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The morphology, structure, and magnetism of Fe films on an oxygen-precovered, stepped
Cu(l 1 25 surface are investigated by scanning tunneling microscopy, low-energy electron
diffraction, and magneto-optical Kerr effect analysis. After exposure ¢l @25 to about 600 L

of oxygen at 493 K, a well-ordere@v2xv2)R45° superstructure is formed. The O-induced
structure has a zig-zag morphology, showing a high density of facets and is very stable during
subsequent Fe deposition. Fcc Fe can be stabilized up to 20 mon@iélygthickness, while the
magnetization of the films reorients from perpendicular to in-plane at 15 ML. From 24 ML, the
linear extrapolation line of the thickness dependence of the Kerr intensity of the transformed bcc Fe
films does not go along with the pure fully magnetized bcc Fe films. We conclude that oxygen
adsorption strongly affects the structure and spin-reorientation transition of Fe film200&®
American Institute of Physics[DOI: 10.1063/1.1644635

I. INTRODUCTION affect the growth of Fe films and their magnetization
~ direction?”*® However, no comprehensive investigation has

As a prototype system for the study of magnetic thinheen performed to study the effect of the oxygen surfactant
films, Fe epitaxially grown on G001 has attracted consid- o the growth and magnetic properties of Fe grown on
erable interest because of its structural richness and the ugry0o2).
usual magnetic behaviér’® A well-known magnetic and In the present study, RT-grown Fe films on the oxygen-
structural phase diagram of Fe films grown at room temperagrecovered, stepped Cul 25 substrate in the thickness
ture shows that below 4 ML, the Fe film is tetragonally dis-regime of the fcc—bcc structural transformation are well-
torted (fct phasé with increasing perpendicular magnetiza- prepared by molecular-beam epitaxy method(ICa 25
tion. At a thickness larger than about 4 ML and until 12 ML, gypstrate is chosen because from the preceding
the Fe film is fcc and then undergoes a fcc—bcc structuradyperimentd? it became evident that the degree of perfec-
transformation, showing a decreasing perpendicular magngpn of the oxygen-induced reconstruction of (001 ter-
tization. At 12 ML, the spin-reorientation transitidSRT)  races which, in turn, is the prerequisite for layer-by-layer fcc
from perpendicular to in-plane occurs, resulting from thege growth on C(001) is enhanced by the proximity of sur-
martensitic fcc—bcc transformation of Fe films. Previousace steps. Our scanning tunneling microsce®yM) results
studies on this system have shown that a fcc—bcc structurglemonstrated that a well-orderé2l/2xv2)R45° superstruc-
transformation takes place before the SRT. ture is formed after oxygen adsorption, which may play a

In fact, the critical thickness of structural and magneticygje in the subsequent Fe growth. Here, the morphology and
transitions of Fe films delicately depends on preparation congirycture of the films are characterized by STM and low-
ditions, such as growth temperatdfegrowth techniqué?  energy electron diffractioLEED), respectively. We use
and surfactants™'* Since surfactants generally exhibit a magneto-optical Kerr effetMOKE) technique to measure
drastic effect on altering the balance of surface and interfacg,e magnetic properties of such Fe films. Our investigations
free energies and strain that control epitaxial growth modessjearly demonstrate that oxygen strongly affects the thick-
this has provided us with the opportunity to manipulate magness where the fcc—bcc phase transformation begins, while
netic properties of the films:® For example, the coadsorp- the SRT from perpendicular to in-plane easy axis of magne-

tion of carbon- and oxygen-contairji_ng mollecmestization occurs at about 15 ML before the structural transfor-
(CO,GH,+ 0O,) has a strong effect on stabilizingFe films  yation starts at 20 ML.

up to a 60 ML thicknes$® H, adsorption of RT grown Fe
films can change the magnetic properties and structure to be
very similar to those observed for low-temperature-grown!!- EXPERIMENT

1 14 : .
(100 K) Fe films:* It was noticed that oxygen adsorption can The experiments were carried out on a(Cd 25 sur-

face under UHV conditiongbase pressure>210 'mbar).
¥Electronic mail: xcma@aphy.iphy.ac.cn The (1 1 29 surface is vicinal tq001), with a miscut angle
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periments were carried out at 130 K shortly after film depo-
sition, comprising a cool-down time interval of about 1 h.

Ill. RESULTS AND DISCUSSION
A. Structure and morphology

After exposure of C(L 1 25 to about 600 L of oxygen

at 493 K, a well-ordered2v2xXv2)R45° superstructure is
formed. The morphology of the surface dosed with oxygen is
shown in the STM image in Fig.(&). The surface is now
characterized by a zig-zag pattern @f00-oriented step
edges, while th¢110]-oriented step edges of the clean sur-
face have completely disappeared. F@®01) terraces have
grown much wider(10 nm versus 3.2 nnbut the majority
has become narrow due to step bunching. Figude shows
the two-domain (2v2Xv2)R45° LEED pattern. Structure
models of the(001) facet on the basis of STM, LEED, and
x-ray diffraction analyseé§8-23on different systems suggest a
missing row model alon¢l00) directions, where 25% of the
Cu sites are vacant, while along each missing Cu row to both
sides stable @G—-O—Cuchains are formed. The Cu atoms
FIG. 1. () STM image of the clean Gl 1 25 surface showing monatomic squeezed out of the surface diffuse and give rise to a signifi-
steps parallel t§110]. (b) Corresponding LEED pattern &=50.4 eV. (c) cant mass transport.
STM image of the C(L 1 29 surface after dosing with 600 L oxygen at 493 Structural changes of vicinal copper surfaces can be in-
K showing the characteristic facetting structure with step edges runningy ,ced by oxygen adsorption resulting from oxygen organiza-
parallel to(100 or (010. (d) Image of the(2v2xv2)R4S* LEED pattern 0\ 1000 the steps and the destabilization of the step peri-
obtained after oxygen deposition on (@uL 25 at E=45.5¢eV. o . e

odicity. Facetting of vicinal (14) surfaces upon oxygen

exposure has been investigated thoroughith emphasis

on n<7) in the past, as reviewed by Sdftoand by
of 3.2°. The surface is characterized by @01) terraces in  Besenbaché? It was found that104) and (014) facets, re-
average 3.2 nn=12.5 nearest-neighbor Cu-atom distances spectively, are the most stable surface configurations in the
wide, separated by monoatomic steps. The surface step edgegiime of oxygen saturation in the temperature range of 300
run parallel to thd 110] direction. The substrate was cleanedto 500 K. Again, linear @—O-Cu bonds along(100)-
by several cycles of Ar ion sputtering(1 keV) followed by  oriented step edges stabilize this particular type of facets. In
annealing at 873 K. Both a sharp LEFI)1 X 1) pattern and addition, a further row of adsorbed oxygen atoms is running
an Auger spectrum, which did not show contaminants withinparallel to the steps in the middle of each facet. The LEED
the sensitivity limit, indicated high substrate quality. The sur-pattern of{104} facets is identical to that of the two-domain
face morphology of the clean substrate was also examined b2v2xXv2)R45° superstructure oi®01) faces. In our case, the
STM, a typical image of which is shown in Fig(a. It  surface parts containing a high density @f00-oriented
shows steps parallel to th&10] direction as indicated by the steps do not fully develop into stab{&04) or (014) facets.
arrow with a very narrow spread of terrace widths. Due toThe smallest observable step distarieel nm) is the one
the regular step arrangement on thg Tl 25 surface, each characteristic 0{104} facets.
spot in the corresponding LEED pattefiRig. 1(b)] is split In general, the formation of the superstructure as well as
into a doublet. of the facets is a thermally activated process and is related to

Oxygen exposure was carried out by using a dose valvehe creation of stable (&--O—Cubond chains alond110

The chamber for the gas exposure has been pumped bydirections. The zig-zag-like surface morphology obtained
turbomolecular pump only, thus excluding oxygen ioniza-immediately after oxygen exposure was found to be very
tion. In the following the amount of oxygen dosage is givenstable in the course of further experiments, in particular dur-
in units of Langmuirs (1 E1x10 8 Torrs). For Fe depo- ing subsequent Fe deposition.
sition onto the oxygen-dosed sample, which was kept near The structure and morphology of the Fe/O(Cu 25
RT (295 K), we employed thermal evaporation of 99.999% surface is illustrated in Fig. 2. We will denote the growing
purity Fe from a Knudsen cell. A stable evaporation rate offilm on the oxygen predosed substrate as Fe/QICu25
about 0.2 ML/min as controlled by a quartz monitor could bealthough from Auger electron spectroscopy, it follows that
achieved. Two different kinds of samples were prepated: oxygen floats to the surface of the film. Figure 2 displays
series of films ofuniform thickness for structure and mor- STM and LEED images obtained on the Fe/Q(Cd 25
phology characterization andi) wedge-shapedilms to  system for different Fe thicknesses. Figurds) 2and Zc)
study the thickness dependent magnetic properties. Withishow the surface morphology of 20 and 30 ML samples,
the wedges, the film thickness varies in five discrete steps akspectively. These images can be considered as representa-
2 ML along a sample diameter of 10 mm. The MOKE ex- tive for the given thickness range, while for Fe thickness
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FIG. 3. Kerr loops for Fe/O/Qu 1 25 recorded at 130 K in poldteft) and
longitudinal (right) geometry.

evidence for our conclusion that the fcc—bcc transformation
process is proceeding, followed by increasing bcc-needle
density and surface roughness.

FIG. 2. (8) STM image after deposition of 20 ML on the O/Qul 25

surface. The facet structure characteristic for the QIQLR5 surface is still
maintained, the bright, needle-shaped structgses arrow are interpreted
as bcc-Fe nucleation centefb) c(2x2) LEED pattern of the 20 ML film

at _E=66.5 eV.(c) STM image aft_er depositiqn of 30 ML Fe. The bright, The magnetic properties were studied usi'mg situ
strlp(_e-shaped structures are dominant in the ima)e.EED pattern of a 25 MOKE in Iongitudinal and polar geometry in order to iden-
ML film taken atE=127.0 eV. . ; ; .
tify the easy axis of magnetization and to measure the evo-
lution of the saturation Kerr signalellipticity) with film

below 20 ML, the STM images closely resemble those obthickness.
tained for the O/C(L 1 25 surface prior to Fe deposition, as Thickness-dependent Kerr measurements for Fe/Q/Cu
shown in Fig. 1c). As can be seen in Fig.(®@ at an Fe 1 25 were carried out in the coverage range between 7 and
coverage of about 20 ML, the STM image reveals the for-30 ML. The polar and longitudinal hysteresis loops recorded
mation of a few narrow, elongated features, one examplat 130 K sample temperature are shown in Figs) and
being indicated by the arrow. In general, these bright, needIe3(b), respectively. Note that all loops displayed in Figb)3
like structures in the STM image are well known as finger-are recorded with external field applied along fi¢Q] di-
prints of bcc Fe precipitates in the Fel0Q1) systen??®  rection. In the region between 7 and 11 ML, the films exhibit
The long axis of these bcc precipitates is oriented either perpendicular easy axis; however, the Kerr signal decreases
along the[110] or the[—110] direction. The precipitates are with increasing thickness. This is representative of fcc Fe
crossing a large number of surface steps without noticeabl®8ms showing the perpendicular magnetization as compared
interaction. Many more of these needle-like features are obto bcc Fe films with the in-plane magnetization. At 15 ML,
served at 30 ML, where they cover most of the surface. Théhe polar signal cannot be detected; instead, a small longitu-
gradual morphology change evidenced by the comparisodinal signal is observed. At higher Fe thickness, the longitu-
between the 20 and 30 ML samples suggests that the Fe filainal hysteresis loops show a gradual change in shape and a
surface undergoes a continuous fcc—bcc transformation frorslow rise in magnitude with increasing thickness. Between
20 ML on. 21 and 24 ML, the Kerr signal rises steeply with coverage

The LEED patterns displayed in Figgb2and 2d) were  ending up in a regime of linear growth with film thickness
taken at an Fe coverage of 20 Mglectron energy 66.5 eV  after 24 ML(see Fig. 4. From this observation, we conclude
and 25 ML(127 eV), respectively. In general, we observe athat the SRT from perpendicular to in-plane takes place at the
c(2X2) LEED pattern in the coverage range between 7 andhickness of about 15 ML.
25 ML. Thisc(2X 2) superstructure can be interpreted by a  Figure 4 gives a comprehensive overview of thickness-
model in which, during Fe deposition, the O atoms float ondependent structural and magnetic properties of Fe films on
the surface. In this way the O atoms promote layer-by-layepxygen-precovered Gl 1 25 substrate. With regard to the
growth by forcing the Fe atoms to stay on fcc lattice sitesstructural properties of the Fe/O/Cu system, due to oxygen
rather than to crystallize in a bcc Fe-like structure. Theadsorption on the Q& 1 25 surface, the formation of
c(2X2) reconstruction on a quite smooth and ordered filmc(2X2) superstructure during Fe growth provides a better
surface below 25 ML is self-reproducing during growth. layer-by-layer film growth. Fcc Fe films can be stabilized up
However, with increasing Fe film thickness the LEED pat-to 20 ML. Even at 30 ML, apart from a high density of
tern becomes observable at higher beam energies only. Theec-needle structure presented on the surface, the main mor-
gradual change of the LEED patterns above 25 ML giveghology still resembles that at 20 ML.

B. Magnetic properties
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the effect of oxygen adsorption on the stepped substrate do

oy Fe/O/Cu(1 125) R respond to the complex competition mechanism among the
g < e’ anisotropies in our unusual structures, resulting in the SR of
= fce Fe v fece=>bce 4 the Fe/O/Cu system in the end.
= : C(2X%),’ »: /i/ Step-induced anisotropy has been investigated in recent
S w2k2 N Ik !i years on the study of the magnetism of ultrathin fiffis’*
= Rt /’f The film on the stepped substrate exhibits an in-plane,
N R R J uniaxial magnetic anisotropy with the easy magnetization
E! R o axis perpendiculaf or parallef®3°to the step edges, depend-
g ,perpendicular ¢ in-plane @ . . . .
5 L’ —at /{ ing on the detailed physical systems. In the Fe films grown
Z Rt ._ .’ - on the stepped A@01) substrate (6° vicinal angle,

¢ L ' Kawakamiet al. found a SRT shift to an-10% larger criti-

0 5 10 15 20 25 30

cal thickness due to the step-induced anisotropy contribution.
The strength of this anisotropy varies quadratically with step
density®® The Cul 1 25 surface has a reduced symmetry
FIG. 4. Schematic illustration of structural and magnetic evolution of Fewijth respect to the Q001) surface. Easy axis parallel to the
ﬁlms on qx()j/_gen-zdsorbed Cu 1 25 substrate. Structural and SR transi- [110] steps has been found on Cu(h)l substrates when
tons are indieated. growing ultrathin Co filmg® Compared to Ref. 30, the
Cu(1 1 25 surface has a lower step density with a smaller

With respect to magnetic properties of the Fe/O/Cu sysvicinal angle(3.2°. Thus, a much smaller step-induced an-
tem, although the nucleation of first bcc precipitates is obisotropy can be speculated. Since the SRT in the Re/@
served only at about 20 ML, from where, on the whole,System takes place at 12 ML, SRT in Fe(Cd 29 system
structural transition extends over a thickness range of at leagtay occur at about 12.6 ML, at most showing a little shift of
10 ML, SRT takes place already at about 15 ML. This find-about 0.6 ML larger than that in the Fe/(001) system.
ing is in contrast with many other studies on the FggDa)  Therefore, step-induced anisotropy might not the major rea-
system. Distinct structural differences exist between themson for the large deviation of critical thickness between
but critical thickness of SRT has a shift towards an about Jtructural and SR. It is worth noting that no similar studies
ML larger value only than that in the Fe/@01) system. Wwith respect to the influence of surface steps on in-plane
Therefore, an interesting question arises: How can we undegnisotropy have been carried out so far for fcc Fe on vicinal
stand the big deviation of critical thickness between strucCu(001) because this system under conventional growth con-
tural and spin-reorientation transitions in such a system? Inlitions (thermal evaporation onto the clean subsjraehar-
the following we give possible explanations. acterized by perpendicular uniaxial anisotropy.

In practice, for the Fe/G001) system, even though the The effect of oxygen adsorption induced structural
structural transition itself could closely lead to a SRT, up tochanges has been elucidated by STM and LEED analyses.
now, no direct information can be given that the structuralThe oxygen-dosed QU 1 25 surface is characterized by
transition is prerequisite for the SRT. This is because th¢100] and[010] steps. From the shape changes of the loops
origin of the SR is the usual balance between the surface aralong the[110] direction, we can give such a proposition: As
shape anisotropy, rather than the formation of bcc structurdong as this orientation prevails, the fcc Fe film displays a
Previous studies have shown that the fct phase and the béourfold magnetic anisotropy with easy axis of magnetization
phase are formed in the films below 4 ML and above 12 MLalong the surface step directions. At an Fe coverdtyeML,
in the Fe/Cu system, respectively, while a phase consisting afthere the surface contains a noticeable amount of bcc pre-
antiferromagnetidAF) fcc Fe covered with ferromagnetic cipitates, the films start to display uniaxial magnetic in-plane
(FM) fct Fe surface layers can be realized between 4 and 1&nisotropy along[110], the initial surface step direction,
ML. Moreover, a positive surface anisotropy, as in the casavhich is in agreement with the earlier discussion that
of thin Fe films on Cu, leads to an easy axis of magnetizatiomniaxial magnetic anisotropy occurs in low-symmetry sur-
perpendicular to the film before completely transforming tofaces. The magnetism of Fe films influenced by oxygen sur-
bcc Fe phase. In our case, the graduate decrease of the néaetant indicates that surface anisotropy is sensitive to the
malized Kerr intensity in the 7—11 ML thickness range with coverage of oxygen on the Fe/vacuum interf3c&. The
an easy axis of magnetization perpendicular to the film isstudy of Pappast al® on Fe/C001) has given direct evi-
observed, which is similar to that in the 4—12 ML thicknessdence, that oxygen induces a switching of the easy axis from
range of the Fe/Cu system. It is possible that a phase comerpendicular to in-plane at low dosagesl L) introduced
sisting of AF and live layers also presents in the studiedafter film growth. In that context the presence of oxygen is
system. Based on our current experiment, we cannot givikely to reduce the magnitude of the surface anisotropy or
further evidence to confirm this. If the graduate decrease isven to change its sign to flip the easy axis into the film
indeed caused by the graduate change of the FM phase to thtane. The study of Peterkat al. further confirms that the
AF phase of the fcc Fe film, the relative portion of the sur-reorientation of magnetization results from the adsorbate-
face anisotropy(proportional the surface areto the shape induced change in the magnetic interface anisotropy energy
anisotropy(proportional to the FM volumeshould change of the Fe/vacuum interface. For our system Fe/Q1CLi25
accordingly. However, the use of the stepped substrate ariiseems plausible that on the one hand the delayed fcc—bcc

Fe thickness (ML)
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transformation; that is, the persistence of an fcc Fe/vacuurdeposited at RT on oxygen-adsorbed Tl 25 surface with
interface would support a positive surface anisotropy, whileabout 600 L of oxygen at 430 K, showing(2v/2xXv2)R45°
on the other hand, the presence of oxygen tends to reduciperstructure.
surface anisotropy or even switch it to the negative side. A distinct difference in the structural evolution is ob-
Therefore, this probably causes an SRT shift towards a loweserved in the Fe/O/Cu system. The fcc—bcc transition is
thickness with respect to that without oxygen adsorptionlargely inhibited until the nucleation of first bcc surface pre-
The similar situation has been reported for the F&OW) cipitates at about 20 ML. This is interpreted as due to the
system with hydrogen adsorptidhCombined with all kinds presence of oxygen as surfactant. The Fe films on the
of anisotropy contributions in our system, the effects in sunoxygen-adsorbed Qi 1 25 substrate show a(2x2) su-
then maintain the SRT critical thickness at about 15 ML.  perstructure up to 25 ML. The spin reorientation from per-
The total magnetic momenKerr ellipticity, respec- pendicular to in-plane occurs at a thickness of about 15 ML.
tively) versus film thickness curve for the Fe/O(CUl 25 The effects of step- and oxygen-adsorption-induced anisot-
system(Fig. 4) can be divided into four parts. The first re- ropy are discussed. Within the coverage region between 20
gion ranges from 7 to 15 ML, where the SRT occurs. Theand 30 ML, we observe a steeply increasing magnetic mo-
polar Kerr signal in this region decreases with increasingnent of the film, while the linear extrapolation line of the
thickness vanishing around the transition point. The seconthickness dependence of the Kerr intensity of the trans-
region extends from 15 to 21 ML with a slow recovery of the formed bcc Fe films does not go along with the pure, fully
Kerr signal(now in the film plang Polar and in-plane satu- magnetized bcc Fe films. This may mean that the films above
ration values are scaled according to the intrinsic calibratior24 ML are structurally composed of a thin bcc Fe surface
of our MOKE system to display the same height for identicalphase on the top, and constantly of a few layers of NM or AF
saturation magnetic moment, measured in either easy or hafdc Fe underneath.
directions. The films in this coverage regime have pure fcc
structure(below 20 ML). The third region extends from 21
to 24 ML and is characterized by a steep increase of the Ke
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