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Formation of a bilayer ordered surface alloy Mn/Ag„001…
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Low-energy electron diffractionI /V analyses reveal that Mn thin films deposited on Ag~001! at room
temperature form substitutional, ordered, bilayer Mn50Ag50 surface alloys. The Mn atoms in this structure have
local magnetic moments of considerable value, as judged from the Mn 3s core level spectra; these local
magnetic moments of Mn are effective in the formation of the ordered surface alloy.Ab initio total energy
calculations have been done and the results confirmed the experimental observations.
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Mn thin films on various noble metal systems have
tracted a great deal of attention because of the close rela
between their magnetic properties and geometr
structure.1,2 In search of the correlation between structu
and magnetism, the Mn/Ag~001! system has been a particu
lar focus for some time. Newsteadet al. observed ac(2
32) low-energy electron diffraction~LEED! pattern for Mn/
Ag~001! in the thickness range of 0.5–1.5 monolayers~ML !
~Ref. 3! and suggested that it was due to the Mn overla
structure. They also observed a reduced exchange splittin
the Mn 3s core level spectrum for 1-ML-thick Mn films, an
concluded that this indicates a reduction of the local m
netic moment of Mn due to hybridization with Ag. After thi
study, some experiments were performed for Mn thin film
few monolayers thick on Ag~001!, but a clear conclusion
was not drawn for the monolayer regime.4,5 Recently, the
results of inverse photoemission spectroscopy~IPES! experi-
ments showed the possibility of a well-ordered surface str
ture for one monolayer thickness.6 More recent x-ray photo-
electron diffraction ~XPD! experiments7 indicate that
submonolayer Mn atoms evaporated on Ag~001! form a sur-
face alloy by intermixing with Ag atoms and that the thic
ness of intermixing depends on the growth temperatu
They also observed ac(232) LEED pattern, but did not
discuss its origin in connection with their XPD result.

In this paper, we present results of LEEDI /V analyses
mainly on the 1 ML Mn/Ag~001! system. Between 0.5 an
1.5 ML Mn, a brightc(232) pattern is found, as in previou
studies, and at 1 ML, the LEED pattern is at its best w
sharp and intense half-order spots and low background.
cording to our analysis of LEEDI /V curves on this 1 ML
570163-1829/98/57~15!/8823~4!/$15.00
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Mn/Ag~001! system, thisc(232) pattern originates from a
bilayer ordered surface alloy formed of evaporated Mn. T
‘‘bilayer’’ growth mode has not been observed before f
any other surface alloy system, although single-layer orde
alloys have been reported.8 To obtain information about the
local magnetic moment of Mn, we also carried out x-r
photoemission experiments. A substantial local magn
moment can be deduced from the observed 3s exchange
splitting (; 4.0 eV! of Mn atoms in the bilayer alloy, unlike
the results of previous work.3 To confirm our observation,ab
initio total energy calculations were performed and found
be in good agreement with the experimental results.

The Ag~001! single-crystal substrate used in this expe
ment was a tophat-shaped disk 8 mm in diameter and 1
thick. After several repeated cycles of Ar1 ion bombardment
and annealing at 800 K, the crystal surface showed a sh
p(131) LEED pattern and no contamination was detec
by Auger electron spectroscopy using a cylindrical mirr
analyzer. Mn was evaporated onto the clean Ag~001! surface
from a source consisting of a Mn chip wound around
filaments; the typical evaporation rate was; 1 ML per 5
min. The Mn coverage was determined from the intens
ratio of Mn ~539 eV! and Ag ~359 eV! Auger peaks. The
base pressure was 5310211 Torr and was maintained below
2310210 Torr during Mn evaporation. X-ray photoemissio
spectroscopy~XPS! experiments were carried out in anoth
UHV chamber, where a LEED analyzer, an x-ray source, a
a concentric hemispherical electron energy analyzer were
stalled. The base pressure of this chamber was 1310210

Torr and maintained under 131029 Torr during evaporation.
The overall spectrometer resolution was estimated as aro
8823 © 1998 The American Physical Society
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1.2 eV. Thickness calibration in the XPS experiments w
done by the intensity ratio between Mn 2p and Ag 3d core
level peaks.

For 1 ML Mn deposited on Ag~001! at room temperature
LEED I -V curves were obtained for five symmetrically in
equivalent beams including a~1/2,1/2! beam between 40 an
300 eV by a fully automated video LEED system.9 A LEED
I /V analysis was done by employing theTENSOR LEED
program.10 Scattering phase shifts11 up to angular momen
tum quantum numberl equal to 6 were used, and therm
vibration effects were taken into account by a Debye-Wa
factor with a Debye temperature of 440 K for Mn and 225
for Ag. An evaluation of the best fit between theory a
experiment and the error bar in the structure determina
was done with the PendryR factor (Rp) and its variance.12

Two categories of model structures which could gener
half-order LEED spots were tested: the first with Mn ove
layers and the other with ordered Mn surface alloys. Si
the thickness calibration by Auger intensity ratio is depe
dent on the growth mode, the Auger intensity ratios for o
nominal 1 ML Mn film in reference to the bilayer alloy ma
be obtained for other growth models. Hence we tried to
the experimentalI /V curves for various growth models wit
c(232) symmetry and which give similar Auger intensi
ratios, as shown in Table I. The minimum value of theRp
factor, 0.2667, was obtained for the case of a bilayer surf
alloy. For other model structures, distinctively higher valu
were produced.

FIG. 1. Schematic diagram of the bilayerc(232) surface alloy.

TABLE I. Rp factor for various model structures.

Mn50Ag50/Ag(001) 0.4698
2Mn50Ag50/Ag(001) 0.2667
3Mn50Ag50/Ag(001) 0.3361
Mn50Ag50/Mn100/Ag(001) 0.3187
Ag100/Mn50Ag50/Ag(001) 0.3662
Mn100/Mn50Ag50/Ag(001) 0.4010
Ag100/Mn50Ag50/Mn50/Ag(001) 0.3223

Mn50/Ag(001) 0.5847
Mn50/Mn50Ag50/Ag(001) 0.3582
Mn50/Ag100/Mn50Ag50/Ag(001) 0.6808
Ag50/Mn50Ag50/Ag(001) 0.4011
Ag50/2Mn50Ag50/Ag(001) 0.4180
Ag50/Mn100/Ag(001) 0.4583
Mn50/2Mn50Ag50/Ag(001) 0.4817
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A schematic picture of the bilayer structure is presented
Fig. 1. The calculated spectra for this structure are prese
along with experimentalI -V curves in Fig. 2. The peak po
sitions and intensity ratio are well reproduced, as expec
from the low value of theR factor. The interlayer spacing
between the first three layers (d12,d23) and the corrugation
in the two alloy layers (Dz5zMn2zAg) obtained from the
optimized structure are listed in Table II. A small corrug
tion of 1.7% is found only in the first alloy layer. The inte
layer spacing between the first two layers is contrac
by a small amount, 0.35%, referred to the interlayer spac
of bulk Ag; otherwise, the contraction between the seco
and third layers is very large, but this may only reflect t
insensitivity of LEED to the atomic structure of the Ag a
oms in the third layer as noticed from the large error bar
64.9%.

To confirm the results of the above LEED anal
sis, we performed total energy and atomic force calcu
tions for some systems related to our current study, e
ploying the full-potential linearized augmented pla
wave ~FLAPW! method.13 The systems considered we
a monolayer of Mn as overlayer@Mn 100/Ag~001!#, one
monolayer @Mn 50Ag 50/Ag~001!#, and two monolayers
@2Mn50Ag50/Ag~001!# of c(232) MnAg ordered alloy lay-
ers on Ag~001! and a monolayer subsurface Mn syste
@Ag 100/Mn 100/Ag~001!#. These systems were simulated as
single slab consisting of 7 ML. On each side of the slab
Mn overlayer or MnAg alloy layers were placed according
each growth model; the inner layers were Ag. The total

FIG. 2. Experimental~solid line! spectra for the 1 ML Mn/
Ag~001! structure and the best fit theoretical spectra~dashed line!
by the bilayer surface alloy model structure.

TABLE II. Optimized atomic positions of the bilayer surfac
alloy system by the tensor LEED algorithm and total energy cal
lation. db is interlayer spacing of bulk Ag.~1, extraction;2, con-
traction!.

Structure LEED analysis Total energy calculatio

Dz1 /db 1.7262.2% 21.30%
Dz2 /db 0.0061.6% 2.58%
(d122db)/db 20.3561.9% 212.5%
(d232db)/db 28.3364.9% 22.67%
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ergies of Mn100/Ag~001!, 2Mn50Ag 50/Ag~001!, and
Ag 100/Mn 100/Ag~001! in their paramagnetic~PM!, ferromag-
netic ~FM!, and antiferromagnetic~AFM! phases are
presented in Table III. For all growth modes, the AF
state is the most stable magnetic state. The forma
energy of the bilayer alloy, E@Mn100/Ag(001)#
2E@2Mn50Ag50/Ag(001)#, namely, 150 meV per atom, i
much larger than that of a single-layer alloy,

1

2
$E@Ag~001!#1E@Mn100/Ag~001!#%

2E@Mn50Ag50/Ag~001!#,

namely, 8 meV per atom. This result indicates that
bilayer alloy system is more stable than a single-la
surface alloy. Another notable fact in Table III is th
Ag 100/Mn 100/Ag~001! is more stable by 210 meV tha
2Mn50Ag 50/Ag~001!. This implies that Mn in the surface
layer in 2Mn50Ag 50/Ag~001! can diffuse into the Ag~001!
substrate, if activated, for example, by annealing. This p
diction is in line with our observation that thec(232)
LEED pattern disappears even after a gentle annealing
min at 400 K. The interlayer spacings were also calcula
on 2Mn50Ag 50/Ag~001! and the results are listed in Table I
Compared with the results of a dynamic LEED analys
some discrepancies are found in the interlayer spacing.

Considering the results of the LEED analysis and
total energy calculations together, the origin of thec(232)
structure in Mn/Ag~001! at room temperature is defi
nitely the formation of an ordered surface alloy in the fi
two layers. But this structure is metastable, and th
can exist another domain which is more stable energ
cally such as Ag100/Mn 100/Ag~001!, as predicted by the tota
energy calculations. If there exist two different micr
domains near the surface, i.e., the bilayer ordered sur
alloy @2Mn50Ag50/Ag(001)# and the Mn subsurface laye
@Ag100/Mn100/Ag(001)], then the resultingI -V curve should
be calculated by a weighted average of two LEEDI /V
curves from these two domains according to the ratio of th
domain areas. We therefore further refined our fitting of
LEED I /V curves including the ratio of the two domain are
as an additional fitting parameter. Then, anRp factor that is
lower by 0.024 than that of the pure bilayer surface al
model could be obtained, when the domains are compose
the bilayer surface alloy by 85% and subsurface Mn layer

TABLE III. Total energies~eV! per atom of Mn100/Ag(001),
Mn50Ag50/Mn50Ag50/Ag(001), and Ag100/Mn100/Ag(001) in
paramagnetic ~PM!, ferromagnetic ~FM!, and antiferromag-
netic ~AFM! phases with reference to that of Mn100/Ag(001) in the
paramagnetic state.

Total energy~eV!

System PM FM AFM

Mn100/Ag(001) 0.0 21.53 21.60
Mn50Ag50/Mn50Ag50/Ag(001) 20.25 21.64 21.75
Ag100/Mn100/Ag(001) 20.72 21.94 21.96
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15%. This means that the bilayer ordered surface alloy st
ture is a diffusion-limited, thermodynamically metastab
system.

The Mn 3s XPS core level spectra of nominal 1 ML M
thickness is presented in Fig. 3. The quality of the data is
good enough to try a detailed curve fitting, but two pea
with an energy splitting of 4.0 eV are clearly observed. T
splitting is similar to that observed in bulk Mn.14 If we in-
terpret this splitting as due to the exchange interaction
tween the 3s core hole and the 3d valence electron, this
result implies that the local magnetic moment of Mn in th
surface alloy state is quite large. Hence, the magnetic en
contribution is thought to be a significant factor in the en
getics of ordered alloy formation, as shown in previous e
periments and theoretical calculations.2,8 Wuttig et al.8 found
with a LEED I -V analysis that Mn deposited on Cu~001!
forms a very stablec(232) surface alloy, and also attribute
its stability to the magnetic energy contribution due to
enhanced local magnetic moment of surface Mn atoms. T
scenario was later confirmed by the observation of Mn in
high-spin state by x-ray absorption spectroscopy.15,16

One may suppose that the formation of a bilayer orde
Mn/Ag~001! alloy can be described by an energetic sche
and atomic diffusion process similar to that for the M
Cu~001! system,17 but the difference of atomic size and su
face free energy is expected to bring about definite diff
ences between the two systems. First, Ag is larger than
and so Mn incorporation into the substrate will happen m
easily on Ag~001! than on Cu~001!.18 The negligible corru-
gation of the Ag~001! c(232)Mn surface alloy system com
pared with that of Cu~001! c(232)Mn can be regarded as
result of this difference of atomic size between Ag and C
Second, the surface free energy difference of Ag and C
another important factor which makes for the different ch
acteristics of the two systems. It is well known that the s
face free energy of Ag~1.302 J m22) is significantly lower
than that of Cu~1.934 J m22).19 Hence the atomic exchang

FIG. 3. 3s core level spectra of Mn on Ag~001! at one mono-
layer thickness.
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process between Mn and Ag will happen more easily th
between Mn and Cu, and so many Ag atoms ejected from
substrate can exist at the surface. Since these Ag adatom
very mobile, they could form a MnAg alloy structure on th
surface by incorporation of Mn subsequently deposited
the surface. A similar behavior of Ag atoms was reported
a previous scanning tunneling microscopy study
Rh/Ag~001!.20

The lower surface free energy of Ag than that of Cu a
explains the thermodynamic instability of the Mn/Ag~001!
system. To stabilize this surface alloy structure through
cancellation of a surface energy difference by a magn
energy contribution as in the Mn/Cu~001! system, the mag-
netic moment of Mn in this system has to be larger. T
value of the magnetic moment predicted by ourab initio
calculation is 3.96mB for the first layer Mn and 3.55mB for
the second layer Mn at zero temperature, whereas the ex
mental magnetic moment of Mn in the surface alloy at ro
temperature, estimated from the well-known linear relatio
ship between the 3s exchange splitting and the local ma
netic moment of Mn, is around 2.7mB .21 The discrepancy
between the calculated and experimental values appea
come from temperature effects, since a previous neu
scattering experiment22 in a dilute Mn-Ni alloy reported tha
the Mn magnetic moments at 4.2 K, 3.50mB , is reduced at
room temperature to 2.63mB . Further, the behavior of a
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MnCu alloy was found to be similar to that of the MnN
alloy.23 These magnetic moments predicted for Mn in t
bilayer alloy are similar to that recently calculated, 3.75mB ,
for the Mn/Cu~001! system.24 This implies that magnetic ef-
fects in the bilayer alloy formation would just be comparab
with that in the Mn/Cu~001! system. Hence, the magneti
energy due to the local magnetic moment of Mn might
effective in the formation of an ordered alloy, but insufficie
to overcome the large surface energy difference between
and Ag. This would explain the relative instability of bilaye
Mn ordered alloy on Ag~001! compared to the Mn ordered
alloy on Cu~001!, as evidenced by the swift disappearance
the bilayer alloy ordered structure on Ag~001! even for the
gentle annealing at 400 K.

In conclusion, we showed that thec(232) LEED pattern
of Mn/Ag~001! is due to bilayer ordered surface alloy fo
mation and the local magnetic moment of Mn atom is inst
mental in the formation of this surface alloy. This type
surface alloy formation by the effects of magnetism deser
more detailed studies with various tools, as another imp
tant example of the complexity of thin films.
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