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Structure and magnetism of pulsed-laser-deposited ultrathin films of Fe on C{100)
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A layer-by-layer growth of ultrathin films right from the beginning would be desirable for establishing a
straightforward correlation between magnetism and structure. We give experimental evidence that with the
help of pulsed laser depositidRLD) we can achieve layer-by-layer growth for Fe on(€Q0) in contrast to
deposition by molecular-beam epitaxy. We present the results of a comprehensive study of the structural and
magnetic properties of PLD-grown ultrathin Fe films of thicknesses between 2 and 10 mondMyers
deposited at room temperature. We show scanning tunneling microscopy images and low-energy electron-
diffraction (LEED) patterns as well as intensity vs enerdy'J LEED curves demonstrating that PLD-grown
Fe/Cy100) has an isotropic fcc structure. We characterize the magnetic properties of our films by the magneto-
optical Kerr effect. Following the improved growth and morphology, we found strong differences in the
magnetic behavior of these films in comparison with Fe thermally deposited oiti®@@uPLD-grown ultra-
thin Fe/C{100 shows an in-plane easy axis of magnetization in the thickness range 2—-5 ML and again from
about 10 ML, where the film structure is dominated by the bcc-Fe bulk phase, while there is a perpendicular
easy axis of magnetization between 7 and 10 ML coverage. These results are discussed in terms of the different
growth and structure due to the characteristic features of the PLD techh®Q(63-182@9)13201-9

I. INTRODUCTION tural transitions observed in this system. The F¢10Q)
system has appeared even more complicated due to the fact

The deposition of Fe on Cu single crystals allows thethat both the structural and magnetic properties, in principle,
room-temperature stabilization gfFe, a fcc-Fe phase that also depend on the experimental conditions used, and al-
promises interesting magnetic propertidsyt usually only  though similar thermal deposition techniques were applied,
exists in bulk above 1186 K. The preparation and charactereports seem to give contradictory information. The prepara-
ization of the Fe/C(LO0 system has attracted a lot of atten- tion of Fe/C{100) by a completely different deposition tech-
tion as a model system to investigate the correlation betweenique might lead to different magnetic behavior, and thus
magnetism and structufél® However, the thermal deposi- this work should contribute to the clarification of the corre-
tion (TD) of Fe/CY{100) clearly exhibits a deviation from lation between structure and magnetism. On the background
layer-by-layer growth in the first two monolaye(SIL) as  of the large number of publications on Fe(C0O0), it is sur-
concluded from medium-energy electron-diffraction prising that few attempts have been mide systematically
(MEED) studies>® This result has been confirmed by scan-investigate the conditions under which Fe{TR0) shows the
ning tunneling microscopySTM) investigation$® in which  now established correlation between magnetic and structural
the nucleation and growth of the second monolayer is obproperties® So far, experiments to modify the structural
served to start from a total coverage of about 0.5 ML, whichproperties of Fe/G100) involved the annealing of the ultra-
is long before the completion and even percolation of thehin films!? low-temperature growtl or the use of surfac-
first monolayef At thicknesses above 2 ML the growth ap- tants during depositiot:"1® The aim of this work is to find
pears to be layer by layer when characterized by MEED andut whether and how the magnetic properties respond to a
STM, but more precise structural studies by low-energy eleceontrolled growth manipulation without changing the tem-
tron diffraction (LEED) (Refs. 3 and 7-Bshow that the perature of the films or introducing surfactants into the films.
growth of Fe/C@l00 is much more complicated: It is di- We recently found that we can modify the growth mode
vided into thickness ranges where different crystallographiof Fe/Cy100 from three-dimensional island to layer-by-
structures are dominant, namely, tetragonally distorted fctayer growth from the initial stages of growth, if we use
(fct), fcc, and bece structures, where the latter is the equilibpulsed laser depositiafPLD) instead of a thermal deposition
rium bulk phase of Fe at room temperature. In addition tatechnique like electron beam evaporatféri In this contri-
that, superstructures have been observed which result froboution our objective is to prove that the growth of Fe/
characteristic surface reconstructions and, furthermore, sinlGu(100 can also be modified with the help of PLD, in par-
soidal shifts of the atomic rows in plane and buckling out ofticular, in the initial stagegup to 2 ML). We present the
plane have been proposed and confirmed by LEEDesults of a comprehensive study on PLD-grown Fé10Q)
crystallography’:*° of 2—10 ML thickness including STM and LEED investiga-

But as TD Fe/C(00 does not show straightforward tions. We report the magnetic properties of our ultrathin
layer-by-layer growth as would have been desirable for esfilms of Fe/C100) in the 2—10 ML thickness regime, which
tablishing a(more general correlation between magnetism is chosen mainly because the Curie temperature of the films
and structure for ultrathin magnetic films, it is difficult to is either too low(<2 ML) or too high(>10 ML) for the
link the measured magnetic properties to the complex strugparticular experimental setup of this wofk40-450 K. The
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results are discussed mainly on the background of the differstudied. This work extends the previous research on Fe depo-
ences in the growth of Fe/CL00) as achieved with PLD. sition by PLD into the range of ultrathin films, i.e., from
PLD has been known for about three decades, but it onlpubmonolayer coverages to film thicknesses of some mono-

received major attention when it proved to be a most usefuldyers. We investigate PLD as a technique that is capable of
technique for the preparation of thin films of high- modifying the growth mode and characterize the magnetic

and structural properties of the film prepared in this way.
temperature superconductors about ten years $fjoe large . .
number of publicatio@?! conceming the use of PLD Part of the results of our intensity vs enerdy{ LEED and

. . . ~ magneto-optical Kerr effectMOKE) studies has been re-
makes it very clear that the main advantage of this techmqugently published in briet?
is based on the fact that with the help of high-power lasers
every possible material can be vaporized and, thus, deposited Il. EXPERIMENTAL DETAILS

(in thin-film form) onto any substrate; i.e., PLD features con-

gruent erositior(stoiqhiometry of the laser target is pre- vacuum (UHV) system with a base pressure5x 10~ 11
serveq in the film of virtually any target mat'erla!. .Another mbar and a pressur&2x10 1 mbar during deposition.
very important advantage of PLD is the simplicity of the pjqr g the evaporation, the C100) substrate was subject to
technique: The laser is completely decoupled from the actu ycles of 1 keV AF sputtering and annealing at 870 K until
deposition chamber—the laser beam is simply pointed onto gjean Auger electron spectroscoppES) spectra, sharp
target inside the chamber through an appropriate viewpori.EED spots, and atomically smooth terraces under STM
Thus the preparation chamber can contain any working atyere obtained. In our multichamber system we also per-
mosphere. formed thermal deposition of Fe/CiD0), and throughout
The material deposition in PLD is achieved when the outthe studies we regularly obtained results on TD samples to
put of a short-time and high-power laser is focused onto a&nsure that we can reproduce the results as published, for
target, which, following the absorption of the light, results ininstance, in Refs. 2, 5, and 10. For the thermal deposition an
a very rapid evaporation of the target material. Depending ofre wire of 99.999% purity was heated by electron bombard-
the absorption, the evaporation takes place within a time ofnent to deposit Fe at a rate of about 0.4 ML/min onto the
some nanoseconds. As there is no liquid phase for any long&u(100 crystal.
period of time, there is not sufficient time for decomposition ~ For PLD the output of an excimer laser with K(#48 nm
during the ablation process. If the laser pulse length is longeavelength, 34 ns pulse length, maximum pulse energy 600
than the about 10 ns required for evaporation, significanf?J, maximum repetition rate 30 Hwas focused onto an Fe
absorption of the laser light occurs in the vapor emerging@rget of 99.99% purity, resulting in a fluence of about 5

from the target. The absorption of light by the vapor resultsY/cNT to deposition Fe onto the €100 substrate, 100-130
in the partial ionization of the evaporating atoms and, thus™M away from the target. With the deposition parameters

in the formation of a plasma, which expands away from thedescribed, we have established conditions for the pulsed la-

target. This leads to the vaporized material to gain highe?er deposition of ultrathin films, fo_r which we have not found
: any droplets on our samples. Using a pulse energy of 250—

kinetic energies than in thermal deposition techniques. Th(\e_:,)3

expansion of the so-called plasma plume towards the t"’“g"?:{\/erage deposition rate between 0.1 and 0.3 ML/min, which

IS blqcked by the fSOI'd target, such that the plasma exerts g comparable to the deposition rate during the thermal depo-
considerable recoil pressure onto the target surface, whicly;siqn.

being heatgd .before, causes an effect known as splashing, Figure 1 shows a schematic of our PLD system. The
i.e., the emission of particulates and droplets from the targeleposition was monitored by a reflection high-energy
There are Other mechan|sms Wh|Ch I’eSU|tS N the forma“o@'ectron_diffractior(RHEED) System using an electron beam
of droplets mainly based on the macroscopic and microof 35 keV incident onto the G&00) substrate under an angle
scopic patterning of the target due to the repeated impact aff about 3° to have a relatively large distance between the
the high-power laser pulsés. specularly reflected and diffracted spots, whose intensities on
The emission of droplets and particulates is likely to bea 4-in. phosphor screen were monitored using an automatic
the reason why PLD has not really made an impact in therideo-LEED systeni? During deposition, the substrates
preparation of magnetic thin films. Typically, those particu-were held at room temperature, i.e., 306K K. After depo-
lates or droplets are of the order of microns in size and serisition, the samples were transferred under UHV to a separate
ously limit the use of PLD for thin-film preparation depend- chamber dedicated to the magnetic characterization using
ing on the specific application in miftlas most thin films  both the polar and the longitudinal MOKE. The sample tem-
have properties which are closely related to the quality offerature during this measurement could be controlled from
their “two dimensionality,” i.e., their continuous and homo- 140 t0 450 K within1 K. After the magnetic characteriza-

geneous thickness and composition. However, there are Upn samples were moved to an analysis chamber for LEED,

number of publications describing modifications to the ex-NteNsity vs energy LEED measurements and AES for the

perimental setup or the deposition parameters to consideWVeStigation of the surface structure and the su_rface compo-
ably reduce or avoid droplet formatidf-26In our work, we sition, and then to a room-temperature scanning tunneling

choose to use low laser powéslightly above that of the microscopy chamber for topographic characterization.

We have performed PLD in a multichamber ultrahigh-

0 mJ and a repetition frequency of 5 Hz, we achieved an

ablation thresholdand work at a large target-substrate dis- lIl. RESULTS
tance to avoid droplets. .
Thin films of Fe have previously been grown by A. Structural properties

PLD.#"~32However, in those publications thin films starting  MEED studies and STM investigaticii€ on Fe/C¢100)
from several nanometers in thickness were prepared anghve shown that the thermal deposition of FeiD) results
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FIG. 1. Schematic of the pulsed laser deposition system with 1
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FIG. 2. RHEED oscillations of 10 ML pulsed-laser-deposited
in a growth mode that is clearly not layer by layer in the first Fe/Cu100 grown at room temperature showing very clear, regular
monolayers, while at thicknesses above 2 ML the growtHPscillations, indicating that the growth proceeds via the layer-by-
appears to be layer by layer. Most researchers have found rgver growth modealso for the first 2 ML. The number of laser
MEED-RHEED oscillation for the first ML in the room- Pulses required to deposit 1 ML of Fe is indicated. The average
temperature growth of Fe/(CZlDO).2’15'35’36Apparently it is  deposition rate during this experiment was 0.1 ML/min, which is at
also possible to find a degraded or a considerably sma”éfe slow end of the range of deposition rates available. Higher

than expected oscillatioh’ while one publication shows a d€Position rates can be achieved using a higher laser fluence, a
full oscillation for the first ML28 In our thermal deposition higher repetition frequency, or a lower target-substrate distance.

. . The inset shows irregular MEED oscillations as obtained during the
of Fe/Cy100 monitored with MEED, we have measured thermal deposition of Fe/QLO0 taken from our previous work

irregular oscillations as seen in Ref. 2 and our STM studie%Ref_ 15,
of the corresponding samples agree well with Refs. 4-6.
However, in PLD of Fe/C(100 we have always recorded growth mode. Ideally, in layer-by-layer growth one should
regular RHEED oscillations as shown in Fig. 2, from theonly see two grey levels within each substrate terrace: the
initial stages to approximately 10 ML, above which the fcc- substrate or underlying layédark) and the growing surface
bcec transformation occurs. The regular oscillations are dayer (bright). But typically there will be a third grey level,
strong indication that PLD growth of Fe/CiD0) proceeds which is either due to the fact that the underlying layer is not
via the layer-by-layer growth mode, also for the first 2 ML. yet filled completely or the nucleation of the next surface
The amplitudes of the oscillations are decreasing after abou&yer on top of a still growing layer owing to the fact that
5 ML, but the growth mode remains layer by layer. Forideal layer-by-layer growth does not exist. By comparison
comparison, the inset in Fig. 2 shows irregular MEED oscil-with the height of atomic steps at the terrace edges of the
lations as obtained during the thermal deposition of Fektlean and uncovered substrate, one can make sure that the
Cu(100 taken from our previous work The presence of islands on the surface are of monolayer height.
oscillations in the intensity of electron-diffraction spots alone  While the topography of our TD Fe/CL0O0) was in
is no proof for a certain growth mode as, in principle, everyagreement with Refs. 4—6, PLD-grown Fe(CQ0) is clearly
slight variation in the crystal structure of the growing film exhibiting layer-by-layer growth from the initial stages as
could result in a change of the observed spot intensitycan be seen from Fig. 3. The inset in Figc)/3shows a STM
Complementary STM studies are, therefore, necessary forisnage of TD Fe/C(L00 of a similar coverage to Fig.(8)
conclusive characterization. on the same lateral scale, clearly displaying poor growth in
Room-temperature STM images have been taken aftehe thermal deposition indicated by the significant coverage
deposition, in support of the above claim that we can achieven the second monolayer at this thickness. For the PLD-
true layer-by-layer growth of Fe/QLO0O from the initial  grown Fe/C¢l00) it is evident that up to a coverage of 2 ML
stages. In STM images topographic information of the STMwe observe a considerably improved growth compared to TD
tip, i.e., height, is translated into grey-scale pictures, wherdé-e/Cy100 with random nucleation on the substrate terraces.
white corresponds to the highest height level and black to th&or example, at the nominal thickness of 1 ML, more than
lowest. In the study of the surface of an ultrathin film, the 95% of the adatoms go to the first layer, while there is less
number of different successive atomic height levels “vis-than 5% in the second layer in PLD-grown Fe{@R0), con-
ible” is represented in a distribution of distinct grey levels, trary to the growth during thermal deposition where at 1 ML
such that the number of different grey levels indicates thenominal coverage the first layer of the film is only 80% filled
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FIG. 3. STM images of the initial stages of growth of Fe(QR0) by pulsed laser deposition, clearly demonstrating layer-by-layer growth
from the initial stages. There are less than 5% of both the substrate surface and second ML, visible in nominally 1-ML-thick pulsed-laser-
deposited Fe/Qui00. The inset in(c) shows part of a STM image of thermally deposited FE100 of a similar coverage thaft) on the
same lateral scale, clearly displaying the poor growth in thermal deposition indicated by the significant coverage already present in the
second ML at this thickness.

and nearly 20% are already in the second I&ydihe growth  pattern with respect to the clean Cu substrate, indicating the
of Fe/CY100) by PLD between 2 and 5 ML of thickness also true pseudomorphic growth of the Fe films. It should be
proceeds via the layer-by-layer growth mode as is shown imoted at this point that we did not observe any of the super-
Fig. 4; i.e., the growth in this thickness range compares welbtructures resulting from surface reconstructions as fre-
to the growth reported for TD Fe/CL00).° The sequence of quently reported for TD Fe/G0O00) in this thickness range
STM images in Fig. 5 shows the topography of FeD®)  (4x1, 5x1, 2x1).2"~°However, the fcc-bce phase transfor-
by PLD between 6 and 10 ML thickness, showing a generaination at around 10-11 ML thickness is clearly visible in
increase in the surface roughness and a faint indication dhe LEED patterns with its characteristic pseudoX‘B’ su-
“ridgelike” structures® as are known from thermally depos- perstructure resulting from the so-called Pitsch orientation at
ited samples to be bcc precipitates. The bcc precipitates ia similar thickness for TD Fe/QUO0). The bcc-like structure
fact start to appear at thickness of 4 ML with a very smallis here leading to diffuse streaks into §il0 directions of
density and become increasingly dominant when the thickthe crystal in the LEED pattern. By performing thermal
ness is higher than 7 ML. The bcc precipitates are elongatedepositions of Fe on QOO in the same multichamber
morphological features oriented along {4.1) directions of UHV system, we confirmed that, in thermal deposition, su-
the Cy100 single-crystal substrate. Their orientation re- perstructures were easily observed without any experimental
mains the same throughout the measurement in the thicknedificulties **
range from 4 to 10 ML, while the STM images were taken |V-LEED studies were undertaken to investigate the
under various angles. The increasing number of ridges witlstructural transitions in PLD-grown Fe/Qu00) films and to
increasing thickness is indicative of the transition from fcc tosupply some data comparable with the high-precision struc-
bcec and leads to an increased roughness of the film. Aboveire studies on TD Fe/Qu00).%1* Figure 7 shows th€00)
10 ML, the fcc to bece transformation has been completed antbeam intensities vs ener@y(E) or I-V] curves for films of
the whole film becomes bcc-like. different thicknesses. These curves were obtained at room
This phase transformation is further evidenced in ourtemperature with the incident angle of the primary beam ap-
LEED andIV-LEED studies. The comparison of the LEED proximately 6° away from the surface normal with help of
patterns for 3.8 and 10.2 ML Fe/CiD0) by PLD in Fig. 6 the automatic video-LEED system used to monitor the
shows that the crystal structure has undergone a change WiRHEED oscillations”* The IV-LEED curves look different
the thickness of the film. In the thickness range below apio those recorded on TD Fe/Cu00), although the same
proximately 9 ML, we always find only a shagp(1Xx1) three peak families appear in the set of curves: peaks asso-
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FIG. 4. STM images of 2—5-ML-thick Fe films on CiD0 grown by pulsed laser deposition showing layer-by-layer growth, which
compares well to the thermal deposition of Fe(Tl0).

FIG. 5. STM images of 5—-10 ML Fe/C100) by pulsed laser deposition showing a general increase in the surface roughness and a faint
indication of “ridgelike” structures(Ref. 40 as are known from thermally deposited samples to be precursors of the structural transforma-
tion from fcc to bec, which seems to be completed above around 10 ML.
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FIG. 6. LEED pattern of 3.8 ML Fe/Qa00 on the left-hand
side and 10.2 ML Fe/Gad00 on the right-hand side, both prepared
by pulsed laser deposition. The electron energy is indicated in thea ~ |
top left corner of each image. In the thickness range between 2 an@ I |
10 ML, we always find a sharp(1X 1) pattern with respect to the =~ ' |
clean Cu substrate. At around 10—11 ML thickness the fcc-bcc \ | INN3.5 ML
phase transformation occurs, which is clearly visible in the LEED )
pattern of the 10.2-ML film showing a characteristic pseudo “3

X1" superstructure.
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ciated with the fcc structure, peaks related to the tetragonally
distorted fct phase, and at the highest thickngs&0 ML)
peaks representing the bcc bulk-Fe phase. The dashed line
in Fig. 7 mark the peak positions of the Cu substrdite . — ) ) .
phase and the solid lines follow the fct-Fe phase, which o 100 200 300 400 500 600 700
seems to be present in the low-energy range only, while the
solid arrows show the bcc-Fe peaks only apparent at the
highest thickness, indicating the completed transformation Fig, 7. |v-LEED curves recorded at room temperature for the
from the fcc into the bce phase. A drastic difference com-gg) spot for various thicknesses of ultrathin films of Fe{T0)
pared to thedV-LEED curves obtained on TD Fe/CiD0) iS  grown by pulsed laser depositiqgsame coverage as in the STM
the fact that in PLD-grown Fe films there is no indication for images. The dashed lines mark the peak positions of thé1G0)

the homogeneously distorted film structuifet phase re-  substratefcc phasg, the solid lines follow the fct-Fe phase, which
ported for TD Fe/CULO0) of thicknesses around 4 ML and seems to appear in the low-energy range only, and the solid arrows
below!! On the contrary, the fcc peaks are dominantshow the bcc-Fe peaks, which indicate the transformation from the
throughout the thickness range investigated. We therefortsc into the bcc phase at a thickness above approximately 10 ML.
believe that PLD-grown Fe films have an isotropic fcc struc-

ture; i.e., from thelV-LEED curves it seems that below a ness of 10 ML, there are increasing indications for a struc-
thickness of about 9 ML of Fe/GL00) there is no indication tural transformation; i.e., théV-LEED curves show peak
for a deviation of the structure from an fcc-phase Fe filmbroadening and the formation of peak shoulders, but only in
with the possibility of a tetragonally distorted surface layerthe IV-LEED curve for the Fe film about 10 ML does the
as seen in théV-LEED curves by the fct peaks appearing

energy (eV)

only in the lower-energy range. In terms of the interlayer 1.05 e
spacing, which can be deduced from tMeLEED curves by 1.0 L : |
simple kinematic approximatiéfthere seems to be no sig- ) :
nificant variation of the fcc phase throughout the thickness 1.03 | : 1
range investigated as there is only a little shift of the peak 1.02 | 40199 fec bce
positions with respect to the clean @00 substrate peaks. o 0 ' 1
In Fig. 8 we have plotted the ratio between the interlayer T 1.011] %HH
distances of the Fe film and Cu substrate, i.e.,dfeeratio, s H{H ;
assuming the substrate Cu to be cubic and the Fe growth to 1| # : ]
be pseudomorphic, against the thickness of PLD-grown Fe/ 0.99 | { { '
Cu(100. This relative value gives an indication for the dis- {

tortion of the cubic structure. The/a value is seen to in- 0.98 | ]
crease up to a thickness of around 4 ML and then drops, 'y 4 P S
reaching unity in the range between 5 and 7 ML, decreasing 0 2 4 6 8 10 12 14
further below this value towards to ML. But throughout the thickness (ML)

thickness range from 2 to 10 Mic/a only varies between

1.01 and 0.99. This is an indication of how close the struc- FIG. 8. Calculatedt/a ratio of the PLD Fe/C(L00) films as a
ture of the PLD-grown films is to a cubic fcc lattice with the function of thickness by kinematic method. In the whole thickness
lattice constant of the QMO0 substrate. Towards a thick- range, thec/a values are within 1% of unity.
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FIG. 9. Temperature-dependehY-LEED curves measured g ; ‘\i
from a 3-ML PLD Fe/C(100 film. Except for minor changes of = T
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transformation seem near to completion, as indicated by the 0 > 4 s 8 10 12

pseudosuperstructure in the LEED pattern and the complete
set of “bcc” peaks in thd V-LEED curves®

It has to be noted that the absence of fct peaks in'the FIG. 10. Plot of the saturation magnetization vs thickness of
curves of the PLD films is not affected by the measuringFe/Cu100 grown by pulsed laser deposition indicating the mag-
temperature. As an example, Fig. 9 shows theLEED  hetic phases. Exemplary MOKE curves in polar and longitudinal
curves of a 3-ML PLD Fe/C@00) film measured at various geometries both measured around 145 K are included to show hys-
temperatures ranging from 145 to 300 K. It is evident thalleresis curves obtained on films from the three different character-
except some minor changes of the low-energy peaks, th§liC thickness ranges, 25 Miin-plane anisotropy 5-7 ML (in-
main Bragg peaks remain in the fcc position without show-/ese spin reorientation _regmnand 7-10 M'.‘ (perpendicular
ing signs of the appearance of fct peaks. The LEED patterﬁnlsotr_opy. Kerr_loops of_fllms from the bcc region are not shown,
of the film also remains (X 1) without being affected by as their magnetic behaymr is not fundamentally different from the

known thermally deposited films. Note that the scales of the applied

temperature. This implies that the fcc structure of the F)I‘D'magnetic field for the Kerr loops are different and the units of the

grown Fe ﬁlms is rather stable, Whiqh is in great contrast err intensities are different for polar and in-plane geometry.
the TD Fe films whose structure is strongly affected by

temperaturé?!

thickness (ML)

ness ranges, as seen in Fig. 10. TWe in the plot was
deduced from the saturation level measured from the polar
Kerr hysteresis curves at 145 K, for which we have always
On the background of the established correlation betweenbtained a well-defined saturation, except for samples of
the structure and magnetism of the thermally grown Fethicknesses above 10 ML, which are thought to be in the bcc
Cu(100) films,!? it is now even more interesting to investi- structure. TheéM is seen to increase nearly linearly for PLD-
gate the magnetic behavior of the PLD Fe(@Q0) films, as  grown Fe films in the thickness range up to 4 ML, just like it
the ferromagnetic behavior of TD Fe/Cl00 seems to be is observed for TD films. However, in thermally deposited
strongly connected to the presence of the fct pasehich  films around 4 ML thickness, there is a strong decrease by
is absent in the PLD-grown Fe films. The magnetic behavioabout 75% to a low value of the magnetization, at which the
of PLD-grown Fe/C({L00 turned out to look quite compli- magnetization remains virtually constantly low throughout
cated, such that by just compiling hysteresis curves ofhe thickness range between 5 and 10 ML, which is ex-
samples with different thickness it seemed difficult to underplained by a ferromagnetic top layer, with the underlying
stand this behavior, especially in comparison with the resultfayers being either paramagnéfior antiferromagnetic® In
of the publications on TD Fe/QL00). We have, therefore, PLD-grown Fe/C{l00 the M4 only drops by about 20%
decided to plot the saturation magnetizatidd ] vs the and then remains constant between 5 and 7 ML. It should be
thickness of the PLD-grown Fe films with exemplary polar noted that the polar Kerr signal obtained from a fully satu-
and longitudinal Kerr hysteresis loops in the different thick-rated sample of about 7-ML PLD-grown Fe/Q00 was

B. Magnetic properties
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300 Y r T T IV. DISCUSSION
3 280 L ;‘15 > 450 K| As there is such a large number of publications on the
o I I thermal deposition of Fe/QLO00), it seemed essential and
2 6ol i \\ | unavoidable to discuss some of the results found on PLD-
@ Il i grown Fe/C@100 on the background of their comparison
E‘ 2450l I 1\_ EE‘I{_} I | with the TD samples already in the results section of this
- ’ ‘] paper. Here we will only shortly summarize the differences
2 L0l i.o i between PLD-grown and TD Fe/Ci00) and then mainly
3 I discuss the implications of those differences.

200 2 . . s 7o 12 (1) Morphology: By PLD, we have achieved true layer-by-

layer growth in the first 2 ML of the growth of Fe/
thickness (ML) i Cu(100.

. . (2) Structure: The crystal structure of the PLD-grown ultra-
FIG. 11. Plot of the Curie temperature vs thickness of Fe/ thln Felcljloo) fllms appears to be |Sotr0plc fCC Fe up

Cu(100 grown by pulsed laser deposition with an indication of the {4 the thickness where the fcc-bcc transformation is com-
characteristic thickness ranges where different magnetic behavior is pleted at around 10 ML. The PLD-grown Fe films show

observed. no signs of surface reconstruction, but with indications
around a factor of 2 higher than the polar Kerr signal ob- that the surface layer is expanded with respect to the rest
tained from a comparably thick TD Fe film in our own ex- of the film.

periments. By contrast, the polar Kerr signal at saturation of3) Magnetism: Between 2 and 5 ML thickness PLD-grown
a 4-ML-thick PLD-grown sample was practically the same as  Fe/Cy100) films have an in-plane easy magnetization
the Signal from a 4-ML therma”y depOSited Fe film. Above 7 axis. Between 5 and 7 ML the films experience an in-
ML, the M¢ begins to decrease until it reaches a signal level ygrse spin reorientation from in plane to out of plane,
similar to the 2-ML signal at a thickness of about 10 ML. resulting in a perpendicular easy magnetization axis in

The magnetic anisotropy of the PLD Fe films shows  ihe thickness region between 7 and 10 ML. T¥g is

rathe( complex b_ehavior as shown ir_1 Fig. 10. The most out- linearly increasing up to a thickness of 4 ML and then
standing feature is the fact that at thicknesses between 2 and drops by 20% and remains constant up to 7 ML, from

5 ML th_e easy axis of magnetizatipn is in'the plane of the where it slowly decreases.
film, while we can observe hard-axis loops in the polar Kerr-
effect measurements, as can be seen in the Kerr loops in Fig.
10. However, the saturating field of these hard-axis perpen- A. Morphology
dicular loops is relatively small with about 100 mT at 2 ML.  The STM images in combination with the RHEED oscil-
The saturating field is then seen to decrease with increasingtions during growth prove that ultrathin films of Fe on
coverage, until at a thickness of around 5 ML significantCu(100) grown by PLD exhibit layer-by-layer growth, even
remanent magnetization develops and, at higher thicknesa the initial stategbelow 2 ML), where the growth of TD
(7-10 ML), easy-axis(squarg loops are observed out of Fe/Cu100) films appears very poor. Layer-by-layer growth
plane. Above 10 ML, simultaneously with the developmentis a quality of growth and highly desirable as it allows the
of the bcc phase, the easy axis of magnetization is rotatingreparation of structurally well-defined films, where, for in-
into the plane of the film; i.e., in-plane square hysteresisstance, magnetic properties are not disturbed by structural
loops with a coercivity of around 400 Oe are observed.  imperfections, as has been extensively discuss&tLayer-
Figure 11 shows a plot of the Curie temperatligevs the  by-layer growth also implies a lower average surface rough-
thickness of PLD-grown Fe/QL00). The maximum Curie ness of the thin-film structure. PLD is known to lead to a
temperature for PLD-grown films is reached at a lower thick-better epitaxial growtR®?!In the present study experimental
ness than the maximum in the saturation magnetizdtioh  proof of the improved growth is given by sequences of STM
ML), which was also found for the TD filmis.However, the  images of submonolayer coverages and thicknesses of a few
T, values for PLD-grown Fe/Qa00) are, in general, lower ML of a material deposited on a well-defined single-crystal
than the ones for TD films. In particular, the maximiimat  substrate. The clear results of the STM studies are supported
3 ML is about 290 K for the PLD film and 370 K for the film by RHEED oscillations, a surface structural characterization,
prepared by thermal deposition. Above a thickness of 3 MLand the presentation of magnetic properties, which are know
the Curie temperature of PLD-grown Fe films drops to ato be “notoriously structure sensitive®® Recently, we dem-
minimum value ofT,=210 K in the middle of the inverse onstrated the applicability of PLD and improved growth pre-
spin reorientation region. Between 7 and 10 ML Fe/f®)  paring an artificially layered alloy, FeCu, by a stacking of
by PLD, T is nearly constant at around 240 K. Note tfiat monatomic layers of Fe and Cu onto a (C00 single
for PLD-grown Fe/C(100) with a thickness of less than 10 crystal**
ML is always below the deposition temperature of 300 K. We attribute the remarkable improvement in the growth to
Above this thickness range, in the bcc-Fe phase redipis  the fact that PLD features a very high deposition rate, the
higher than 450 K. We did not perform temperature-so-called “instantaneous depositioR>’As the deposition
dependent measurements above this temperature, in orderrite in PLD is of the order of 0.001-0.01 ML per laser pulse
avoid any significant interdiffusion between the substrate andnd with the material deposition occurring within a time of
film material. the order ofus after each pulse, depending on the target-to-
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substrate distance, the deposition rate during the pulse is imeam evaporation or evaporation from a Knudsen cell, the
the range of 1HML/s, which is six to seven orders of mag- “evaporating” atoms have thermal kinetic energiesl eV).
nitude higher than in thermal deposition. This, however,n PLD there is a certain distribution of different kinetic
means that we have a deposition technique in which one d#nergies, which highly depends on the laser wavelength, the
the fundamental growth parameters, the deposition rate darget material, and, in particular, the fluence used. We are
flux of material F, is considerably higher than in conven- operating our PLD system in a fluence region just above the
tional methods. Following scaling relationships, the islangS0-called ablation threshold under which no significant
densityN during nucleation and growth can be given by an€vaporation from thg target material occurs; i.e., we are using
expression of the formi~ (F/D)?,% with D being the sur- deposition rates which are very low for PLD systems. The
face diffusion rate and, being a parameter taking into ac- average_deposm_on rate during PLD is stl_ll of the same order
count the size of the critical nucleus. Increaskhdy six to of magnitude as In thermal deposition. With the experlmental
seven orders of magnitude should lead to an increase in RSP gnd conditions we use, we are working In a regime
density of nuclei or islands of around two orders of magni—W.hICh |s.kno.wn to pr_oduce only a small amount of ions with
tude, assuming=0.33; i.e., a dimer forms a stable nucleus higher kinetic energies and a large number of neutral atoms
) — V. y .G, . . N . 4
on the surface. Thus, with an increased density of nucleiW.'th gverage_klnetlc energies of the prder of a feW 8v.
“normal” surface diffusion is hindered, which inevitably re- Kinetic energies of a few e_V are certainly not changing the
sults in two-dimensional growth. It has to be stressed thagr(.)wth c%mpartgd tof energles ahl. ?\V due_ to t?(tehene(rjgy f
this kind of variation of a fundamental growth parameter jggain on adsorption of an atom, which remains of the order o
usually very difficult to achieve; for instance, the surfacesever"’“.ev n k:_)oth_ cases. It IS neverthelegs conceivable that a
diffusion rateD is naturally distinctly limited by the tem- small higher-kinetic-energy ion pulse during PLD could fur-
aher improve the growth as has been observed in some ho-

perature range available to the experiment. A large islan L 28 . .
density is evident from our STM images, showing rnanymoepltamal syste and recently in a heteroepitaxial

1
small features of monatomic height on the surface. HoweversySte”ﬁ We have, however, not observed any damage to

in a quantitative evaluation of the island density during thefhe single-crystal surface or indications that islands are

initial stages of growth on Q@00), it became clear that for pinned to ?;.er;al'(n ptgsmon, as could be assumed for the
room-temperature growth of Fe by PLD the island density ié:)revsvencle 0 d '9 -tlne |c-e:1err?y |or;§. droplet bl Th
not decisively increased compared to TD Fg/0) as seen . € also do not seem to have the droplet problem. The
from our owrt® and othet® STM investigations. But that field of view in the STM Is limited, and the depasition of
might be due to the fact that the island density in the thermagmpletfc'. is a statistical process, such that there should .be a
deposition of Fe on QA00 is anomalously increased by the probab|llty of a.feW. percent.to encounter a probler_n during
effective “single-atom nucleation” as reported in Ref. 46 the STM investigation of a film of around 10 ML thickness

where this effect is seen to be the reason for the poor growthassurr_ung droplet densities as f_o_und in Ref). 23owever,
in the initial stages observed by STM. It has to be pointe e believe that the above deposition parameters are also op-

out that a critical nucleus of one atom does not really fit with imized to avoid droplgt formation, as we have not observed
the established scaling relationshfpsthough it is admitted any such featqres during the st_udy of "“?ra”y several t_hou—
that the size of the critical nucleus does not always seem tgands of S.TM Images. Even using scanning elgctfon MIcros-
be well defined” However, as we find layer-by-layer growth copy we did not observe any droplets. Another indication for
in the initial stages in PLD-grown Fe/CL00), we believe the absence of the droplet problem comes from the fact that

that the nucleation mechanism is modified with respect to thé/® have not detected any _degradatlon of the.va_nous.smgle—
thermal growth mechanism. In fact, in the later stages o rystal substrates used during the course of this investigation,

growth we still observe a large number of small islands Ofgiven the fact that our sputter cleaning is optimized for the

monatomic height in PLD, in contrast to the thermal deposi-depOSited layer thicl_<nes_:s and not for removing any. larger
tion where the features generally become fairly large. A sig—.s’Cale features. ConS|der|n_g that .bOth. drople_ts a_nd an increas-
nificant increase of the island density by around one order o9 number of afoms and ions with higher kinetic energy are

magnitude in the initial stages of growth is readily found forf[ehm'ttel()j frortnhtheblla?_er t?r:gethnge the fluence m(tj:rteaseskfur—
the case of Fe/Gal1l) by PLDX"8 Thus we believe that €' @dove the ablation threshold, we recommend (o work as

“instantaneous growth” leads to layer-by-layer growth for close to the threshold as possible, giving away the advantage

the Fe/C(100 system. We recently foun@that a certain that the average deposition rate could otherwise be even
control on the surface diffusion raf is required by lower- higher, fqr Instance, of the_ order of nmis. Eor the preparation
ing the substrate temperature to less than 250 K during PLDOf ultrathin f||m§ .by PLD, it IS also essential to work undgr
if true layer-by-layer growth should be achieved for system fue UHV conditions and with a large target-substrate dis-
like Fe/Cy11l) and Co/C11l), where thermal deposition ance.
results in the formation of three-dimensional islands due to
the low surface energy, i.e., high surface diffusion rate. This
is another proof that by using PLD we have a kind of control ~ The most notable result from our structural analysis lies in
over fundamental growth parameters, which has not beethe fact that the LEED measurements indicate that from 2 to
available so far. 10 ML the inner layers of the PLD-grown Fe/C®0) films
Some researchers claim that the influence of the higlhave a structure which is very close to cubic fcc. This is
deposition rate is only secondary to the influence of the higtbacked by the fact that the PLD films exhibitX1L) struc-
particle energy for generating a better thin-film growth inture in the lateral direction, as well as the fact that there is
PLD.2%“8 |n thermal evaporation techniques like electron-hardly tetragonal distortion in the vertical direction accord-

B. Structure



PRB 59 STRUCTURE AND MAGNETISM OF PULSED-LASER .. 1205

ing to our kinematidV-LEED calculation. In principle, the clear which structure stands for a more stable state of the

kinematic calculation does not normally allow a quantitativeFe/Cy100). By the fact that the fct structure of the TD Fe

interpretation claiming an accuracy in the percentage regiofilms is unstable against temperatdfeyhile the fcc struc-

of the structural parameters. However, in this particular systure of the PLD films is stable against temperat(F. 9),

tem Fe/C100), we believe that the kinematic calculation is One may conclude that the fcc structure is at least more stable

justified for the following reasons. with respect to temperature changing. It remains unclear,
(1) In previous work, the structure of the FeAQ0) sys- hpwever, whether the fcc structurg of the PLD films is a

tem has been extensively studied including using the statéliréct consequence of the accomplishment of layer-by-layer

of-the-art full dynamical calculatio™ A detailed compari- 9rowth from the initial states in PLD Fe/C100), as this

son between the kinematic and dynamic calculationé"’omd raise the question of whether in turn the distorted and
regarding this system has also been made, which indica urface-reconstructed structures observed in the TD films are

that a kinematic analysis of the Bragg peak positions pro- ue to the poor islandic ngcleati(_)n _and the clear deviation
vides reliable ways to separate the fcc and fct phases in tHcéom layer-by-layer growth in the initial stages.
films. It turned out that even the quantitative analysis within
its limits agreed well with the full dynamic analysis. The
reason is probably that Fe/Qu00 displays largely kinemati-
cal Bragg peaks for near-normal incidence at energies above The different magnetic behavior between the TD and PLD
100 eV. films reflects the complex and rich magnetic structures of fcc
(2) In the PLD films there is only one family of peakst ~ Fe. The initial linear increase ol ¢ suggests that the films
high energieswhich have close energy positions to those ofhave a ferromagnetic phase below 4 ML. The measured Kerr
the substrate copper peaks, i.e., fcc peaks. In addition, theistensities of the PLD and TD Fe films are practically the
are no signs of atomic bucklin@t least in the lateral direc- same, indicating that the PLD fcc-like films<4 ML) have
tion). Therefore, in our kinematic calculation of the PLD also a high-spin ferromagnetic phase. The decreade of
films, we are not involved in complex problems such as disabove 4 ML is an indication that the Fe films are either
tinguishing the fct from the buckling, which can only be nonuniformly magnetized or possess a smaller magnetic mo-
done and has been successfully done by dynamic calculament. The latter can be ruled out becaldg, instead of
tions for TD films>! being constant or even decreasing as shown in Fig. 10,
While the inner layers of the PLD films remain cubic-like should increase with increasing thickness, though with a
throughout the whole thickness regi®-10 ML), there are  smaller slope than the high-spin orie4 ML). A recent
also indications showing that the topmost layers of the PLCtheoretical calculatiolf has demonstrated a large amount of
films are somewhat expanded with respect to the averageossible antiferromagneti®FM) type spin configurations
interlayer distances of the Cu single-crystal substrate. In thisf the Fe/C@100 films at higher thicknes§>4 ML), with
respect the PLD films seem to assemble the structure of thtse most stable configuration being a bilayer-
TD Fe/CY100 films above 5 ML, where the films were antiferromagnetic state at even layésML) and a coexist-
observed to have an expanded topmost layer and cubic innence of several spin states, for instance, two spin-up on top
layers. However, we have observed no superstructure in thef three spin-down layers, at odd layer numb@$/L). But
topmost layers of the PLD films, while the top layers of thethe suggested AFM structure would result in a considerably
TD films (>5 ML) are (2x1) reconstructed. Moreover, smaller net magnetization than the experimental values be-
even the lateral lattice constant of the innerlayers of the PLDween 5 and 7 ML, and is particularly inconsistent with the
and TD films may be different due to the different extent offact that the Mg continuously decreases with increasing
the ongoing fcc-bcc phase transformation. Since the bcthickness from 7 to 10 ML. Other collinear spin alignment
structure has a larger lattice, it is expected that the transsalculations® also propose antiferromagnetic spin configura-
formed bcc precipitates will accommodate partially the strairtions which yield smaller values for the magnetization than
in the epitaxial films. Such a strain accommodation will inthe ones we measured.
turn influence the lattice constant of the untransformed fcc In the following we raise a plausible argument for the
parts. This appears to be particularly important to understanshconsistency between theory and experiment. While the
the surprising difference between the magnetic properties dheorie§**® assume an unchanged fcc structure for all film
the PLD and TD films, as will be discussed in the next secthickness, the lattice constant of the experiment films may be
tion. changed by increasing thickness, because above 4 ML the
For films below 5 ML, as stated above, the PLD films films start to experience a fcc to bcc structural transforma-
have a fcc structure, while the TD films have a fct structuretion. The transformed bcc precipitates have a larger lattice
Based on previous theoretical calculatidnis,is often as- constant and tend to partially accommodate the strain in the
sumed that fcc Fe should have a slightly larger lattice confilms. As a result, a portion of the inner layers of the films
stant than Cu in order to possess the high-spin ferromagnetimay relax to bulklike fcc(possibly with a lattice constant
state. The fact that the TD Fe/@00) films (<5 ML) have a  similar to that of the fcc Fe precipitates in a Cu matrie.,
fct structure, i.e., a larger atomic volume than that of thenonpseudormorphic, which is known to be nonmagnetic
copper, has been considered as direct proof of the calculabove the Nel temperaturé¢67 K in the case of bulk The
tion. However, our results from the PLD films have clearly topmost layers, however, should remain ferromagnetic due to
indicated that the Fe/QUO0 films can be high-spin ferro- the vertical expansion. Because the fcc to bec transformation
magnetic when the films adopt the lattice constants of thénitially proceeds very slowly, the portion of the nonpseudor-
copper substrate in both directions. It is not immediatelymorphic part of the inner layers of the Fe films varies little,

C. Magnetism
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explaining the rather constaM between 5 and 7 ML. At investigations:'*52Some researchers clafir®that the per-
higher thickness the transformation proceeds rapidly, leadingendicular magnetic anisotropy, which is found in TD Fe/
to a larger and larger portion of the nonpseudormorphic inneCu(100), is only due to the tetragonally expanded fct struc-
layers of the Fe films. This explains why th; of the films  ture, and is partially attributed to the volume of the unit cell
decreases with increasing thickness from 7 to 10 ML. At 10and partially also to the anisotropy of the structure, as the
ML the topmost layers appear to be the only ferromagnetigattice is vertically expanded. Thus, if this support from the
layers, since théAs equals nearly that a 2-ML film. Itis not crystal structure is not present, the competition of the
clear whether the transformed bcc precipitates are magnetignisotropies will be differently balanced and the surface an-
or not, but they do not contribute to the measuhd be-  isotropy might well not be the dominant part. Experimental
cause our applied magnetic field is not large enough to satys,iqence for this seems to come from extended x-ray-
rate bpclﬁlms(>5 MI.‘) in the perpendicular direction. absorption fine-structurg EXAFS) studies of Cu-Fe-Cu
wh';‘/‘ tSfLr]eqllfirCmfeChF?Cll:)srglr%aS?fi Lﬁfﬁgg\fg'?ﬁgﬁ_’:ﬁgﬂg:ﬁ Qandwich structure¥, where the distortion of the Fe film is
completely removed and an isotropic fcc structure is ob-

ferromagnetic phase while the fcc-like TD filng—11 ML) . X . : .
are antiferromagnetic. According to our STM studies, thetalned by coating the Fe film with Cu. The perpendicularly

PLD films (<4 ML) are free of bcc structures, while the TD disto_rted crystal structure is also not found to pl_ay a major
films (5—11 ML) contain bcc precipitates which tend to ac- rLOEIEIIEII:r; the:jls\t/ruLcitEl:Erg of PLItD'g_F?]WH tl;e/GLDO) foI!OW|fng our i

commodate the strain in the film. Thus part of the TD films -—— 8nd'V-LEED resulls. Thus the easy axis of magneti-
(5-11 ML) should relax to have bulk lateral lattidceoom zattion could be in plane in the range.bgtweenlz and 4 ML of
temperature fcc Fe lattice extrapolated from high_Fe/Ct(lOO) by PLD, as the structure is isotropic fcc and the

temperature valugsi.e., nonpseudormorphic. Because full film is in its ferromagnetic state due to its reduced dimen-

dynamic LEED calculations indicated that the topmost Iayerss'ona“]fy’ asthexplam(ra]dl abov?.thAn?lther \;:\;)ntrzlbutlor; m|gh(tj
are still fct-like and thus strained, it is likely that the fcc-like come from the morphology of the Tims. YVe have observe

inner layers are actually nonpseudormorphic. The PLD film ayer-by-layer growth in Fe/d00 by PLD and ascribe this

(<4 ML), on the other hand, should adopt the lateral lattice'” the high deposition rate WhiCh is for_cing two-dimensional
constant of copper, which is slightly larger than that of bqugrOWt? dye ”to r;{.h?] _folrmz;tloqhof an mcrelasle(il%nu[]n_bﬁr of
fcc Fe. Under these assumptions, it is straightforward to ynmonatomicaly high islands. There aré calculatronsnic

derstand that the TD film&—-11 ML) have an antiferromag- predict the change of the direc_tion of the magnetic moments
netic phase which is similar to the bulk fcc Fe, while Ouraround step edges with particular emphasis on the case

L : where the surface has step edges, for instance, between the
;tl;]?éﬁnl:gdr:chffglﬁém ;gﬁzfizdsggstgphlc fcc FE100 has fifth layer and the fourth layer coverage in TD Fe(CQ0),

It is somewhat astonishing that we have observed an inwhere the transformation from the uniform ferromagnetic to

plane easy axis of magnetization in PLD-grown Fe/D0) the antiferromagnetic spin configuration occurs. In an evalu-
between 2 and 5 ML thickness, while the TD films exhibit 210N of monolayer-scale surface roughness Biiihest-

perpendicular magnetic anisotropy in this thickness ranger.n""t.ed a redgced anisotropy aro.und. step edges. In a film With
Regarding the in-plane easy axis in the PLD-grown Fef high density of monolayer high islands, we have an in-

Cu(100), we already pointed out that contrary to the typical creased number of step edges, which for either of the above

uniaxial anisotropy we have indications that this is not averycalculatlons could lead to a reduced surface anisotropy and,

strong in-plane anisotropy as the samples can be saturatélags’ be respo_nsple for the appearance of an in-plane easy
Xis of magnetization.

it ily in moderate magnetic fields in th -of-plan . .
qure eastly oderate magnetic fields in the out-of-pla ¢ The reason why the PLD films become perpendicularly

geometry. Thus there seems only to be a weak perpendlculzrgrgagnetizeol at higher thickne€g—10 ML) is not clear. It

anisotropy, which in turn allows the shape anisotropy to be- . . ' " o
come dominant, such that the easy axis of magnetization is i ay be assoqlated W'th magnetic phase_ transitions, as in this
plane. Theoretically, it remains a matter of dispute whethe |(t:_lf<ness reg|otn tge f'm(‘f becortr;]e ;nalnly ntonmasgnetlcbotrh
the positive surface anisotropy is large enough to overcom@nH'erromagnetic depending on the temperatureé. sSince bo
the shape anisotropy in the Fel@Q0 system. Ujfalussy calculatlons of Refs_. 55 and 5.6 consistently p_redlcta_perpen-
et al% have found that for ferromagnetigM) Fe films, the dicular magnetization for thicker Fe/Ci00 films which

! - IP_ave an antiferromagnetic ground state, at this stage we ten-
tively attribute the spin reorientation to the ferromagnetic

ropy at any thickness. This is consistent with the measure : . .
0 antiferromagnetic phase transformation.

in-plane magnetization below 5 M(Fig. 2), where the films
are in a FM state. Results by Lorentz and Hafttdrpwever,
predict perpendicular magnetization for FM Fe films. It has V. CONCLUSION

to be pointed out at this stage of the discussion that for

reasons of simplicity most calculations of the magnetic prop- Using PLD, we have achieved layer-by-layer growth of
erties and the anisotropy of Fe/@00) have assumed a per- Fe/Cy100 from the initial stages. This improvement in the
fect isotropic cubic unit cell and perfectly smooth filfs?®  growth is due to a characteristic feature of PLD, the very
which are not found in TD Fe/GuO00) of thicknesses below high deposition rate. The growth above a thickness of 2 ML
4 ML. There have hardly been attempts to take the tetragongeems comparable to the growth of TD samples; i.e., it pro-
distortion of the unit cell into account, not to mention the ceeds layer by layer. However, the crystal structure of the
totally reconstructed film structure below 4 ML or the buck- inner layers of the PLD-grown ultrathin Fe/Q00) films

ling out of plane in combination with sinusoidal shifts in the appears to be isotropic fcc Fe up to 10 ML above which the
atomic structure, as deduced from the high-precision LEEDcc-bce transformation is completed.
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The magnetic behavior of PLD-grown Fe/QQ0) is quite With PLD we seem to have an ideal technique to easily
different from TD samples: Below a thickness of about 5modify the growth and structure of ultrathin films. The cor-
ML, the Fe films show an easy axis of magnetization in therelation between structure and magnetism characterized by
film plane. Then the films undergo an inverse spin reorienthe magnetic anisotropy eventually allows us in this way to
tation from in plane to out of plane, such that there is amanipulate the magnetic properties of ultrathin films.
perpendicular easy axis of magnetization between 6 and 10
ML. At a thickness above approximately 10 ML, a reorien-
tation of the easy axis of magnetization occurs back into the
plane of the film, which is associated with the fcc-bcc trans- The authors are grateful to F. Pabisch and G. Kroder for
formation being completed. their technical assistance.
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