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Ion-beam-induced magnetic transformation of CO-stabilized fcc Fe films on Cu(100)
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We have grown 22-ML-thick Fe films on a Cu(100) single crystal. The films were stabilized in the face-
centered-cubic (fcc) y phase by adsorption of carbon monoxide during growth, preventing the transformation
to the body-centered-cubic (bcc) @ phase. A structural transformation of these films from fcc to bee can be
induced by Ar* ion irradiation. Scanning-tunneling microscopy images show the nucleation of bcc crystallites,
which grow with increasing Ar* ion dose and eventually result in complete transformation of the film to bcc.
Surface magneto-optic Kerr effect measurements confirm the transformation of the Fe film from paramagnetic
(fee) to ferromagnetic (bee) with an in-plane easy axis. The transformation can also be observed by low-energy
electron diffraction. We find only very few nucleation sites of the bcc phase and argue that nucleation of the
bce phase happens under special circumstances during resolidification of the molten iron in the thermal spike
after ion impact. Intermixing with the Cu substrate impedes the transformation. We also demonstrate the
transformation of films coated with Au to protect them from oxidation at ambient conditions.
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I. INTRODUCTION

As a bulk material, Fe exists in the a phase [body-
centered-cubic (bcc); ferromagnetic] at room temperature
(RT) and attains the 7y phase [face-centered cubic (fcc); para-
magnetic] only above 1180 K. The lattice constants of Cu,
fcc Fe, and bee Fe are 3.615, 3.57, and 2.866 A, respec-
tively. As the lattice mismatch between fcc Fe and Cu is
small (<2%), pseudomorphic growth of metastable fcc Fe
on Cu can be expected and was already observed in 1967 by
Jesser and Matthews for Fe/Cu(100).> Since then, it was
found out that Fe on Cu(100) shows surprising magnetic*2?
and structural properties'’"!>1924-3% depending on the Fe
layer thickness'? and temperature;”-'3203% and it is still a sub-
ject of intensive research.

Early investigations show contradictory results for some
aspects of this system, e.g., the critical thickness of the trans-
formation from fcc to the bulklike bce phase was reported to
be 11 monolayer (ML) (Ref. 11) and 17 ML (Ref. 12); in
hindsight, this issue should be probably attributed to differ-
ent impurity levels.*>*! There was also confusion about the
ground state of fcc Fe, which is usually antiferromagnetic,”*?
while some observations have pointed toward fcc Fe/Cu
films with a ferromagnetic ground state especially at low
thickness.®%* This issue was resolved by Biedermann
et al.>3>* using atomically resolved scanning tunneling mi-
croscopy, which pinpoints the bee-like nature of these films
as the true source of ferromagnetism. Despite its partly con-
troversial history, the Fe-Cu system has emerged as an inter-
esting prototype system for surface magnetism and also trig-
gered a plethora of theoretical investigations.*3-°

For films grown at room temperature, the structure and
magnetic moment of the Fe film as a function of film thick-
ness can be divided into three ranges:>!!3> in range I, films
below 4 ML Fe grow as strained bcc(110) lattice with a
nanomartensitic structure; above about 2 ML they are ferro-
magnetic with an out-of-plane easy axis.>!!»3-! The upper
limit of this range depends slightly on the hydrogen
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coverage.’' In range II, 5-10 ML, Fe grows fcc with a so-
called “magnetic live layer” at the top, exhibiting a (2 X 1) or
(2 X2)p4g reconstruction below room temperature.!l#+32-54
A few strained bce “needles” may be found at room tempera-
ture, while most of the film is still nonmagnetic.> In range
III, for more than =10 ML, the film grows in relaxed
bee(110) structure and is ferromagnetic with an in-plane easy
axis.®

The metastable fcc Fe film in range II, at a thickness of
about 8 ML, can be transformed from fcc(100) to bee(110)
by Ar* ion irradiation at room temperature.’’ This transfor-
mation was investigated with scanning-tunneling microscopy
(STM), low-energy electron diffraction (LEED) and surface
magneto-optic Kerr effect (SMOKE) measurements. When
varying the ion energy, the best results for transformation
were observed for Ar* ions with 1 keV (Ref. 57); the low
efficiency of ions with higher energy was explained by ion-
induced Fe-Cu intermixing impeding the transformation. By
irradiation with a prototype ion lithography system, it was
also shown that this system bears the potential for creating
nanoscale  ferromagnetic  structures  without optical
lithography.>” Considering possible technical applications
and to overcome the superparamagnetic limit for small struc-
tures, films thicker than 8 ML are desirable.

In the current work, we describe the ion-induced fcc-bee
transformation of thicker fcc Fe films grown by evaporating
Fe at an increased CO background pressure. This technique
of stabilizing fcc Fe is based on previous work by Kirilyuk
et al.*>*! Tt was reported that up to 60 ML of fcc Fe can be
grown using different gases such as CO, ethylene, acetylene,
oxygen, and their combinations; CO dissociates into carbon
and oxygen, contributing to the bulk and surface stability of
the fcc Fe film, respectively.*>*! We report on such films
with a thickness of about 22 ML and we present a detailed
study of the ion-induced transformation of these films, in-
cluding magnetic measurements by SMOKE. All experi-
ments were conducted at RT.

©2010 The American Physical Society
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II. EXPERIMENTAL SETUP AND PREPARATION

Our experiments were carried out in two different ultra-
high vacuum (UHV) systems, one focusing on structural
analysis and the other focusing on magnetic properties. The
structural analysis UHV setup comprises two chambers, the
preparation chamber and the analysis chamber. The prepara-
tion chamber, equipped with an Ar* ion source for sputter-
ing, an electron-beam heating stage for annealing, electron-
beam evaporators and a gas cracker for dosing atomic
hydrogen, has base pressure below 107!° mbar as measured
with a Penning gauge. The analysis chamber contains a cus-
tomized commercial STM (Omicron u-STM) operated in
constant current mode with an electrochemically etched W
tip. Auger electron spectroscopy (AES) was performed with
a cylindrical mirror analyzer with a concentric electron
source. The chamber also includes the instrumentation for
LEED, x-ray photoelectron spectroscopy (XPS), and low-
energy ion scattering (LEIS) as well as a quadrupole mass
spectrometer used to measure residual gas composition. The
typical pressure in this chamber was below 5X 107!! mbar
(Bayard Alpert gauge).

The other UHV setup is a single chamber consisting of
almost same facilities as for the sample preparation and
characterization as mentioned before except for STM
and XPS. The base pressure in this chamber was below
5x107'"" mbar (Bayard Alpert gauge). In this system, we
used a SMOKE system to measure hysteresis curves using a
He-Ne laser (632.8 nm) and a photo elastic modulator.>® The
laser beam is linearly polarized at an angle of 45° with re-
spect to the plane of incidence and modulated before it enters
the vacuum chamber; the angle of incidence on the sample is
60° with respect to the surface normal. In the present paper,
the polarization analyzer was set to select p-polarized light.
The magnetic field was parallel to the surface (longitudinal
SMOKE).

The Cu(100) crystal was cleaned by sputtering using 2
keV Ar* ions (Igmpe=2 A, typically 30 min) and anneal-
ing (520 °C, 10 min). A few sputtering-annealing cycles re-
sulted in large flat Cu terraces with widths around 100 nm
and a clean surface was determined by AES. Fe films were
evaporated from tips of Fe rods (2 mm thick, purity 99.99
+%) heated by electron bombardment; the deposition rate of
typically 1 ML/min was calibrated by placing a quartz crys-
tal microbalance at the sample position. To suppress high-
energy ions, which may modify the growth mode of the
films,>® we have applied a retarding voltage of +1.5 kV to a
cylindrical electrode in the orifice of the evaporator (the so-
called “flux monitor” electrode), repelling the ions, which
cannot have an energy higher than that given by the voltage
of the rod (1-1.2 kV). During Fe deposition, the pressure in
the UHV chamber was below 1X 1071 mbar unless addi-
tional CO gas was dosed to prevent the fcc-to-bee transfor-
mation of the films.

The ion source used for the fcc-bee transformation was
scanning the sample at perpendicular incidence (SMOKE
setup) or at an incidence angle of 20° with respect to the
sample normal (STM setup; perpendicular incidence is not
possible in this chamber). The effect of the ions at these two
angles of incidence should be almost identical at ion energies
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FIG. 1. (Color online) Carbon and oxygen Auger signals for 22
ML Fe films as a function of CO pressure during evaporation. Nor-
malized Auger peak-to-peak heights of carbon Cy73/ (Feg3+Cugy)
and oxygen Os4/(Fegg3+Cugyo) show an increase in oxygen and
decrease in carbon concentration with increasing CO pressure.

up to 1 keV, where channeling is negligible. At higher ion
energies, perpendicular incidence will lead to a somewhat
higher penetration depth of the ions.®” In the ion sources, a
significant fraction of the fast Ar* ions gets neutralized by Ar
atoms in the gas (charge transfer is a resonant process and
thus has a high cross section). The neutrals are not affected
by the deflection plates and electrostatic lenses, only colli-
mated by the apertures. To achieve well-defined ion doses,
we found it essential to place the sample in a position where
the area used for later analysis is outside the impact area of
the neutrals, i.e., outside the axis of the ion source. The time-
averaged ion flux was measured with a Faraday cup, biased
at +27 V to eliminate the influence of secondary electrons
on the current measurement. In the STM system, where some
Faraday-cup measurements were inaccurate due to secondary
electrons reaching the wiring of the Faraday cup, we have
also used measurements of the sample current (corrected for
secondary electrons by putting the sample on positive bias)

and the irradiated area. The ion flux was ~10'2 cm™2 s,

III. RESULTS AND DISCUSSION
A. Growth and properties of the film

As mentioned above, to stabilize the fcc structure of Fe
films well above 10 ML, we have grown the films while
dosing CO at a fixed background pressure.*>*! We found it
necessary to optimize the value of the CO pressure for ob-
taining a stable fcc Fe film: the exact value seems to depend
on details of the vacuum chamber (possibly related to the
different geometries of the gas valves, pressure gauge and
sample). For that purpose, we conducted experiments at dif-
ferent CO pressures. In one system (STM) we got the best
results with 7.5X 107'% mbar, and in the other one (SMOKE
system) we found that 3X 10 mbar CO is suitable for
growing a 22-ML-thick fcc Fe film.

The concentrations of oxygen and carbon in the Fe film as
a function of CO pressure during evaporation are shown in
Fig. 1 (data are from the STM UHV system). With increasing
CO pressure, the normalized Auger peak-to-peak height
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(APPH) of carbon C,s3/(Feqp34+Cugyy) shows a decrease,
whereas the oxygen Os4/ (Fe;o3+Cugy) signal increases. In
agreement with Ref. 41, this observation can be explained in
the following way: the dissociation of CO takes place at the
surface of the growing Fe film. Atomic carbon is incorpo-
rated in the interstitial sites of the Fe lattice, contributing to
the stability of the fcc lattice in the bulk of the film. Oxygen
floats on the top of the film, contributing to surface stability
of the fcc lattice. This process continues until the oxygen
coverage on the surface is high enough to block the adsorp-
tion and dissociation of CO molecules. If the CO pressure is
too high, CO adsorption gets blocked before growth is fin-
ished, resulting in the uppermost Fe layers having very low
carbon concentration, too low to sustain the fcc structure.
Now, considering the same Fe evaporation rate as for the
former case, if the CO pressure is too low, the concentration
of carbon atoms in the interstitial sites of the Fe lattice is too
low. Hence, the film will again transform to bcc before the
final thickness is reached, and continue to grow in the bcc
phase. Therefore, the CO pressure optimum for stabilization
of the fcc film is just below the value that would lead to
saturation of the surface with oxygen at the end of the
growth process.

If the CO pressure is outside the range leading to a ho-
mogeneous fcc film, bee crystallites can be observed in the
22 ML films. Figure 2 shows the surface obtained in such an
experiment, where the CO pressure of 7.5 X 1071 mbar was
not stable during film growth. This instability in the CO pres-
sure was due to slow response of the CO gas valve, a prob-
lem that was solved in the later experiments. Most of the
surface is fcc and rather flat (layer-by-layer growth). The bce
areas are easily recognizable by their rough appearance and
larger average height due to 5—10 % larger interlayer dis-
tance of bee Fe(110) compared to fec Fe(100).3°7 They are
wavy and varying in length (typically few tens of nm to 100
nm) and width (=10-20 nm). Figures 2(b)-2(d) provide
higher magnification (zoom-in at the dotted area) of Fig.
2(a). The surface of the bcc area is quite rough compared to
the fcc regions. Oxygen atoms are weakly visible as dark
dots in Fig. 2(d), forming a ¢(2 X 2) lattice in the fcc areas
and disordered structures in the bce areas. In pure Fe films,
the bcc structure nucleates in straight, narrow crystallites

(needles) oriented along the [011] and [011] direction; this is
true for both the spontaneous and ion-induced fcc-to-bee
transformation.”>-3” Here, we have carbon in the Fe film. We
consider it likely that carbon hinders the formation of
straight needles, thus the initial bce nucleation site does not
grow as a straight needle but takes a wavy path. This may be
either due to a slightly inhomogeneous carbon concentration
or due to carbon pileup in case that some carbon atoms dif-
fuse out of the bcc regions into the more favorable fcc re-
gions. Similarly, oxygen on the surface may also push the
bce needle away from straight line to wavy path. The flower-
shaped bcc areas [e.g., at the right edge of Fig. 2(c)] must
also be considered a consequence of carbon and/or oxygen as
these shapes are not found on the clean films.

Besides the bce needles protruding from the fcc surface,
we also find areas that are lower than the fcc surroundings.
Figure 2(e) shows an STM image including such an area
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FIG. 2. STM images of a 22 ML Fe film grown with unstable
CO pressure during the experiment, leading to a surface with bcc
crystallites (bright). Frames (a)-(d) show the same area with in-
creasing magnification. (e) bee area with an adjacent trough (image
shown as if illuminated from the left). The inclined bcc wedges in
the trough are indicated with arrows. The section profile (f) over the
vertical frame in (e) shows the bce trough next to the needle.

(below the bright needle); a line scan across the trough and
the needle (averaged over the frame) is shown in Fig. 2(f).
These troughs have a typical with of =10 nm and can reach
a depth of =0.5 nm below the fcc surface. They are always
found at the sides of bright (high) needles and characterized
by elongated wedgelike terraces perpendicular to the needle
direction. These terraces are tilted by angles between 3° and
5°. This shape and tilt angle is characteristic for the Pitsch
orientation of bec crystallites as reported by Kalki.?® There-
fore, these troughs have to be identified as bce areas; and we
can identify similar dark areas adjacent to bright needles as
bce even in images with lower resolution.

The lower height (darker appearance) of these bec troughs
can be explained as follows: formation of a bcc needle at-
tached to the fcc lattice at its sides is accompanied by tensile
strain.® To attain a relaxed state, the needle shrinks in
width, deforming the fcc film on its sides. Obviously, the fcc
film adjacent to the needle transforms to bcc due to the
stress>3>4035 and due to the lateral expansion it has to reduce
its height. The atomic volume increases by only 3.5% by the
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FIG. 3. STM image of the as-grown 22 ML Fe film in the
presence of CO. (a) The inset shows the oxygen ¢(2X2) super-
structure highlighted by a white square. The white spot in the inset
is probably the missing oxygen atom (white circle). (b) The surface
of an 8 ML Fe film grown without CO (shown for comparison).

fcc—bcc transformation in the bec regions next to the is-
land, but the tensile strain of the needle amounts to 9% and
3% in the directions parallel and perpendicular to the needle,
respectively. Thus we find an overall reduction in the height
of the “trough” areas next to the needles.

The surface of a 22-ML-thick fcc Fe film grown with an
optimized CO pressure is shown Fig. 3(a). We find almost
perfect layer-by-layer growth; the islands show rounded rect-
angular shapes. This is slightly different from the surface of
8 ML films grown without CO shown in Fig. 3(b), where the
islands are larger and more circular. No bcc crystallites
(needles) were observed. The inset in Fig. 3(a) shows the
¢(2X2) superstructure of oxygen on fcc Fe, with the primi-
tive superstructure cell highlighted by a white square. The
white spot (marked by a circle) is probably a missing oxygen
atom.

It is interesting to note that the steps of the 22 ML film
grown in CO are not aligned in the close-packed (011) di-
rections but rather along (010). This must be seen as a con-
sequence of the ¢(2 X 2) oxygen overlayer, which obviously
stabilizes the steps running parallel to the oxygen rows (Fig.
4).

To analyze the effect of loss of oxygen on the fcc film, we
used atomic hydrogen to remove surface oxygen without ion
bombardment. We prepared a slightly thicker Fe film in CO,
with a thickness of 23-24 ML according to the AES (quan-
tification was based on the average AES signals of 22 ML
films and the decay of the copper signal with film thickness
calculated with the SESSA code®'). In the spirit of a worst-
case study, the slightly larger thickness was chosen to in-
crease the sensitivity toward any factors promoting the fcc to
bec transformation. Figure 5(a) shows the STM image of the
as-grown fcc film, which is already partially transformed,

FIG. 4. Structure model for the Fe steps of the films grown in
CO (top view). The ¢(2 X 2) oxygen superstructure is shown only in
the upper layer.
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FIG. 5. Fe film (=23 to 24 ML) grown in CO. (a) STM image
of the as-grown surface with partially transformed areas (bright).
(b) After dosing atomic hydrogen to remove the surface oxygen.

thus really at the stability limit of fcc films. This surface
shows long bcc crystallites covering about 50% of the sur-
face. The initial Os;4/(Fesg3+Cugy,) APPH ratio was 0.34,
roughly the same as for all the films, i.e., a closed c(2X?2)
overlayer. Oxygen was removed by exposing the surface to
atomic hydrogen using a hot-tube gas cracker. We have used
a pressure of 2 X 107 mbar H, for 1 h and a heating power
of 55 W, which should correspond to a dose of atomic hy-
drogen of >10'"® cm™. After dosing atomic H, AES shows
an APPH ratio of Os4/ (Fe;q3+Cugyg) of 0.06, i.e., more than
80% of the initial oxygen was removed from the surface. The
STM image in Fig. 5(b) shows the surface of the film after
oxygen removal. The transformed area has now increased to
~90%, but there are still some untransformed patches of
~100 nm size. This transformation occurred by removal of
oxygen due to adsorption of hydrogen; but we cannot ex-
clude some influence of energetic ions created in the gas
cracker and accelerated onto the surface (the hot tube is at
+1 kV). As the effect of hydrogen destabilizing the fcc
structure must be considered rather small (cf. Refs. 51 and
53), this experiment confirms the role of oxygen on the sur-
face for the stability of the thick fcc Fe films, but it also
allows us to compare the effect of oxygen removal with other
ion-induced effects (see below).

We should finally note that a surface like that in Fig. 2
will still exhibit strong oscillations of the diffraction signals
during growth, thus it would be still considered an fcc sur-
face in medium-energy electron diffraction (MEED) experi-
ments like those performed in Refs. 40 and 41. A surface
already containing (ferromagnetic) bee nuclei as in Fig. 2 is
not useful for nanopatterning, however. This means that
practical limit of the Fe thickness for such experiments is
somewhere around the 22 ML thickness studied in this work,
not at 30-35 ML, where the oscillations indicating growth of
fcc Fe stabilized by CO die out.*0#!

B. Ion-induced transformation: STM and LEED

Figure 6 shows the transformation of a 22 ML fcc Fe film
prepared in 7.5X 107! mbar CO after bombardment with
500 eV Ar" ions. The as-grown film surface is stable fcc with
no bce areas over a large scan area shown in Fig. 6(a). After
an Ar* ion dose of 1.3X 10" c¢cm™2, bee nucleation areas
become visible [Fig. 6(b)]. Again, the bcc regions appear
brighter than the rest of the surface because of the larger
interlayer distance. The bcc regions are mostly 100-200 nm
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FIG. 6. Scanning tunneling microscopy images of a 22 ML Fe film prepared in 7.5 107! mbar CO. (a) as-grown film, and after 500
eV Ar* ion irradiation with ion doses of (b) 1.3X 10" cm™, (c) 1.8 X 10" cm™2, and (d) 2.4 X 10" cm™. Overview images (b)—(d) are
high-pass-filtered to make the bcc needles more visible in spite of steps in the substrate.

long and 10-25 nm wide. Similar to the results for ion bom-
bardment of clean Fe films,”’ there are only very few sites
where the fcc-to-bee transformation has nucleated, and the
transformation spreads out from these sites. Zooming in on
the surface shows slightly increased roughness also in the
untransformed areas because the surface was sputtered [inset
of Figs. 6(a) and 6(b)]. When increasing the Ar* ion dose to
1.8X 10" cm™2, most of the surface in Fig. 6(c) shows wavy
bee needles, only a few regions wider than 50-100 nm re-
main untransformed (white boxes). Figure 6(d) shows that
with further irradiation of the film, at an ion dose of 2.4
X 10" c¢cm™2, the fcc to bee transformation reaches satura-
tion. The inset shows a zoom-in, both the bright bcc regions
and the surrounding areas are quite rough. In Fig. 6(d), the
fraction of the bright areas is =60-70% of the film.

As already indicated by the dark bcc troughs shown in
Fig. 2(e), an apparent height below that of the bcc needles
does not necessarily indicate an fcc structure of the dark
regions. A detailed inspection of the STM images rather
shows that bcc troughs and other areas with wedgelike bec
structure extending from the bright needles are much more
common in the ion-irradiated films than in the as-grown
films. In irradiated films, isolated bright bcc needles are often
flanked by bcc troughs, with a total trough width sometimes
comparable to the width of the bright needle. At higher ion
doses like in Fig. 6(c) the surface is too rough to see facets;
there we can only rely on the height information to discrimi-
nate between fcc and bee. We find that the bright needles are
typically 0.3-0.4 nm higher than the fcc areas, while the
areas in-between the needles are typically lower than the fcc
regions, in the same height range as reported for the wedge-
type bce areas observed on unirradiated samples. Also this
indicates that the areas between the bright needles are bcc.

Even at ion doses as low as in Fig. 6(b), the crystallo-
graphic structure of the bcc crystallites cannot be easily re-
solved by STM due to the high step density induced by sput-
tering. We could get sufficient resolution only on a film with
preexisting bec areas as in Fig. 2, where mild sputtering with
an ion dose of 3 X 10" cm™ was sufficient to significantly
increase the bec area fraction. We did not obtain atomic res-
olution of the Fe lattice but rather see the oxygen superstruc-
ture. As shown in Fig. 7(a), the fcc Fe surface with its

¢(2X2) overlayer and the 90° angle between the [010] and
[001] directions can be seen very clearly. The structure of the
bce area in the lower left of the image is less clear because
the oxygen adatoms are poorly ordered in this area. To ex-
amine the structure of the needle, we have removed drift-
induced distortion of the image [taking the c(2 X 2) area as a
reference] and analyzed the bce area in the Fourier domain.
We found peaks corresponding to bee(110), obviously caused
by a partial occupation of the bec(110) lattice with oxygen
atoms in equivalent sites [inset in Fig. 7(b), arrowed]. A back
transform of these Fourier components shows the full
bee(110) lattice with a bond angle of 71+0.5° [Fig. 7(b)].
This nicely agrees with the bond angle of 70.5° in bulk bcc
Fe, whereas a bond angle of 75° is observed in thin (5-8
ML) films where the Fe film remains commensurate with the
underlying Cu(100) substrate.>> This means that these bcc
crystallites in the 22 ML Fe films have a bulklike bcc struc-
ture as expected for such a thick film.

Figure 8 shows a comparison of the surfaces of the 22 ML
fcc Fe films irradiated with different ion energies (a) 500,
(b) 2000, and (c) 4000 eV. These images show saturation
where the transformed area does not increase with ion dose
any more; the ion doses are well below twice the saturation

FIG. 7. (Color online) High-resolution STM image of the film in
Fig. 2 after bombardment with 1 keV Ar* ions (dose: 3
X 10" ecm™2). (a) The bec area in the lower left shows to poorly
ordered oxygen while the well-ordered ¢(2 X 2)-O structure with its
90° bond angle is clearly seen in the bcc areas. (b) Filtering in the
Fourier domain (spots marked in the inset) clearly shows the bcc
lattice with a bond angle of 71 =0.5°.
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FIG. 8. (Color online) STM images of the 22 ML fcc Fe film
irradiated with different Ar* energies: (a) 500, (b) 2000, and (c)
4000 eV. Height histograms are shown at the right.

dose, however. Due to the high ion doses needed to achieve
saturation, the surface is too rough to discriminate between
fcc and bec areas by their morphology. We have high pass
filtered the images to remove the underlying substrate steps
and obtained height histograms. These histograms show a
bimodal distribution, confirming the visual impression of
bright bec needles and darker areas. Fitting the histograms
with a sum of two Gaussians, we can determine the fraction
of the bright bce needles. For the three ion energies in Fig. §,
we obtain values of 60%, 52%, and 44% clearly indicating a
decrease in the bright bce transformed area at high ion ener-
gies. Also the bright bec regions for 500 and 2000 eV are
more connected in comparison to 4000 eV. As mentioned
above, the dark regions of the films irradiated with 500 eV
ion energy are bcc. Assuming that the ratio between the
bright and dark bcc areas is constant, the lower area fraction
of bright needles observed at high ion energies would indi-
cate some untransformed (fcc) areas.

The images in Fig. 8 also show different length scales of
the bright areas. Experiments with slightly different thick-
ness of the Fe film show that the typical size of the bright
patches does not depend so much on the ion energy but is a
sensitive function of the film thickness, with larger bcc
patches found in thicker films.

PHYSICAL REVIEW B 82, 235401 (2010)
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FIG. 9. (a) LEED image of the as-grown 22 ML Fe film, show-
ing fce(100) and oxygen c(2 X 2) spots. (b) After Ar* irradiation of
24x10% cm™2 at 500 eV, diffuse bee satellites are visible [the
rectangular bee(110) unit cell is indicated].

LEED measurements also confirm the transformation of
the CO-grown 22 ML Fe film with Ar* ion irradiation. Fig-
ure 9(a) shows the LEED image at 120 eV of the as-grown
film with fcc(100) spots indicated. The spots at (%,%) are
caused by the (2 X 2) oxygen superstructure. Except for the
superstructure spots, this LEED pattern is the same as for 8
ML Fe films grown without CO. After Ar" ion irradiation at
500 eV with 2.4X 10" cm™, the pattern becomes blurred
and bce(110) spots appear [Fig. 9(b)]. One out of four bec
domains is indicated by a rectangle in Fig. 9(b); the others
are obtained by 90° rotation and mirroring along the fcc (1,0)
or (0,1) direction. The bcc LEED spots are strongly elon-
gated, with the spots close to the positions of the former fcc
(0,1) spots blurred mainly in the radial direction and the
other two spots [upper and lower corner of the rectangle in
Fig. 9(b)] being elongated in a parallel direction. We attribute
this elongation to the tilting of the bcc areas mentioned pre-
viously; not only the low-lying areas next to the bcc needles
but also the needle surfaces themselves are often tilted in a
direction that would explain this kind of blurring. The blur-
ring perpendicular to the direction of elongation is probably
due to the increased roughness of the sputtered surface.

C. Ion-induced transformation: SMOKE measurements

We have used our surface magneto-optic Kerr effect setup
to study the magnetic properties of the 22-ML-thick Fe films
grown in CO on Cu(100). Within the CO pressure range
leading to fcc growth, the as-grown films are found to be
paramagnetic at RT (curve labeled “0” in Fig. 10). The films
undergo a transformation from paramagnetic to ferromag-
netic when irradiated with Ar* ions.

Figure 10 shows the longitudinal Kerr ellipticity as a
function of applied magnetic field for the 22 ML fcc Fe film
bombarded with 2 keV Ar* ions. After a fluence of 3
X 10" cm™2, the magnetic behavior of the film changes to
ferromagnetism with an in-plane easy axis. With increasing
fluence, the Kerr signal and, hence, the magnetization in-
crea;es and reaches a maximum at a fluence of 6X 10"
cm™”,

Figure 11(a) shows the longitudinal Kerr ellipticity at
magnetic saturation gy, as a function of Ar* ion dose for
different ion energies. For ion energies up to 2 keV, the trans-
formation gets faster with increasing ion energy, i.e., the ions
become more efficient in transforming the film to the bcc
phase. For 4 keV Ar* ion energy, the transformation is
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FIG. 10. (Color online) Hysteresis loops of the 22-ML Fe films
irradiated with 2 keV Ar* ions, showing longitudinal Kerr ellipticity
€ as a function of magnetic field H. The transformation from para-
magnetic (ion dose: 0) to ferromagnetic with increasing ion fluence
can be seen.

slower than for 2 keV and the maximum magnetization
reached is lower than for lower ion energies. A similar be-
havior was already observed for pure 8 ML Fe films,>” but
with a decrease in the saturation magnetization at much
lower ion energies (highest efficiency at 1 keV). In all
curves, there is a slight decrease in the magnetization after
reaching the saturation value, which is attributed to the sput-
ter removal of Fe after prolonged irradiation with Ar" ions.
The maximum saturation value of the longitudinal Kerr
ellipticity € is 320 wrad, which is higher than for the pure 8
ML Fe film, where a maximum value of 150 urad at 1 keV
Ar* ion energy was found.’’ For a completely transformed
22 ML film we might expect the maximum saturation value
to be roughly 22/8 times the value for 8 ML film, i.e.,
412 purad. This calculation ignores the decay of the light’s
electric field with increased film thickness, however. The op-
tical skin depth is about 24 nm, only six times the thickness
of the film, which would yield a decrease in the Kerr angle to
~350 wrad at perpendicular incidence. As we are measuring
at a more grazing incidence (60°), we attribute the lower
value found to a faster decay with thickness at this angle.
Figure 11(b) shows the coercive field H, as a function of
Ar* ion dose. The coercivity is high in the beginning of ion
irradiation for all energies and sharply drops with increasing
ion dose. As in Ref. 54, we can explain this by separate

350 600

@ forpe—— | . (b)
300 / 500 .
250 / 200 \\
g 200 —§ % . ~ g 3 \
S SIS /3 3012
s150F S Sfls S = Z \ \500 eV
“ ol L= /‘? 200 |- \
/ 1000 eV
50 ‘/f 100 F—X—\ ;
0 0 4000 eV
0 5 10 15 20 25 0 5 10 15 20 25

Ar" ion dose (1014 ions/cmz) Ar' ion dose (10" ions/cmz)

FIG. 11. (Color online) (a) Saturation value of longitudinal Kerr
ellipticity ey, as a function of Ar* ion dose for different ion ener-
gies and (b) coercive field H, as a function of Ar* ion dose.
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(magnetically decoupled) needles with a large length-to-
width ratio in the early stages of transformation [see Fig.
6(b)]. These needles have a high shape anisotropy and pos-
sibly also some magnetocrystalline anisotropy due to re-
sidual strain. The initial anisotropy is similar for 500 eV to 2
keV ion energy, but clearly lower for 4 keV, where the trans-
formation is also less efficient.

D. Mechanism of the ion-induced transformation

When discussing the mechanism of the ion-induced trans-
formation, we should first analyze whether mere removal of
oxygen from the surface by sputtering could cause the trans-
formation. We have shown that removal of more than 80% of
the adsorbed oxygen is required for a transformation of much
of the surface, but still leaves a few untransformed patches
[Fig. 5(b)], similar to transformation by ion bombardment
before saturation is reached [Fig. 6(c)]. At this stage of ion
bombardment, the APPH Os4/(Feqg3+Cugy) ratio has de-
creased to 72% of its initial value, i.e., less than 30% of the
oxygen has been removed. Thus, the removal of oxygen by
sputtering is insufficient to explain the ion-induced fcc-bec
transformation.

In Ref. 57, we have already suggested a transformation
mechanism based on the so-called thermal spike model®>%3
in sputtering. “Thermal spike” means that impact of a single
ion strongly heats the target material in a small volume, and,
thus, melts it. While the thermal spike model does not ex-
plain sputtering of metals by Ar* ions in the energy range
under consideration (sputtering is caused by the collision
cascade),® the existence of a molten volume after an ion
impact is established by computer simulations as well as by
the outflow of material from that volume.®>% A few picosec-
onds after the impact, the material is quickly cooled by heat
exchange to the surrounding regions and crystallizes. Usu-
ally, crystallization will be pseudomorphic to the surrounding
lattice, but it is easily conceivable that various crystallo-
graphic defects can be created by rapid quenching of the
molten volume. Especially in case of a collision cascade with
two or more hot spots (created by fast recoils), the resolidi-
fication front will be nonspherical and it may happen that
crystallization from two opposite sides results in a sheared
structure, which may form the nucleus of a bcc crystallite
[Fig. 12(b)]. Creation of a stable bcc nucleus must be a rather
rare process, as evidenced by the low number of nuclei ob-
served in the STM images [=~3 X 107 nm~? in Fig. 6(b), i.e.,
~2X 107 per impinging ion]. As soon as a bcc crystallite
has formed, it may grow by further ion impacts, either
through recrystallization from the melt or by defects that
make it possible to shear a larger area into its stable bcc
arrangement (cf. Refs. 2 and 55).

For a better idea about the numbers involved, we have
employed binary collision cascade simulations with the SRIM
code®’ to calculate the energy transferred to the target, E, ..
According to Ref. 68, the number of atoms N, in the melt
can be estimated as N,,=0.07 E,./ (kgT,,), where kg is the
Boltzmann constant and T, is the melting temperature. With
increasing Ar" ion energy, the number of atoms in the melt
increases, but above an energy of approximately 2 keV the
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FIG. 12. (Color online) (a) Calculated number of atoms N,, in
the molten volume for a 22-ML-thick fcc Fe film. The fraction of
Cu atoms in the melt is negligible up to 2 keV and increases with
increasing ion energy. (b) Schematic view of an arrangement lead-
ing to a sheared structure during recrystallization, a possible bcc
nucleus.

collision cascade also reaches the Cu substrate and intermix-
ing between Fe and Cu occurs, as shown in Fig. 12(a). With
Cu favoring the fcc structure, mixing will be detrimental for
the fcc-bee transformation. This result nicely explains the
reduced transformation efficiency at an ion energy of 4 keV,
leading to a lower bec fraction after the transformation, seen
in both STM (Fig. 8) and the magnetization data [Fig. 11(a)].
Intermixing might also explain the lower coercivity of the
films transformed by 4 keV Ar* [Fig. 11(b)]. The importance
of intermixing is supported by comparison with the data for
8 ML films in Ref. 57, where the maximum efficiency of the
transformation was observed at 1 keV, again just before the
collision cascade reaches the substrate and intermixing can
occur.

E. 22 ML Fe films covered by Pd and Au

For any technological applications, the films must be cov-
ered with a protective layer to prevent oxidation. Oxidation
resistance is also needed when transferring the Fe-coated Cu
crystal in ambient conditions to a focused ion beam facility.
We have therefore covered the 22 ML fcc Fe film prepared in
CO with two metals, Pd and Au. In contrast to pure iron
films, we have to examine whether oxygen at the surface of
the Fe films prevents wetting by the overlayer material. It is
also interesting to see whether the fcc-bee transformation can
be still detected by STM after coating.

Figure 13 shows the 22 ML fcc Fe film prepared in CO
and covered with 2.25 nm Pd [this corresponds to 10 ML
Pd(111) or 10 ML of a hypothetical pseudomorphic over-
layer on Cu(100)]. The STM images [(a) and (b)] show a
continuous film, i.e., no dewetting, but no layer-by-layer
growth. Although the images are not perfect and also dis-
torted, we clearly see that part of the film shows a Pd(100)
surface, while other areas are predominantly Pd(111); some
crystallites have a size of only a few nm. It is likely that
grain-boundary diffusion of oxygen will occur through the
Pd film, thus we do not consider Pd a good protective over-
layer.

Figure 14(a) shows an STM image of the as-prepared sur-
face of the 22 ML fcc Fe film. It is then covered by 0.52 and
2 nm gold [corresponding to 2.2 and 8.5 ML Au(111), re-
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FIG. 13. STM images (strongly high-pass filtered) of the 22 ML
fce Fe film covered with 2.25 nm Pd. (a) Pd grows in (100) orien-
tation in the regions indicated with black arrows and as (111) indi-
cated with white arrows. (b) Most of this area shows (111) growth.

spectively]. Figure 14(c) shows almost perfect layer-by-layer
growth, and also the 2-nm Au film exhibits good layer-by-
layer growth. The lattice matching between bec Fe(110) and
Au(111) is much better than that between fcc Fe(100) and
Au(111), therefore, we have suggested previously that a Au
overlayer could facilitate the fcc-bee transformation.’” We
have therefore grown a film on the verge of the fcc-bec trans-
formation to check for any Au-induced transformation [com-
pare Figs. 14(a) and 14(b)]. We found only a small increase
in the bee area fraction by Au deposition.

This gold-coated film was then transformed to bcc by 3
keV Ar* ion irradiation. Figure 14(d) shows that most of the
film was transformed with an ion dose of 9 X 10 cm™2; we
cannot detect any untransformed areas. We should mention
here that the ion energy of 3 keV would be sufficient for
some Fe-Cu intermixing in the uncoated film. For the film

FIG. 14. STM images of the 22 ML fcc Fe film (a) as prepared
in 7.5x 10719 mbar CO pressure and after deposition of (c) 0.52
nm and (b) 2 nm Au. (d) Surface covered with 2 nm Au after
irradiation with 9 X 10'* ¢cm™2 Ar* ions at 3 keV.
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coated with 2 nm Au, the Fe-Cu interface is out of reach for
the ions. Thus, no Fe-Cu intermixing will impede the fcc-bee
transformation. On the other hand, lower energies as pre-
ferred for the uncoated films would be insufficient to pen-
etrate the Au capping layer. It is interesting to note that
Au-Fe intermixing, though certainly occurring, seems to
have no negative influence on the transformation.

IV. SUMMARY

We have successfully stabilized 22-ML-thick fcc Fe films
on Cu(100) at RT by growing with suitable CO background
pressures. AES data suggest that carbon and oxygen are re-
sponsible for the bulk and surface stability of the film, re-
spectively. STM images show layer-by-layer growth; STM
and LEED also confirmed the fcc(100) structure of these
films.

After bombarding the surface with Ar* ions, the film
transforms from fcc to bce. Needlelike bee crystallites are
easily recognized in the STM images, slightly higher than
fce surface; in addition, areas next to the needles, but lower
than the fcc areas are also bee. The transformation was con-
firmed by the appearance of bcc spots in the LEED image.

PHYSICAL REVIEW B 82, 235401 (2010)

SMOKE measurements showed that the structural transfor-
mation is accompanied by a magnetic transformation from
paramagnetic (fcc Fe) to ferromagnetic (bcc Fe). Coercivity
decreased rapidly with Ar* ion fluences for all Ar* ion ener-
gies. The transformation rate was found to depend on the Ar*
ion energy; the fastest transformation was observed for 2
keV Ar". At higher energies, Fe-Cu intermixing at the inter-
face impedes the transformation. Nucleation of the bce phase
occurs only in a very low fraction of all ion impacts. We
have proposed that the process responsible for bce nucleation
is recrystallization of the small volume molten by ion impact
(thermal spike).

We also showed that these films could be coated with Pd
and Au; Au grows in an almost layer-by-layer fashion and
possibly causes the fcc-bee transformation of a small fraction
of a film already on the verge of the transformation. The
ion-induced transformation is possible by bombarding the
Au-coated film.
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