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Morphology and strain-induced defect structure of ultrathin epitaxial Fe films on Mo(110)
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Fe films in a coverage range of &4<4.7 ML were deposited on a Mdl0) substrate in the 3G8T
<700 K temperature range. It is found that growth around 300 K is mediated by the step-flow growth
mechanism, in contrast with previous studies of the FéIMI® and Fe/W110) systems, where growth at 300
K was mediated by two-dimensional island nucleation and coalescence. This difference is attributed to the
slightly higher substrate temperatuleetween 300 and 345)kduring deposition. A transition from layer-by-
layer to Stranski-Krastanov growth is observed in films grown in thes3D& 345 K range at around a 1.8 ML
coverage. Strain-relieving dislocation defects appear anng[OBE] direction in the second Fe layer and
develop with increasing film thickness into a dislocation network at around a 2.4 ML coverage. The dislocation
defects in the second Fe layer act as preferential nucleation sites for third layer islands. At elevated tempera-
tures (495T=<700 K), the first and second Fe layers are formed by the step-flow growth mechanism.
Subsequent coverages are characterized by the formation of distinctive wedge-shaped islands supported on an
Fe monolayer. A two-dimensional dislocation network is formed in the fourth Fe layer of these islands, from an
array of closely-spaced dislocation lines in the third layer. Similar to the B/l system, the magnetic
properties of these films are expected to vary significantly on the nanometer scale and they are therefore
potential candidates for spin-polarized scanning tunneling microscopy studies.
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I. INTRODUCTION becomes ferromagnetic below 225°Kyith an in-plane easy

_ I o _ axis of magnetization along tHel 10] direction®® Defect-

Ultrathin epitaxial film systems exhibit a variety of free second layer islands are formed on top of this layer in
interesting properties due to the strong correlation betweethe 1.0<9<1.5 ML coverage range, which have a strain-
the electronic structure of the film and its morphology, straininduced out-of-plane magnetization and are ferromagnetic at
and defect structurt:® For example, the magnetic properties 300 K As the film coverage increases above 1.5 ML, the
of heteroepitaxial ultrathin Fe and Ni films are sensitive toaverage Fe island area also increases and dislocations begin
the mechanical strain imposed on the film by lattice mis-to form. The resulting strain relief causes a reorientation of
match with the underlying substrate. The thicknessthe magnetic easy axis back into the film plane.
dependent behavior of the magnetic properties in the Ni/ This behavior is also observed in Fe films grown on
Cu(001) system is a good exampfe® W(110 at elevated temperatures (530<700 K). In the

A sharp transition from an in-plane to an out-of-plane 1.2< 6<1.5 ML coverage range, Fe films form as arrays of
magnetic easy axis is induced in clean pseudomorphic Nalternating monolayer/double-layer stripes by the step-flow
films at a coverag® of around 10—11 ML(monolayers® A growth mechanism® The double-layer thick stripes have an
tetragonal distortion is produced in the initial layers of theout-of-plane magnetization and are antiferromagnetically
film as it is forced into registry with the substrate. This coupled to one another by dipolar interactidfisThis
produces a magnetoelastic anisotropy that overcomes thdrangement was recently resolved using spin-polarized
combined shape, surface and interface anisotropies present§fanning tunneling spectroscopy*Gas adsorption onto the
the film, to force a perpendicular magnetic easy axis. As thdilm critically affects this magnetic behavior, as even slight
film grows thicker, the magneto-elastic contribution is re-€xposure to residual gases under ultra-high vacuum
duced as strain-relieving dislocations are formed in the filmconditions can force a reorientation of the strain-induced
This leads to a second, gradual reorientation of the easy axidagnetic easy axis back into the film plaiié In addition,
back into the film plane over coverages of 40-50 ML. Athe film morphology and consequent magnetic behavior are
strain-induced transition is also found in the F¢tap — affected by the underlying substrate step orientation.
system’ However, with a significantly larger lattice mis- FOr submonolayer growth of Fe on(M0) at 700 K, the film
match than is present in Ni/Q@01) growth [(ay  SWitches between ste_p-flow growth alongo1] c_Jriente_d
—aro)/ap.=10.4% homogeneous tensile strain for Fe/Steps to the format|on_ of chains of two-dimensional
W(110 compared to (ac,—ay)/an;=2.6% for Ni/ triangular islands alonf110] oriented steps Because the
Cu(001)], this transition is found within only the first few Fe/W(110) system exhibits such a variety of interesting
monolayers of Fe/\d10) growth. phenomena, it is instructive to investigate the Fe(M®)

Fe films grown on W110) at 300 K begin as an array system, which is similar to the Fef&/10) system in terms of
of unconnected, monolayer-thick islands, which arelattice mismatch &y,—are/ar.=9.8%) and surface free
superparamagnetic at 115%At coverages greater than 0.6 energies [yre=2.55JmM 2, yw=3.3Jm?2 and 7yu.
ML, ferromagnetic order is induced by magnetic percolation=2.95 Jm ?] (Ref. 16. The Fe/M@110) system has so far
through island coalescence. The closed first Fe layebeen studied to a far lesser extent than R@A®),*'2°so
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that less information is available on the magnetic and
structural properties of this system. This structural informa-
tion is readily accessible through scanning tunneling micros-
copy (STM) and low-energy electron diffractio(LEED).
The aim of this study is to investigate the growth modes of
the Fe/M@110) system and, in particular, to establish the
role of strain caused by the film-substrate lattice mismatch.
We compare these results with previous results obtained on
the Fe/M@110) and Fe/W110 epitaxial systems. Finally,
we will discuss the possibility of using Fe/NIL0) as a test
sample for spin-polarized STM experiments.

II. EXPERIMENT

Sample preparation and analysis were performed in an
ultrahigh vacuumUHYV) system with a base pressure in the
mid 10 ! mbar. A cylindrical mirror analyzer was used for
Auger electron spectroscopyAES), while LEED was
performed with a four-grid retarding-field analyzer. STM
was performed using a home-built room-temperature instru-
ment, incorporating a piezotube scanner for tip positioning
and a piezowalker approach mechanism similar to that dis-
cussed by Mariotto and co-workef®?! All STM images
were obtained using W tips and with a typical tunnel current FIG. 1. 1000 1000 £ STM images of Fe films grown on
of 1+=0.1 nA and sample bias &fy=30 mV. The Md110 Mo(110) near room temperaturéa) 0.4 ML at 330G+ 15 K, (b) 0.9
substrate was prepared from &l purity single crystal, with ML at 300+15 K, (c) 1.6 ML at 330-15 K, (d) 1.8 ML at 340
a misorientation of 0.65° off th¢110 plane, yielding an =15K, (e) 2.4 ML at 325- 15 K, and(f) 4.7 ML at 32015 K. In
average terrace width of the order of 200 A. The stepeach image, thg111] (step-edgedirection runs from the bottom-

direction was found to run parallel to tHa11] crystallo-  left to upper-right corner of the image. The arrows(@ and (d)
graphic direction. The substrate was cleaned by alternat@ark the position of dislocation lines propagating along [tb@1]
cycles of oxidation and flash annealing in an electron-beardirection in the second Fe layer.

heater. In each cycle, the surface was first annealed at 1300

< T<1550 K (measured by infrad pyromelerin a 7 IIl. RESULTS AND DISCUSSION

X107 mbar oxygen atmosphere for 30—60 min cycles. The A. Room-temperature growth

resulting oxide layer was then removed from the surface by )
repeated flash annealing to 2400 K for 10-15 sec in UHY, 1he sequence of growth near room temperature, with
This procedure was repeated until the carbon and oxygefficreasing film coverage, is displayed in Fig. 1. The first and
impurity levels were below the detection limit of the AES Second layers grow in a layer-by-layer fashion, while higher
setup €1 at.% and the surface produced a sharg1  COverages are er03|ted in a layer-plus-isla&dranski- .
LEED pattern consistent with the bulk termination of the Krastanoy fashion. At higher coverages, there is
Mo(110 surface. Typically, the sample was cleaned 30—4@ncreasingly preferential growth along tf@01] direction
min prior to each deposition. The sample stage was equippedith an elongation of islands along this direction. This
with a resistive heater and thermocouple so that depositiorRhenomenon was encountered in other btt0 epitaxial
could be carried out at elevated substrate temperatures. Tisgstems?~>*and was attributed to both anisotropic sticking
accuracy of the temperature control of the sample during thprobabilitie§2 and the local diffusion behavior at the island
deposition was generally better thanl5 K. Fe films were edges?* Other factors which may contribute to the island
deposited by electron beam evaporation of a 99.9% purity Fehape are anisotropic surface diffusion due to the two fold
rod, which was outgassed prior to each deposition. Théymmetry of the bcq110 surfacé® and stress anisotropy
deposition flux was monitored during deposition using awithin the film, due to the higher cost in elastic energy
quartz crystal balance. The chamber pressure during evapgequired to pseudomorphically strain an Fe layer along the
ration did not rise above 3:610 '° mbar, while evapora- [110] direction compared to thgd01] direction?®

tion rates were typically 0.066D<0.03 Ass™*. Film cov- In Figs. 1@)—-1(d), it is evident that the first and second Fe
eragesd are described in pseudomorphic monolayers, wheréayer growth is largely mediated by the step-flow growth
=1 for 1.43<10" Fe atomsm? corresponds to the mechanism. The deposited atoms are in most cases
atomic packing density of a M@10) plane. Where an accu- sufficiently mobile that they cross the surface terraces and
rate measurement was possible, film coverages were deteare incorporated at upward-facing step-edges. This leads to
mined directly from STM images; otherwise coverages werean outward propagation or “flow” of the step over the
determined from the deposition flux measured by the quartanderlying terrace. To our knowledge this was unobserved in
crystal balance. previous STM studies of the Fe/Nd0 and Fe/W110
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FIG. 2. (a) 600x 600 A2 STM image of a vicinal MEL10) sur- FIG. 3. () 1000x 1000 & topographic STM image of a 0.42
face; oriented to within-4.6° of the surface normal, this yields an ML Fe film grown at 33@-15 K. (b) The same image has been
average terrace width of the order of 30 A. The step-edge directioflifferentiated to enhance the contrast. The arrowgbjrhighlight
runs roughly perpendicular to thid 11] crystallographic direction. the positions of dark lines representing fractional steps. These ap-
(b) 600x 600 A2 STM image of a 0.6 ML Fe film grown on the pear where substrate steps have been decorated with Fe by step-
vicinal surface at 30115 K. The substrate terraces are decoratedfIOW growth. The monolayer islands,n,p, andq grow on sub-

with monolayer thick islands with a mean diameter of 10-20 A strate terraces along the inside of the fractional steps, but do not
" cross them to grow on the Fe decorating the outside. This occurs

systems in this regimjeg;27 In these earlier studies, growth because of the additional cost in elastic energy associated with
occurred through the nucleation of two-dimensional Fe ismaintaining pseudomorphic growth on top of another Fe layer.
lands on the substrate terraces, with gradual coalescence of
these islands into a uniform layer. One likely explanation forfilms on this surface were given in Refs. 19, 28, and 29.
this difference is the slightly higher temperature of the subFigure Zb) shows the results of depositing 0.6 ML Fe on this
strate (306 T<330 K) during the deposition of these films. surface. The substrate terraces are decorated with
This would indicate a high morphological sensitivity to the PSeudomorphic monolayer islands with a mean diameter of
substrate temperature in this regime. 10-20 A. There is no evidence of step decoratios, step-
Another possible explanation for this difference may beflow growth similar to that displayed in Figs.(d-1(d). It
the narrower average terrace width obtained on the substrag@n therefore be concluded that the step decoration observed
used here £200 A), compared to the substrates used inin Figs. 1a—1(d) is not simply due to the narrow width of
these previous studies, which had terrace widths in the 100the substrate terraces. However, the influence of the step
1000 A range®?” with a narrower terrace width, diffusing ©rientation must also be considered. The steps in Fig. 1 are
Fe adatoms would have a higher arrival rate at substrate stepsiented parallel to thg111] direction, while those in Fig. 2

and therefore an increased rate of incorporation at the stefre oriented perpendicular to tl“[ell_l] direction. The
edges. The effects of step density and terrace width can hgrentation of the steps on the surface has implications for
considered by examining the growth of Fe on a vicinalthe sticking probability at the step edges, the barriers to
Mo(110) surface such as that shown in FigaR In this case, interlayer diffusion over the steps and the diffusion of Fe
the substrate was oriented at an angle-@f.6° to the surface adatoms along the steps. It has been shown experimentally
normal, which yielded terraces with an average terrace widtlhat the orientation of the substrate steps can have a dramatic
of ~30 A, The terraces in Fig. (8 are separated by effect on the growth of Fe on the L0 surface'®

monatomic steps which run perpendicular to thell] In the submonolayer coverage range, the decoration of the
crystallographic direction. This vicinal surface was cleanedsubstrate steps by Fe can be distinguished by the presence of
in a similar fashion to the low-index surface describeda fractional step of 0.2—0.4 A height at the Fe-Mo boundary;
above; more details on the preparation and growth of Fehis is highlighted in Fig. 3. This fractional step is also
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observed in the 1860=<1.8 ML coverage range, where it
marks the transition between the first and second Fe layers at
a substrate step. The fractional step may be due to a
difference in either the local density of states or the atomic
radii of both metals.

While growth of the first Fe layer occurs mainly by the
step-flow mechanism, two-dimensional Fe islands are
formed on some of the substrate terraces, as shown in Fig.
1(a). The size and number of these islands is generally found
to increase with increasing terrace width. Fe atoms deposited
on a wider terrace spend longer diffusing about and therefore

have a higher probability of nucleation on the terrace. In e ('%'
addition, islands that grow on the wider terraces grow to ) (‘{ ’ #(‘[‘(
large sizes as they are not rapidly incorporated into the ‘(‘(‘(‘(‘(“‘ n+3
encroaching step-flow growth. Where these islands reach a ‘(‘((““(“( ne2
substrate step, the overlap of Fe growth on Fe appears to be [‘C((i((‘l‘i “ b
inhibited. Instead, the islands grow parallel to the $tdpng ‘((“([[“‘ (;‘[ Lo,
the[111] direction, as shown in Fig. 3. A similar effect is e_¢ (‘(C (g oy
observed for the growth of second layer Fe islafBi). =Y - @ ‘e*;imwj‘ e
1(c)]. This occurs despite the presence of an anisotropic s [[19 b

behavior[evident in Figs. le) and Xf)] that favors island

5 : i . o
growth across the step, along th@01] direction. The effect FIG. 4. (8 90x 90 A? STM image showing dislocation lines in

the second layer of a 1.8 ML Fe film deposited 3415 K. (b) A

interf d elasti o ved duri d €nodel of the dislocation process due to the insertion of an extra row
|nh«_=1r ace, ﬁnThe ‘?S Ic Fen:argles INvolve h u”gg psiu omorc-)f Fe atoms along thg001] direction. The first layer Fe atoms are
phic grovvt ) e. irst e_ ayer can wet the Ma0 surface, light gray, while the second layer Fe atoms are dark gray.
despite the cost in elastic energy, because of the lower sur-

= 72 —
face energy of Fe %re=2.55Jm") compared to Mo length of 12=1 A along the[110] direction. This indicates

=2.95 IJm?).%® However, subsequent layers that are g TR ; .
gzggsited, experi)ence a lower bindingqenergy)tl)ecause of tﬁgat most of the lattice distortion produced by the dislocation

Fe layer already present on the M0 surface. In addition, oceurs over this ;ca_le. Ou_t5|de_ this region, the. lattice
there is an increased cumulative cost in elastic energy ass@lswrt'on falls off with increasing distance from the disloca-
ciated with maintaining pseudomorphic growth. As a result,.'%n' T?je azt(:glc resoluttlon t\.”S'bf n Zlgl(? |?hand(.)x|ygert1.-
the overlap of one strained Fe layer on top of another is nog'auce P( ) reconstruction. A model for the dislocation

favored, though overlap can occur if the elastic strain in the> proposed in Fig. @), wglerel mo?‘ (?[f tqﬁ lattice d|stc&rt|on|
upper Fe layer is relieved. This can occur either by th occurs over a comparable iength {0 the measured value.
formation of dislocations, or, if the area of the overlap is ecause the Mo substrate holds the Fe film in tensile strain,

small, by the relaxation of atom positions along the edges Orlhe dislocations are formed by the insertion of an extra row

the layer. of Fe atoms into the second Fe layer along f091]

Because of the comparatively large lattice mismatchdirection. The model assumes that in the second layer of film
between Fe and M¢8.9%), only the first layer of the film growth, the Fe lattice remains pseudomorphic along the
maintains pseudomorphic registry with the underlying[ 001] direction. Because of the centered-rectangular symme-

substrate. Dislocation lines appear along[the1] direction  try of the underlying surface, the extra Fe atoms are only
early in the formation of the second layer. They are preseninserted into every secord. 10] atomic row. This can be

in Fig. 1 at a coverage of 1.6 ML. Many of the dislocationsseen in Fig. &), where the second layer rows labelad
are initiated at kink and vacancy sites in the second Fe layer-2, n, andn+2 contain one more Fe atom than rows
This suggests that the dislocations are formed in the regions3,n—1,n+1, andn+3. The extra Fe atoms in rows
where the film grows together and coalesces to form a closed 2,n, andn+2 cause a relaxation of the interatomic spac-
layer. Previous LEED and STM studies of the F€MM0  ing along thg 110] direction of each row. The displacement
and Fe/M@110 systems also found evidence of dislocationsof the atoms in these rows induces a relaxation of the atom
propagating along thg001] direction in films in the 1.%6  positions in rowsn—3n—1,n+1, andn+3, even though
<1.9 ML coverage rang#:*"*° These dislocations cause these rows do not have extra Fe atoms. The lateral offset of
the film to relax along the orthogonpl 10] direction. The the atoms from the pseudomorphic lattice positions along the

film relaxes along thg¢110] direction first because of the [110] direction establishes a strain field about each disloca-
higher cost in energy associated with elastic strain of the filntion line. These strain fields contribute to the diffusion and
lattice along this directioR® nucleation kinetics of Fe adatoms deposited in the vicinity of
From the STM image in Fig.(4), it can be seen that the the dislocations, by changing the local periodic potential ex-
corrugation of the dislocation is highest (8:8.1 A) over a  perienced by the adatoms due to the surface. As a result, the
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FIG. 6. STM images showing the onset of a two-dimensional
dislocation network, where Fe layers overlap to form a local thick-
ness of three layers or moré&) 400x 400 A2 on a 1.6 ML film
grown at 30@:-15 K and (b) 1000x 1000 2 on a 1.8 ML film
grown at 34@15 K. Where the local film thickness reaches three
layers, the surface corrugation due to the two-dimensional disloca-
tion network appeargc) 1000x 1000 A on a 2.4 ML film grown
at 325+ 15 K. The dislocation network becomes well-established as
the film adopts the Stranski-Krastanov growth mode at higher cov-

FIG. 5. (a) 2000< 2000 & STM image of a 1.8-ML film, show- eraggs(d) LEED pattern with saFeIIite spots produced by the dis-
ing the preferential growth of third layer Fe islands at the positiond©cation network on a 4.7 ML film grown at 32015 K, Epeam
of dislocations in the second Fe layén) 615x615 A2 zoom-in =123 eV.
image; the local Fe layer thickness is indicated. The white lines
running along th¢001] direction are dislocation lines in the second transition between the second and third layers of the film is
Fe layer. It is clear that many of the third layer Fe islands grow onevident in these images. Figurécy shows a zoom in of a
top of these dislocations. three layer thick Fe island; a derivative image is used to

dislocations form favorable nucleation sites for islands of
successive Fe layers. This can be seen in Fig. 5, where the
formation of third layer Fe islands occurs almost exclusively
at the sites of dislocations in the second Fe layer.

In the third Fe layer, the increased elastic energy in the
film leads to the abrupt formation of a two-dimensional
dislocation network. The onset of this network can be seen in
Figs. §a) and &b), where the local film thickness increases
from two to three layers as the Fe film crosses a buried
substrate step. The surface corrugation due to the dislocation
network is evident on the areas of the film that reach a
thickness of three layers. It should be noted that the frac-
tional step observed in thes0§=<1.8 ML coverage range, is
absent for the thickness transition between the second and
third Fe layers in higher coverage films. The dislocation net-
work becomes widespread during the transition to Stranski- £
Krastanov growth, as shown in Fig(cd. LEED patterns of 7 L
the films in this coverage range display a set of satellite spots g5 7. (a) 600x 600 A2 STM image of a 2.4 ML film grown at
like those shown in Fig. @), which are produced by the 355. 15 k. (b) 300x 300 A zoom-in with the local Fe layer thick-
periodic lattice distortions in the film. This effect has alsopess indicated(c) 200x200 A2 derivative image showing the
been observed on films grown under similar conditions in theytomic structure of an oxygen-induced2x 2) reconstruction on
Fe/W(110) systenr’ the second Fe layer and the relative orientation of the two-

An example of this dislocation network is resolved in the dimensional dislocation network on the third Fe layf) 100

STM image shown in Figs.(@) and 7b). The abrupt onset x100 A contrast-enhanced image showing the detailed structure
of the two-dimensional dislocation with the thickness of the dislocation network on the third Fe layer in image
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This structure provides a useful reference by which the
orientation and scale of the dislocation network in the third
and fourth Fe layers may be visualized. The structure on top
of the Fe island is resolved in greater detail in Fi¢d)7the
image is contrast enhanced to highlight the arrangement of
the dislocations in the two-dimensional network. The
network is comprised of an array of regions of enhanced
corrugation that reproduce the centered-rectangular symme-
try of the underlying M¢110 surface. These regions of en-
hanced corrugation are formed by the overlap of a network

of dislocation lines that run along thel11] and [111]
directions, which can be seen when comparing Fi¢s.ahd
7(d). The regions where the dislocations overlap have a cor-
rugation amplitude of 0.4—-0.8 A and have full-width at

half-maximum dimensions of 121 A along the[OOT] di-

rection and 261 A along the[110] direction.
Mean values for the periodicity of the network along the

[001] and [110] directions in the third Fe layer were
determined from STM images of this film. These were found
to be dioo=35 A and dj;10;=57 A, respectively. These
values correspond to the matching of 12 Fe atoms for every

11 Mo atoms along thEOOT] direction, and 14 Fe atoms for

every 13 Mo atoms along ti{dTO] direction. The irregular
shape of many of the Fe islands distorts the symmetry and
periodicity of the dislocation network. For example, many of

FIG. 8. (a) LEED diffr_action pattern of a 1.2 ML Fe film grown the Fe islands are elongated along tmﬂ] direction be-
around 300 K; taken with a primary beam energy of 123 eV. Thecause of anisotropic growth. When the periodicity of the dis-
pattern is identified as p(2x2) with respect to the primitive unit |gcation network on these islands is measured, it is found

cell of the bcc(110) surface. The integral-order spots appear the T TR, . . .

et e fane halorerspo apea b o, (% '8 DIy a0t OO drecton | vpialy

50x 50 A?> STM image of the surface of a second layer Fe island, "[?’l' th | ted islands is | ) than th | Y

showing the structure of the oxygen-induce®2x2) reconstruc- within these €longated Isiands 1S Iower than theé mean value
because there is another mechanism working to relieve the

tion. The non primitivecentered-rectangulgunit cell of the recon- ; . . oy . . .
struction is outlined; the dimensions of this cell were measured tptrain. Part of the elastic strain within the islands is relieved

be 5.7:0.2 A and 9.4-0.2 A along the[001] and[110] direc- by the relaxat|_0n of the posmc_)ns held by Fe_atoms alopg the
tions, respectively. edges of the islands — the influence of this mechanism is

most felt near the island edges. Far away from the island
highlight the structure of the dislocation network. A edges this mechanism has little influence and the strain can
p(2x%2) reconstructioriidentified with respect to the primi- only be relieved by dislocation formation. As a result, where
tive unit cell of the bca110) surfacg is atomically resolved the islands are large and have a more isotropic shape,
on top of the second Fe layer surrounding the island. Thenhe periodicity of the network is closer to the mean values
STM image in Fig. &) shows the structure of this recon- measured.
struction in greater detail; the structure is resolved on top of
a second layer Fe island on a 1.6 ML film grown around 300
K. This structure repeats the centered-rectangular symmetry B. Elevated-temperature growth

X : . e "
of the underlying lattice with a periodicity of 5"70£A At elevated temperatures (489 <525 K), the first and
second Fe layers are formed by the step-flow mechanism,

— = -7 X . tresulting in the formation of uniformly wide Fe stripes along
along the[111] and[111] directions, which are marked in

Fig. 7(c) for reference. An AES analysis indicated that afterthe substrate stepfX11] direction). STM images of Fe

an Fe film has been deposited, oxygen is adsorbed on tl%ripes arl.z, a_nd 1.5-ML coverages are shown in Fi@. 9
film from the residual gas in the UHV system. In the 0.4 and 9b) respectively. In both cases, the substrate terraces are

<6=1.8 ML coverage range, this results in a transition inCoMPletely covered by a closed pseudomorphic monolayer,
the LEED pattern of the film from @(1x 1) to ap(2x 2) while the remaining Fe _de_corgtes th_e terrace s_teps. The
pattern, such as that shown in FigaB A similar structure ~S€cond layer Fe can be distinguished in the STM images by
was previously reported on the #&0) surface at a 0.25 ML the presence of fractional steps that run along [thé&1 ]
coverage of oxygen, where it was identified ag(@x2)  direction; these steps are marked with arrows in Fig. 9. The
reconstruction formed with respect to the non-primitive unitfirst Fe layer in both images is defect free, but randomly
cell of the bcc(110) surface® 2 spaced dislocationsvhich appear as white lines in the STM

195417-6



MORPHOLOGY AND STRAIN-INDUCED DEFEC . .. PHYSICAL REVIEW B 66, 195417 (2002

FIG. 9. Iron stripes formed by step-flow growth on &0 at FIG. 10. (a) 5000 5000 A& image of a 2.4 ML film grown on
elevated temperature&) 1000x 1000 2 STM image ofa 1.2 ML Mo(110 at 515+ 15 K. (b) A three-dimensional representation of
film grown at 495+ 15 K. (b) 2000x 2000 & image of a 1.5 ML the Fe islands, showing the wedge shape formed as they propagate
film grown at 525-15 K. The first Fe layer is completely closed over several terraces while maintaining a fist0) surface.
and free of dislocations. The fractional steps marking the transition
between the first and second Fe layers are marked by arrows. Rafipns. The islands are slightly elongated along [tﬁ@T] di-
domly spaced dislocations are formed in some of the wider Seconpection, indicating a growth anisotropy that favors this
layer stripes in imagéb); these appear as white lines that run along gjrection. While propagating across several terraces, the sur-
the[001] direction. face of each island is an unbroké&rl0) atomic plane, so that

_ the local thickness of the island increases by one layer for
image are formed along th001] direction in the second each substrate step crossed. As a result, the islands have a
layer in Fig. 9b), where the average stripe width is 130-200distinctive wedge-shaped cross sectigig. 10. This effect
A. These dislocations are not present in the second layer iyas observed in STM studies of films grown under similar
Fig. 9a), where the average stripe width is 30—60 A. It is conditions in both the Fe/\210) and Fe/Md110) epitaxial
clear that dislocations Only appear in the second Iayer Strip%/stemsl and was attributed to surface free energy
above a critical stripe width of the order of 100 A. Below minimization81927
this width, the relaxation of the atom pOSitiOﬂS at the outer Because the local thickness of these Wedge_shaped islands
edge of each stripe relieves a sufficient amount of thencreases continuously, they present an excellent opportunity
pseudomorphic strain within the stripe, so that dislocationgo study the strain relaxation processes occurring within the
are prevented from forming. film. A STM study of Fe/W110 growth’ found that an

There is a significant transformation in the film array of parallel dislocation lines, with a typical separation of
morphology at higher coverages, where the films are charaag A, were formed along thg001] direction in the second
terized by large, well-separated Fe islands, which are supayer of each island. In the third Fe layer the separation of
ported on a closed pseudomorphic Fe lagféig. 10. The  the lines decreased to 27 A, while a two-dimensional
presence of this closed monolayer was detected by an analfisiocation network was formed in the fourth Fe layer. A
sis of the area and local thickness of islands in STM image%revious STM study of Fe/Md10) growth!® indicated that
of the films, and a comparison with the amounts depositedjisiocation lines were formed in the second Fe layer of each
for each film as measured by the quartz crystal balance. Thgjand, while a two-dimensional dislocation network was
presence of a pseudomorphic Fe monolayer was also olgrmed in the third monolayer. The results presented here are
served on similar films grown on W10).*** The Fe islands in closer agreement with the observations for FE/Y0)
on top of this layer have a well-defined shape, where theigrowth?” rather than what has been previously observed for
edges are generally straight and lie along a low-index crysFe/Mo(110) growth!® There is no evidence of dislocation
tallographic direction such as tHad 11] and[001] direc- formation in the first Fe layer, while randomly spaced
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direction and 12 Mo atoms to 13 Fe atoms along[th&0 ]
direction. Therefore, while this network is similar to the
dislocation network observed on films grown at 300 K, it
shows a greater degree of relaxation along both the major
crystallographic directions. In Fig. (&, a mismatch bound-
ary can be observed between adjacent domains of the dislo-
cation network. This demonstrates that the dislocation net-
work may start from a number of separate points in the
fourth Fe layer and that the domains subsequently grow into
one another in the thicker parts of the island.

The dislocation network is first established in the fourth
Fe layer of each island. The corrugation amplitude of the
network at this island thickness was measured to be 0.5

+0.1 A along both th¢001] and[110] directions. Toward
the thicker end of each island~(10 ML), the corrugation
amplitude of the dislocation network decreases slightly. The
effect is more pronounced on Fe islands grown on vicinal
Mo(110), where the island thickness range can be much
greatett® With each additional layer of the island, more
dislocations are added, the periodicity of the dislocation
network decreases and the atom packing density of each
layer increases until the film lattice approaches that of un-
strained Fe. The largest increase in the number of disloca-
tions occurs in the second to fourth layers of the islands. For
each subsequent layer, only a few additional dislocations are
FIG. 11. (8 and (b) 300x 300 A2 STM images showing the introduced into the dislocation network, so that the relaxation
onset of dislocation networks from an array of closely spaced disof the film lattice to unstrained Fe occurs gradually over
location lines as the local thickness of the Fe island increases frormany Fe layers. This behavior is reflected in a study of the
2 to 3 ML. Mismatch defects may be formed in the dislocation mechanical stress of Fe films deposited ofl¥0),* where
network where adjacent network domains grow into one anothetthe film stress was observed to decrease drastically upon the
One such defect is indicated by the arrows in imége formation of dislocations, but beyond the initial point of
_ i ) dislocation formation, the decrease in film stress was ob-
dislocations are formed in the second Fe layer. An array ofgreq 1o be very gradual. Because the dislocation density
closely-spaced dislocation lines is observed in the third Feqr o |ayer does not increase significantly beyond the fourth
layer of each island. The typical separation between the "”el%\yer, the periodicity of the dislocation network does not ap-
along the[110] direction is 3@-2 A. The corrugation and pear to decrease significantly from layer to layer.
full-width at half-maximum of these lines is comparable to  Figure 12 compares LEED patterns of two Fe films grown
the that of the lines shown in Fig. 4. STM images obtainedgt elevated temperatures on Ma0). Figure 12a) shows the
on the flat(110) surface of these islands show how a two- LEED pattern produced by the islands shown in Fig. 10; a
dimensional dislocation network is formed by the overlap2.4 ML Fe film grown at 51% 15 K. The islands are not
between these dislocation lines as the local island thicknesgery thick (6—10 ML maximum local thicknegsand the
increases from three to four monolayers thi€kg. 11). In  upper layers contain some residual strain. The film displays a
some cases, the early onset of dislocations along 1] set of satellite spots due to the presence of the two-
direction is observed in the third Fe layer. This occurs wherdimensional dislocation network in the upper layers of the
adjacent dislocation lines get too close to one another i.gslands(not resolved in the STM imaggedt should be noted
when they have a separation of less than 30 A. In this casé¢hat the satellite spots in this pattern are much sharper than
the strain fields associated with each dislocation line overlaghose obtained on films grown near room temperafofe
prompting the formation of a dislocation line along the Fig. 6d)], indicating that the dislocation network is more
[110] direction. As a result, it can be concluded that while fully developed in films grown at elevated temperatures. A
the majority of the lattice distortion produced by eachSimilar pattern has been reported by éteal.™ for a 1.3 ML
dislocation is localized over-12 A, the total strain field Fe film deposited on Md10 at 115 K and subsequently
produced by the dislocation extends by roughly 15 A to ej-2nnealed to 540 K. Faint half-order spots are visible halfway
ther side, along thg110] direction. (tj)etweenhthe mtegral—o;dae;z;pots in Flg.(g)zthesehma?/ bed
Mean values for the periodicity of the network were ue to the presence o reconstruction on the close
— 7 pseudomorphic monolayer that covers the substrate between
found to be 33 A along thg001] direction and 54 A along the islands. It is possible that this is the sam@Xx2)
the [110] direction. These values correspond to thereconstruction as that observed on films grown around 300
matching of 10.5 Mo atoms to 11.5 Fe atoms alongd O] K. Figure 12b) shows the LEED pattern observed on a
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W(110), may also be an interesting system for spin-polarized
STM studies. The magnetic properties of this structure
should change in a predictable way on the nanometer scale.
It has been observed that while the first Fe layer o118

is not ferromagnetic at room temperature, the second Fe
layer is”® The wedge-shaped Fe islands provide a gradually
increasing local film thickness, while maintaining a flat
Fe(110 surface that is unbroken by steps. By scanning this
surface at room temperature with a ferromagnetic or
antiferromagnetic STM tip/~“°it may be possible to obtain
topographic contrast at the thin end of each Fe island on the
basis of the different magnetic order of the first and second
layers. This contrast would not be apparent in STM images
taken at temperatures below the Curie temperature of the first
Fe layer.

IV. CONCLUSIONS

The growth mechanism of low coverage Fe films on
Mo(110 depends sensitively on the substrate temperature.
Fe first and second layer growth in the 300=<345
temperature range was found to adopt a step-flow mecha-
nism rather than the two-dimensional island growth observed
in previous studies of Fe/M&l0) and Fe/W110
epitaxy'®2” The large lattice mismatctB.9 % means that
only the first Fe layer is pseudomorphic. Dislocation lines

are formed along th¢001] direction in the second layer.
These dislocations act as favorable sites for nucleation of
_FIG. 12. (a) 12x12 LEED pattern produced by the tWo- irq |aver islands. The one-dimensional dislocation lines are
dimensional dislocation network in a 2.4 ML Fe film grown on ¢, a4 by the insertion of an extra row of Fe atoms along
Mo(110 at 515+15 K. Epeam=111 eV. (b) The LEED pattern — . . . L

; : the[001] direction. There is a transition from layer-by-layer
produced by a 3.5 ML Fe film grown at 7805 K. The first order to étran]ski—Krastanov growth at coverages agove y1 8yML

spots of the Fe10) film surface lie outside those of the pseudo- ith i ) isot f th ob d al th
morphic monolayer covering the WNBL0 substrate. Eyeam with Increasing anisotropy of growth observed along the

=94 eV. [110] crystallographic direction. A dislocation network is
formed in the third Fe layer due to the overlap of the dislo-

3.5 ML film grown at 70@- 15 K. Because of the deposition cation lines formed along th¢l11) set of directions. For
temperature, the islands in this film are much larger anctlevated substrate temperatures (#95<700 K), the first
thicker (15-20 ML) and the upper layers of the islands areand second film layers grow by the step-flow mechanism,
unstrained. The LEED pattern in Fig. (s consistent with ~ forming arrays of parallel, step-oriented stripes. The first
the unstrained ¥ 1 Fg110 surface of the islands superim- layer is pseudomorphic, but randomly spaced dislocations
posed on that of the pseudomorphic monolayer covering thare formed along th¢001] direction in the second layer,

substrate between the islands. when the stripe width exceeds100 A. At higher film cov-
erages, large wedge-shaped Fe islands are formed, which are
C. Spin-polarized STM supported on a closed Fe monolayer. An array of closely-

spaced dislocation lines is formed in the third Fe layer of

It has been shown that Fe films in thes@<2 ML  these islands. This array develops into a two-dimensional
coverage range, grown on NId0 at elevated temperatures, dislocation network when the local thickness of the island
produce step-oriented arrays of 1-2 ML thick Fe stripesreaches 4 ML. A comparison of the Fe/kd0 and Fe/
Morphologically, these Fe/Ma10 films are very similar to  W(110) systems shows that the strain-relief mechanisms and
those observed for Fe films in the same coverage range amdanner of growth adopted in both systems are very similar,
grown under similar conditions on W/10). Detailed studies leading one to expect that similar magnetic phenomena may
of the magnetic properties of these F¢MO) films have occur in both systems. It is proposed that the Fe stripes and
shown that dipolar superferromagnetic and antiferromagneti@edge-shaped islands produced in Fe films grown on
coupling can occur between the Fe stripes, depending on tH\gq(llO) at elevated temperatures are candidate systems for
stripe arrangemenf:3 The latter phenomenon has recently SPin-polarized STM and STS experiments.
been used to demonstrate spin-polarized scanning tunneling
spectroscopySPST3.1*? |t is reasonable to expect that Fe
stripes grown on M@10 will be a good candidate for This work was supported by the Science Foundation of
similar spin-polarized STM/STS experiments. Ireland and the 5th Framework Program of the European

The wedge-shaped island structures observed in Fe filmSommission under project Magnetude G5RD-CT-1999-
grown at elevated temperatures on both (Md@) and  00005.
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