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Growth of a flat Mn monolayer on Ag(001)

P. Schieffer, C. Krembel, M. C. Hanf, and G. Gewinner
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We have carefully investigated the possibility of preparing a well-ordgied< 1) two-dimensional Mn
monolayer on A¢001) by means of photoelectron diffraction. It is found that a flat monolajér) with a
good degree of perfection is actually achieved by deposition at low tgteally 0.1-0.2 ML/min) on a
substrate held at 80 K. Substrate temperatures higher-+180 K invariably result in the exchange of Mn
adatoms with Ag and the formation of a surface alloy. Valence-band photoemission indicates a giant atomic-
like magnetic moment in the flat monolayer, essentially the same as in dilute Ag-based Mn alloys. Most
interestingly, low-energy electron diffraction reveals a very sipgfipx 1) chemical cell pattern with weak but
sizable é%) extra spots visible up to about 100 eV and attributed to in-plaf2x2) antiferromagnetic
order.[S0163-182608)01102-3

[. INTRODUCTION Mn-Mn interatomic distancel exceeds some critical value
(in the Ag cased=2.89 A). Experimental work based on
Theoretical work for a free unsupported as well as for avalence band direct and inverse photoemission supports this
Ag(001) or Pd001) supported Mn monolayer predicts an point of view in the similar case of Cr/AQ01) (Au-based
in-plane c(2x2) antiferromagnetic arrangement with alloy)**?>and Cr/Ag001) (monolaye).**~*°Indeed one ob-
strongly enhanced magnetic moments close to the free atoserves essentially the same Cat 3pin split states in these
6S;,, ground-state value. More generally, most related theosystems where the actual crystallographic struci@ioy
retical investigations predict enhanced moments in monoversus monolayerhas been firmly establishé&® In con-
layer arrangements that adopt generally antiferromagnetic otrast, the formation of long-range order and coupling be-
der for early 3 transition metals on lateddor 5d transition-  tween local moments involve smaller more subtle interac-
metal substrate’s.® Very similar trends have been predicted tions [for instance of Ruderman-Kittel-Kasuya-Yosida
recently for free as well as AQ01 supported 8 metal (RKKY) type in alloygd that may strongly depend on dis-
dimers! The physical origin of enhanced local magnetic mo-tance, coordination number, and specific structure. In this
ments is clear enough. As the interatomic distance betweerespect, evidence of an antiferromagnetic structure has been
3d elements increases and coordination number decreasebtained for a Cr monolayer on A@01).1%16
the d electrons become more localized, intraatomic correla- Any attempt at this kind of study has to overcome the
tion and exchange effects are more and more important, ardifficulties in the production of specific well controlled
atomic properties such as a large ground-state magnetic matomic structures such as flat monolayers df tBansition
ment are restored. The existence of local magnetic momentgaetals on noble metal substrates. Obviously such hetero-
may or may not be associated with the presence of specifistructures are priori highly unstable systems from a ther-
long-range magnetic order depending on system and tenmodynamical point of view since a high surface energy ma-
perature. While, this is clear in a Heisenberg model or in theerial (3d transition metalis not expected to wet the surface
limit of total localization with separated atoms where theof a low surface energy substrafieoble metall’ Yet, the
local moment is maximum but the Curie or &léemperature  thermodynamic argument applies to bulklike material under
is zero, disordered local moments also exists in itinerangquilibrium conditions whereas, for real systems obtained by
electron systems. This can be shown even in bulk phases aR@cuum deposition, one usually deals with kinetically hin-
a one-electron itinerant model with a large enough intradered metastable ultrathin films. In previous work we have
atomic exchange interaction for elements near the center @femonstrated the successful preparation of a flat well ordered
the 3d series such as Fe or Mn in body-centered-cb&)  but metastable Cr monolayer on @§1) by deposition on a
structures above the Weor Curie temperaturésOn the  substrate held at 440 ¥.it was reported later on that similar
other hand, 8 impurities dissolved in noble metals provide growth conditions also result in orderg@d1x 1) layers for
well-known examples of dilute systems with large disorderechther metals of the @ transition serie$® Yet, our recent
local moments. A typical system is Mn dissolved in Ag with work!8-2! shows that this is definitely not the case for the
an effective moment as large as ,4589 In this respect, the  Mn/Ag(001) system. Indeed, Mn deposited on (@91) held
calculations predict fairly similar local moments on Mn in at room temperaturéRT), or above, invariably results in a
dimers and monolayefson Ag(001) or in dilute form®in  superficial alloy. The latter is even an unstable system at RT
bulk Ag. This suggests that local moment formation providesvhose structure evolves markedly over a time scale of a few
the largest part of the magnetic stabilization and dependsours?’ Hence we have carefully explored the possibility to
rather weakly on structural details as soon as the direggrow a flat Mn monolayer on top of AQ01 at lower tem-
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peratures. We find that this can actually be achieved with a
good degree of atomic order upon condensing slowly about
one monolayefML) on Ag(001) held at 80 K. Valence band
photoemission reveals that Mn in such a flat monolayer ex-
hibits an atomiclike moment comparable to dilute Mn in Ag.
Most interestingly, up to~100 eV, we clearly observe a
weak but extremely sharp(2X?2) superstructure by means
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The experiments were carried out in an UHV chamber UPPLIFEAE AL LT P .
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(~2x10 ®mbar) equipped with four-grid LEED optics,
angle resolved ultravioldARUPS and x-ray photoemission
(XP9) and photoelectron diffractio(KPD) techniques. Typi-
cal energy resolutions in ARUPS and angular resolutions in
both ARUPS and XPD were 150 meV ard —3°, respec-
tively. LEED data were collected with a high sensitivity LT,
camera. Mn was deposited onto a clean(@0d) single- sorette e ten T e e 09 MLatds0K
crystal surface, prepared by standard methods, at typical o "
rates of ~0.1-0.2 ML/min rangg1 ML equivalent to the
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controlled quartz microbalance and cross checked by XPS.
We estimate the absolute uncertainty in these determinations
to be~01 ML Polar Ang]e

FIG. 1. Angular distribution of the Mn (25,, core level intensity
as a function of coverage and substrate temperatures: alopglthe

Figure 1 presents typical Mnp2, XPD polar profiles (a) and[10] (b) az_imuths. The line curve represents the caI(_:uIated
collected along the high symmetf§1] and[10] azimuths of Mn 2ps;» modulatlons for a Mn substituting for an Ag atom in the
the Ag00Y) surface square lattice fer 0.9 ML Mn deposits ~ Second atomic layer.
on Ag(001) held at various temperatures in the 80—450 K
range. At the kinetic energy 848.8 eV of the K|, excited corresponds to forward scattering alo@0l] nearest-
photoelectrons the Mn &, intensity modulations are com- neighbor directions of a face-centered-culfic) lattice. The
pletely dominated by forward scatterifgThis means that absence of forward scattering structure al¢h@] azimuths
any intensity enhancement along specific directions of emisindicates that the Mn is confined in the two topmost atomic
sion directly reveals the presence of atoms scattering thiyers of a fcc structure, i.e., the Ag-Mn alloy is only two
photoelectron wave above the Mn emitter. More generallylayer thick. As can be seen the shape and width of 1164]
the anisotropies in intensity give quite straightforward infor-forward scattering peak at 45° aloffyl] is very well repro-
mation on the atomic order and epitaxy in the form of aduced by single scattering cluster simulations for a Mn sub-
forward projected image of the first coordination shells of thestituting for an Ag atom in the second atomic layer. It is
emitter. Now, it is immediately clear from data in Fig. 1 that, interesting to note that, in spite of the large amount
except for deposition at 80 K, all profiles exhibit a strong(~50%) of Mn substituting for the Ag in the two topmost
forward scattering peak at=45° along[11] azimuth. More  atomic layers, XPD shows no measurable change in inter-
precisely, we find that the 45° peak becomes well marked atyer spacing with respect to pure Ag8.03 A). This indi-
soon as the substrate temperature exceed80 K during  cates that the Mn adopts a very large atomic volume for an
deposition. This definitely rules out the formation of a flat element of the @ series and suggest a high spin state of the
Mn monolayer on the A@0Y) surface at temperatures above Mn in this alloy as confirmed by ARUPS data shown below.
~130 K, and implies a reinterpretation of previous Wik As discussed in Ref. 20 the surface dynamical process
terms of the Ag-Mn alloy as opposed to Mn monolayer electhat leads to this superficial Mn-Ag alloy is a thermally ac-
tronic and magnetic properties. The XPD profiles obtained ativated atomic place exchange mechanism. The present data
temperatures in the 130-300 K range can be readily eximply that this mechanism remains active at temperatures
plained in terms of formation of a two layer thick substitu- down to 130 K. For deposition at 450 K or higher, Fig. 1
tional Ag-based Mn alloy in line with our previous work shows the appearance of additiofghallej peaks a® =0°
based on several surface techniques for RT deptistsAs  and §=35° along[10] assigned to forward scattering along
can be seen, the XPD profile at 200 K is essentially similar td001] and[112] rows, respectively. This means that Mn now
the one obtained for RT deposition. One observes a typicatubstitutes for Ag in the third or deeper atomic layers from
forward scattering peak a#=45° in [11] azimuth which  surface, i.e., a more dilute Ag-based Mn alloy is grown at

Ill. RESULTS AND DISCUSSION
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higher temperatures. Hence, we conclude that, unless the
substrate temperature during deposition is maintained below
~130 K, a superficial Mn-Ag alloy is invariably formed.
Below ~130 K, the Mn monolayer must lie flat on the sur-
face since we observe quite isotropic XPD profiles reflecting
the instrument response function. Note that, in the submono-
layer range, substitution of Mn atoms in the Ag topmost
layer might explain an isotropic XPD profile as well. Yet for

a 0.9-0.1 ML Mn deposit the only structure consistent with
our data is a single atomic layer of Mn on top of the Ag. At
first sight it seems surprising that flat monolayer growth
takes place at 80 K since one would expect the Mn to occupy
second layer positions before the first layer is completed be-
cause of a strongly reduced adatom mobility. Apparently the
hot Mn impinging on the surface at 80 K gets initially suffi-
cient mobility to reach monolayer platelet steps and sustain
monolayer growth. On the other hand, note that an energy of
a few eV becomes available upon formation of Mn-Mn or
Mn-Ag bonds at the surface. In this respect let us mention
the observation of RHEED oscillations at 80 K for the simi-
lar Fe/Ag100 system, indicating that layer by layer growth
may take place at low temperatufésTo further test this
mode of growth, we have investigated the evolution of the , ) , .
XPD profiles versus Mn coverage for deposition at 80 K. We -3 -2 -1 0
find that while up to~0.9 ML the Mn 2p5, emission re- Initial State Energy (eV)
mains quite isotropic, a forward focusing peak progressively
develops above this coverage along fHel] azimuth at

0.9ML Mn at 80K]

Photoemission Intensity

FIG. 2. Typical angle resolved Mnd3and Ag 4 valence states

" 7o S - ._photoemission spectra for clean and 0.9 ML Mn deposited at 80 K
47° as can be seen in Fig. 1 for 1.2 ML. We interpret thlson Ag(00)). (b) Detail of the Mn 3J-induced states in the 0—4 eV

obseryation in terms Qf formation of Mn bilayers in a struc- binding energy range(i) clean Ag001), (i) and (iv) 0.9 ML Mn

ture with a reduced interlayer spacing-{.9 A) as com- deposited at 80 Kiii) 0.9 ML Mn deposited at RT. The excitation
pared to Ag(2.03 A). This structure is a precursor of the energy ishw=21.2 eV and the electrons are collected al§hg]
epitaxial body-centered-tetragon@ict) phase observed at azimuth at polar angl®=57.5° (referred to the sample surface
larger coverage¥'*®~*°With increasing thickness of the Mn norma) except spectruniiv) in (b) where 4w=16.8 eV and®

film the perpendicular spacing decreases from 1.9 A in bi—=40°, The inset shows the calculated majority) and minority
layers to 1.66 A for 3—4 ML and above. In Ref. 24 a small (—) spin densities of states for an ideal Mn monolayer ori08d)

but sizeable modulation was observed in the XPD profile byaccording to Ref. 1. Negative energies correspond to occupied
0.8 ML indicating some bct Mn bilayer formation at this low states, i.e., initial state in photoemission.

coverage. Possibly this small difference with our data stems

from the much higher deposition rat@ ML/min) used in  aq along thel' XK symmetry line of the Brillouin zone from
that work which is expected to favor a rougher surfaceyyhich the surface state is split f.Complete quenching of
Hence we conclude that a good realization of the ideal flafhe Tamm surface state and simple attenuation of the bulk
Mn monolayer on top of A@Q0D is obtained upon deposit- A features without any shift in binding energy confirm that
ing about 0.9 'ML Mn at 80 K. In this strupture t'he Mn must g9 ML Mn deposited on A@O01) at 80 K forms a sharp
be arranged in an ordergu(1Xx1) two-dimensional2D)  interface and lies flat on top of the substrate. Moreover at 80
atomic layer occupying the fourfold hollow sites of the un-k ang under UHV conditions, this structure is found to be
derlying A00D) plane as actually found in the inverted yyite stable for hours. This is in sharp contrast with RT
monolayer configuration formed at higher tempgratﬁi‘es. deposition which results in an unstable interface that exhibits
Figure 2 shows typical angle-resolved ultraviolet photo-5 shifted Tamm surface state100 min after depositiokf2°
emission spectra of the Mnd3and Ag 4d valence states. In the 80 K monolayer spectrum emission from Md 3
The data taken at a polar angie=57.5° (referred to the \gjence states appears in the form of a fairly brpa@.8 eV
surface normal along [11] azimuth with aiw=21.2eV | width at half maximum(FWHM)] feature at— 2.8 eV as
probe theM point of the Ag001) surface Brillouin zone. well as a second smaller feature just below the Fermi level.
The sharp feature at 3.8 eV initial state energy for clean We find no measurable dispersion or splitting of these peaks
Ag(00]) corresponds to a Tamm surface statd/lgf symme-  over the whole two-dimensional Brillouin zone. Neither is
try, split off from the top of the Ag 4 valence band. Depo- there any marked change in the Mmd-Bhduced features
sition of ~0.9 ML Mn completely quenches this feature upon changing the photon energy. This can be seen in Fig. 2
leaving only a series of strongly damped structures reflectingvhich compares spectra taken with 21.2 and 16.8 eV photon
emission from the Ag bulk electronic structure. The smallenergies. It means that these photoemission data can be di-
narrow peak at-3.90 eV is not a remainder of the surface rectly compared with the density of states calculated for an
state but originates in emission from a ¢ bulk band of  antiferromagnetic monolayer on A@01) in Ref. 1. As can
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be seen there is a very satisfactory agreement between the
—2.8 eV feature and calculated majority-spin states on the
one hand and the intensity enhancement near Fermi level and
the occupied low-energy wing of the minority spin states on
the other hand. Yet, Fig. 2 demonstrates that the Mn
3d-induced features in the alloy formed at higher tempera-
tures closely resemble the ones observed in the 80 K mono-
layer structure with an occupied majority spin state near
—2.8 eV well separated in energy from essentially unoccu-
pied minority spin states. Moreover, quite the same Mh 3
feature is observed in valence band photoemission from Mn
impurities in Ag(Ref. 25 which are known to bear a local
moment of 4ug (S=2).° Hence it is apparent that Mn in the

80 K monolayer structure exhibits essentially the same local
moment as in Ag-based Mn alloys. Along with inverse pho-
toemission dat®?° the present finding yields a majority-
minority spin Mn 3 states splitting in the 4-5 eV range
supporting the correlation of about 1 el between split-

ting and local magnetic moment proposed in Ref. 15. In this
respect it is noteworthy that a quite comparable very large
3d states splitting has been reported recently for Mn in
c(2x2) surface alloys on @001) and Ni001).?® Thus, it
appears that photoemission reveals a similar high local mag-
netic moment on the Mn in all these structures. These data
lend further support to the idea put forward in the introduc-
tion that beyond a critical Mn-Mn interatomic distance (
=2.89 A) the Mn local magnetic moment shows no strong _ _ ) L
dependence on specific atomic structure. Yet standard pho- FIG. 3. Typical LEED pictures showing the wea,3) beam
toemission gives little information on the possible long-range’€flections:(@ Normal incidence aE=40 eV. (b) Off normal in-

magnetic order which is expected to be quite different in gfidencei=7.5° along the[11] azimuth andE=22 eV. Note that
flat monolayer, intermixed superficial films, or dilute Ag- Ntegral order spotél0) and(01) in (a) and(00) in (b) are strongly
based alloys ' ' overexposed and thus broadened because of the long camera acqui-

In this respect, let us now consider the following mostsition time (6s) needed to make the superstructure visible.
interesting LEED observations. For the 80 K flat monolayer
structure LEED shows, at all energigs a very sharp low 0.6-1.4 ML range with maximum development around 0.9
background pattern which exhibifs(1x 1) periodicity for ~ ML. A remarkable feature concerns tlig,3) beam width
E=100eV, quite comparable to A@0D. Yet, typical found to be essentially the same as for integral order beams,
changes in reflected intensitiefE) clearly reveal the pres- as can be seen in the spot profile presented in Kaj. #his
ence of a Mn monolayer. This is consistent with a flat mono-indicates the same coherence lengthsdx2) andp(1
layer that corresponds to a well ordergq1x1) two-  X1) long-range order, probably determined by the mean
dimensional system. Now, below~100eV, a weak Ag(001) terrace width, and suggests that tH{& < 2) super-
c(2X2) superstructure can be clearly seen in the form oktructure is an intrinsic feature of the Mp(1Xx 1) atomic
additional (3,3) spots. Figure @) presents a picture ob- arrangement. All these specific features are in sharp contrast
tained with a high sensitivity charge-coupled deviG<D) with those relevant to the(2x 2) superstructure reported in
camera at normal incidence afi=40 eV where thg3,2 previous work®2%28for Mn films grown at RT. The latter
reflected intensity shows a maximum. Similarly, a fairly shows maximum development by 1.5 ML and is readily ob-
strong(3,3 ) beam is found at off normal incidendée=7.5°  served at all energies investigated up to 250 eV with consid-
in the[11] azimuth forE=22 eV as can be seen in Figb3. erably stronger half-order spots. This can be seen in the rel-
More generally, at normal incidence we were able to observevant spot profile scan shown for comparison in Fith) 4
the (3,2) reflections in the 18—46 eV range with maxima of which also shows that the coheret2x2) domains are
the integral order beams in the 20—28 eV range and near 32ow typically smaller than thg(1X1) ones. As shown
and 40 eV. Typical relative intensities near maximd (&) previously®=2° this kind of c(2x2) structure reflects the
are |y 1440 eV)N1,,(40eV)=6% at normal incidence formation of a surface alloy with a mixed Ag-Mn top layer
and I, ;{22 eV)15o(36 eV)=3% ati=7.5° in the[11] similar to the one formed when Mn is condensed on
azimuth. The extrareflections are also visible in the 60—10@u(001),2° Pd001),%° and N(001) (Ref. 31 at RT or above.
eV range but with markedly reduced intensity. This characFinally, we find that thi(2X 2) surface alloy structure ex-
teristic superstructure is found to be perfectly reproduciblehibits typicall (E) curves in LEED(Ref. 27 quite different
in particular in relative intensity, and visible up t6130 K from the ones relevant to the weeal? X 2) superstructure of
where thep(1Xx 1) Mn monolayer is destroyed by both Mn interest here and observed for a flat monolayer deposited at
agglomeration and alloying with A%.As a function of Mn 80 K. Hence the latter undoubtedly corresponds to a specific
coverage at 80 K the superstructure can be observed in threiperstructure, that cannot be assigned toc{t®x2) sur-
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that the superstructure is essentially detectable below
a0 217z ) ~100 eV only and remains weak at these energies where a
sizeable but small difference between scattering amplitudes
at spin-up and spin-down Mn atoms due to exchange scatter-

ing is expected? In Ref. 32 the ratio of maxima ity 1/
andl oo was predicted to be about 2% in the 20—60 eV range
for a Cr monolayer on R601) at T=0 K. Our experimental
values for Mn on Ag001) at 80 K are comparable to this
estimation. For Cr on A@01) at 300 K, substantially lower
extraspot intensities by a factor of about 3 were reported in

>

Z (a) Ref. 16. This may reflect a difference in overlayer structural
2 quality and/or the lower average local magnetic moment on
= (10) (1/2172) ©1

= a Cr at 300 K as compared to Mn at 80 K, expected both

because of temperature effects and differences in Mn and Cr
moments at 0 K. Note that at least within single scattering
limit a factor 3 in extraspot intensities means only a faefor
Y in magnetic moments. Our intensities also compare well with
x6 . . .
those reported for the first antiferromagnetic structure ob-
served by LEED on NiO surfacés.In contrast, ordinary
superstructures based on direct Coulomb scattering such as
surface reconstruction, lattice distortions, alloying or chemi-
(b) sorbed impurities are expected to be much strofgee Fig.
4(b)] and, more importantly, visible in the whole LEED en-
ergy range. Moreover, from photoemission data, adsorption
of residual gases can be definitely ruled out as a possible
origin of the superstructure.

FIG. 4. Spot profile scans throudt0) and (3,3) order reflec-
tions for (a) the typicalc(2x 2) surface alloy formed for Mn depo-
sition at RT. The primary beam energy k=66 eV that corre-
sponds to a maximum ih(E) for the 3 3 reflection. (b) the faint
c(2x2) superstructure observed for a flat Mn monolayer deposited V. CONCLUSION
at 80 K. The primary beam energy is nd&w 40 eV where a maxi-
mum inl(E) for the (3,3) spot can be seen for this structure. Note
the drastic difference in relative spot intensities and widths.

To summarize, we have shown that a flat ordered Mn
atomic layer can be prepared on (@§1) by deposition at 80
K at a low rate of~0.2 ML/min. According to photoemis-
face alloy formed at RT but corresponds to an intrinsic prop-sion the Mn local magnetic moment in such a layer is about
erty of the Mn monolayer at 80 K. Actually this superstruc- 4ug, essentially the same as for Mn impurities in Ag. The
ture closely resembles the one observed previously on a flaonolayer shows a typical intrinsim(2X 2) superstructure
Cr monolayer on A@01) and attributed to a magnetic that exhibits in every respect the characteristic features ex-
superstructuré>'® Theory predicts &(2X 2) superstructure pected for exchange scattering from a magnetic structure.
of magnetic origin with essentially the same local momentOur preliminary investigations indicate thbtE) intensity
for both Cr and Mn monolayers. On the other hand, thedata of sufficient quality for quantitative exploitation may be
phase shifts that describe atomic scattering for Cr and Mmbtained for the weak3,3) as well as integral order reflec-
which are neighbors in the periodic table should be essertions. Such measurements intended for comparison with dy-
tially the same. Thus the similarity in LEED superstructuresnamical LEED calculations including exchange scattering
observed on ordere@g(1x1) Cr and Mn monolayers on are presently underway in our laboratory in order to further
Ag(001) points towards a common physical origin. For Mn test and establiskor disprove the magnetic origin of the
as for Cr a magnetic origin is strongly supported by the factt(2X2) superstructure.
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