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Growth of stabilized y-Fe films and their magnetic properties
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Ultrathin y-Fe/CUY001) films are unstable with respect to the febcc phase transition with the reported
onset of transformation as early as at 5 ML. Here we demonstrate that with the help of a collaborative
surfactant effect of carbon and oxygepnFe films up to more than 60 ML thickness can easily be produced.
The interstitial incorporation of carbon atoms into the fcc lattice is the main reason for this stabilizing effect.
Oxygen plays a very important role in improving the layer-by-layer growth. This strong surfactant effect of
oxygen, however, reveals itself only in the presence of carbon. The interstitial carbon does not influence the
magnetic properties of fcc iron significantly, except for the surface anisotropy Y&0£63-18206)05526-9

INTRODUCTION and hence the system may prefer the agglomeration growth
mode. Nevertheless, the thermodynamic equilibrium implicit
Ultrathin iron films on top of a single crystal @01 in such a simple consideration is very difficult to realize
substrate have become a system intensively studied for segxperimentally, and the growth is often determined by ki-
eral years. Initial interest in that subject is due to the fact thahetic limitations. Indeed, as has recently been showe
the y-Fe phase, having fcc crystallographic structure, onlyFe/Cu system prefers to be in a sandwich configuration Cu/
occurs at high temperaturé¢setween 1184 K and 1665)K  Fe/Cu according to Eq1), if a special annealing treatment
This fcc iron does not reveal any ordered magnetic structurgs gpplied. Under the condition of room temperat(¢R)
in this high temperature range. However, extrapolating Kbrowth, the system does not approach this state.
lower temperatures the theory predicts two magnetic phases Thg gpitaxial misfit problem also arises as a result of a
possible depending on the atomic voluméerromagnetic heterogeneous system. As was pointed out above, our case is
(FM) with a lattice constant of 3.64 Aatomic volume 12.1 quite favorable as the epitaxial misfit value is quite small

A, and antiferromagneti¢AFM) with 357 A (11.7 (~1% in any case Such values are not expected to cause

A3). . ) ; . .
One of the possibilities of stabilizing a novel phase is todlslocatlon formation below a film thickness of some 20

7 . . . .
grow a thin epitaxial film on an appropriate substrate. For thé\c/”‘/'C Fe/Chu can be .clompat;edl with a &rmlqr syts),tem, \é'z"t
v-Fe phase, a copper single crystiic, a=3.61 A) should o/u, where quasi-iayer-by-layer growth 1s observed a

fit ideally because of the small epitaxial misfit=(1%) for least up to 20 ML, in spite of 3.9% epitaxial misiThus

both FM and AFM iron phases. Which phase the system theW'Sf't should not mflugn_ce the _growth very much.
prefers depends on many parameters, mostly unknown. The On the other hand, itis very important that thé-e phase
Cu(001)-oriented surface is especially suitable for such studiS thermodynamically unstable at room temperatine dif-
ies because it can be prepared smooth, with large500  ference witha-Fe is some 0.02 eV/atofiRef. 9]. Therefore
nm) atomically flat terraces. the phase cannot exist without the stabilizing action of the
However, even an almost ideal substrate like that impliescu substrate, and, naturally, at a certain film thickness it will
several problems. On the one hand, the heterogeneity of tHgansform to the bcc structure. This incipient transformation
system leads to alloying, intermixing, layering, etc. Usuallyappears to primarily determine the structure and morphology
the growth mode and surface morphology of the given sysef the grown films'® Other factors(considered abovealso
tem are to a large extent determined by these factors. Fortylay their certain roles, particularly if different growth tem-
nately, alloying most probably could be neglected: the bulkperatures are considered.
miscibility of Cu in bothy-and a-Fe is small, i.e., less than In room temperature growth three different growth re-
a few percent at~1200 K, and correspondingly smaller at gions have been identifi€d.
lower temperature$.Similar solubility values are reported (1) 0—4 ML thickness: small islands; the structure appears
for Fe in Cu. Thus, from this point of view we might expect to be tetragonally distorted, showing a complicated type of
sharp Cu/Fe interfaces. It should be mentioned, howevereconstructiort?**
that surface material properties may be different from bulk (2) 5—10 ML thickness: large islands, reasonably good
ones, and some interface alloying and/or intermixing mighdayer-by-layer growth. The structure is relaxed to a smaller
be detected even in this cake. lattice parametef3.57 A).1>~2 These are not simple misfit
Important parameters determining the growth mode arelislocations but thin elongated bce phase inclusi@wehich
surface (e, oy and interface ¢ r..c) free energies. Re- are responsible for the observed relaxation. Temperature cy-
liable data are difficult to obtain. However, the best estima<ling down and back to RT also seems to produce some
tion indicate$ that dislocation networks® However, in this region the bce phase
occupies only a small part{1-2%, slightly more for 10
Ore> Ocu™ OFe-cu (1) ML) of the total sample area.
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(3) >11 ML thickness: in the region of 10-11 ML the Since we are interested in magnetism, attention should be
fcc-to-bee phase transformation proceeds rapidly, and aboveaid to the influence of those additives on the magnetic prop-
12 ML in thickness the films predominantly are of bcc struc-erties of the material. On the other hand, thisX€X is the
ture. Their surface is very rough as it is difficult for the bcc additive atom solution should have a fcc structure and re-
Fe phase to adopt the structure of the fcc Cu template.  veal more thermodynamic stability than the originglFe

Now let us recall the magnetic properties of this epitaxi-phase does. If we consider the Fe-C binary phase diagftam,
ally stabilizedy-Fe phase. They received much attention inwe notice thaty-Fe with 3.12 at. % of carbon is stable al-
recent years'1®-23and demonstrate an extreme sensitivity ofready at 1009 K instead of 1184 K. Another important fact is
the magnetism to the film structure and morphology. It apthat this dissolved carbon incorporates interstitially, increas-
peared that the preparation procedure is also important, s0g the lattice constant isotropicaffyThus, starting from
we consider below only RT growth, where the magnetic3.57 A for pure Fe, about 6 at. % of incorporated carbon
properties happen to be very closely related to the growtlproduces an ideal fit to the Cu substrate. This would elimi-
modes described above. nate (or minimize another kind of instability related to the

Films belonging to the first region clearly show the FM lattice misfit. From the magnetic point of view, there are
type of ordering with the magnetization in perpendicular ori-some indicatiors that interstitial carbon does not influence
entation to the film plane. The Kerr ellipticity value increasesthe magnetic moment of iron. However, such a macroscopic
linearly with the film thickness in this regidﬁ,indicating the quantity as, e.g., the coercive fidh. is strongly influenced
homogeneous magnetization of all iron atomic planes. Thidy even a slight carbon contamination for the bcc pHise.
FM order is explained by large atomic volumes: at theseThis is not important if fundamental magnetic properties are
thicknesses the lattice is expanded both in plane and in besonsidered. We will discuss this question below when study-
tween the plane¥ approaching the values theoretically ing the magnetism of our samples.
calculated: The proposed stabilizing procedure is as follows. We add

In the second region the magnetization suddenly dropssome carbon to the growing iron film. We do not know yet
remaining constant for all film thicknesses of that region.how much we need, probably some 3-6 at. %. The carbon
The value of the Kerr ellipticity corresponds to the presencesolubility in y-Fe is quite highup to 8.9 at. %3 which is due
of two FM layers, probably lying at the top of the film. This to the large size of octahedral interstid€s52 A) where the
fact is explained by surface layer relaxation leading to thecarbon atoms can be introduced. In contrast, the carbon solu-
increase of the first interlayer spacing. Apart from the topbility in a-Fe is small, only 0.095 at. %, because of the in-
two layers, the rest of the film is nonmagnetic at temperaterstices being smallgtetrahedral ones, 0.36)AAny sub-
tures above 200 K. Recently, it has been supposed that tteequenty— « transition would require carbon precipitation
AFM type of ordering(more precisely, an AFM spin wave of from the whole film, an unlikely process at room tempera-
a 2.6 ML period appears below 200 K for these lower-lying ture. This is basically the reason for the extended stability of
layers’® which is in full agreement with theoretical the fcc C-Fe phase. At the same time, the interstitial carbon
predictions for such a low-atomic-volume phase. Neverthe-expands the fcc iron lattice, thus resulting in a better fit to the
less, the described model cannot be considered as expefiu substrate. Therefore the fcc C-Fe films will be stabilized
mentally fully established because it is difficult to prove suchfor a larger thickness range.

a wave across a region of some 5 Mhetween 5 and 10 To add some carbon to the growing film, different carbon-
ML). One should also note that in smaMFe particles pre- containing gases can be used, which are known to easily
cipitating inside the Cu single crystal matrix, this AFM or- dissociate on metal surfaces. Thus we have chosen ethylene,
dering is usually observed at much lower temperatures, i.e.C,H,, and acetylene, £&1,. There is a large list of literature

at about 60 K2+2° published about adsorptive and dissociative properties of

Magnetism changes again in the third region: the magnethese gase$-**We use also methane, GHor the sake of
tization flips to the film planécrystallographic direction of comparison with other transition metal surfaces, with its
the Cu substratg110]), and again the whole film becomes sticking coefficient being reportétito be of the order of
homogeneously magnetized. These are the original propef-0~8, which is just zero for our purposes. Next, carbon mon-
ties of thea-Fe phase, which is the only one existing at theseoxide has been proved to produce some stabilizing etfet,
thicknesses. although another study has shown that only reversible mo-

This strong dependence of the magnetic properties on filnecular adsorption of CO could be detected on thde
structure plus the complexity introduced by the intrinsic film surface’” To elucidate this ambiguity we have also per-
structure instability makes it difficult to study the magnetismformed studies using CO.
of y-Fe. Therefore a better stabilization of theFe phase In principle, it is also possible to improve the growth
(and larger film thicknessgsvould be very desirable. One mode of the film(but only the growth mode, not stabiljty
possibility is to use a better substrate. Some experimentwith the help of a surfactant. The usual effect is interlayer
have been performed with thin iron films grown on thetransport enhancement by either reducing the step-crossing
CwAu(100) substraté®?’ (fcc, d=3.75 A). Although it  barriers or by increasing the nucleation densftat the ini-
seems to stabilize the FM phase of iron, the growth mode isial stage of Fe growth some similar effect has been detected
far from ideal. In general, the substrate choice is limited towith oxygen acting as a surfactaiit! That is why in our
very few materials having appropriate structure parameterstudies we also included oxygen, both alone and in mixtures
and thermodynamic properties. with other gases.

The next thing to do is to add somethimgidethe grown Therefore, in this paper we report on the structural stabi-
film, with this additive possibly stabilizing the fcc phase. lization of pseudomorphic fcc-Fe films. Films of high surface
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quality and more than 60 ML thick were grown on a(Qoi) .
substrate. Such a stabilization was attained by adding small
amounts of interstitial carbon. Additional oxygen revealed an
unusually strong surfactant effect, involving both carbon and
oxygen at the same time. To the best of our knowledge this is
the first observation of a “collaborative” surfactant effect.
The results of our study have been recently published in
brief°

The magnetic properties of these stabilized films, on the
one hand, prove the fcc phase stabilization. On the other
hand, there arose also a new effect: carbon incorporation
affects the uniaxial anisotropy of the film. Detailed investi-
gations of such films could help elucidate the magnetism of
the y-Fe phase, and, at the same time, the role of interstitials
in magnetism in general.

Ethylene assisted growth
as shown by MEED

0.5 L/ML

MEED intensity

0 3(‘)0 60I0 90(I) 1206 1500
. EXPERIMENTAL SETUP Time (s)

The experiments were performed in an ultrahigh vacuum
system, equipped with an Auger Cylindrical-mirror analyzer FIG. 1. MEED oscillation curves for the iron growth at different
(CMA) system, low-energy electron diffractiofLEED), exposures of ethylene,,8, (indicated in the figure The ethylene
medium-energy electron diffractiMEED), and magneto- Pressures were kept constant over the whole film growth._ Optimiz-
optical Kerr effecf MOKE) experimental facilities. Scanning N9 the exposurearound 0.08 L/MU leads to at least doubling the
tunneling microscopgSTM) images were measured in a critical thickness of the fcc iron film.
similar chamber. A fully automatic video-LEED syst&m
has been used for recording LEED images as well as fogases(mostly nitrogen from the Fe wire . Typically, the
measuring the LEED spot intensity versus electron beam ergvaporation rates were 0.8—1.2 ML/min; they were moni-
ergy dependencied {V LEED curve$. For LEED studies, tored (and calibratefl using MEED intensity oscillations.
the earth magnetic field was compensated to better than 954sually, the C and O contamination of clean films did not
of its value with the help of a Helmholtz coil system. MEED exceed 1-2 at. %.
spot intensity oscillationgspecular spot under in-phase re-  To incorporate carbon into the growing film we applied
flection conditiony were measured using the electron gun ofpartial pressures of different gases. First, we used ethylene,
the Auger system and the same video-LEED setup owing t&2Hs and acetylene, £1,, and also methane, GHfor com-
the face-to-face arangement of the Auger and LEED instruparison. Next, we used CO because of its known effect
mentation. Such a configuration allowed us to measure Aulimited growth extension by 2-3 ML has been observed
ger spectrdn situ without disturbing the film growth proce- Previously;* and oxygen to possibly improve the growth
dure, and hence from the same point of the sample wher@ode. Mixtures of different gases were also used. The maxi-
MEED intensity oscillation curves were being measured. mum partial pressure applied was determined by the ion
The sample was mounted on a three-axis manipulatoUmp saturation: if its effectivity drops down, the presence
allowing the sample to be cooled down to 180 K and heate®f some other gases might become important and affect the
up to 1000 K. The temperature was monitored with agrowth. Therefore partial pressures ab¢8e5)x 10~% mbar
Chromel-Alumel (type K) thermocouple, pressed to the have not been applied in order to keep the pressures of other
sample by sample holding clamps. C and O-containing gases belo—2)x 10" 1° mbar. The
The sample used as a substrate for the Fe films was @xposure applied to the film will be expressed in langmuirs
polished C(001) single crystal disk, 1 cm in diameter and 3 per 1 ML of the film thickness. So the pressure of
mm thick, with its orientation aligned to within 0.1°. The 2.2x10® mbar and the growth rate of 1 ML/min correspond
substrate surface was prepared by Ar-ion sputtefingVv, to 1 L/ML.
~ 5 u Alcm?) and annealing in 900 K10 min) cycles, until To precisely control the gas pressure during growth, a
the surface contamination was below the CMA detectiorquadrupole mass spectrometer was initially calibrated for
limits, and LEED exhibited a sharflx 1) pattern with a different gases using the ion gauge vacuum meter. Therefore
very low background. The MEED pattern showed sharpjt was possible to monitor the partial pressure of the gas used
rounded spots, verifying that the surface consisted predomWhile the evaporation oven and MEED beam were working.
nantly of atomically flat terrace®f lateral size of up to 400 Otherwise this would result in the increase of the background
nm, as measured by STIMAfter preparation the sample was Pressure in the chamber at the cost of different other gases,
allowed to cool at least 3 h; during film growth its tempera-hiding the pressure of interest.
ture was 300+ 5 K.
The deposition source consisted of 99.99% pure Fe wire Il RESULTS
heated by electron bombardment from a tungsten filament. '
Typically, the pressure rise in the chamber was less than We start by considering a clean-grown iron film. The
4% 10" 1° mbar when the oven was operating. A long clean-well-known behavior of the MEED oscillation curve for such
ing procedurglup to 20 h was required to outgas adsorbed a growth proceduréreproduced by yYsis shown in Fig. 1.
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The irregularity of the oscillations for thicknesses between 0
and 4 ML is not yet understood; bilayer growth which can be
supposed according to that shapéhich has also been de-
duced from Auger measuremetfishas been observed in
real space for the low-temperature regime and only slightly
for the RT growtht® However, for RT growth intermixing at
the substrate-film interface has been derived from STM
images? while another STM paper shows regular layer-by-
layer growth over the whole 0—10 ML thickness range.
Careful Auger studies reveal a nontrivial behavior of the Au-
ger peak intensities, which may be due to both intermixing
and bilayer growth. Quantitative'V LEED studies show a
very complex crystallographic structure of this region, with
all layers reconstructed both in plane and vertickily.

In the region of 5—11 ML regular MEED oscillations in-
dicate a good layer-by-layer growth, which is confirmed by
STM imaged® showing the increase of the island size in that
region. However, even here there are indications of the ap-
proaching fcc-to-bce-phase transition. Indeed, as early as at 5
ML some bcc phase precipitates appear as thin elongated (5
ridges. Up to 10 ML, the part of the bcc phase remains small;
the only effect produced is the relaxing of the fcc structhre
(see also thé/V LEED data in Fig. 10 beloyw

Above 10 ML, the transformation proceeds rapidly so that
at 12 ML the film already consists of mainly the bcc phase.
This is indicated by a sudden drop of the MEED intensity at
this point owing to the high roughness of that bcc surfdce.

A. Carbon incorporation

If the film is grown with some partial pressure of ethyl-
ene, GH,, in the chamber, the curve of MEED oscillations
changes its shape depending on the gas exposure (sHae
Fig. 1). Optimizing the exposure to be applied enables a
quasi-layer-by-layer growth for twice as longs deduced
from the presence of MEED oscillations.e., up to 20—25
ML. The same effect is also produced by acetylengi C
Thus, in some respects such a “dirty” growth procedure
works much better than a clean o(s=e also Ref. 36i.e.,
much thicker fcc iron films can be stabilized. However, the &S
surface quality is decreasing with film thickness, as indicated ()
by the decreasing MEED intensity. The STM images confirm _ _ _
this increase of the surface roughness: while Figtop) is FIG. 2. STM images for films grown with acetyleriéop panel
very similar (0 that of a clear-grown fim for the same thick- % 222 U0 F0 o S8 O L e idges, but  much
e e e et DO 20O Touer s fof ke finoton par Th e hogh

. > . . . corresponds to the fcc iron lattice. Unclear patches in the top panel
while for a 7.7 ML thick film there are five atomic layers are probably the hydrocarbon precipitates
simultaneously, this is not observed for clean filto& the '

STM images in Ref. 10 In contrast to clean growth, bcc

phase precipitates do not appear in these imdtesmea- every atom landing on the surface is assuméd reality,
sured step heights correspond to the fcc phakeis not  this is almost within the possible experimental error. The
known at which point the film transforms to bcc, as the in-carbon concentration of the film has also been found to be
creasing surface roughness prevents us from detecting thgoportional to the applied ethylerfer acetyleng pressure,
transition. at least up to exposures of 0.2 L per monolayer.

The dependence of Auger spectra on the film thickness The iron-carbon binary phase diagr@nprovides the
(Fig. 3) shows the increase of the carbog,£Auger signal maximum equilibrium solubility of carbon in the-Fe phase
(normalized by Fgy; and Cuy, peak intensitiesfollowed by  of 8.9 at. %, i.e., this is the maximum possible concentration
electron-escape-depth-induced saturation which is consistenf the interstitial carbon. It seems that the carbon concentra-
with a constant rate of carbon incorporation. The carbon contion in our films is higher than thawe can easily attain
centration is approximately 70% of the maximum possible20—25 at. % so that the question of the location of the ad-
value for a given pressur@e., if complete incorporation of ditional C arises. STM images indicate one of the possibili-
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FIG. 3. Intensity of the &;,.y Auger peak(normalized by
Ferns ev and Cuyg oy peak amplitudgsas a function of film thick- FIG. 5. 1/V LEED curves[reflex (11)] for differently prepared
ness for growth under the acetylene exposure of 0.1 L/ML. samples{a) clean Cu substratgb) clean 3 ML iron film;(c) 3 ML

iron film grown under the acetylene exposure of 0.1 L/MH)

ties: at thicknesses around 3 ML some precipitates occu#ean 7 ML iron film; (e) 7 ML iron film grown under acetylene
[those patches in Fig. @op)], which might be carborfor  exposure of 0.1 LIML. The slight shift of the peaks on the cueje
hydrocarbop clusters. with _respect to those ofd) shows the inc_rease of t_he interlayer
LEED shows the same diffraction pattern for all measur-SPacing(0.01-0.02 A) due to the carbon incorporation.
able film thicknesses, up to 24 ML; see Fig. 4. Thex(2)
superstructure visible in the pattern probably appears owingeaks in these curves appear to be slightly shifted in the case
to the carbon contamination on the surfdsee Auger data of the films grown with GH, (thicker than 5 ML); see curve
below. In Ref. 43, such a pattern on a(B01) surface is  (g). In the kinematic LEED approximation, this shift signifies
found to be caused by surface reconstruction under the inflihe increase of the interlayer spacing, i.e., the lattice seems to
ence of adsorbed carbon. One should note that owing to thes expandedit is possible to estimate the expansion as
strong surface roughness, the LEED pattern degrades vegyp1_0 02 A ) owing to the carbon. Such expansion indicates
much with increasing film _thlck_ness.. Thus no StrUCturaIthat carbon incorporates interstitially, as interstitial carbon is
change has been observed in thicker films. known to increase the-Fe lattice constant.However, the

To check the film surface structure in more detail, Weexpansion observed is not large. As mentioned above, ap-
have measured thEV LEED dependencies of acetylene- . .
proximately 6 at. % of incorporated carbon corresponds to

stabilized films of different thicknessd&ig. 5. The main the perfect match of fcc iron to copper. QU curves allow

the conclusion to be drawn that here only a fracti@0—

a) 3 M b) 24 ML 50%) of this effect occurs, because the peaks in the
- . curves are shifted by only part of the distance towards the
positions of Cu peaks. This is in contradiction to the fact that
we have twice the necessary amount of carljaround
12-15 at. %. Therefore we have to suppose that only a
small amount of carbon incorporates interstitially, with the
residual carbon possibly introduced substitutionally or form-
ing some kind of precipitate. The reason for that might be
due to the fact that ethylene and acetylene are not completely
dehydrogenated at room temperattitepecies like GH and
CCH; are usually found at the surface. Of course, such mol-
ecules are difficult to introduce into small interstices. Some
precipitates which in thinner films are detected by S[IF).
2 (top)] might be formed from such species.

If the applied gas exposure is high enougiore than 0.1
L/ML), the growth mode slightly changes at very low film
168 eV 209 eV thicknesses. From Fig. 1 we can conclude that the first peak

in the curves of the MEED oscillations increases its ampli-

FIG. 4. LEED patterns for different thicknesses of iron films tude. This effect should be very similar to that recently ob-
grown under the acetylene exposure of 0.08 L/ML. Nitte same ~ Served for oxygefi*® However, no real surfactant effect is
pattern for the whole thickness range frgay 3 ML to (b) 24 ML.  expected for these hydrocarbons as they obviously do not

The (2X 2) superstructure appears owing to the carbon-induced suifloat at the surface when the film is growing. The situation is
face reconstruction. not very clear because STM does not always show the real

106 eV
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bilayer growth modgcompare Refs. 10 and A4The same - . -
subtle effect was also observed for e below. e) 30 ML

Films grown with a partial pressure of methane, CH |
show MEED intensity behavior indistinguishable from the
“pure” ones (at least up to the dose of 2 L/IMLSTM im-
ages(not shown heredemonstrate that the growth mode
does not differ from the nonassisted growth, and the film is
also undergoing the feebcc phase transformation starting
at 5 ML. Auger analysis revealed only a slight incredite
any) of the carbon contamination. Obviously, methane does
not react with iron, not even at steps. This effect is in good
agreement with the reported adsorption properties of
methane* its sticking coefficient is very low, of the order of
1078, or less.

Thus our hypothesis of the stabilizing effect of carbon
seems to explain a good number of the observations. How-
ever, the carbon incorporated interstitially seems to be only a
small part of the carbon contained in the film. Nevertheless,
this is already enough to extend the critical thickness of fcc
iron films at least twice compared to clean-grown samples.
The roygh surfaces_ of sgch stabilized films are probably due 0 600 1200 1300 2400
to the incomplete dissociation of ethylene or acetylene lead- Time (s)
ing to some kind of cluster formation.

d) 0.3 L/ML 35| ML

30 ML

|
¢)0.15L/ML 35 ML

MEED intensity

a) "clean"

FIG. 6. MEED oscillation curves for iron growth under different
exposures of CO, indicated in the figure by curyas(d); depen-
B. CO-assisted growth dence(e) was obtained by interrupting the CO suppithe same

The interaction of carbon monoxide, CO, with fcc iron &xPosure as itd)] at 7 ML.

surfaces appears to be a puzzling subject. On the one hand,
solely reversible molecular adsorption has been detected amsult in a thickery-phase. This applies to the whole region
(001) y-Fe surfaces up to pressures of 0.1 Pa and at temperaf 0.1-1 L/ML. The explanation of this effect will be pro-
tures up to 620 K7 This alone is puzzling because CO dis- vided below, in Sec. I D.
sociates on bcc irdi and probably even on other fcc iron  To figure out the role of CO and/or of its components in
surfaced®4’On the other hand, partial pressures of the ordechanging the growth mode, surface concentrations of carbon
of only 7x 108 Pa do already have some effect on the Fe/and oxygen are of interest. Measured by Auger spectroscopy,
Cu(001) film growth.11 Thus, to elucidate this we have ex- these values are shown in Fig. 8. Plotted are the normalized
tensively studied the-Fe/Cy001) film growth for different  Auger signals as a function of film thickness. The data
CO partial pressures. strongly depend on the CO pressure. The behavior of the
First we present the MEED dai#ig. 6). The effect is curves of Fig. 8 can be summarized as follows. At constant
striking, especially for higher CO exposuree curve(d)].  partial pressures of CO both carbon and oxygen begin to
Now there are oscillations up to 35 ML—a threefold increaseaccumulate at the surfacat least, within the respective Au-
in the critical thickness relative to that regularly obtained forger probing dept — a few ML). Then, starting at some
11-12 ML. Moreover, at some exposures the surface qualitpoint, the carbon concentration begins to decrease, while
significantly improves in the region of 10—30 ML, as indi- oxygen continues increasing although more slowly. The
cated by the MEED intensity almost recovering its initial higher the CO patrtial pressure applied, the shorter is this first
value. With increasing CO exposure, the character of thaccumulation stage, and the lower is the surface carbon con-
MEED oscillations smoothly varies from “cleanfcurve  centration attainable in thick<¢30 ML) films. At exposures
(a)] to “stabilized” [curve (d)]—see the intermediate curve above 0.3 L/ML the final surface carbon contamination does
(b). This indicates that there is no phase change, with theseot exceed that of clean-grown films. At the same time, the
films being still of the fcc phase. STM reveals a quasi-layer-oxygen concentration might be as high as 30—40% of 1 ML.
by-layer growth mode up to at least 30 Mgee Fig. 7top)] Such strong difference between carbon and oxygen Auger
with step heights corresponding to that pfFe. The final signals can only be possible if CO is dissociated. This result
collapse of the MEED intensity in the region of 30—35 ML is clearly differs from that of Ref. 37. We checked, however,
due to the fcc-to-bce phase transformation: this is concludethat if the film is not growing, only molecular absorption of
from the LEED pattern showing the usual3‘x 1)” super-  CO is observed, in agreement with Ref. 37. This unexpect-
structure. The STM images demonstrate a sudden surfaeally strong interaction of CO with Fe is suggested to be due
roughening at this thickneg&ig. 7 (bottom)]. to the dynamical conditions operative on the surface during
Another surprising fact here is the independence of thgrowth. The dissociation of CO happens because of the in-
critical thickness of the applied CO exposure. Figure 6coming iron atoms. What they possibly do is to fix the CO
shows[compare curve$c) and (d)] that doubling the expo- molecules so that desorption becomes inhibited. As the CO
sure changes the MEED oscillations strongly but it does nomolecule sticks by the carbon end, it is the C atom which is
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FIG. 8. Carbon and oxygen surface concentrations as a function
of film thickness for the Fe film grown at (CO,;) 0.08 L/ML of
CO, (G, 0, 0.15 L/ML of CO, and (G, O3) 0.4 L/ML of CO.
Plotted are the normalized carbon and oxygen Auger peak ampli-
tudes:  Go,o/(Fegst+Cuyg for carbon (solid doty, and
Os03/(Feyg3t+Cugyyg for oxygen(open dots

(top)]. Thisc(2X 2) superstructure appears only when some
amount of CO is adsorbed and dissociated. It is identical to
the structure induced by 1-8 L of,@dsorbed on the clean
Fe surface[Fig. 9 (top)]. Furthermore, the energy depen-
dence of these structurés/V LEED data, see Fig. %ot-
tom)] is identical in both cases. This is an unlikely coinci-
dence unless oxygen actually floats out to the surface. Thus,
if the film is grown with CO, an ordered layer of oxygen is
floating on the film surface.

The observed decrease of surface carbon is the direct con-
sequence of this oxygen layer. We suppose that oxygen
blocks the surface against further CO adsorption and hence
against carbon uptake. A similar blocking effect has in fact
been observed in the interaction of CO ang @ bcc Fe
surfaced® The oxygen and carbon concentration behavior

(b)

FIG. 7. STM images of the CO-assisted grown filitmp panel

30 ML thick film—fcc phasejbottom panel 35 ML thick film— - ; " .
bce phase. The images are 180100 nnf large. Note the very high will be discussed in more detail helogee the Appendj

. . A logical conclusion can be drawn from this blocking
surface roughness of the latter image, especially compared to the .
first one. g g P y P effect. As the carbon uptake is blocked after a short growth

period, it is actually not necessary to permanently supply

fixed first. Next, the C-O bond is broken, with the oxygen CO. The CO supply may most probably be interrupted after
atom easily floating onto the surface. The dynamically in-some initial period, without affecting the subsequent growth.
creased step density is a very important factor which, toThe experiment entirely confirms this suggestion. If growing
gether with the mechanism described above, may be respothe film is started under the conditions of curfe® of Fig. 6
sible for dissociative chemistry that is otherwise not(i.e., at CO exposure of 0.3 L/ML followed by an interrup-
observed on this surface. Of course, the proposed mechanision of the CO supply at 7 MLwe checked that the CO
still has to be verified experimentally. pressure drops by more than one order of magnitude in a few

In any case we may conclude that oxygen is floating ouseconds after the valve is clogethere are still oscillations
to the surface while carbon stays behind. The increase of thep to at least 30 ML see curvee) of Fig. 6].
oxygen Auger peak with film thickness confirms the picture To figure out the influence of our additives on the film
of accumulated surface oxygen. Such floating oxygen hastructure, a set of/V LEED curves is presented for CO-
already been observed on thyeFe surfacé® The LEED re-  stabilized films of different thicknesses, as well as for clean-
sults essentially confirm this picture showing tb@x2)  grown films, and for a Cu substrate, for comparison. The
superstructure on top of the regularFe pattern[Fig. 9  results are shown in Fig. 10. As mentioned above, the posi-
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104 eV

LEED spot intensity

Fe(+CO), 28 ML 109 eV Fe, 7ML (5L Op) 112eV 0 200 400 600 300

(a)
Energy (eV)

FIG. 10.1/V LEED curvedreflex(11)] for the Cu substrate and
Fe films of various ML in thickness and differently prepared. For
the CO-assisted growth the exposure of 0.3 L/ML was used. Rela-
1) Fe+CO - TML tive shifts of the highest two energy peaks(a@—(c) indicate the
gradual relaxation of the interplanar spacing, which is consistent
with the carbon incorporation model discussed in the text. Note that
the final spacing is the same as that visible at any stage in the
non-carbon-assisted ca&® and (e).

Intensity

?

\\»/‘ probably promotes homogeneous carbon distribution and
prevents it from forming precipitates. There is also a signifi-
2) Fe -TML (+5L O) cant difference in the dissociation between CO and hydro-
0 100 200 © 300 400 carbons: the incomplete dehydrogenation of ethylene and

(b) Energy (eV) acetylene might prevent the interstitial incorporation.
As mentioned above, the STM images of these CO-
FIG. 9. (Top panel LEED patterns for differently grown films Stabilized film surfaces qualitatively show the same picture

(the way of preparation is indicated in the figure; the exposure use@Ver the whole region 0-30 Misee Fig. 7(top)]. The

for the CO-assisted growth was 0.3 L/Mat nearly the same elec- growth is characterized by a smaller size of the islands than
tron energy of around 110 eV, arftottom panel1/V LEED de-  in the nonassisted case. This is in agreement with larger am-

pendencies foc(2x 2) superstructure spots on different samples: plitudes of the MEED oscillations observed for this case
(1) grown with CO, and2) clean grown, then saturated with 5 L (Fig. 6). In addition, as there is a layer of oxygen floating on
O,. the surface, the smaller island sizes indicate the role of oxy-
gen as a surfactaiitfcompare also Ref. 38, where homoepi-
tions of the main peaks ih/V LEED curves indicate the taxy on P¢111) was studiefl Thus the difference between
interplanar distance of the sample. The shift of the mairthe effect of CO and that of hydrocarbons explains itself:
peaks of our datéFig. 10 for clean films with respect to the both include the stabilizing effect of carbon, but only for CO
Cu substrate demonstrates the structural relaxation to does the growth proceed in a really good layer-by-layer
smaller lattice constarf.In CO-stabilized films this shiftis mode, owing to the surfactant effect of oxygen.
practically canceled in the same thickness region. Then sta- Considering now thicker films, we find that the interpla-
bilization is accompanied by lattice expansitaiso appli- nar distance is reduced to the value of the nonassisted growth
cable to hydrocarbons, see abpvienplying interstitial car-  (compare the curve for 28 ML of the CO-stabilized film with
bon incorporation as the interstitial carbon increases thé¢hose for 7 and 11 ML of the clean-grown films in Fig.)10
lattice constant of the Fe-C solutidn. This change directly correlates with carbon disappearing
It should also be pointed out here that for CO-assistedrom the top layers of the film. Obviously, at this thickness
growth the lattice expansion is much stronger than that fothe film is already close to the approaching phase transfor-
acetylene at the same carbon concentration. This fact beration, probably proceeding here because of the lack of car-
comes evident in comparirigV LEED (Figs. 5 and 1pand  bon. In clean-grown films such incipient transformation can
Auger data(Figs. 3 and 8 of both cases. CO is probably be noticed owing to bcc phase precipitatesedles® Those
more effective in the interstitial carbon incorporation. Theneedles are believélito be responsible for the structural
reason for this effect might be in the floating oxygen layer:relaxation in clean-grown films. For carbon-assisted growth
improving the interlayer transport and surface mobility, itthe origin of relaxation is not yet clear. Even at 30 ML it is
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impossible to foresee the closely approaching phase transfor- - " ' ; T
mation as the STM does not reveal any transformation pre- 50 ML
cursor. Then suddenly the transformation takes place, and ‘ |
the surface roughness jumps by an order of magnitede 0.1 /ML of C.H
insets in Fig. 7. The accumulating stress is probably the ‘ 2
intrinsic reason for that sudden transformation: the strain en-
ergy increases with thickness until at some point the dislo-
cation formation launches the whole transformation process.

+
0.15 L/ML of O,

MEED intensity

C. Only oxygen 0.1L/ML of CH,

With the oxygen layer “floating” on top of the grown
film and with no carbon in the larger part of it, oxygen might
be assumed to mainly contribute to the stabilizing effect, 0 500 1000 1500 2000 2500 3000
while carbon is actually unimportant and might be omitted. Time (s)

To prove this hypothesis wrong a series of film growths un-
der different partial pressures of oxygen has been performed. FIG. 11. MEED oscillation curve for theacetylene+ oxygen-

However, the result of this investigation is only negati\,&assisted grown film relative tg that for the onlyl-acletylene.-assisted
as neither stabilization nor growth were improved at oxygergrowm The exposures used in the growth are indicated in the fig-
exposures up to 1 L/ML. Adsorbed oxygen is known to dis-'"®:
sociate and form a regula(2x2) pattern on many metal
surfaces. The same applies to fcc iron, both on stable sur- D. Deposition with C,H, + O,

faces and during film growth. A layer of oxygen was shown . o
to improve the initial growth mode of iron filnfs3 In our Figure 11 shows the MEED data f& acetylene-assisted

study, no respective special investigations have been carrie%ﬁowm and(b) (acetylene+ oxyger-assisted growth, with

out. A slight increase of the first MEED peak might be due to e same partial pressure of acetylene being applied. The

this effect(this is the same kind of effect we observed for effect of oxygen is really impressive: a 50 ML thick film of
hydrocarbons excellent surface quality is easily produced. Again, the initial

The c(2X2) superstructure pattern appearing in theMEED inten§ity is almost recovered in.th_e region of about
LEED images coincides with that obtained by either saturaS30 ML. Qualitatively, the growth propertietike contamina-
tion of the clean film with @, or growth with CO also quan- tion, surface structure, morphology, ¢tare exactly the
titatively, i.e., theirl/V LEED data are identical. same as for CO. At thicknesses above 40 ML the surface

Naturally, Auger spectra of these oxygen-assisted filmgarbon contamination is small, whereas oxygen remains
reveal an oxygen peak, the strength of which depends on tH&ere forming the usuat(2Xx2) superstructure. Again the
by oxygen pressure applied. At the same time, the carboh/'V LEED data(not shown hergindicate that the lattice
peak is significantly suppressed, and at higher oxygen pregxpansion effect is stronger than that observed for the hydro-
sures(above 108 mbay it is not measurable at all. Note that carbons along¢and having an even lower carbon concentra-
in the clean growth this carbon contamination is quite noticetion). Hence, similarly to CO, oxygen helps to incorporate
able (1-2 at. %. Thus the oxygen blockade prevents anythe carbon interstitially. As mentioned above, hydrocarbons
contamination of the grown filnfexcept, of course, oxygen are not completely dissociated. Clearly, this excess of oxy-
itself). gen at the surface may considerably contribute to the com-

We now sum up our findingsi) Carbon(partly) removes plete carbon dehydrogenation and hence interstitial incorpo-
the intrinsic thermodynamic instability of the-Fe phase, ration.
thus creating the possibility of growing thicker films. How-  The sudden drop of the MEED intensity above 51 ML
ever, it destroys the growth modéi) On the other hand, indicates the abrupt fee bcc transformation. The usual3
oxygen does not stabilize the structuisee also the next X1)” LEED pattern occurs above that point.
section), but acting as a surfactant it compensates the de- However, there is one important difference here compared
structive effect of carbon. Thus these two components helpo CO: now the possibility arises of controlling the ratio
us to grow thick films of they-Fe phase of high-quality between carbon and oxygen. Its significance is illustrated in
structure and surface morpholodjii) However, the oxygen Fig. 12. To the same partial pressure of acetylene different
layer also plays a negative role: it blocks the surface of themounts of oxygen are added. Thus, if the oxygen exposure
growing film, thus preventing further carbon uptake. Thisis too low, the surface quality degrades f§big. 12a)].
fact suggests the existence of some balance between surfdocreasing the exposure leads to a thicker film of better sur-
tant and “poisoning” effects of oxygen. face quality (b). However, excessive oxygen supp(g)

Hence it is obvious that observatigii) simply is the blocks the carbon uptake too early, with the film quickly
common action ofi) and (iii), i.e., carbon and oxygen are transforming to the bcc structure. Here, the balance between
working separately, being responsible for different aspects ofurfactant and “poisoning” effects of oxygen is clearly evi-
the process. Thugj) + (iii) can be combined in another dent. As for CO this C-to-O ratio was strictly constant and
way, to enhance the growth by adding the mixture of gaseshe critical thickness proved to be pressure independent. Dif-
The following subsection is devoted to the results of such affierent acetylene and oxygen pressures could be tried, thus
experiment. changing the C/O ratio from film to film and also during one
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FIG. 13. MOKE hysteresis loop$1) clean 3.5 ML film, polar

FIG. 12. MEED oscillation curves fofacetylene+ oxygen-  geometry used indicating out-of-plane magnetizatibre 260 K;
assisted growth. The exposures are indicated in the figure. Blocking) 3.5 ML film including 14 at. % of carbon, polar geometry, and
and surfactant effects of oxygen are demonstratadinsufficient  (3) the same sample measured in longitudinal geometry, the latter
surfactant effect{b) near optimum(for the given acetylene pres- two taken at room temperatuf800 K). This example shows that
sure; (c) the blocking effect is too strong. for a given thickness the magnetic easy axis may change from per-
eoendicular to in plane with increasing carbon content. A corre-

growth process. Procedures of this kind, however, are b Sponding phase diagram is given in Fig. 15 below.

yond the scope of our consideration.

The MEED oscillations of Fig. 1®) show that the iron
film which is almost 70 ML thick still has the fcc structure how does the carbon influence the magnetism of iron, and
(LEED studies also prove thisThe following question natu- what are the magnetic properties of thick fcc Fe films? First,
rally arises: where is the real stability limit of this system?the magnetic properties of thin film{@—8 ML) grown with
Or in other words, what maximum critical thickness can beacetylene will be described, followed by those of thicker
achieved with the help of the carbon incorporation? As disfiims (10-60 ML stabilized with the help of CO or a
cussed in the Introduction, theFe film instability is prima- C,H, + O, mixture.
rily due to the thermodynamic energy difference between fcc
and bcc iron phases at RT. As soon as the interstitial carbon
increases the-Fe stability region only a littlé the decrease A. Carbon only (for film thicknesses of 2-8 ML)
of this energy loss can be supposed to be of the same order . — :
of magnitude, i.e., 20—30% at the best. This decrease cannot FO" the magnetic characterization hysteresis curves are
explain the observed six- to sevenfold increase of the criticai@kén with the help of a standard MOKE setup. Figure 13
thickness. Therefore other factors have to be considered, toffurve 3 shows one example, measured on a 3.5 ML thick

When the film is clean grown, at a thickness of about 4iron film at 260 K. From the set of such curves the thickness
ML there is a transformation between two different phases oflependence of the saturation magnetizatbnwas derived
y-Fe(FM and AFM). This transformation is accompanied by extrapolated to zero temperatugehich is proportional to
a structural relaxatiott: implying that in the region of 5-10 the magnetization of the film, at least in regions of low thick-
ML the films are no longer pseudomorphic. This transforma-ness$, and so was the Curie temperatdrg of our samples.
tion actually coincides with the appearance of bcc phasd . was considered the temperature where the remanent mag-
needles emerging as dislocations relaxing the stru¢fure.netization becomes zefsee the discussion in Ref. 60
These bcc-needles are in fact the origin of the incipient fcc Figure 14 shows the thickness dependencied ofand
—bcc transformation. In contrast to that, however, in CO_MS measured on two different sets of Samp|es: “clean’-
[or (C+0O)-] assisted growth such embryos do not occur.grown iron films and films obtained from acetylene-assisted
which might be due to the following reasor(g:the films are  growth. Auger spectra showed the presence of some 10—12
still pseudomorphic owing to the carbon-induced lattice ex-5; o4 carbon in the latter case. The curves are very similar.
pansion, andii) the incorporated carbon inhibits the bce gjigny gifferences(in both T and M) are probably due to

i . e worse surface of the acetylene-assisted grown films.
of the bce phase being still more favorable than the C-Fe fcg), actually proves a quasi-three-dimensional surface,

one, th'S ratio might be d.|ffe_re.r}t N a narrow region along .thewhich, of course, influences the magnetism of surface layers.
dislocations. Therefore inhibiting the precipitate formation

helps extend the-Fe stability range at least by a factor of 6. Hence the magnetic properties of the surface layer might

H . ructural calculati lprobably also be changed by the carbon-induced surface re-
Owever, precise struclural calculations are necessary Qonstruction(see the LEED patterns in Fig).4However, as
draw any definite conclusions.

such changes are not observed for thicknesses below 4 ML,
the question remains open. It is difficult to determine from
only hysteresis measurements whether this drop in magneti-
Now the initial aim, viz., the magnetic properties of the zation is due to the thinning of the magnetic surface layer
films, will be recalled and discussed. Two questions arise(down to 1 magnetic M) or to “dead” spots in the mag-

IIl. MAGNETISM
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0 2 4 6 8 10 plane anisotropy while the dashed one divides the out-of-plane an-
Film thickness (ML) isotropy region into two partsta) the magnetization is homoge-

neous through the film an@) only surface layers are magnetic.

FIG. 14. Thickness dependence of the Curie temperafigre . o
(lower panel and the Kerr ellipticities for saturatiofwhich is pro- 1/ LEED (see Fig. 5, curves for 3 ML thick filmsioes not
portional toM,) extrapolated to 0 K (upper panglfor fcc Fe ~ Show any structural change at this thickness.
films after “clean” preparation(open circles and stabilized with The samples which in the phase diagram extend to the
C,H, (solid circles, containing 10—12 at. % of carbon. In the latter border between in-plane and out-of-plane regions show a re-
case, a twice smaller value M, at thicknesses above 4 ML might versible transition between in-plane magnetization at RT and
be due to the thinning of the magnetic laydown to 1 ML). The  out-of-plane magnetizaiton at lower temperatures. This effect
observed drop oT ¢ is in agreement with this effect. can be compared with that demonstrated in Ref. 18. The

difference is in the thickness range where this phenomenon

netic bilayer. The change observed in the Curie temperaturis observed. However, in both cases the border concerned is
might be caused by either of these effef@sby both simul-  between regions with in-plane and out-of-plane anisotropies.
taneously. For low-temperature growtfno magnetic surface layers are

These data allow the conclusion that incorporated carboobbserved to form, probably because of the completely differ-
(at least up to a concentration of 10 at) #@es not consid- ent film morphology'® Therefore in thicker films the magne-
erably influence the bulk magnetic properties of thée tization turns in-plane. Here, in contrast, the decrease of an-
phase as long as all changes of magnetism seem to correlagotropy lowers the critical thickness where this flip occurs.
with the surface changes. Incidentially, magnetic studies indirectly evidenced the

However, increasing the carbon concentration implies dact that even for thinner films carbon can be considered to
new effect. Figure 13 shows the behavior of out-of-planebe reallyinsidethe film. The sample contaminated from the
(curve 2 and in plangcurve 3 hysteresis curves for an iron top shows completely different magnetic behavior. If the car-
film of 3.5 ML in thickness containing 14 at. % of carbon. bon concentration is not very higkay, some 5-8 at. Ysfor
Now the magnetization clearly lies in the plane of the film. A 2—4 ML thick films grown with GH, a RT hysteresis loop is
kind of phase diagram is presented in Fig. 15, where théndistinguishable from the clean one. However, if the film
region of the in plane magnetization is shown as a functiorwas grown clean and then slightly contaminated from the
of film thickness and carbon concentration. In addition, thetop, we detect a noticeable incread®y several times of
dashed line separates the out-of-plane magnetization regiamercive field. A magnetic aftereffect appears in such films
into two parts: at low thicknesses the films are homogeindicating the decrease of elementary magnetization reversal
neously magnetized, while thicker films show the formationunity — the Barkhausen volum¥g. This decrease causes
of magnetic surface layers. the rise ofH.. We find it surprising that this is not the case

Carbon seems to destroy the perpendicular anisotropfor acetylene-assisted grown films. This is, however, quite a
thus lowering the critical thickness where the magnetizatiorsubtle effect.
switches to the surface. Therefore this critical thickness be- For a stronger surface contaminatidnL of acetylene on
comes lower than that of formation of the magnetic surfacea 3 ML thick Fe film the magnetism completely disappears
layers, whereas in “clean”-grown films the latter form be- (at least above 200 K If the same exposurér more is
fore the magnetization flips onto the surface. used for the growth procedure, the film has its magnetic easy

Such a destruction might be a pure surfégeinterface axis in plane, but the same Curie temperature.
effect, as it is the surface anisotropy term which turns the Thus, carbon homogeneously distributed in the bulk has a
magnetization out of plane. Actually, the film structure different effect on the magnetic properties of iron than sur-
seems to be unchanged &g is exactly the same as for face carbon does, which is quite difficult to understand. We
perpendicularly magnetized samples of the same thicknessuppose that surface carbgor hydrocarbon specigsni-
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tiates the formation of some clusters while this process ighe reason is very simple: a layer of oxygen blocks the sur-
inhibited for incorporated atoms and molecules. At higherface so that no carbon can penetrate into the film. Thus the
concentrations, these clusters might be able to destroy theurfaces of very thick films are free of carbon. This carbon
magnetic percolation. depletion appears to cause the structural transformation of
A brief conclusion may be drawn for the growth proce-the grown film. It is still not clear how this happens. In the
dure. Namely, for correct magnetic studies of the Fe-C filmdilm of 50 ML in thickness, the upper 15-20 ML contain
the gas supply should be shut off strictly together with thecarbon at the level of nonassisted growth. The point of inter-
end of film growth. est is the morphology of such a filimeasured by STM on
the nanometer scalevhich is different from the usual case.
B. Carbon + oxygen Again, the knowledge of the atomic-scale structure of the
film is necessary to elucidate the difference.

liahtly infl th i » f h Y A minor effect still very interesting occurring in our study
signtly Influénces the magnetic properties o thée phase. is growth-induced CO dissociation, which is necessary for
Growing really thick films, however, requires some OXY9€N~_induced stabilization

to be added, which will form an ordered layer on the surface. However, the stabilizing mechanism itself is not yet en-

ghe mﬂut_enceT(;]f_ thlsﬁoxtygen %n the Tagﬂet'imd's k”OWU tOtirely understood. We assume that the incorporated carbon
€ negative. This etlect can be easily checked on our 'ro'f.')revents the formation of bcc phase precipitates, thus delay-

f"f"S- Applying 1-2 L of _Q— to a clean film of 5-10 ML in ing the phase transformation, for which there are two rea-
thickness Iowers_the Curie temperature by at least 80100 ons:(i) carbon expands the lattice, hence removing the dis-
Nevertheless, this destructive effect is related to the Surfacl%cations which normally serve ,as nuclei for the bcc

pnly. If films thicker than 10 ML are investigat_e(dve are  precipitates;(ii) interstitial carbon makes the formation of
interested, of course, in the bulk fcc Fe propeitigise two bce precipitates less favorabler not favorable at all

topmost layers, which are destroyed by oxygen, can easily be As to the magnetic properties of those stabilized films, our

neglected. results clearl i i i
. . y are not exhaustive. They will be a topic for
Thus hysteresis loops were measured for 10-60 ML th'Cl?uture experiments. The influence of incorporated carbon on

iLon filmsl stabilized Véith EO orfa $F, + O T“‘X“”e- Al the magnetic properties of fcc Fe was proven to be vanish-
the samples appeared to be nonferromagnetic at temperaturiﬁa_ On the other hand, the absence of FM order in thick

above 180 K. At a certain point, increasing the film thickness(g 70 ML) stabilized films is one more, though indirect
for any growth regime leads to the fedocc phase transfor- roof of their fcc structure. ’ '
mation and, at the same time, to the appearance of the bulk As pointed out in the Introduction, there are now some

in plane film magnetization, witlT ¢ being well above RT. gications thaty-Fe films are antiferromagnetic &< 200

This is a well-known property of the bcc phase. However, 16 Strictly speaking, they are a kind of AFM wave with a

the absence of magnetization up to 60 Mir even moreis 5 g\ period. The short thickness range accessiblel10

opserved and once more proves the fcc structure at the?\ﬁL) was certainly not sufficient to definitely determinate the

thicknesses. properties of that wave. Now we hope to offer possibilities
for future experiments.

As the previous section showed, incorporated carbon onl

CONCLUSION
In conclusion, we would like to briefly summarize our APPENDIX: DISCUSSION OF THE C-O
main results and emphasize the questions still open. The SURFACE COVERAGE

C-Fe phase diagram indicates the possibility of extending the ¢ pointed out above, the growth with CO produces a
stability region of the fcc phase of iron by adding a few at. %g;y syrface which is almost free of carbon, if the applied CO
of carbon. This_phase_ is _supposed to be better_stabilized iBressure is high enough. A simple model will help us to
the form of a film epitaxially grown on Q00D), if some | qerstand the behavior of the surface carbon and oxygen
carbon is added. Appropriate experiments have proved thigyncentrations with respect to the film thickness.h.ée the
assumption. Applying carbon is easy if different dissociativenw.nber of molecules striking 1 éof the sample surface

gases such as ethylene or acetylene are used. An mportaggr second, and suppose the sticking coefficient to be unity

question remains open: where in the lattice is this carboy,, yhe molecules striking the clean Fe surface, and otherwise

2 Thi ' : ' - .
located? This can be answered only in part: part of this car;q . N denotes the surface concentration of the oxygen at-
bon is incorporated interstitially, as expected; whereas th

g 'Bms (including those in CO moleculgsWith no dissocia-
other part probably forms some precipitates. To answer th|ﬁ0n, N is simply the number of CO molecules on the surface.

guestion in more detail requires a precise film structure deNew molecules impinging on the surface will be absorbed at

termination. :
. free surface sites, only:
Next, an unusually strong surfactant effect has been dis- y
covered of oxygen in cooperation with carbon. The effect No—N
implies not only the improvement of the film morphology, dN=n No dt, (A1)

but also the incorporation of carbon. The supposed mecha-

nism is as follows. Regularly distributed oxygen increasesvhereNg is the total number of absorbing sites. Now, if the

the horizontal mobility of carbon. This helps to avoid the film is growing at rateR, dissociation will take place. It is

formation of precipitates and incorporate carbon more homoprobably proportional tdR. N denotes the surface concen-

geneously. tration of carbon atoms; in fact, this number coincides with
An excess of oxygen largely reduces the stabilizing effectthe number of non-dissociated CO molecules. Thus the car-
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bon concentration increases at the expense of the CO mol- 1 . . . .
ecules sticking to the surface and decreases owing to disso-
ciation:

@
)

NO_N
No

with « being the factor of proportionality between growth
rate and dissociation. At the same time, the number of sur-
face oxygen atoms is not influenced by dissociation.

This simple system of equatiori#1l) and (A2) may be
solved using the initial conditiondN(0)=0, N(0)=0,

ch=n dt— a’Rcht, (AZ)

o
o

C and O concentrations (arb. units)
o
S

yielding 0.2
N(t)=Ng(1—e~ (Noty (A3)
0
N
Ne(t) = —ONO(e’ aRi_g=(MNo)t) -~ (A4) Film thickness (a.u.)
1-aR—

FIG. 16. Calculatedifrom formulas(A3)and(A4)] surface con-
centrations of carbon and oxygen versus film thickness for CO-
. . . - Gssisted growth. Plotted are carbon and oxygen contents at the film
normalized CO 'partlal pressuréNg, and the dlssomatlon surface obtained with different exposures of CEL<p,<ps.
rateaR. The ratio between th?se tWC_’ param_ete_rs determ'neéualitative agreement with experimental défég. 8) is obvious.
the shape of théNc(t) behavior, while qualitativelyN(t)
always remains the same. Figure 16 shows these curves fdissociation proportional to the growth rafiee., time con-
different values of the CO pressure applied., for different  stanj. To be more quantitative, one should also take into
values of then/N, ratio and the same dissociation rate pa-account desorption, the difference between the flat surface
rameter «R). A qualitative agreement with experimental and steps, etc. The finite probing depth of the Auger tech-
data(compare Fig. Bis obvious. As pointed out before, here nique will also influence the result. Nevertheless, even such a
only adsorption is assumegbrobability 1 if the molecule simple consideration could explain the general physical be-
strikes the clean Fe surface, and 0 otheryvige well as havior.
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