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Layer-dependent reactivity in the F¢Mo(110) epitaxial ultrathin film system
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Fe films in the 0.4 6<4.7 ML (monolaye) coverage range were deposited on a(Md) substrate at
temperatures between 300 K and 700 K, under ultrahigh vacuum conditions. The adsorption of £0, CO
H,0, and Q onto these films from the residual gas within the Ultrahigh vacuum system has been studied using
scanning tunneling microscopy, low-energy electron diffraction, and Auger electron spectroscopy analysis. The
first, second, and third Fe layers display distinct structures, correlated to the different adsorption characteristics
of each layer. Separate mechanisms are identified as the cause of this layer-dependent reactivity. The difference
between the first and second Fe layers is attributed to the difference in charge polarization effected between
these layers and the substrate. However, our results prove that the different adsorption characteristics of the
pseudomorphically strained first layer and the two-dimensionally strain-relieved third layer are directly linked
to the film strain.
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I. INTRODUCTION monolayer- and double-layer components in the STM
images.

The structural and electronic properties of heteroepitaxial The growth of Fe films on M@ 10 may be summarized
ultrathin film systems have been actively investigated in reas follows. At room temperature, films grow layer by layer
cent years because of their chemical properties. These hetr the first and second Fe layers. The first layer grows in
erogeneous systems often display enhanced catalytic propgyseudomorphic registry with the substrate despite the large
ties, compared to the surfaces of their constituent meéfals. tensile strain. Randomly spaced dislocation lines are formed
The binding of simple probe molecules such as CQ, 6f i the second Fe layer along theo1] crystallographic di-

O, can be increased or decreased, depending on the nature @tion, which partially relieves the tensile strain in the sec-
the bimetallic bond between the film and substr4tehe film - . »
ond layer along the orthogonpl 10] direction. A transition

strain introduced by lattice mismatch at the interf2and . .
the influence of the film morphology on the availability of from "?‘Vef by I.ayer to Stranski-Krastanov _growt_h oceurs n
binding sites. In each case, the resulting adsorption charac:[he thm_j layer; the exact coverage at which this iransition
teristics of the film surface can depend on the film thickness®CCUrs is determined by the substrate temperature and the
While the influence of electronic coupling between the film deposition rate. A two-dimensional dislocation network is
and substrate may be localized to the first few layers of théormed in the third-layer islands, which relieves the strain
film, the influence of film strain and film morphology can be along both th¢ 001] and[110] directions. At elevated sub-
present over many layers. strate temperatures, a pseudomorphic first Fe layer is formed
In this study, we report on the layer-dependent reactivityon the surface through the step-flow growth mechanism. De-
to residual gas adsorption for ultrathin Fe films grown on apending on the step orientation on the surfdceubmono-
Mo(110 surface. The Fe/Md10 system is an interesting layer coverages of Fe can decorate the substrate steps as an
bimetallic system to investigate, as the lattice mismatch bearray of continuous monolayer thick stripes. The growth of
tween the film and substrate produces a large tensile strain ihe second Fe layer follows a similar pattern, resulting in the
the pseudomorphic filni(ay,— ard/are=9.8%)]. In addi- formation of arrays of alternating single- and double-layer
tion, a wide variety of nanostructures may be grown by Constripesz.l Dislocation lines are formed in the double-layer
trolling the substrate temperature, deposition rate, and sulstripes along thg 001] direction, analgous to the growth
strate step density and orientation. The growth of this systeraround 300 K. For thicker films, distinctive wedge-shaped
has been investigated by a range of experimentaislands are formed on the surfat®%!? These islands cross
technique$™® and has displayed many similarities to the several substrate terraces while maintaining a(flaf) sur-
more widely studied Fe/NI10) system**~2? Layer- face that is unbroken by steps. The substrate between these
dependent reactivity has previously been observed in the Fédlands is covered by a closed pseudomorphic Fe layer. A
W(110) system, for films consisting of alternating two-dimensional dislocation network is formed in the fourth
monolayer- and double-layer stripEsA regular (2x2) layer of the wedge-shaped islands, originating from an array
structure was atomically resolved by scanning tunneling miof regularly spaced dislocation lines in the third layer.
croscopy (STM) on double-layer Fe stripes grown at el-  One further issue that excites interest in this system is that
evated temperatures, while an irregulai{2) structure was the various Fe nanostructures that can be grown @h1y
observed on the monolayer strifésThese structures were possess a variety of novel magnetic propertfe§-2?The
attributed to CO adsorption from adsorption of species from the residual gas has significant
the residual gas and were routinely used to distinguish thémplications for the magnetic properties of these films. For
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example, an adsorption-driven spin reorientation transition is
observed in double-layer Fe stripes grown on stepped
W(110) surfaces, through exposure to the residual gas within
the ultrahigh vacuum systéfhor through controlled dosing

of the surface with CO, § or H,.? This may also be true of
the very similar nanostructures that are formed in the Fe/
Mo(110 system, though the magnetic properties of this sys-
tem have not been widely investigated.

[001]

II. EXPERIMENT

The sample preparation and analysis were performed in
an ultrahigh vacuuntUHV) system with a base pressure in
the low 10 °torr. The three-chamber system comprised
two chambers equipped with room- and low-temperature
scanning tunneling microscopes, respectively and a third
chamber equipped with asbeam evaporator, resistive and
e-beam substrate heaters, and an ion source. The system was
also equipped with four-grid reverse-view optics for low-
energy electron diffractiofLEED) and a cylindrical mirror
analyzer for Auger electron spectrosco®ES). A quadru-
pole mass spectromet@nks instrumentswith a 1—-100 amu
mass range was used to monitor the residual gas composition
in the UHV system. Typical partial pressures of 4
x 10~ torr for H,0, 3x10 ' torr for CO, 7x 10 2 torr
for CO,, and 3x10 3 torr for O, were measured in the
deposition chamber, while Hnade up most of the remain-
der.

Cry-;?;l, smuibsscttr;':ltsyvg;.l; ([)).rzeopzfirrceg ];rhoeTlfO)‘l lglry[?sl:;I_P/plh;r? estlggIeM FIG. 1. (a) (1 _><1) LEED pattirn of the clean unreconstructed
) . i 0(110 surface; beam energlf=226 eV. (b) p(2x2) pattern
produce a surface with steps orlt_ented along[th&l] direc-  fom a 0.95 ML Fe film grown at 30815 K, within 1-5 h of
tion and an average terrace width of around 200 A Thesxposure to the residual ga&=123 eV. (c) p(3X2) pattern typi-
surface was cleaned by annealing at 1806<1550 Kinan  ¢a|ly obtained on films after 5-25 h exposufg:=103 eV. (d)
O, partial pressure of 510’ torr in cycles of 30—60 min. p(3x2) and p(2x2) domains observed during(2x2)— p(3
After each oxidation cycle, the substrate was flash annealed?) transition on a 1.8 ML film grown at 34015 K, after~15 h
several times by electron-bombardment to 2400 K for 10—1%f exposureE=98 eV. (e)—(h) The corresponding schematic rep-
s intervals under UHV conditions. After this preparation, noresentations of the LEED patterns shown(@h—(d).
impurities were detected on the surface by AES, while a
sharp (1x1) LEED pattern consistent with the unrecon- IIl. RESULTS AND DISCUSSION
structed M@110) surface was obtained. The sample was fur-
ther cleaned by flash annealing several times to 2400 K, Figure 1 shows the LEED patterns acquired from the
30-40 min prior to each evaporation. AES analysis of theclean Mq110) surface and a series of films from 0.95 ML to
clean Md110) surface indicated that the surface did not be-1.8 ML coverage, which were deposited at temperatures be-
come contaminated by either adsorption from the residuaween 300 K and 345 K. In the 046<1.8 ML coverage
gas or diffusion from the bulk for periods of up 6 h at range, freshly deposited films gave aX1) LEED pattern
room temperature or for up to 1.75 h when annealed at 698imilar to that observed for the clean K40 surface,
K. The films were deposited on the clean surface by electronshown in Fig. 1a). However, within~1-5 h of exposure to
beam evaporation of a 3N purity Fe rod. This rod was outthe residual gas within the UHV system, a LEED pattern
gassed for several hours before its first use and was thesimilar to that shown in Fig. (b) was obtained. The pattern
outgassed for a further 1-2 h prior to each subsequent evap@ identified as g (2 2) structure with respect to the primi-
ration. The evaporator was enclosed in a liquid-nitrogertive unit cell of the surface. A similar LEED pattern is com-
cooled insert, so that the chamber pressure typically remonly observed on the FELO) surface, upon the adsorption
mained below X 10 1° torr during deposition. The deposi- of 0.25 ML of 0,.2%In this case, the pattern is identified as
tion flux was monitored by a quartz crystal balance, whilea c(2x2) reconstruction, with respect to the nonprimitive
the substrate temperature was measured by a thermocouplait cell of the surface.
attached to the sample stage. The Fe film coveragede- With further exposure to the residual gap@x 2) struc-
scribed in terms of pseudomorphic monolay@vs. ), where  ture like that shown in Fig. () was formed on the surface.
the packing density of a pseudomorphic monolayer is equalhis pattern typically appeared on films between 5 and 25 h
to that of the M@110 surface (~1.43x 10*° atoms m ?). after deposition. The exposure time required to produce this
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p(2x2)—p(3%2) transition varied between different films
due to subtle differences in coverage, morphology, strain,
etc. The pattern shown in Fig(d was obtained on a 1.8 ML
Fe film grown at 34615 K after ~8 h of exposure. In
some cases, both thg(2x2) and thep(3X2) structures
could be observed simultaneously during tipg€2x2)
—p(3X2) transition. An example is presented in Figd)l
which shows the LEED pattern obtained on a 1.8 ML Fe film
grown at 34@15 K, after~15 h exposure to the residual
gas within the UHV system. This pattern is a superposition
of thep(2x2) andp(3X 2) patterns shown in Figs(f) and
1(g) respectively.

Analysis by AES indicated that the onset of th€ X 2)
LEED pattern corresponded to the appearance of carbon and
oxygen on the films. The concentrations of these contami-
nants were found to increase with continued exposure to the
residual gas within the UHV system, leading to the onset of
thep(3X2) pattern. The carbon concentration on the surface
was generally found to be higher and to increase more rap-
idly than the oxygen concentration. These contaminants most
likely originated from HO, O,, CO, and CQ in the residual
gas. The dominant presence of these gases in the system was

conf_irmed using a quadr.upole mass_spectrometer. FIG. 2. (a) 1000x 1000 &2 STM image of a 1.6-ML Fe film

Figure 2 shows a series of STM images of a 1.6 ML Fegrown on Md110) at 330+ 15 K. Arrows indicate the positions of
film grown on Md110 at 330-15 K. A p(2X2) LEED  mjsfit dislocations in second-layer Fe islan@ts. 400x 400 A2 im-
pattern was obtained on this film; the STM images wereage with the local film thickness indicated in Fe monolayécs.
taken~11 h after film deposition. The substrate step edgeg90x190 A? derivate image highlighting the different structures
are aligned parallel to thgl11] crystallographic direction. produced on the first and second Fe layers. Patcheg2% 2) on
The first Fe layer is completely closed and the remaining Féhe first Fe layer are highlighted by white rectanglés) 91
either decorates the step edges or forms two-dimensional i$<91 A% image of the orderegh(2x2) structure formed on the
lands on top of the first layer terraces. LEED analysis ofsecond Fe layer by the adsorption of oxyge.45x 45 A* image
submonolayer coverage films has indicated that the first F&howing the nonprimitive unit cell of the ordergd2x2) super-
layer is pseudomorphically strained on top of the (Vi) ~ lattice. (f) 91x91 A2 image of the disordere@(2x2) structure
surface, despite the large lattice mismatch. However, Strair{prmed on the first Fe layer by the dissociative adsorption of CO,
relieving dislocation lines can be seen in some of the largefCz and oxygen.

second-layer Fe islands in Fig(@ These dislocations can ,423 \olecular dissociation of CO has been found to occur

form favorable nucleation sites for third-layer islaffdghe on a monolayer Fe film on V10 at temperatures between

higher-resolution images of the film, shown in Figéb2f), 300 ang 350 K8 The STM images shown in Figs(® and
highlight the markedly different atomic structure formed on 2(e) indicate that the(2x 2) structure is formed by a single

tggiﬂ;lhgazm and second Fe layers after exposure to thﬁtomic species. One might expect that if the structure was

f lecularl he STM ti I
An orderedp(2X2) structure is atomically resolved on ormed by molecularly adsorbed CO, the S tip would

f th dEel h N Fitd)2Thi cause some perturbation as it moved across the surface,
top o the secon 1 -€ layer, as shown In i) IS StrUC-\yhich was not observed to be the case. The structure shown
ture is resolved in more detail in Fig(e}, where the con-

. X e in Figs. 2d) and Ze) is attributed to the adsorption of oxy-
ventional unit cell of thep(2X2) superlattice is indicated. gen atoms on top of the second Fe layer. The LEED pattern

The dimensions of this centered-rectangular cell were megs . ceqd by the surface shown in Fig. 2 is identical to that
sured to be 9.40.2 A and 5.2-0.2 A along thg 110] and produced by thec(2x2) oxygen reconstructed FH0)
[001] directions, respectively, while the corrugation ampli- surface?®?’ Atomically resolved STM data of that surface
tude of the structure was measured to bex®3L A along  have also revealed a structure which is almost identical to
these directions. An antiphase domain boundary between twiiat shown in Fig. @), including antiphase domain bound-
adjacentp(2x2) domains is also apparent in FigieR At aries like the one shown in Fig(&.2%*° To confirm this, a
the antiphase domain boundary, there is a shift of half &eshly deposited 1.2 ML film displaying a 1) LEED
lattice spacing between the domains, when viewed along thgattern was exposed to a partial pressure f19° torr of
[111] direction. 4.8N purity G, for 1 min. This corresponds to an exposure of
As mentioned earlier, a (22) structure very similar to 0.3 L where 1 I=10 ° torrs. It was found that after this
this, has been atomically resolved by STM at room temperaexposure, the film displayed @(2x2) LEED pattern like
ture on double-layer Fe stripes grown on M), where it  that shown in Fig. (b). A schematic representation of the
was attributed to the adsorption of CO from the residualoxygen adsorption structure is presented in Fig),3the
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structure is presented in Fig(l8. The positioning of the
carbon atoms in on-top sites is chosen for simplicity, how-
ever, it appears that the carbon atoms can occupy several
possible bonding sites, which would explain the AES obser-
vation that the carbon concentration on the films was gener-
ally higher and increased faster than the oxygen concentra-

tion.

- For the 1.6-ML film shown in Fig. 2 we estimate that
sl a ~80% of the first Fe layer is covered with carbon, which
2 corresponds to 32% of the exposed surface area. Assuming
= %O©%O©%OO%>O%OO%OO%O©O§ that the carbon lies in one-to-one registry with the underlying

O0@@@COCOCOCO@@C iron atoms we calculate an atomic packing density of 4.6

OO&@@@@O&@@@@@&O&@O% X 10'® atoms m? for carbon. The oxygen induceg(2

0000@®0@@@ 0 @00 X 2) structure, which corresponds to a coverage of 0.25 ML,

QOCOCOCLeOC L@@ covers the remaining exposed surface area so that we calcu-

(ZQO@@@@@@@@OO%OO%O(D@@@@@@@O% late a packing density of 2:410'8 atoms m ? for oxygen.

00@@@00000@@@00 The O/C ratio estimated from the STM data is therefore 0.52,

OCOCOCOCOCOCOCO which is close to the value of 0.58 determined from AES

b measurements taken on the surface after the STM session.

FIG. 3. (8 Schematic representation of the oxygen-induced re-1 NiS clearly demonstrates that all of the carbon and oxygen
construction found on the second Fe layer on(M®). Large open  atoms are adsorbed two dimensionally on the surface of the

circles represent Fe atoms and the smaller shaded circles represé'llm- )

oxygen atoms. The primitive unit cell of the surface is marked on 1N Fig. 2, the second-layer Fe that decorates the surface
the left of the image(small tetragol the reconstruction may be Step edges can be readily distinguished by the presence of a
identified asp(2x2) with respect to the primitive cellarge tet-  fractional step, from the first Fe layer that covers the sub-
ragon. The non-primitive unit cell of the surface is marked on the Strate terraces. This is clearly illustrated in Fig. 4, which
right of the imagesmall rectanglg the reconstruction may be iden- shows a high-resolution image of a surface step; the local
tified asc(2x2) with respect to the nonprimitive cellarge rect-  film thickness changes from 1 to 2 ML as the film crosses the
angle. (b) Model of the structure found on the pseudomorphically step. The line profile in Fig.(#) was taken across the step in
strained first Fe layer on Ma10). Dar.k circles represgnt carbon Fig. 4@ along the[001] direction; a fractional step of 0.3
atoms. The carbon gtoms aggregate into clusters, while the oxygen g 1 A height is apparent between the first and second Fe
atoms are arranged in@(2x 2) structure between these clusters. layers. A similar effect has been observed by STM on clean

positioning of the oxygen atoms in the twofold long bridge F€ films deposited on the W10 surfacg1.4'17~25Th|s frac-
sites of the surface is based on the results of electron enerdiPhal step is either due to a difference in the local density of
loss spectroscop§EELS) studies’! States or is the resul_t of pseudomorphically fitting the smaller
It was already stated that AES analysis of these films inf€ atoms(atom radius 140 pinon top of the larger Mo
dicated that both carbon and oxygen were present on thatoms(atom radius 145 pipas shown schematically in Fig.
surface. Since the second Fe layer is covered by oxygeﬁ(c)-_ . .
alone, then the dissociated carbon must cover the first Fe Figure 5 shows a series of STM images taken on a 1.8 ML
layer. This is supported by the STM evidence presented ifr€ film grown on M@110) at 340+ 15 K. The LEED pattern
Fig. 2(f), which shows an atomically resolved STM image of Obtained on this surface is shown in Figdt domains of
the first Fe layer of the 1.6 ML film. In comparison to the Pothp(2x2) andp(3x2) reconstructions are found on the
ordered structure found on top of the second Fe layer, thaurface. AES analysis has indicated that the transition be-
structure on the first Fe layer does not display any long-rangiveen thep(2x2) andp(3x2) structures corresponds to a
order in the STM data. However, there are some patches d#fge increase in the carbon concentration on the surface,
short-range orddiighlighted in Fig. 2c)], which were iden- ~ While the oxygen concentration rises only slightly. From Fig.
t|f|ed as ap(zx 2) structure. Ap(zx 2) LEED pattern was 5, it is clear that th€p(2>< 2) structure remains |a|’ge|y intact
also observed by us on submonolayer coverage films, whe@ the second Fe layer, while thg(3Xx2) structure is
each film consisted of a partially closed pseudomorphidormed on the first Fe layer. In Figs(# and Hc), it can be
monolayer. This confirmed that th®(2x 2) reconstruction Se€en that the(2Xx2) structure on the second Fe layer is
was also present on the first Fe layer of the film. In Fig),2 broken up in some areas. This may be the initial stage of the
it is clear that more than one specig®., carbon and oxy- transformation of the second layer structure into @&
gen is adsorbed on top of the first Fe layer. The corrugation<2) phase, which would eventually lead to the LEED pat-
amplitude measured by STM on the first Fe layer was aptern shown in Fig. (). This suggests that thp(2x2)
proximately twice that found on the second Fe layer. Figure—P(3X2) transition begins on the second layer only after it
2(f) suggests that the carbon atoms aggregate into clusterdas been completed on the first layer.
while the oxygen atoms are arranged ip@ X 2) structure Figure §d) shows a 198190 A? image of a second Fe
in the patches between these clusters. A simple model of thiayer island with dislocation lines running along th@01]
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FIG. 5. () 1000x 1000 & image of a 1.8 ML Fe film grown at
340+ 15 K. (b) 230x 230 A2 and (c) 190x 190 A? images of the
same film showing the different structures on the first and second
. Fe layers.(d) 190x190 A% image of a large second layer Fe
03x0.1A island containing dislocation lines that propagate along[ 6]
direction.

4.39

ZIA]

1ML : 2ML satellite spots around the integral-order reflections, which are
! > produced by lattice distortions within the film arising from
1' 7+ 024 the dislocation network. The LEED pattern does not display
L= any half-order spots that would be consistent witlp@
] 18'17b X 2) structure. This is supported by the STM data in Figs.
6(c) and Gd), which clearly show that thp(2x2) structure
disappears where the dislocation network is formed. How-

0.00

0.00

Mo substrate

C

FIG. 4. (a) 150x 150 A? image showing the transition in local
film thickness from 1 to 2 ML at a surface step. The local film
thickness in monolayers is indicated. The black line alond €@ ]
direction denotes the line profile shown (h). The height of the
fractional step between the first and second Fe layers is 0.3
+0.1 A, while an overall step height of 2t@.3 A was measured.

(c) A simplified ball model that shows how the smaller atomic ra-
dius of the Fe atoms compared to the Mo atoms may lead to the FIG. 6. () 300x300 A? image of a 2.4 ML Fe film grown at

fractional step between the first and second Fe layers at a substra3@5+15 K, showing the two-dimensional dislocation network
step. formed in the third Fe layer of the film. The local island thickness in

Fe monolayers is indicatedb) The LEED pattern formed by this

di . h f h . lieving dis| .__film at a primary beam energy &,..,—= 71 eV. The satellite spots
irection. The presence of these strain-relieving dis Ocatlonﬁround the integral-order reflections are due to lattice distortions

does not appear to have any effect on ff@ < 2) structure  ,-oqyced in the film by the dislocation networl) 140x 140 A2

also present on the island. However, the formation of & twogontrast-enhanced zoom-in of the onset of the dislocation network
dimensional network of dislocations in the third Fe layer, asyhere the local film thickness increases from two to three Fe layers.
shown in Fig. 6a), inhibits the formation of thep(2X2)  (d) 190x 190 A2 image of a third-layer Fe island—the arrows mark
structure. Figure 6 shows the STM and LEED data for a 2.4egions where g(2x2) structure can still be observed. These

ML Fe film grown on Md110 at 325+15 K. The LEED areas correspond to the locations where the dislocation network is
pattern obtained from this film, shown in Fig(bs, displays disrupted.
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ever, thep(2X2) structure does persist in patches at the
edges of Fe islands where the dislocation network is dis-
rupted. As these areas where the dislocation network is dis-
rupted represent only a small fraction of the overall surface,
the p(2X% 2) reflections from such areas are not noticeable in
the LEED pattern of the surface. Preliminary AES results
show that the carbon and oxygen adsorption on different
coverage films as a function of exposure time is lower for
both species on the thicker Fe films which have lower strain, FIG. 7. Calculated charge-density contour maps (@r one
though this needs to be studied in more detail using conpseudomorphic Fe layer arid) two pseudomorphic Fe layers on a
trolled dosing with single-gas species. bulk Mo(110 slab. The contours shown range from zero in the
The fact that thep(2X 2) structure is absent on Fe layers vacuum region to 0.58/A% in increments of 3.510° 2 e/A°.
that are not pseudomorphically strained appears at first to fd0(C) and Mdl) denote the substrate layers at the center of the
in conflict with the observation of this structure on the bulk SaP and at the film interface, respectively.
surface. The average effect of the two-dimensional disloca-

tion network shown in Fig. 6 is to lower the overall tensile [2Y€rs is more likely attributed to the different charge polar-

strain in the Fe layer, by increasing the atomic packing denization beween the first and second layers and the

4 i -
sity through the introduction of additional Fe atoms at theSUbStraté' It has been demonsrated experimentally by Au
dislocations. However, it is also clear from Fig. 6 that the 3¢" electron spectroscopy that the charge transfer between an

o ' Fe film and a M@110 substrate decreases significantly over
beten regions of compresane. siran at the dislocatonl|® COVerage fange-09=2.0 L.
9 P To investigate the charge polarization between the film

(due to the insertion of extra Fe atonamd regions of tensile nd substrate in the first and second Fe layers, we performed

strain in the areas be.tw'een the d'SIOCii.t'Ons' Th[s IOCaIIZEzaensity-functional theory calculations using the plane-wave
modulation of the strain in the Fe layer is the critical faCtorapproximation method. The system was simulated by a
that prevents the formation of a long-range ordepz@ seven-layer bulk M(L10) slab covered on both sides by ei-
X 2) structure as appears on the second Fe layer, which f%er a 1 ML or a 2 MLpseudomorphic Fe film. The in-plane
the most part is uniformly strained. With increasing film lattice parameter in each film was taken to .be that of bulk
thickness, the relaxation of the film lattice converges toward 0(110 and the interlayer separations were optimized by
the unstrained state found in the bulk and the dislocatioqotal_energy calculations. Figure&¥and 7b) show charge-
network disappears from the surface. As a result, the rea ensity contour maps fo} the case of 1 ML Fe and 2 ML Fe,
pearance of th@(2Xx2) structure can then be expected. respectively. Comparing the charge densities in the interfa-
Qal regions in Figs. (&) and 1b), it is clear that the charge

the film strain bgtween the fir'st.and third Fe layers and t.hesharing between the first Fe layer and the substrate is reduced
different adsorption characteristics of each layer. The latt'c‘\a'/vhen the second Fe layer is added. In addition, in Fit) 7

mismatch in the Fe/Md10) epitaxial system produces a ST -

. . ’ . _-2=> % the charge density in the region between layer&Fand
large tensile strain-10%) in the first Fe layer, which is in Mo(l) isgmuch Iov)\//er than tt?at between Iaygrs%);and
Eseudorr]norphlﬁ reglstr'yl/ W'th.th‘? dWILO) surface. .It hqs hMo(l—l), indicating that the electronic interaction between

een shown that tensile strain induces a narrowing in g, e sacond Fe layer and the substrate is much lower than that
energy of thed-band states within the strained I_:e layer a_”d aexperienced by the first Fe layer. These differences in the
?h'“ 'r? the Seg.te(;.c’f thel bapd tof hléjherbegerglt;}séarlzssultmg electronic interaction between the first and second Fe layers
In eénhanced binding energies of adsorbed mole -8 and the substrate are reflected in the experimentally observed

result, both carbon and_ oxygen can be found on the first Fifferences in the adsorption characteristics between these
layer. The strain relief is much greater in the third layer Oflayers

the film with the introduction of the two-dimensional dislo- Figures 8 and 9 show the morphology of two Fe films

cation network, lvhich_ religves the tensile stre_lin along bo”brown at elevated temperatures; a 1.2 ML film grown at
the[001] and[110] directions. As a result, neither carbon- 495+ 15 K and a 2.4 ML film grown at 51515 K. At el-
nor oxygen-induced structures are observed above this lay&dyated substrate temperatures, the growth of the first and
However, the tensile strain is only partially relieved in the second Fe layers is mediated by the step-flow growth mecha-
second Fe layer by the introduction of the randomly distrib-nism, where the deposited Fe propagates outwards from a
uted dislocations that propagate along fi@®1] direction.  surface step across the underlying terrace. As a result, the
These dislocations provide a mostly uniaxial strain relief insurface is characterized by an array of Fe stripes which are
this layer along the orthogongl 10] direction. The atomi- oriented parallel to the substrate step direction. These stripes
cally resolved STM image in Fig.(8) clearly shows that the can be 1-2 ML thick, depending on the film coverage. In
oxygen-induceg(2 X 2) structure is unaffected by the pres- Fig. 8@), the first Fe layer is completely closed and LEED
ence of these dislocations. It is unlikely that the absence adinalysis has indicated that this layer grows pseudomorphi-
carbon atoms on the second Fe layer is due to the partiaally on top of the Mo substrate. The second Fe layer deco-
strain relief caused by these dislocations, especially as thenates the surface steps as stripes with an average lateral width
are so randomly distributed. The difference between thesef 30—60 A. There are no dislocation lines in these second-
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FIG. 9. (a) A three-dimensional perspective of an Fe nanowedge
island—the local island thickness varies from four to seven Fe lay-

FIG. 8. (a) 594x594 A2 image of a 1.2 ML Fe film grown at ers, while the substrate is covered by a closed pseudomorphic
495+ 15 K. The substrate is covered by a closed pseudomorphignonolayer. The film is a 2.4 ML nominal coverage Fe film grown at
monolayer, while the remaining Fe decorates the surface steps. T35+ 15 K. (b) The LEED pattern produced by the film at a pri-
fractional steps produced at the transition between the first and semary beam energy @&,..,~= 111 eV. The satellite spots are caused
ond Fe layers are highlighted by arrows) 190x 190 A% zoom-in by lattice distortions produced in the islands by the two-
of a step, showing the orderg{2x 2) structure on the second Fe dimensional dislocation network, while the half-order spots are pro-
layer and the disordered structure on the first layer. duced by thep(2x 2) structure on the strained monolayer between

the islands.

layer stripes—the relaxation of atom positions at the outer
edge of the stripe is sufficient to relieve the strain in thesponding LEED pattern of this surface, shown in Fic)9
stripe. However, for stripes with a lateral width in excess ofexhibits faint half-order spots, indicating that 2 x 2)
~100 A, dislocation lines are formed along f@01] direc-  structure is formed on the pseudomorphically strained mono-
tion. layer that covers the substrate between the islands. This

The adsorption behavior of these layers is identical to thaggain reflects the tendency of th€2x 2) structure to form
observed for films of similar coverage grown at room tem-on the uniformly strained Fe layer, while it does not appear
perature. In Fig. @), the first layer is covered by p(2  on layers where the strain is locally modulated by a disloca-
X2) structure due to the dissociative adsorption of COtion network.
CO,, and oxygen. No long-range order is observed in the

S_TM images because the carbon atoms form randomly posi- IV CONCLUSIONS
tioned clusters within thg@(2Xx2) arrangement of oxygen
atoms. However, on the second layer an ordgué2x 2) Fe films in the 0.4 6<4.7 ML coverage range were de-

structure is present due to the adsorption of oxygen alone. posited on a M@L10) substrate at temperatures between 300

The film morphology changes significantly at higher cov-K and 700 K. AES analysis has indicated that these films are
erages, where the film is characterized by the formation ohighly reactive to the adsorption of CO, GOH,O, and Q
distinctive wedge-shaped Fe islands, as illustrated in Figirom the residual gas in the UHV system. STM and LEED
9(a). The mismatch-induced strain in these islands is subanalysis of films in the 0 §=<2.4 ML coverage range has
stantially alleviated by the formation of a two-dimensionalindicated that the adsorption characteristics of the first, sec-
dislocation network. Ap(2x 2) structure could not be ob- ond, and third Fe layers are very different. These results can
served by STM on top of these islands. However, the correbe summarized as follows:
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(1) CO, CO, and oxygen are coadsorbed on the first Fesults in regions of local compressive strain at the disloca-
layer in a structure that does not display any long-range ortions, where extra Fe atoms have been added, and regions of
der in the STM images. The carbon atoms aggregate intowered tensile strain in the areas between the dislocations.
clusters, while the oxygen atoms are arranged p(2&Xx 2) It can be concluded that the layer-dependent reactivity of
structure. the Fe/Md@110) ultrathin epitaxial film system is the result of

(2) An orderedp(2x 2) structure is formed on top of the distinct film strain and charge polarization effects. The par-
second Fe layer due to the adsorption of a single atomitial strain relief afforded by randomly distributed dislocation
species. This is identified as oxygen, since exposing a freshijnes in the second layer does not significantly affect the
deposited Fe film with 0.3 L of © produces a (X1)  adsorption characteristics of this layer when compared to the
—p(2X%2) transition in the LEED pattern obtained from the pseudomorphically strained layer. Rather, the difference in
surface. reactivity is more likely the result of the different charge

(3) The adsorption of high coverages of CO or £O polarization between the first and second layers and the sub-
causes a transition from thp(2X2) structure to ap(3  strate. However, our results prove that the adsorption char-
X 2) reconstruction. This transition begins in the first Feacteristics are also highly sensitive to the film strain when
layer and only occurs in the second layer once the first layegomparing the pseudomorphically strained first layer and the
is completely transformed. two-dimensionally strain-relieved third layer. More detailed

(4) The formation of dislocation lines that relieve strain e'xperiments involving controlled dos!ng With. single-gas spe-
along the[110] direction does not affect the adsorption Ci€S are required to investigate the interaction of QO,,
characteristics of the film. CO, etc., with this film system and their effect on the mag-

(5) The presence of a two-dimensional dislocation net-N€tic properties of the Fe films.
work which relieves the mismatch-induced strain in the film
along both thg¢ 110] and[ 001] directions does significantly
alter the adsorption characteristics of the film and inhibits the This work was supported by the Science Foundation Ire-
formation of both thep(2x2) andp(3Xx2) structures. The land under Contract No. 00/P1.1/C042 and the 5th Frame-
structures are prevented from forming by the local modulawork Program of the European Commission under project
tion of the layer strain produced by the network, which re-Magnetude Grant No. G5RD-CT-1999-00005.
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