Mn/Ag01) system has been a particu- alloys have been reportédlo obtain information about the
lar focus for some time. Newsteast al. observed ac(2 local magnetic moment of Mn, we also carried out x-ray
X 2) low-energy electron diffractioLEED) pattern for Mn/  photoemission experiments. A substantial local magnetic
Ag(00)) in the thickness range of 0.5—1.5 monolay@vd.) = moment can be deduced from the observede3change
(Ref. 3 and suggested that it was due to the Mn overlayesplitting (~ 4.0 eV) of Mn atoms in the bilayer alloy, unlike
structure. They also observed a reduced exchange splitting the results of previous workTo confirm our observatiorab
the Mn 3s core level spectrum for 1-ML-thick Mn films, and initio total energy calculations were performed and found to
concluded that this indicates a reduction of the local magbe in good agreement with the experimental results.
netic moment of Mn due to hybridization with Ag. After this  The Ag002) single-crystal substrate used in this experi-
study, some experiments were performed for Mn thin films ament was a tophat-shaped disk 8 mm in diameter and 1 mm
few monolayers thick on A@01), but a clear conclusion thick. After several repeated cycles of Aion bombardment
was not drawn for the monolayer regithe Recently, the and annealing at 800 K, the crystal surface showed a sharp
results of inverse photoemission spectroscdpP¥ES experi- p(1x1) LEED pattern and no contamination was detected
ments showed the possibility of a well-ordered surface strucby Auger electron spectroscopy using a cylindrical mirror
ture for one monolayer thickne8sviore recent x-ray photo- analyzer. Mn was evaporated onto the cleari08d) surface
electron diffraction (XPD) experiments indicate that from a source consisting of a Mn chip wound around W
submonolayer Mn atoms evaporated on(@@f) form a sur-  filaments; the typical evaporation rate was1 ML per 5
face alloy by intermixing with Ag atoms and that the thick- min. The Mn coverage was determined from the intensity
ness of intermixing depends on the growth temperatureratio of Mn (539 eV) and Ag (359 eV) Auger peaks. The
They also observed a(2x?2) LEED pattern, but did not base pressure was<gL0™ ! Torr and was maintained below
discuss its origin in connection with their XPD result. 2% 10 10 Torr during Mn evaporation. X-ray photoemission

In this paper, we present results of LEHDV analyses spectroscopyXPS) experiments were carried out in another
mainly on the 1 ML Mn/Ad001) system. Between 0.5 and UHV chamber, where a LEED analyzer, an x-ray source, and
1.5 ML Mn, a brightc(2X 2) pattern is found, as in previous a concentric hemispherical electron energy analyzer were in-
studies, and at 1 ML, the LEED pattern is at its best withstalled. The base pressure of this chamber wasl@ ©
sharp and intense half-order spots and low background. AcForr and maintained underx110~° Torr during evaporation.
cording to our analysis of LEED/V curves on this 1 ML  The overall spectrometer resolution was estimated as around
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TABLE I. R, factor for various model structures. R
[1/2,1/2]
Mns0Agse/Ag(001) 0.4698
2MngpAgs0/Ag(001) 0.2667 [1,0]
3MnspAgs,/Ag(001) 0.3361 2
MnsoAgso/ MNy00/ Ag(001) 0.3187 g
AJ100/MNseAgse/ Ag(001) 0.3662 —g
Mn;00/ MNsoAdse/ Ag(001) 0.4010 <
Ad100/ MNsoAgso/ Mnsy/ Ag(001) 0.3223 ‘g 0.0
Mnso/Ag(001) 0.5847 g
Mnso/MnspAgse/Ag(001) 0.3582 [2.1]
Mnso/ AG100/ MNsoAgse/ Ag(001) 0.6808
Adso/MnsAgso/ Ag(001) 0.4011 ‘
Agsy/2MnspAgs,/ Ag(001) 0.4180 40 80 Bnersy (V)
Agso/Mn 00/ Ag(001) 0.4583
Mnisy/2MnspAgse/ Ag(001) 0.4817 FIG. 2. Experimentaksolid line) spectra for the 1 ML Mn/

Ag(00)) structure and the best fit theoretical spec¢ttashed ling

. . . ) . by the bilayer surface alloy model structure.
1.2 eV. Thickness calibration in the XPS experiments was

done by the intensity ratio between Mpznd Ag 3 core A schematic picture of the bilayer structure is presented in
level peaks. _ Fig. 1. The calculated spectra for this structure are presented
For 1 ML Mn deposited on A@O1) at room temperature, giong with experimental-V curves in Fig. 2. The peak po-
LEED I-V curves were obtained for five symmetrically in- sitions and intensity ratio are well reproduced, as expected
equivalent beams including(a/2,1/2 beam between 40 and from the low value of theR factor. The interlayer spacings
300 eV by a fully automated video LEED systdmA. LEED  ponyeen the first three layersl,6,d,s) and the corrugation
IV anall%ss was done by employing thH&NSOR LEED iy the two alloy layers fz= Zyn—Zag) Obtained from the
program:” Scattering phase shiffsup to angular momen- optimized structure are listed in Table Il. A small corruga-
tum quantum number equal to 6 were used, and thermal tjon of 1.79 is found only in the first alloy layer. The inter-
V|brat|or] effects were taken into account by a Debye—WaIquayer spacing between the first two layers is contracted
factor with a Debye temperature of 440 K for Mn and 225 K p,y, 5 small amount, 0.35%, referred to the interlayer spacing
for Ag. An evaluation of the best fit between theory andyf phylk Ag; otherwise, the contraction between the second
experiment and the error bar in the structgre dgtermlgatlo%nd third layers is very large, but this may only reflect the
was done with the Pendifg factor (Ry) and its variance? insensitivity of LEED to the atomic structure of the Ag at-

Two categories of model structures which could generatgyms in the third layer as noticed from the large error bar of
half-order LEED spots were tested: the first with Mn over- 1 4 go4

layers and the other with ordered Mn surface alloys. Since T4 confirm the results of the above LEED analy-
the thickness calibration by Auger intensity ratio is depen-sjs e performed total energy and atomic force calcula-
dent on the growth mode, the Auger intensity ratios for oUlijons for some systems related to our current study, em-
nominal 1 ML Mn film in reference to the bilayer alloy may ploying the full-potential linearized augmented plane
be obtained for other growth models. Hence we tried to fity5ye (FLAPW) method!® The systems considered were
the experimental/V curves for various growth models with 5 monolayer of Mn as overlayefMn ;0JAg(001)], one
c(2_>< 2) symmetry and which give .si_milar Auger intensity monolayer [MnsAgsy/Ag(00D], and two monolayers
ratios, as shown in Table I. The minimum value of g 2Mn Ag./Ag(001)] of c(2X2) MnAg ordered alloy lay-
factor, 0.2667, was obtained for the case of a bilayer surfacgrs on Ag001) and a monolayer subsurface Mn system
alloy. For other model structures, distinctively higher values[Ag 10dMN 16/Ag(00D)]. These systems were simulated as a
were produced. single slab consisting of 7 ML. On each side of the slab, a
Mn overlayer or MnAg alloy layers were placed according to
each growth model; the inner layers were Ag. The total en-

TABLE Il. Optimized atomic positions of the bilayer surface
alloy system by the tensor LEED algorithm and total energy calcu-
lation. dy, is interlayer spacing of bulk Ad.+, extraction;—, con-

traction.
Top View Side View i i
Structure LEED analysis Total energy calculation
% Q Q O @ Az, /d, 1.72+2.2% —1.30%
' ' Az,/d, 0.00+1.6% 2.58%
e s St o o G-did,  03=loh  125%
(dys—dy)/dy —8.33:4.9% —2.67%

FIG. 1. Schematic diagram of the bilayg(2 X 2) surface alloy.
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TABLE lIl. Total energies(eV) per atom of MnRy,/Ag(001),
MnsAgse/ MNspAgse/Ag(001), and  Agoo/Mnye/Ag(001) in Mn 1ML
paramagnetic (PM), ferromagnetic (FM), and antiferromag-
netic (AFM) phases with reference to that of My/Ag(001) in the
paramagnetic state. 4.0eV

Total energy(eV)
System PM FM AFM

Mn 0/ Ag(001) 00 —153 —1.60
MnsAgso/MnsAdso/Ag(001)  —0.25 —1.64 —1.75
A100/MN 300/ Ag(001) -072 —-1.94 —1.96

Intensity{arb. unit)

®
ergies of MngfAg(00), 2MnsAgs/Ag(001), and .. *
Ad 10dMn 10/Ag(00Y) in their paramagnetitPM), ferromag- e
netic (FM), and antiferromagnetic(AFM) phases are ® L
presented in Table Ill. For all growth modes, the AFM
state is the most stable magnetic state. The formation 100 98 96 94 92 90 88 86 84 &2
energy of the bilayer alloy, E[Mn;o/Ag(001)] -
—E[2MngpAgs0/Ag(001)], namely, 150 meV per atom, is Binding Energy(eV)
much larger than that of a single-layer alloy,

FIG. 3. 3s core level spectra of Mn on AG01) at one mono-
layer thickness.

1

={E[Ag(00D ]+ E[Mn;o/Ag(001) ]} 15%. This means that the bilayer ordered surface alloy struc-

2 ture is a diffusion-limited, thermodynamically metastable
— E[Mns0Ags0/Ag(00D) ], system.

The Mn 3s XPS core level spectra of nominal 1 ML Mn
thickness is presented in Fig. 3. The quality of the data is not
namely, 8 meV per atom. This result indicates that thegood enough to try a detailed curve fitting, but two peaks
bilayer alloy system is more stable than a single-layewith an energy splitting of 4.0 eV are clearly observed. This
surface alloy. Another notable fact in Table Il is that splitting is similar to that observed in bulk Mf.If we in-
Ag 10dMn 10fAg(00]) is more stable by 210 meV than terpret this splitting as due to the exchange interaction be-
2Mns5Ag5/Ag(001). This implies that Mn in the surface tween the 3 core hole and the @ valence electron, this
layer in 2MngpAg 5/Ag(001) can diffuse into the A(O0I) result implies that the local magnetic moment of Mn in this
substrate, if activated, for example, by annealing. This presurface alloy state is quite large. Hence, the magnetic energy
diction is in line with our observation that the(2Xx2) contribution is thought to be a significant factor in the ener-
LEED pattern disappears even after a gentle annealing of §etics of ordered alloy formation, as shown in previous ex-
min at 400 K. The interlayer spacings were also calculategheriments and theoretical calculatidrswuttig et al® found
on 2MnsAg 5¢/Ag(001) and the results are listed in Table Il. with a LEED |-V analysis that Mn deposited on @01
Compared with the results of a dynamic LEED analysis,forms a very stable(2x 2) surface alloy, and also attributed
some discrepancies are found in the interlayer spacing. its stability to the magnetic energy contribution due to an
Considering the results of the LEED analysis and theenhanced local magnetic moment of surface Mn atoms. This
total energy calculations together, the origin of tH@ X 2) scenario was later confirmed by the observation of Mn in its
structure in Mn/Ag001) at room temperature is defi- high-spin state by x-ray absorption spectroscbply.
nitely the formation of an ordered surface alloy in the first One may suppose that the formation of a bilayer ordered
two layers. But this structure is metastable, and theréMin/Ag(001) alloy can be described by an energetic scheme
can exist another domain which is more stable energetiand atomic diffusion process similar to that for the Mn/
cally such as Agof/Mn 10f/Ag(001), as predicted by the total Cu(001) system:’ but the difference of atomic size and sur-
energy calculations. If there exist two different micro- face free energy is expected to bring about definite differ-
domains near the surface, i.e., the bilayer ordered surfacences between the two systems. First, Ag is larger than Cu,
alloy [2MngpAgse/Ag(001)] and the Mn subsurface layer and so Mn incorporation into the substrate will happen more
[Ad100/Mn100/Ag(001)], then the resultingV curve should easily on Ag001) than on C@001).!® The negligible corru-
be calculated by a weighted average of two LEELVY  gation of the AG001) c(2X 2)Mn surface alloy system com-
curves from these two domains according to the ratio of theipared with that of C(001) c(2X2)Mn can be regarded as a
domain areas. We therefore further refined our fitting of theresult of this difference of atomic size between Ag and Cu.
LEED I/V curves including the ratio of the two domain areasSecond, the surface free energy difference of Ag and Cu is
as an additional fitting parameter. Then, Rpnfactor that is ~ another important factor which makes for the different char-
lower by 0.024 than that of the pure bilayer surface alloyacteristics of the two systems. It is well known that the sur-
model could be obtained, when the domains are composed édce free energy of Ag1.302 J ni ) is significantly lower
the bilayer surface alloy by 85% and subsurface Mn layer bythan that of Cu1.934 J m 2).1° Hence the atomic exchange
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process between Mn and Ag will happen more easily thamMnCu alloy was found to be similar to that of the MnNi

between Mn and Cu, and so many Ag atoms ejected from thalloy.?®* These magnetic moments predicted for Mn in the

substrate can exist at the surface. Since these Ag adatoms ditayer alloy are similar to that recently calculated, 34£5

very mobile, they could form a MnAg alloy structure on the for the Mn/CY001) systen:* This implies that magnetic ef-

surface by incorporation of Mn subsequently deposited of€cts in the bilayer alloy formation would just be comparable

the surface. A similar behavior of Ag atoms was reported inwith that in the Mn/C(001) system. Hence, the magnetic

a previous scanning tunneling microscopy study forénergy due to the local magnetic moment of Mn might be

Rh/Ag(001).2° effective in the formation of an ordered alloy, but insufficient
The lower surface free energy of Ag than that of Cu alsal© Overcome the large surface energy difference between Mn

; . o d Ag. This would explain the relative instability of bilayer
explains the thermodynamic instability of the Mn/egy)  &"
o : n ordered alloy on A@P01) compared to the Mn ordered
system. To stabilize this surface alloy structure through thévllon on Cy001) yas evi(%nc)ed byahe Swift disappea:ance of
cancellation of a surface energy difference by a magnetiﬁ1 ’

energy contribution as in the Mn/Q201) system, the mag- geenttljgagr?r:ezllll%é (;rtdi(r)%sztructure on @91 even for the

In conclusion, we showed that tle¢2< 2) LEED pattern
of Mn/Ag(00)) is due to bilayer ordered surface alloy for-
mation and the local magnetic moment of Mn atom is instru-

netic moment of Mn in this system has to be larger. Th

value of the magnetic moment predicted by @lr initio
calculation is 3.9a for the first layer Mn and 3.5bg for

€

the second layer Mn at zero temperature, whereas the expefhiental in the formation of this surface alloy. This type of
mental magnetic moment of Mn in the surface alloy at roomsyrface alloy formation by the effects of magnetism deserves
temperature, estimated from the well-known linear relatlonmore detailed studies with various tOOlS, as another impor-

ship between the Sexchange splitting and the local mag- tant example of the complexity of thin films.

netic moment of Mn, is around 2u%.?! The discrepancy

between the calculated and experimental values appears to
come from temperature effects, since a previous neutro

scattering experimefttin a dilute Mn-Ni alloy reported that
the Mn magnetic moments at 4.2 K, 3/, is reduced at
room temperature to 2.63. Further, the behavior of a
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