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Morphology and magnetism of ultrathin Fe films on Pd(100)

X. F. Jint*
Max-Planck Institut fu Mikrostrukturphysik, 06120 Halle, Weinberg 2, Germany
and Surface Physics Laboratory, Fudan University, Shanghai 200433, China

J. Barthel, J. ShehS. S. Manoharahand J. Kirschner
Max-Planck Institut fu Mikrostrukturphysik, 06120 Halle, Weinberg 2, Germany
(Received 30 April 1999

Growth and magnetism of ultrathin Fe films on(P@0) have been studieith situ by reflection high-energy
electron diffraction, scanning tunneling microscope, and magneto-optical Kerr effect technique. It is found that
the growth at the initial stage is in the layer-by-layer mode and the magnetic hysteresis loops are detectable
only when the Fe films are thicker than 1.3 monolayat 300 K} and 0.5 monolayerat 55 K).
[S0163-182699)11139-1

Epitaxial growth of ultrathin magnetic metals on nonmag- Another controversy that has not been resolved about the
netic substrates and the evolution of the magnetic propertieSe/Pd100) system is whether or not the submonolayer Fe
of these systems have attracted a lot of interest during thgims on Pd100) grown at room temperature are ferromag-
last two decades? In these magnetic systems, the reducedhetic at room temperatufé 1! It was found by Bader and
dimensionality and the broken symmetry at the surface og,orkers from their magneto-optical Kerr effe®lOKE)

interface give rise to striking and new magnetic prOpertlesmeasurement that ferromagnetic hysteresis loops were de-

such as perpendicular anisotropy, enhanced magnetic mo- : . .
ment, and low-dimensional critical behavior. Besides thesgec'{ecj for Pe films with thickness from 0.6 monola_?dt. .
was argued by Gudat and co-workers from their spin-

the system Fe/R@00 shows additional attraction due to its .
y RE0O é_esolved photoemission measurement that the system

exotic exchange coupling leading to the Fe-induced magn - . e 4
tization of Pd at the interfacs® showed nonvanishing spin polarization only after Fe films

The 4.2% lattice misfit between bcc Fag=0.287nm) &€ thicker than 1.3 monolay@rt was reported more re-
and fcc Pd 6,=0.389 nm,a=0.275 nm, whera is the side cently by Carriere and co-workers from their magnetic cir-
of the primitive surface meghand the—8.4% misfit be- cular x-ray dichroism measurement that the onset for the
tween fcc Fe &,=0.359 nm) and Pd make the occurrence ofmagnetic signal laid between 1 and 1.5 monoldyedbvi-
epitaxy in this system both ambiguous and complgxhile  ously this controversy must arise from the deviation of thick-
there is a general agreement on the pseudomorphic growth @ess calibration in the different experiments. Such a devia-
room temperature of thick Fe on @@0),>"8there are some tion in film thickness might be only a minor problem in
unresolved questions about the morphology of the initialmany other systems, but it is indeed very important in this
stage growth of Fe/P@dL00).>" %11 From their Auger elec- Fe/Pd100 system owing to the fact that a correct descrip-
tron spectroscopyAES) measurement Bader and co-workerstion of its critical behavior depends strongly on the film
declared that the growth was in a layer-by-layer mbded  thickness. Therefore, we believe that it is necessary to have a
further proposed from their photoemission measurement thanore accurate thickness calibration for the F&IR0) sys-
the surface morphology in the submonolayer regime has tem and to check again the magnetism in the submonolayer
random distribution of Fe ator(®r small clusters of atoms regime.
on the Pd100 surface, as opposed to the usual picture of In this report, we present our results on the F&IBO
two-dimensional2D) island formation in the initial stage of system prepared at room temperature, studieéhlsitu re-
film growth®° However, it was argued by Jona and co- flection high-energy electron diffractidiRHEED), scanning
workers from their low-energy electron diffractidhEED)  tunneling microscopgSTM), and magneto-optical Kerr ef-
study that no evidence for the layer-by-layer growth modefect techniqueMOKE). The experiment was carried out in a
was found, but the growth mode rather appeared to involvénultifunctional ultrahigh vacuum systettbase pressure 3
pseudomorphic epitaxial flat-topped Fe islands of unequak 10 *mbar) equipped with RHEED, STM, cylindrical
heights in the initial stages of growth. In addition, it was mirror analyzer(CMA)-based Auger electron spectroscopy
reported more recently, by Carriere and co-workers from{AES), low-energy electron diffraction (LEED), and
their AES study, that an island-growth mode starting frommagneto-optical Kerr effedMOKE) measurement. Prior to
submonolayer was realizéd,clearly in contradiction with Fe deposition, the clean Pd0 surface was prepared by
that of Baderet al. Therefore, it is still very controversial cycles of 1 keV argon-ion bombardment at 300 K until no
whether the initial stage growth is in a layer-by-layer contaminations are detectable by AES, followed by sputter-
mode"®Cor in an island modé!! We believe that this situ- ing at 600 K for 15 min and annealing at 950 K for 30 min.
ation arises from the fact that there have been no direct exfhis cleaning procedure is repeated until a sharx ()}
perimental observations that are capable of pinning down theEED pattern is observed, meanwhile large atomically flat
problem. terraces are seen by STM. The Fe was evaporated from a
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FIG. 1. RHEED intensity oscillations measured at the specular
spot during the growth of Fe on PiD0). The period of the oscil-
lations corresponds to the time required to form one atomic layer.

BaO crucible heated bg-beam bombardment. The pressure
was kept better than210 °mbar during the evaporation.
The evaporation rate of Fe on @60 is cross checked by
quartz microbalance, STM, and RHEED oscillations. Be-
cause of the careful calibration the Fe film thickness pro- k|G, 2. A set of STM pictures as a function of Fe coverage on
vided in this work, the accuracy of the film thickness is de-pq100). (a) Clean Pd100) surface,(b)—(f) corresponds to the Fe
termined to be within0.1 ML, which is considerably better film thickness at 0.5, 0.9, 1.4, 1.9, 6.5 ML.
than those provided by either AES kiriksr the quartz mi-
crobalance only:!! STM pictures that clearly show the development of the sur-
The growth of Fe on a R#l00) substrate was checked first face morphology of the Fe/PtD0) system. In order to have
in situ by the development of RHEED patterns as a functionan internal calibration of the vertical distance, some well-
of Fe coverage. The patterns show that the Fe growth followsdefined monatomic steps of the clean(HaD) surface are
the Pq100 square mesh very closely, no reconstructions arghown in Fig. 2a). The rest of the figures show the changes
visible, in agreement with the previous studies mentioneaf surface morphology caused by Fe deposition. The first
above. The growth mode of the Fe film was determined bypoint to be noticed is that, as shown in FigbR only mon-
following simultaneously the intensity changes of {i€0),  atomic high-Fe films are found on the RA0 substrate
(0,0, and (—1,0 diffraction spots during the growth. Ac- when the Fe film is 0.5 ML thick, which confirms our
cording to the interlayer spacing of the body-centered-cubi®RHEED result that the growth of Fe on a(®60) substrate is
(bco) Fe(0.1435 nm, the RHEED scattering angle was set to in 2D-layer mode in the submonolayer regime. In addition, it
correspond to the second anti-Bragg reflection. As shown iits obvious to see in this figure that such a 2D film consists of
Fig. 1 for the RHEED intensity measured at the specular spad large amount of randomly distributed 2D clusters. This
as a function of Fe coverage, three well-defined RHEEDresult together with more STM pictures taken at lower Fe
oscillations are clearly seen at the initial stage of Fe deposieoverage(not shown heredo confirm the earlier conclusion
tion. The observation of RHEED oscillations here demon-obtained by Badeet al, i.e., the surface morphology in the
strate unambiguously that the initial growth stage of Fe orsubmonolayer regime is characterized by a random distribu-
Pd 100 is indeed in the layer-by-layer mode. However, thetion of Fe atom<or small clusters of atom®n the Pd100)
fast decay of the oscillation amplitudes also implies that thesurface. When the Fe coverage reaches 0.9 ML, an overall
surface roughening happens at very early stage, which partiyat monolayer Fe film is seen, as shown in Fi¢c)2Mean-
explains why the island-growth mode was proposed in othewhile, it is also noticed that there are little uncovered areas
studies’!? (black dot3 of the clean Pd surface as well as a few second
The foregoing conclusions about the surface rougheningayer of Fe clustergbright dotg. The overall feature of the
as well as the layer-by-layer growth mode in the F€1P6) second layer growth of Fe is similar to that of the first layer,
system are based on the RHEED measurement—a technique., it can still be called a 2D-layer growth mode, as shown
providing the information in terms of the reciprocal space.in Fig. 2(d) for 1.4-ML Fe coverage. However, the surface
However, if the arguments are correct, they should also benorphology apparently becomes rougher than that of the first
confirmed by the STM measurement—a technique enablingayer of the growing Fe film, which can be clearly recog-
direct observation in real space. Figure 2 contains a set afized in Fig. 2e). Compared to Fig. @), Fig. 2e) shows
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FIG. 3. The onset of ferromagnetism measured at room tem- )
perature by MOKE technique. FIG. 4. The onset of ferromagnetism measured at 55 K by

MOKE technique.

that more Fe atoms floating on the topmost surface rather

than to fill in the available spaces on the inner surface. Startinding supports those results by Guastal® and Carriere

ing from the third layer, the surface morphology becomeset al!! but contradicts that of Badest al®> An interesting
worse and worse as the Fe growth continues. Figue¢ 2 question to be asked now is whether the lack of ferromag-
shows a picture for 6.5-ML Fe coverage, which would rathemetism at room temperature is caused by the fact that the
be called the flat-topped Fe islands of unequal heights, ageasuring temperature is higher than the film’s Curie point
declared by Jona and co-workers, instead of the layer-byr . Hence, in a second step the onset of ferromagnetism of

layer grown film. In fact it is this effect of surface roughen- ¢ Fe/PAL00) system is checked again at 55 K, as shown in
ing that causes the above described decay of the RHEER;y 4 |t is seen that the onset of ferromagnetism at this

oscillation amplitudes. Based on our RHEED and STM ré-gmperature is between 0.5-1.0 ML. Interestingly, from our

sults, we conclude that the submonolayer growth of Fe ofigreqoing STM resullts it is about the coverage range that the

Pd100 proceeds in the 2D-island mode, and the overallyorcolation of Fe monolayer clusters happens. Presumably, it
growth feature of the next two monolayers of Fe is still in thejs this percolation of the first Fe monolayer clusters that

layer-by-layer growth mode. However, the surface morpholeaqs to the onset of ferromagnetism at the system of Fe/
ogy of the Fe/PAL.O0 system becomes worse and worse aspq100), although no direct experimental evidence exist so
the Fe coverage is increased, and the layer-by-layer growify, This will be an interesting problem awaiting for further
mode seems not a good description for the Fe film growthy, 4y Based on our more accurate calibration of the Fe film
after 3 ML. This result has clarified the previous controversythickness’ we conclude that the onset of ferromagnetism of
in the literature. Furthermore, the random-site-occupancy(he Fe/P@LO0) system is between 1.3—1.7 ML at room tem-
model proposed by Bader and co-workers for the submontseratyre and is between 0.5-1.0 ML at 55 K, which has
layer morphology of Fe on PA.00) has been verified more ¢|arified the previous controversy about this problem.

profoundly by our STM observations. In conclusion, the clear RHEED oscillations together with

_ After the clear picture of the film growth has been estabhe g1y images demonstrate unambiguously that the initial
lished, it is also interesting to investigate the development Ogtage growth of Fe on RE00) is in the layer-by-layer mode.
magnetism in the system as a function of film thickness. FO{jnder a careful and accurate thickness calibration, it is real-
the Fe film prepared at room temperature, we are going Qe that the magnetic hysteresis loops are detectable only
provide the onsets of the magnetic hysteresis loops detectegior the Fe films are thicker than 1.3 monolayer at room

by MOKE technique at room temperature and 55 K, respectemperature but thicker than 0.5 monolayer at 55 K.
tively. It should be mentioned that the sensitivity of our
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no ferromagnetic hysteresis loops can be observed at arftbom the National Natural Science Foundati@@rant Nos.
below 1.3 ML of Fe, but a loop is indeed seen at 1.7 ML.19625410 and 19734002the Education Ministry Founda-
Therefore, the onset of ferromagnetism of the FEIBG  tion for the Yangtse Project, Hong Kong Qiushi Science
system at room temperature, as a function of Fe film thickFoundation, Huo Ying-dong Education Foundation, Shang-
ness, happens at a Fe coverage between 1.3—-1.7 ML. Thimi Applied Physics Center, and the QMX Project.
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