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Structure and magnetic properties of ultrathin iron films deposited on the CoG4100 surface
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Epitaxial bcca-Fe(100) films are grown on thé100 surface of a CoGa crystal. The misfit between the Fe
and the CoGa lattices is very smétt0.5%). Both, at room temperature and at 550 K layer by layer growth is
found with thermal energy helium atom scatter{igcAS). The TEAS experiments show that iron films grown
at 550 K on reconstructer{4 X 2) CoGd4100) are smooth. The iron films are stable up to a temperature of 650
K. The magnetic properties of the Fe films are investigated with the magneto-optical Kerr effect. Fe films with
a thickness in excess of 1.1-1.3 ML are ferromagnetic at 300 K, with the easy axis for magnetization oriented
parallel to the surface. It is found that the coercive fidldis sensitive to the order of the film. Upon annealing
at 550—-600 K subsequent to deposition, the coercive field, measured around room temperature, increases. The
ordering of the film appeared to have no effect on the remanent magnetization. For a 1.7 ML Fe film a Curie
temperature of 525 K is measured. At higher coverage the Curie temperature increases to above 600 K. The
coercive fieldH, is found to approach zero at a 50—-100 K lower temperature.
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I. INTRODUCTION Alternative substrates, on which one could expect that
smooth and epitaxial bcc Fe films with little strain can be
The growth of ultrathin magnetic films allows the stabili- grown, are the alloys CoGanisfit 0.5%9 and CoAl (misfit
zation of new materials, which show different magnetic be-0.2%9. Both CoGa and CoAl are nonmagnetic and have a
havior from that observed for bulk crystals. The main rea-CsCl structure, i.e., a bce-like structure. Here we report on
sons for the deviating behavior are the interaction of thethe structural and magnetic properties of an iron film epitaxi-
magnetic material with the substrate, the reduced symmetr@lly grown on CoGéL00. The clean CoGd00 surface
at the surface, the smaller coordination number in the filmsShows ac(4Xx2) reconstruction in two domains, which
and the lattice strain, which is, in general, induced by theseems to originate from &ML Co terminating the more or
lattice misfit between the film and the nonmagnetic substratdess bulklike CoGa crystdf:** The growth of 1-10 ML Fe
Iron films are particularly suited for such investigations, films on this surface was investigated by the scattering of
since epitaxial films with different latticegbcc, fcg and  thermal He atom¢TEAS), by low-energy electron diffrac-
strains have been grown on a variety of substrates. Relative§on (LEED), and by auger electron spectroscdBES). The
smooth and well-defined bcc Fe films with little strain haveMagnetic properties of the films were studied by the magneto
been grown on AGLOO) (misfit 0.8% and Au100 (misfit ~ optical Kerr effect(MOKE).
0.6%. At 300 K, iron grows on the A@.00 surface in the
layer by layer moden after deposition of around 4 M. Il. EXPERIMENTAL
However, STM experiments show that the room-temperature
grown film is covered by hillocks with a height of about 1 ~ The experiments were performed in two UHV systems,
nm2 Upon annealing at 600 K the surface smoothens, thene equipped with TEAS, AES, and LEED, in which the
lateral dimension of the islands increases, and the roughnestructure and growth phenomena were studied, and a second
decreases to about 0.4 nf@—3 ML). The smoothening is one equipped with MOKE, AES, and LEED, which was
accompanied by Ag atoms floating on top of the film. Femainly used for the magnetic characterization of the Fe
films grown at 300 K on A(LOO) surfaces are smoother than films. The base pressure in both systems is below
those grown on AGLO0) as evidenced by reflection high- 10 *° mbar. The sample used as a substrate for the Fe films
energy electron diffraction and scanning tunnel microscopavas a CoGéL00) single crystal in the form of a disk, 10 mm
(STM) experimenté:® As the growth temperature increases, in diameter and 3-mm thick, which was polished and aligned
double layer islands and pinholes are found until at 400 K Auo within 0.1°. STM experiments performed on similarly pre-
atoms start to float on top of the Fe film. Smooth films arepared surfaces show that the width of the substrate terraces is
obtained in this way indicating that the gold atoms are actingypically 50-100 nm Cleaning of the CoGA00) samples
as surfactant.Intermixing of the iron film with the substrate was performed by a combination of Arsputtering, oxida-
is observed above 650 K for Ag0O0 (Ref. 3 and above 570 tion, and annealing at 1100 K, and it was checked by AES.
K for Au(100).” On Ag(100), in plane remanent magnetiza- On a freshly polished sample, a well ordered C®B8
tion was found at room temperature for Fe films with a thick-surface showing ac(4X2) reconstruction is readily
ness in excess of 2.5 ML, and on @00) for Fe films with  prepared?!*'> After 40-100 cleaning cycles(~2-5
a thickness in excess of 1 Mt® In general, no remanent monthg the sample is found to deteriorate as evidenced by
magnetization perpendicular to the surface is observedhe observation that preparing @4X2) reconstructed
though Fe films with such magnetic behavior have beerCoG4100 surface becomes more difficult. Whenever this
prepared?!! happened, the sample was repolished. Iron was deposited
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layer by layer mode. The intensity maxima are equidistant as
can be seen in the inset of Fig. 1, where we have plotted
(#—n) as a function ofn whith 6 the Fe deposition in ML
andn the number of the oscillation maximum. One may note
that the maxima are not found at integer numbers of depos-
ited monolayers but that they are shifted about 0.15 ML to a
higher deposition. Except for the peak at 3 ML, all peak
intensities are lower than the intensity measured at zero cov-
erage. The oscillation at 9 ML can still be resolved in the 300
K growth curve, but the amplitudes for>3 are very small.
An interesting observation is that the odd numbered peaks
" are much higher than their even numbered neighbors, except
Fe deposition (ML) for the first one. The fact that we observe the even numbered
FIG. 1. Deposition of Fe on CoGHO0 at 300 and 550 K moni- Ipeaks shows that the grOWth.IS really §|ng|g layer by single

. . ) o ayer. The observation of a difference in height of the even
tored by specular helium scattering under antiphase conditions. The d odd bered ks sh that the d ited i i
scattering angle is 90°, the He-beam energy is 31 meV. The ins nd odd humbered peaks shows that the deposited iron atoms
shows the offset of the Fe coveragat the oscillation maxima with are sensing differences between the surfaces of films with an
respect to a coverage withlayers (¢—n) as a function o, where odd oran even _n_umber of Fe layers. .
n is the number of the oscillation maximum. Higher intensities are measured and more maxima can be

resolved when the deposition temperature is increased. At a

from a rod, 2 mm in diameter, which was heated by electroﬁjeloOSItlon tem_perat.uré'g=550 K the_ highest maximurm,
impact. In all experiments, the deposition rate is around 0.0 bserved at a film tthkﬂQSS of 3 ML, is about 30 times larger
ML/s. Both LEED and TEAS show that an epitaxial bcct an the specular 'r.‘te”S'tY mea;ured onoclean CoGn, )
a-Fe&(100) film grows on CoGALO0). During the deposition whereas at 300 K this maximum is only 50% larger. The first
of iron, oscillations of the intensity of specularly reflected maximum(1 ML) cannot _be resolved in the 550 K growth
helium atoms were observed, which allow a very accurat&UrVe: Instead of a maximum, as observed at 300 K, we

calibration of the deposition rate. The energy of the He atomgbserve a shoulder at a deposition of 1 ML. The observation

in this experiment is 31 meV, and the scattering angle is 90« the shoulder shows that the Fe film is growing, at least to
’ me extent, in a layer by layer mode already at this film

For this energy and scattering geometry one has destructive. . .
9y g4 y thickness. However, at the same time the surface properties

interference(antiphasg for the scattering of the atoms from . . . .
terraces with a height difference of 0.144 nm, corresponding'lre changing drastically as evidenced by the increase of the

to the Fe step height. In the MOKE system, the depositio eﬂgctivity for he!ium atoms by about a factor of 3 per de_—

rate was calibrated in situ with a quartz microbalance. On thé’oSltecj layer during thg gr.owth of.the first th(ee 'Iayers. This
surface of the Fe film we observec&2x 2) superstructure increase of the reflectivity is _maskmg the oscillation at 1 M_L

which is gradually emerging at a deposition between 4 and {o some extent. At a ‘?'epos'“oﬂ of 2 ML a cl_ear maximum 1S

ML. This structure seems to be due to a small amount of ngserved, but the he|gh_t of this maximum is still low com-

floating on top of the film. Since the(2X2) structure is pared to the peaks at higher coverage.

found in both UHV systems to emerge in the same coverage For films with a thickness Iarggr than 2 ML, almost nor-

range, we conclude that the two deposition calibrations ar al'la}yer by layer growth behawor. IS opserved at 550 K.

equal, within the experimental accuracy. The accuracy of th quidistant peaks are found for a film thlckness b_etween 3
deposition measurement in the MOKE system is estimated tgnd 20-25 ML, as can be seen in the inset of Fig. 1. The

be about+ 15%. The maximum field strength which could be amplitude of the oscillation is gradually decreasing with in-
obtained in the MOKE experiments was00 Oe creasing deposition, with the exception of the odd numbered

peaks at 5 and 7 ML which are slightly higher than their even
numbered neighbors. The difference between odd and even
Ill. RESULTS numbered peaks is, however, much smaller than in the case
of growth at 300 K. The decrease of the intensity of the
peaks with increasing Fe deposition is due to an increasing
The growth of Fe films on CoG&00) was studied with step density arising from statistical fluctuations in the rate
TEAS at temperatures between 300 and 550 K. Figure With which islands are formed on a lateral lengthscale deter-
shows the specular helium intensity during growth at 300mined by the mean diffusion length of the deposited Fe at-
and at 550 K. In the 550 K growth measurement the intensityms. Such disorder can be annealed to a large extent by
is normalized to the specular intensity measured on the cledetting the film relax at or above the growth temperature
CoG4d100 surface(zero Fe depositionin the 300 K growth  (550—-600 K. Figure 2 shows the time dependence of the
experiment, the intensity is normalized to 10 times, andspecular intensity foa 5 ML Fefilm, which is annealed at
above 5 ML to 100 times, the intensity at zero Fe coverage600 K directly after growing the film. For this film thickness
At the growth temperaturg,= 300 K an oscillating intensity and temperature, annealing of the disorder is completed in
of the specular beam under antiphase conditions is observéd-10 min. The time necessary for annealing the disorder
during Fe deposition, showing that the film grows in theincreases with film thickness and with decreasing anneal

specular intensity

A. Film growth
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FIG. 2. The time dependence of the specular helium intensity of 00 AES Fe(575 eV)
a 5 ML Fe film grown at 550 K on CoGa00 which is kept at a ) 50 100
temperature of 600 K. time (min)

temperature. However, by alternately depositing a few mono- FIG. 4. Time dependence of the AES peak-to-peak intensity of
layers and annealing them, we have prepared Fe films with te F€575 e\) transition of a 10 ML Fe film deposited at 550 K on
thickness of more than 20 ML on which oscillations are CoG&100, measured at temperatures of 650, 680, and 700 K. The
found during growth comparable to those at 7—8 ML in Fig.selid lines are drawn to guide the eye.
116 There seems to be no reason which would prevent ex-
tension of this procedure to thicker films. mains visible up to a temperature of 800 K. Thus, intermix-
ing of the Fe layer with the substrate starts around 650 K.
One may note the rather large 0.5 Ga peak-to-peak inten-
sity measured on the Fe covered substrate. AES measure-
As discussed above the quality of Fe films, with respect tanents on much thicker films still show a clear Ga AES tran-
surface order, improves with increasing growth and anneadition, whereas the Co transition is absent in that situation.
temperature. However, the temperature range available foFhese results suggest that a Ga fflabout 0.5—1 ML(Ref.
preparing such a film is limited because of intermixing. If the17)] is floating on the Fe film during growth.
temperature becomes too high, Fe atoms may diffuse into the In order to investigate the stability in more detail, isother-
bulk of the CoGa crystal and Gar Co atoms may diffuse mal relaxation experiments were performed at three tempera-
into the Fe film. The thermal stability of the iron films was tures between 650 and 700 K. In Fig. 4 the peak-to-peak
investigated by AES. A 10 ML Fe film was deposited onintensity of the high-energy575 eV} AES transition is
CoG4g100 at room temperature and it was subsequentlyshown. At 650 K we do not observe a significant decrease of
heated. AES spectra were measured every 50 K. Figure e intensity of the iron transition within two hours, so it is
shows the peak-to-peak intensities of thé47eeV), Co775  concluded that the Fe layer is essentially stable at this tem-
eV), and G&1070 e\ AES transitions. The Fe peak-to-peak perature. At 68 K a small but clear decrease of the AES Fe
intensity is normalized to the intensity measured on the 1Gignal is found(20%). Though the intermixing is far from
ML Fe film and the Co and Ga peak-to-peak intensities to theeomplete, certainly on the considered time scale of 100 min,
intensity measured on the clean substrate. The AES intensihe AES measurement does show that the film composition
ties remain constant until a temperature of 650 K is reachecthanges at this temperature. At 700 K only about 20% of the
Above this temperature the Co and Ga signals increase arkk layer remain visible by AES after 2 h, i.e., the film com-
the Fe signal decreases, though some of the iron signal r¢position has completely changed in this case. We conclude,
therefore, that the iron film becomes unstable with respect to
T T - T its composition at temperatures above 650 K. To be on the
- ] safe side, we have limited the temperature in the other mea-
surements reported in this work, on film growth and anneal-
ing (Sec. Il A) and on the magnetic properti€3ec. 111 O, to
the rangeT <600 K.

B. Film stability
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C. Magnetic properties

The magnetic properties of 0—10 ML thick Fe films were
investigated by polar and longitudinal Kerr effect measure-
ments. All films considered were grown at 550 K. Hysteresis
loops were measured showing the Kerr ellipticitgs a func-
tion of the applied magnetic field, whetds proportional to
the magnetizatiorM. Figure 5 shows measurements of the

FIG. 3. Temperature dependence of the peak-to-peak AES interd<err ellipticity in the longitudinal configuration for Fe films
sities of the Auger transitions of F&17 e\), Ca775 eV), and  With a coverage between 1 and 8 ML, with the magnetic field
Ga(1077 eV of a 10 ML Fe film deposited on Co@k00) at 300 K.  aligned along thg010] direction. The films were not an-
The intensities are normalized. nealed before measuring the hysteresis loops. Iron films

peak-to-peak AES intensity

Co (775 eV)

o
o
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FIG. 5. Hysteresis loops measured by the magneto-optical Kerr &
effect in the longitudinalin plane configuration, on 1-8 ML thick 21
Fe films deposited on Co@EOO at 550 K.(a) 1 ML, T=314 K, {10
(b) 1.4 ML, T=305K, (c) 1.5 ML, T=310K, (d) 20 ML, T
=324K, (e) 3.0 ML, T=356 K, (f) 8.0 ML, T=356 K. The scale |, Anot
of the ellipticity £ in (a) and(b) is enlarged by a factor of 10. The ol annealed 1o
films grown at 3.0 and 8.0 ML were annealed at 600 K before the 460 560 660

measurement.
Temperature (K)

grown at 550 K never showed a hysteresis of the Kerr ellip- £, 6. Temperature dependence of the coercive fildand
ticity in the polar geometry up to a magnetic field strength ofihe remanent ellipticity, , corresponding to a remanent magneti-
600 Oe. Thus, the easy axis for magnetization of the filmgationM, , of Fe films deposited on Co@00) with a thickness of
considered here is always parallel to the surf@déth other  (a) 1.7 ML and (b) 3 ML. The films were grown at 550 K and
preparations conditions, a remanent magnetization perpesubsequently annealed at 600 K for 10—20 min. For the 3 ML film
dicular to the surface can be obtaihBdFrom zero to 1 ML  additional data are showil, A) which were measured on a film
Fe coverage we did not observe ferromagnetic behavior athich was not annealed subsequent to growth.
300 K as illustrated by the Kerr signal measuredeol ML
Fe film. At 1.4 ML the Kerr measurement shows a remanentannot resolve it anymore. For the 3 ML filiig. 6(b)] T,
ellipticity €,>0, i.e., there is a nonzero remanent magnetizais larger than 600 K so we could not determine it without
tion M, , but the coercive fieldi . is too small to be resolved risking to change the film composition. Fér, we observe
aroundT=300 K. At 1.5 ML Fe coverage, hysteresis loops again a linear decrease up to 600 K, the vanishingl ofs,
are observed for which, andH, are both sufficiently large however, not seen because it occurs outside of the tempera-
to be resolved. Upon further increasing the Fe coverage, thigeire range which is available to the experiment. It is interest-
remanent magnetizatioM, increases and switching of the ing to note that the coercive field is found to depend on the
magnetization direction becomes more abrupt, as it is illuserdering of the film. In Fig. @) three measurements are
trated by the measurements on films with a thickness of 2, 3hown for a film which was not annealed subsequent to
and 8 ML. Based on the measured hysteresis loops, we estijrowth. The value oH . obtained in these measureme(is
mate the Curie temperature to Bg=300 K for a Fe film lie clearly below the data measured for a fully relaxed film.
with a coverage between 1.1 and 1.3 ML. An interestingln contrast, the ellipticitys, measured on this filn(ll) does
phenomenon seen in the figure is that the coercive field not deviate significantly from the ellipticity measured on the
increases with coverage between 1.4 and 3 ML, whereas annealed film. Thus, the remanent magnetizakihrappears
higher coveragdd. decreases slightly as the film becomesto be unaffected by the ordering of the film at 600 K subse-
thicker. quent to the growth.
The temperature dependence of bbthand M, depends
on the thickness as shown in Fig. 6 for films of 1.7 and 3
ML. The films were annealed at 550—600 K before the mea-
surements. Figure(8) shows the temperature dependence of We have grown very thin epitaxial bezFe100 films on
the coercive fieldH. and the remanent ellipticity, fora 1.7  CoG&100), which are stable with respect to intermixing up
ML Fe film. From the temperature dependencepfve can  to 650 K and which show in plane remanent magnetization at
determine the Curie temperature of the 1.7 ML film room temperature already at a thickness of 1.4 ML. In the
=525 K. The coercive field for the 1.7 ML film is found to considered temperature range 308 K<600 K, layer by
decrease about linearly with temperature up to 400 K. Abovéayer growth is observed. Evidence was found for a 0.5-1
400 K the decrease dfl, slows down, and at 460 K, well ML Ga layer floating on top of Fe films grown on
below the Curie temperature, it has become so small that wEoGg100). With respect to this, the growth of Fe films on

IV. DISCUSSION
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CoG4100 is similar to that on AgL00 and Ag100 where At room temperature, the ferromagnetic behavior of the Fe
also substrate atoms are found to float on the film surface. Fms is found to start at a coverage between 1.1 to 1.3 ML.
films with a thickness of 3 ML or more, grown on At a film thickness of 1.5 ML we are able to resolve a coer-
CoG4100) at 550 K and subsequently annealed at 550—60@ive field which is larger than zero. The Curie temperature is
K, are very well ordered and smooth as evidenced by théound to increase quite rapidly from 300 K at a coverage of
very high intensity of the specular helium peak. Duringl.1-1.3 ML to 525 K for 1.7 ML film. For a slightly thicker
growth, oscillations of the specular helium intensity can beilm (2 ML), T; has increased to above 600 K where it can-
resolved up to a thickness of 20—25 ML. At 300 K the layernot be measured anymore without having the risk that the
by layer growth is less ideal and can be resolved only up td!Mm composition is changed. For Fe films grown on(200),

9 ML. At 300 K and a coverage larger than 2 ML a clear f€r'omagnetic behavior is also found at a coverage well be-
difference is found between the growth of odd and everkOW2 ML."In prmmple,_one would expect that at Ieasj two
numbered layers, indicating that the bonding of Fe adatom e monolayers are required for getting a ferromagnetic film,

varies with the number of deposited layers. The observatiogc€ N the Fd.loo) plane only the ne>§t nearest nelgh.bor
sites are occupied. The reason for getting ferromagnetic be-

o . r.|1avior for Fe films on CoGA00 well below a thickness of
numbered layers at 550 K supports this interpretation. 2 ML could be due to a coupling between Fe and Co atoms

Below a thickness of 3 ML the TEAS experiments seem . : : .
to indicate that the layer by layer growth is less ideal: theat the film/substrate interface. Alternatively, nonideal layer

maximum expected at a deposition of 1 ML is only showing bhyr ;2¥§i:ngerr?gérr:;}ts?rSg\afézgv?/h?fr!o;vrezawéagoullzfr rgS:rLtoLn h
up as a shoulder on the flank of the peak at 2 ML Whereag ylarg )

this latter peak itself is observed but with a rather low inten-at a small coverage .tO.ShO.W ferromagnetic behavior. At .th's
sity when compared to the maxima at 3—7 ML. The pro er_stage we can not distinguish between the two possibilities
tie)é of the filmpas probed by the helium beam. chanpgepdra?ince the TEAS measurements show that both bonding and
: . o ' - . the growth properties are different below a thickness of 3
matically in the thickness range of 0—3 ML. The reflectivity ML.?AIso thg o%servation of a coercive field which is in-

of a 1 ML Fe film is three times larger than that of the reasing with cover below 3 ML Id be interpreted
CoG4d100 substrate surface and upon increasing the Fe coycreasing with coverage belo cou € Interprete
goth ways since both a different bonding and an increased

erage subsequently to 3 ML the reflectivity is again increased,. :
by a factor of 3 for each added monolayer. It seems thereforgls‘ord(':‘r COUl(.j be the reason for a S”_”a”er valuéipf Dis-
order of the film was found to result in a lower valuetbf

unlikely that the deviating behavior observed below 3 ML is .
only due to less ideal layer by layer growth than found at a(see Fig. 6 The decrease dfi; between 3 and 8 ML cov-

coverage larger than 3 ML. The observed behavior could p&fage can .be explaingd therefore by an increasing disorder
due to changes in the bonding of Fe atoms in the first femyv'th film thickness, which is expected to be present due to a

deposited layers as discussed above in relation to grow jower ordgrlng process for thicker films. In c_ontrasl—lg_,
between 3 and 9 ML. Both the reflectivity of the surface "€ magnetizatioM, does not show a clearly different thick-
(structure factorand the diffusion properties, which deter- €SS dependence below and above a coverage of 3 ML.
mine the growth characteristics, are expected to be sensitive
to changes in the bonding of the Fe atoms.

Iron films, deposited on CoGHO0) at 550 K, were found This work was supported by the HGF project Magneto-
to have the easy axis for magnetization in the surface planelectronics.
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