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Structure and magnetism of pulsed-laser-deposited ultrathin films of Fe on Cu„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 deposition~PLD! we can achieve layer-by-layer growth for Fe on Cu~100! 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 monolayers~ML !
deposited at room temperature. We show scanning tunneling microscopy images and low-energy electron-
diffraction ~LEED! patterns as well as intensity vs energy (IV) LEED curves demonstrating that PLD-grown
Fe/Cu~100! 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 onto Cu~100!: PLD-grown ultra-
thin Fe/Cu~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 technique.@S0163-1829~99!13201-6#
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I. INTRODUCTION

The deposition of Fe on Cu single crystals allows t
room-temperature stabilization ofg-Fe, a fcc-Fe phase tha
promises interesting magnetic properties,1 but usually only
exists in bulk above 1186 K. The preparation and charac
ization of the Fe/Cu~100! system has attracted a lot of atte
tion as a model system to investigate the correlation betw
magnetism and structure.2–15 However, the thermal depos
tion ~TD! of Fe/Cu~100! clearly exhibits a deviation from
layer-by-layer growth in the first two monolayers~ML ! as
concluded from medium-energy electron-diffractio
~MEED! studies.2,3 This result has been confirmed by sca
ning tunneling microscopy~STM! investigations4,5 in which
the nucleation and growth of the second monolayer is
served to start from a total coverage of about 0.5 ML, wh
is long before the completion and even percolation of
first monolayer.6 At thicknesses above 2 ML the growth a
pears to be layer by layer when characterized by MEED
STM, but more precise structural studies by low-energy e
tron diffraction ~LEED! ~Refs. 3 and 7–9! show that the
growth of Fe/Cu~100! is much more complicated: It is di
vided into thickness ranges where different crystallograp
structures are dominant, namely, tetragonally distorted
~fct!, fcc, and bcc structures, where the latter is the equi
rium bulk phase of Fe at room temperature. In addition
that, superstructures have been observed which result
characteristic surface reconstructions and, furthermore, s
soidal shifts of the atomic rows in plane and buckling out
plane have been proposed and confirmed by LE
crystallography.9,10

But as TD Fe/Cu~100! does not show straightforwar
layer-by-layer growth as would have been desirable for
tablishing a~more general! correlation between magnetism
and structure for ultrathin magnetic films, it is difficult t
link the measured magnetic properties to the complex st
PRB 590163-1829/99/59~2!/1196~13!/$15.00
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tural transitions observed in this system. The Fe/Cu~100!
system has appeared even more complicated due to the
that both the structural and magnetic properties, in princip
also depend on the experimental conditions used, and
though similar thermal deposition techniques were appli
reports seem to give contradictory information. The prepa
tion of Fe/Cu~100! by a completely different deposition tech
nique might lead to different magnetic behavior, and th
this work should contribute to the clarification of the corr
lation between structure and magnetism. On the backgro
of the large number of publications on Fe/Cu~100!, it is sur-
prising that few attempts have been made11 to systematically
investigate the conditions under which Fe/Cu~100! shows the
now established correlation between magnetic and struct
properties.10 So far, experiments to modify the structur
properties of Fe/Cu~100! involved the annealing of the ultra
thin films,12 low-temperature growth,13 or the use of surfac-
tants during deposition.14–16 The aim of this work is to find
out whether and how the magnetic properties respond
controlled growth manipulation without changing the tem
perature of the films or introducing surfactants into the film

We recently found that we can modify the growth mo
of Fe/Cu~100! from three-dimensional island to layer-by
layer growth from the initial stages of growth, if we us
pulsed laser deposition~PLD! instead of a thermal depositio
technique like electron beam evaporation.17,18 In this contri-
bution our objective is to prove that the growth of F
Cu~100! can also be modified with the help of PLD, in pa
ticular, in the initial stages~up to 2 ML!. We present the
results of a comprehensive study on PLD-grown Fe/Cu~100!
of 2–10 ML thickness including STM and LEED investiga
tions. We report the magnetic properties of our ultrath
films of Fe/Cu~100! in the 2–10 ML thickness regime, whic
is chosen mainly because the Curie temperature of the fi
is either too low~,2 ML! or too high ~.10 ML! for the
particular experimental setup of this work~140–450 K!. The
1196 ©1999 The American Physical Society
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PRB 59 1197STRUCTURE AND MAGNETISM OF PULSED-LASER- . . .
results are discussed mainly on the background of the dif
ences in the growth of Fe/Cu~100! as achieved with PLD.

PLD has been known for about three decades, but it o
received major attention when it proved to be a most us
technique for the preparation of thin films of high
temperature superconductors about ten years ago.19 The large
number of publications20,21 concerning the use of PLD
makes it very clear that the main advantage of this techni
is based on the fact that with the help of high-power las
every possible material can be vaporized and, thus, depo
~in thin-film form! onto any substrate; i.e., PLD features co
gruent deposition~stoichiometry of the laser target is pre
served in the film! of virtually any target material. Anothe
very important advantage of PLD is the simplicity of th
technique: The laser is completely decoupled from the ac
deposition chamber—the laser beam is simply pointed on
target inside the chamber through an appropriate viewp
Thus the preparation chamber can contain any working
mosphere.

The material deposition in PLD is achieved when the o
put of a short-time and high-power laser is focused ont
target, which, following the absorption of the light, results
a very rapid evaporation of the target material. Depending
the absorption, the evaporation takes place within a time
some nanoseconds. As there is no liquid phase for any lo
period of time, there is not sufficient time for decompositi
during the ablation process. If the laser pulse length is lon
than the about 10 ns required for evaporation, signific
absorption of the laser light occurs in the vapor emerg
from the target. The absorption of light by the vapor resu
in the partial ionization of the evaporating atoms and, th
in the formation of a plasma, which expands away from
target. This leads to the vaporized material to gain hig
kinetic energies than in thermal deposition techniques.
expansion of the so-called plasma plume towards the ta
is blocked by the solid target, such that the plasma exer
considerable recoil pressure onto the target surface, wh
being heated before, causes an effect known as splas
i.e., the emission of particulates and droplets from the tar
There are other mechanisms which results in the forma
of droplets mainly based on the macroscopic and mic
scopic patterning of the target due to the repeated impac
the high-power laser pulses.22

The emission of droplets and particulates is likely to
the reason why PLD has not really made an impact in
preparation of magnetic thin films. Typically, those partic
lates or droplets are of the order of microns in size and s
ously limit the use of PLD for thin-film preparation depen
ing on the specific application in mind23 as most thin films
have properties which are closely related to the quality
their ‘‘two dimensionality,’’ i.e., their continuous and homo
geneous thickness and composition. However, there a
number of publications describing modifications to the e
perimental setup or the deposition parameters to consi
ably reduce or avoid droplet formation.24–26In our work, we
choose to use low laser power~slightly above that of the
ablation threshold! and work at a large target-substrate d
tance to avoid droplets.

Thin films of Fe have previously been grown b
PLD.27–32 However, in those publications thin films startin
from several nanometers in thickness were prepared
r-
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studied. This work extends the previous research on Fe d
sition by PLD into the range of ultrathin films, i.e., from
submonolayer coverages to film thicknesses of some mo
layers. We investigate PLD as a technique that is capabl
modifying the growth mode and characterize the magn
and structural properties of the film prepared in this wa
Part of the results of our intensity vs energy (IV) LEED and
magneto-optical Kerr effect~MOKE! studies has been re
cently published in brief.33

II. EXPERIMENTAL DETAILS

We have performed PLD in a multichamber ultrahig
vacuum ~UHV! system with a base pressure<5310211

mbar and a pressure<2310210 mbar during deposition.
Prior to the evaporation, the Cu~100! substrate was subject t
cycles of 1 keV Ar1 sputtering and annealing at 870 K un
clean Auger electron spectroscopy~AES! spectra, sharp
LEED spots, and atomically smooth terraces under S
were obtained. In our multichamber system we also p
formed thermal deposition of Fe/Cu~100!, and throughout
the studies we regularly obtained results on TD sample
ensure that we can reproduce the results as published
instance, in Refs. 2, 5, and 10. For the thermal deposition
Fe wire of 99.999% purity was heated by electron bomba
ment to deposit Fe at a rate of about 0.4 ML/min onto t
Cu~100! crystal.

For PLD the output of an excimer laser with KrF~248 nm
wavelength, 34 ns pulse length, maximum pulse energy
mJ, maximum repetition rate 30 Hz! was focused onto an F
target of 99.99% purity, resulting in a fluence of about
J/cm2 to deposition Fe onto the Cu~100! substrate, 100–130
mm away from the target. With the deposition paramet
described, we have established conditions for the pulsed
ser deposition of ultrathin films, for which we have not foun
any droplets on our samples. Using a pulse energy of 2
330 mJ and a repetition frequency of 5 Hz, we achieved
average deposition rate between 0.1 and 0.3 ML/min, wh
is comparable to the deposition rate during the thermal de
sition.

Figure 1 shows a schematic of our PLD system. T
deposition was monitored by a reflection high-ener
electron-diffraction~RHEED! system using an electron bea
of 35 keV incident onto the Cu~100! substrate under an angl
of about 3° to have a relatively large distance between
specularly reflected and diffracted spots, whose intensitie
a 4-in. phosphor screen were monitored using an autom
video-LEED system.34 During deposition, the substrate
were held at room temperature, i.e., 300 K65 K. After depo-
sition, the samples were transferred under UHV to a sepa
chamber dedicated to the magnetic characterization u
both the polar and the longitudinal MOKE. The sample te
perature during this measurement could be controlled fr
140 to 450 K within61 K. After the magnetic characteriza
tion samples were moved to an analysis chamber for LEE
intensity vs energy LEED measurements and AES for
investigation of the surface structure and the surface com
sition, and then to a room-temperature scanning tunne
microscopy chamber for topographic characterization.

III. RESULTS

A. Structural properties

MEED studies and STM investigations2–8 on Fe/Cu~100!
have shown that the thermal deposition of Fe/Cu~100! results
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1198 PRB 59H. JENNICHESet al.
in a growth mode that is clearly not layer by layer in the fi
monolayers, while at thicknesses above 2 ML the grow
appears to be layer by layer. Most researchers have foun
MEED-RHEED oscillation for the first ML in the room
temperature growth of Fe/Cu~100!.2,15,35,36Apparently, it is
also possible to find a degraded or a considerably sma
than expected oscillation,7,37 while one publication shows a
full oscillation for the first ML.38 In our thermal deposition
of Fe/Cu~100! monitored with MEED, we have measure
irregular oscillations as seen in Ref. 2 and our STM stud
of the corresponding samples agree well with Refs. 4
However, in PLD of Fe/Cu~100! we have always recorde
regular RHEED oscillations as shown in Fig. 2, from t
initial stages to approximately 10 ML, above which the fc
bcc transformation occurs. The regular oscillations are
strong indication that PLD growth of Fe/Cu~100! proceeds
via the layer-by-layer growth mode, also for the first 2 M
The amplitudes of the oscillations are decreasing after ab
5 ML, but the growth mode remains layer by layer. F
comparison, the inset in Fig. 2 shows irregular MEED os
lations as obtained during the thermal deposition of
Cu~100! taken from our previous work.15 The presence o
oscillations in the intensity of electron-diffraction spots alo
is no proof for a certain growth mode as, in principle, eve
slight variation in the crystal structure of the growing fil
could result in a change of the observed spot intens
Complementary STM studies are, therefore, necessary f
conclusive characterization.

Room-temperature STM images have been taken a
deposition, in support of the above claim that we can achi
true layer-by-layer growth of Fe/Cu~100! from the initial
stages. In STM images topographic information of the ST
tip, i.e., height, is translated into grey-scale pictures, wh
white corresponds to the highest height level and black to
lowest. In the study of the surface of an ultrathin film, t
number of different successive atomic height levels ‘‘v
ible’’ is represented in a distribution of distinct grey leve
such that the number of different grey levels indicates

FIG. 1. Schematic of the pulsed laser deposition system w
RHEED facilities and the typical characterization routine with t
measurement of the magnetic~MOKE!, structural ~LEED and
IV-LEED!, and morphological~STM! properties within a multi-
chamber UHV system.
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growth mode. Ideally, in layer-by-layer growth one shou
only see two grey levels within each substrate terrace:
substrate or underlying layer~dark! and the growing surface
layer ~bright!. But typically there will be a third grey level
which is either due to the fact that the underlying layer is n
yet filled completely or the nucleation of the next surfa
layer on top of a still growing layer owing to the fact th
ideal layer-by-layer growth does not exist. By comparis
with the height of atomic steps at the terrace edges of
clean and uncovered substrate, one can make sure tha
islands on the surface are of monolayer height.

While the topography of our TD Fe/Cu~100! was in
agreement with Refs. 4–6, PLD-grown Fe/Cu~100! is clearly
exhibiting layer-by-layer growth from the initial stages
can be seen from Fig. 3. The inset in Fig. 3~c! shows a STM
image of TD Fe/Cu~100! of a similar coverage to Fig. 3~c!
on the same lateral scale, clearly displaying poor growth
the thermal deposition indicated by the significant covera
in the second monolayer at this thickness. For the PL
grown Fe/Cu~100! it is evident that up to a coverage of 2 M
we observe a considerably improved growth compared to
Fe/Cu~100! with random nucleation on the substrate terrac
For example, at the nominal thickness of 1 ML, more th
95% of the adatoms go to the first layer, while there is le
than 5% in the second layer in PLD-grown Fe/Cu~100!, con-
trary to the growth during thermal deposition where at 1 M
nominal coverage the first layer of the film is only 80% fille

h

FIG. 2. RHEED oscillations of 10 ML pulsed-laser-deposit
Fe/Cu~100! grown at room temperature showing very clear, regu
oscillations, indicating that the growth proceeds via the layer-
layer growth mode,also for the first 2 ML. The number of lase
pulses required to deposit 1 ML of Fe is indicated. The aver
deposition rate during this experiment was 0.1 ML/min, which is
the slow end of the range of deposition rates available. Hig
deposition rates can be achieved using a higher laser fluenc
higher repetition frequency, or a lower target-substrate dista
The inset shows irregular MEED oscillations as obtained during
thermal deposition of Fe/Cu~100! taken from our previous work
~Ref. 15!.
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FIG. 3. STM images of the initial stages of growth of Fe/Cu~100! by pulsed laser deposition, clearly demonstrating layer-by-layer gro
from the initial stages. There are less than 5% of both the substrate surface and second ML, visible in nominally 1-ML-thick puls
deposited Fe/Cu~100!. The inset in~c! shows part of a STM image of thermally deposited Fe/Cu~100! of a similar coverage than~c! on the
same lateral scale, clearly displaying the poor growth in thermal deposition indicated by the significant coverage already prese
second ML at this thickness.
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and nearly 20% are already in the second layer.39 The growth
of Fe/Cu~100! by PLD between 2 and 5 ML of thickness als
proceeds via the layer-by-layer growth mode as is show
Fig. 4; i.e., the growth in this thickness range compares w
to the growth reported for TD Fe/Cu~100!.5 The sequence o
STM images in Fig. 5 shows the topography of Fe/Cu~100!
by PLD between 6 and 10 ML thickness, showing a gene
increase in the surface roughness and a faint indication
‘‘ridgelike’’ structures40 as are known from thermally depos
ited samples to be bcc precipitates. The bcc precipitate
fact start to appear at thickness of 4 ML with a very sm
density and become increasingly dominant when the th
ness is higher than 7 ML. The bcc precipitates are elonga
morphological features oriented along the^011& directions of
the Cu~100! single-crystal substrate. Their orientation r
mains the same throughout the measurement in the thick
range from 4 to 10 ML, while the STM images were tak
under various angles. The increasing number of ridges w
increasing thickness is indicative of the transition from fcc
bcc and leads to an increased roughness of the film. Ab
10 ML, the fcc to bcc transformation has been completed
the whole film becomes bcc-like.

This phase transformation is further evidenced in o
LEED andIV-LEED studies. The comparison of the LEE
patterns for 3.8 and 10.2 ML Fe/Cu~100! by PLD in Fig. 6
shows that the crystal structure has undergone a change
the thickness of the film. In the thickness range below
proximately 9 ML, we always find only a sharpp(131)
in
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pattern with respect to the clean Cu substrate, indicating
true pseudomorphic growth of the Fe films. It should
noted at this point that we did not observe any of the sup
structures resulting from surface reconstructions as
quently reported for TD Fe/Cu~100! in this thickness range
~431, 531, 231!.2,7–10However, the fcc-bcc phase transfo
mation at around 10–11 ML thickness is clearly visible
the LEED patterns with its characteristic pseudo ‘‘331’’ su-
perstructure resulting from the so-called Pitsch orientation
a similar thickness for TD Fe/Cu~100!. The bcc-like structure
is here leading to diffuse streaks into the^110& directions of
the crystal in the LEED pattern. By performing therm
depositions of Fe on Cu~100! in the same multichambe
UHV system, we confirmed that, in thermal deposition, s
perstructures were easily observed without any experime
difficulties.41

IV-LEED studies were undertaken to investigate t
structural transitions in PLD-grown Fe/Cu~100! films and to
supply some data comparable with the high-precision str
ture studies on TD Fe/Cu~100!.9–11 Figure 7 shows the~00!
beam intensities vs energy@ I (E) or I -V] curves for films of
different thicknesses. These curves were obtained at ro
temperature with the incident angle of the primary beam
proximately 6° away from the surface normal with help
the automatic video-LEED system used to monitor t
RHEED oscillations.34 The IV-LEED curves look different
to those recorded on TD Fe/Cu~100!, although the same
three peak families appear in the set of curves: peaks a
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FIG. 4. STM images of 2–5-ML-thick Fe films on Cu~100! grown by pulsed laser deposition showing layer-by-layer growth, wh
compares well to the thermal deposition of Fe/Cu~100!.

FIG. 5. STM images of 5–10 ML Fe/Cu~100! by pulsed laser deposition showing a general increase in the surface roughness and
indication of ‘‘ridgelike’’ structures~Ref. 40! as are known from thermally deposited samples to be precursors of the structural trans
tion from fcc to bcc, which seems to be completed above around 10 ML.
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PRB 59 1201STRUCTURE AND MAGNETISM OF PULSED-LASER- . . .
ciated with the fcc structure, peaks related to the tetragon
distorted fct phase, and at the highest thickness~.10 ML!
peaks representing the bcc bulk-Fe phase. The dashed
in Fig. 7 mark the peak positions of the Cu substrate~fcc
phase! and the solid lines follow the fct-Fe phase, whic
seems to be present in the low-energy range only, while
solid arrows show the bcc-Fe peaks only apparent at
highest thickness, indicating the completed transforma
from the fcc into the bcc phase. A drastic difference co
pared to theIV-LEED curves obtained on TD Fe/Cu~100! is
the fact that in PLD-grown Fe films there is no indication f
the homogeneously distorted film structure~fct phase! re-
ported for TD Fe/Cu~100! of thicknesses around 4 ML an
below.11 On the contrary, the fcc peaks are domina
throughout the thickness range investigated. We there
believe that PLD-grown Fe films have an isotropic fcc stru
ture; i.e., from theIV-LEED curves it seems that below
thickness of about 9 ML of Fe/Cu~100! there is no indication
for a deviation of the structure from an fcc-phase Fe fi
with the possibility of a tetragonally distorted surface lay
as seen in theIV-LEED curves by the fct peaks appearin
only in the lower-energy range. In terms of the interlay
spacing, which can be deduced from theIV-LEED curves by
simple kinematic approximation42 there seems to be no sig
nificant variation of the fcc phase throughout the thickn
range investigated as there is only a little shift of the pe
positions with respect to the clean Cu~100! substrate peaks
In Fig. 8 we have plotted the ratio between the interla
distances of the Fe film and Cu substrate, i.e., thec/a ratio,
assuming the substrate Cu to be cubic and the Fe grow
be pseudomorphic, against the thickness of PLD-grown
Cu~100!. This relative value gives an indication for the di
tortion of the cubic structure. Thec/a value is seen to in-
crease up to a thickness of around 4 ML and then dro
reaching unity in the range between 5 and 7 ML, decreas
further below this value towards to ML. But throughout th
thickness range from 2 to 10 ML,c/a only varies between
1.01 and 0.99. This is an indication of how close the str
ture of the PLD-grown films is to a cubic fcc lattice with th
lattice constant of the Cu~100! substrate. Towards a thick

FIG. 6. LEED pattern of 3.8 ML Fe/Cu~100! on the left-hand
side and 10.2 ML Fe/Cu~100! on the right-hand side, both prepare
by pulsed laser deposition. The electron energy is indicated in
top left corner of each image. In the thickness range between 2
10 ML, we always find a sharpp(131) pattern with respect to the
clean Cu substrate. At around 10–11 ML thickness the fcc-
phase transformation occurs, which is clearly visible in the LE
pattern of the 10.2-ML film showing a characteristic pseudo
31’’ superstructure.
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ness of 10 ML, there are increasing indications for a str
tural transformation; i.e., theIV-LEED curves show peak
broadening and the formation of peak shoulders, but only
the IV-LEED curve for the Fe film about 10 ML does th

e
nd

c

FIG. 7. IV-LEED curves recorded at room temperature for t
~00! spot for various thicknesses of ultrathin films of Fe/Cu~100!
grown by pulsed laser deposition~same coverage as in the STM
images!. The dashed lines mark the peak positions of the Cu~100!
substrate~fcc phase!, the solid lines follow the fct-Fe phase, whic
seems to appear in the low-energy range only, and the solid arr
show the bcc-Fe peaks, which indicate the transformation from
fcc into the bcc phase at a thickness above approximately 10 M

FIG. 8. Calculatedc/a ratio of the PLD Fe/Cu~100! films as a
function of thickness by kinematic method. In the whole thickne
range, thec/a values are within 1% of unity.
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1202 PRB 59H. JENNICHESet al.
transformation seem near to completion, as indicated by
pseudosuperstructure in the LEED pattern and the comp
set of ‘‘bcc’’ peaks in theIV-LEED curves.8

It has to be noted that the absence of fct peaks in theIV
curves of the PLD films is not affected by the measur
temperature. As an example, Fig. 9 shows theIV-LEED
curves of a 3-ML PLD Fe/Cu~100! film measured at various
temperatures ranging from 145 to 300 K. It is evident th
except some minor changes of the low-energy peaks,
main Bragg peaks remain in the fcc position without sho
ing signs of the appearance of fct peaks. The LEED pat
of the film also remains (131) without being affected by
temperature. This implies that the fcc structure of the PL
grown Fe films is rather stable, which is in great contras
the TD Fe films whose structure is strongly affected
temperature.11

B. Magnetic properties

On the background of the established correlation betw
the structure and magnetism of the thermally grown
Cu~100! films,10 it is now even more interesting to invest
gate the magnetic behavior of the PLD Fe/Cu~100! films, as
the ferromagnetic behavior of TD Fe/Cu~100! seems to be
strongly connected to the presence of the fct phase,11 which
is absent in the PLD-grown Fe films. The magnetic behav
of PLD-grown Fe/Cu~100! turned out to look quite compli-
cated, such that by just compiling hysteresis curves
samples with different thickness it seemed difficult to und
stand this behavior, especially in comparison with the res
of the publications on TD Fe/Cu~100!. We have, therefore
decided to plot the saturation magnetization (Ms) vs the
thickness of the PLD-grown Fe films with exemplary po
and longitudinal Kerr hysteresis loops in the different thic

FIG. 9. Temperature-dependentIV-LEED curves measured
from a 3-ML PLD Fe/Cu~100! film. Except for minor changes o
the peaks at low energies, the main Bragg peak positions rem
virtually unchanged.
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ness ranges, as seen in Fig. 10. TheMs in the plot was
deduced from the saturation level measured from the p
Kerr hysteresis curves at 145 K, for which we have alwa
obtained a well-defined saturation, except for samples
thicknesses above 10 ML, which are thought to be in the
structure. TheMs is seen to increase nearly linearly for PLD
grown Fe films in the thickness range up to 4 ML, just like
is observed for TD films. However, in thermally deposit
films around 4 ML thickness, there is a strong decrease
about 75% to a low value of the magnetization, at which
magnetization remains virtually constantly low througho
the thickness range between 5 and 10 ML, which is
plained by a ferromagnetic top layer, with the underlyi
layers being either paramagnetic14 or antiferromagnetic.38 In
PLD-grown Fe/Cu~100! the Ms only drops by about 20%
and then remains constant between 5 and 7 ML. It should
noted that the polar Kerr signal obtained from a fully sa
rated sample of about 7-ML PLD-grown Fe/Cu~100! was

in

FIG. 10. Plot of the saturation magnetization vs thickness
Fe/Cu~100! grown by pulsed laser deposition indicating the ma
netic phases. Exemplary MOKE curves in polar and longitudi
geometries both measured around 145 K are included to show
teresis curves obtained on films from the three different charac
istic thickness ranges, 2–5 ML~in-plane anisotropy!, 5–7 ML ~in-
verse spin reorientation region!, and 7–10 ML ~perpendicular
anisotropy!. Kerr loops of films from the bcc region are not show
as their magnetic behavior is not fundamentally different from
known thermally deposited films. Note that the scales of the app
magnetic field for the Kerr loops are different and the units of
Kerr intensities are different for polar and in-plane geometry.
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around a factor of 2 higher than the polar Kerr signal o
tained from a comparably thick TD Fe film in our own e
periments. By contrast, the polar Kerr signal at saturation
a 4-ML-thick PLD-grown sample was practically the same
the signal from a 4-ML thermally deposited Fe film. Above
ML, the Ms begins to decrease until it reaches a signal le
similar to the 2-ML signal at a thickness of about 10 ML.

The magnetic anisotropy of the PLD Fe films sho
rather complex behavior as shown in Fig. 10. The most o
standing feature is the fact that at thicknesses between 2
5 ML the easy axis of magnetization is in the plane of t
film, while we can observe hard-axis loops in the polar Ke
effect measurements, as can be seen in the Kerr loops in
10. However, the saturating field of these hard-axis perp
dicular loops is relatively small with about 100 mT at 2 M
The saturating field is then seen to decrease with increa
coverage, until at a thickness of around 5 ML significa
remanent magnetization develops and, at higher thickn
~7–10 ML!, easy-axis~square! loops are observed out o
plane. Above 10 ML, simultaneously with the developme
of the bcc phase, the easy axis of magnetization is rota
into the plane of the film; i.e., in-plane square hystere
loops with a coercivity of around 400 Oe are observed.

Figure 11 shows a plot of the Curie temperatureTc vs the
thickness of PLD-grown Fe/Cu~100!. The maximum Curie
temperature for PLD-grown films is reached at a lower thi
ness than the maximum in the saturation magnetization~;4
ML !, which was also found for the TD films.11 However, the
Tc values for PLD-grown Fe/Cu~100! are, in general, lower
than the ones for TD films. In particular, the maximumTc at
3 ML is about 290 K for the PLD film and 370 K for the film
prepared by thermal deposition. Above a thickness of 3 M
the Curie temperature of PLD-grown Fe films drops to
minimum value ofTc5210 K in the middle of the inverse
spin reorientation region. Between 7 and 10 ML Fe/Cu~100!
by PLD, Tc is nearly constant at around 240 K. Note thatTc
for PLD-grown Fe/Cu~100! with a thickness of less than 1
ML is always below the deposition temperature of 300
Above this thickness range, in the bcc-Fe phase region,Tc is
higher than 450 K. We did not perform temperatur
dependent measurements above this temperature, in ord
avoid any significant interdiffusion between the substrate
film material.

FIG. 11. Plot of the Curie temperature vs thickness of
Cu~100! grown by pulsed laser deposition with an indication of t
characteristic thickness ranges where different magnetic behav
observed.
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IV. DISCUSSION

As there is such a large number of publications on
thermal deposition of Fe/Cu~100!, it seemed essential an
unavoidable to discuss some of the results found on P
grown Fe/Cu~100! on the background of their compariso
with the TD samples already in the results section of t
paper. Here we will only shortly summarize the differenc
between PLD-grown and TD Fe/Cu~100! and then mainly
discuss the implications of those differences.

~1! Morphology: By PLD, we have achieved true layer-b
layer growth in the first 2 ML of the growth of Fe
Cu~100!.

~2! Structure: The crystal structure of the PLD-grown ultr
thin Fe/Cu~100! films appears to be isotropic fcc Fe u
to the thickness where the fcc-bcc transformation is co
pleted at around 10 ML. The PLD-grown Fe films sho
no signs of surface reconstruction, but with indicatio
that the surface layer is expanded with respect to the
of the film.

~3! Magnetism: Between 2 and 5 ML thickness PLD-grow
Fe/Cu~100! films have an in-plane easy magnetizati
axis. Between 5 and 7 ML the films experience an
verse spin reorientation from in plane to out of plan
resulting in a perpendicular easy magnetization axis
the thickness region between 7 and 10 ML. TheMs is
linearly increasing up to a thickness of 4 ML and th
drops by 20% and remains constant up to 7 ML, fro
where it slowly decreases.

A. Morphology

The STM images in combination with the RHEED osc
lations during growth prove that ultrathin films of Fe o
Cu~100! grown by PLD exhibit layer-by-layer growth, eve
in the initial states~below 2 ML!, where the growth of TD
Fe/Cu~100! films appears very poor. Layer-by-layer grow
is a quality of growth and highly desirable as it allows t
preparation of structurally well-defined films, where, for i
stance, magnetic properties are not disturbed by struct
imperfections, as has been extensively discussed.33,43 Layer-
by-layer growth also implies a lower average surface rou
ness of the thin-film structure. PLD is known to lead to
better epitaxial growth.20,21In the present study experiment
proof of the improved growth is given by sequences of ST
images of submonolayer coverages and thicknesses of a
ML of a material deposited on a well-defined single-crys
substrate. The clear results of the STM studies are suppo
by RHEED oscillations, a surface structural characterizati
and the presentation of magnetic properties, which are kn
to be ‘‘notoriously structure sensitive.’’36 Recently, we dem-
onstrated the applicability of PLD and improved growth pr
paring an artificially layered alloy, FeCu, by a stacking
monatomic layers of Fe and Cu onto a Cu~100! single
crystal.44

We attribute the remarkable improvement in the growth
the fact that PLD features a very high deposition rate,
so-called ‘‘instantaneous deposition:’’20 As the deposition
rate in PLD is of the order of 0.001–0.01 ML per laser pu
and with the material deposition occurring within a time
the order ofms after each pulse, depending on the target-
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substrate distance, the deposition rate during the pulse
the range of 104 ML/s, which is six to seven orders of mag
nitude higher than in thermal deposition. This, howev
means that we have a deposition technique in which on
the fundamental growth parameters, the deposition rate
flux of material F, is considerably higher than in conven
tional methods. Following scaling relationships, the isla
densityN during nucleation and growth can be given by
expression of the formN;(F/D)g,45 with D being the sur-
face diffusion rate andg being a parameter taking into ac
count the size of the critical nucleus. IncreasingF by six to
seven orders of magnitude should lead to an increase in
density of nuclei or islands of around two orders of mag
tude, assumingg50.33; i.e., a dimer forms a stable nucle
on the surface. Thus, with an increased density of nuc
‘‘normal’’ surface diffusion is hindered, which inevitably re
sults in two-dimensional growth. It has to be stressed t
this kind of variation of a fundamental growth parameter
usually very difficult to achieve; for instance, the surfa
diffusion rateD is naturally distinctly limited by the tem
perature range available to the experiment. A large isl
density is evident from our STM images, showing ma
small features of monatomic height on the surface. Howe
in a quantitative evaluation of the island density during
initial stages of growth on Cu~100!, it became clear that fo
room-temperature growth of Fe by PLD the island density
not decisively increased compared to TD Fe/Cu~100! as seen
from our own39 and other4,6 STM investigations. But tha
might be due to the fact that the island density in the ther
deposition of Fe on Cu~100! is anomalously increased by th
effective ‘‘single-atom nucleation’’ as reported in Ref. 4
where this effect is seen to be the reason for the poor gro
in the initial stages observed by STM. It has to be poin
out that a critical nucleus of one atom does not really fit w
the established scaling relationships,45 although it is admitted
that the size of the critical nucleus does not always seem
be well defined.47 However, as we find layer-by-layer growt
in the initial stages in PLD-grown Fe/Cu~100!, we believe
that the nucleation mechanism is modified with respect to
thermal growth mechanism. In fact, in the later stages
growth we still observe a large number of small islands
monatomic height in PLD, in contrast to the thermal depo
tion where the features generally become fairly large. A s
nificant increase of the island density by around one orde
magnitude in the initial stages of growth is readily found f
the case of Fe/Cu~111! by PLD.17,18 Thus we believe tha
‘‘instantaneous growth’’ leads to layer-by-layer growth f
the Fe/Cu~100! system. We recently found17 that a certain
control on the surface diffusion rateD is required by lower-
ing the substrate temperature to less than 250 K during P
if true layer-by-layer growth should be achieved for syste
like Fe/Cu~111! and Co/Cu~111!, where thermal deposition
results in the formation of three-dimensional islands due
the low surface energy, i.e., high surface diffusion rate. T
is another proof that by using PLD we have a kind of cont
over fundamental growth parameters, which has not b
available so far.

Some researchers claim that the influence of the h
deposition rate is only secondary to the influence of the h
particle energy for generating a better thin-film growth
PLD.20,48 In thermal evaporation techniques like electro
in
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beam evaporation or evaporation from a Knudsen cell,
‘‘evaporating’’ atoms have thermal kinetic energies~!1 eV!.
In PLD there is a certain distribution of different kinet
energies, which highly depends on the laser wavelength,
target material, and, in particular, the fluence used. We
operating our PLD system in a fluence region just above
so-called ablation threshold under which no significa
evaporation from the target material occurs; i.e., we are us
deposition rates which are very low for PLD systems. T
average deposition rate during PLD is still of the same or
of magnitude as in thermal deposition. With the experimen
setup and conditions we use, we are working in a regi
which is known to produce only a small amount of ions w
higher kinetic energies and a large number of neutral ato
with average kinetic energies of the order of a few eV49

Kinetic energies of a few eV are certainly not changing t
growth compared to energies of!1 eV due to the energy
gain on adsorption of an atom, which remains of the orde
several eV in both cases. It is nevertheless conceivable th
small higher-kinetic-energy ion pulse during PLD could fu
ther improve the growth as has been observed in some
moepitaxial systems50 and recently in a heteroepitaxia
system.51 We have, however, not observed any damage
the single-crystal surface or indications that islands
pinned to a certain position, as could be assumed for
presence of high-kinetic-energy ions.

We also do not seem to have the droplet problem. T
field of view in the STM is limited, and the deposition o
droplets is a statistical process, such that there should
probability of a few percent to encounter a problem duri
the STM investigation of a film of around 10 ML thicknes
~assuming droplet densities as found in Ref. 29!. However,
we believe that the above deposition parameters are also
timized to avoid droplet formation, as we have not observ
any such features during the study of literally several th
sands of STM images. Even using scanning electron mic
copy we did not observe any droplets. Another indication
the absence of the droplet problem comes from the fact
we have not detected any degradation of the various sin
crystal substrates used during the course of this investiga
given the fact that our sputter cleaning is optimized for t
deposited layer thickness and not for removing any lar
scale features. Considering that both droplets and an incr
ing number of atoms and ions with higher kinetic energy
emitted from the laser target once the fluence increases
ther above the ablation threshold, we recommend to work
close to the threshold as possible, giving away the advan
that the average deposition rate could otherwise be e
higher, for instance, of the order of nm/s. For the preparat
of ultrathin films by PLD, it is also essential to work und
true UHV conditions and with a large target-substrate d
tance.

B. Structure

The most notable result from our structural analysis lies
the fact that the LEED measurements indicate that from 2
10 ML the inner layers of the PLD-grown Fe/Cu~100! films
have a structure which is very close to cubic fcc. This
backed by the fact that the PLD films exhibit (131) struc-
ture in the lateral direction, as well as the fact that there
hardly tetragonal distortion in the vertical direction accor
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ing to our kinematicIV-LEED calculation. In principle, the
kinematic calculation does not normally allow a quantitat
interpretation claiming an accuracy in the percentage reg
of the structural parameters. However, in this particular s
tem Fe/Cu~100!, we believe that the kinematic calculation
justified for the following reasons.

~1! In previous work, the structure of the Fe/Cu~100! sys-
tem has been extensively studied including using the st
of-the-art full dynamical calculation.52 A detailed compari-
son between the kinematic and dynamic calculatio
regarding this system has also been made, which indi
that a kinematic analysis of the Bragg peak positions p
vides reliable ways to separate the fcc and fct phases in
films. It turned out that even the quantitative analysis with
its limits agreed well with the full dynamic analysis. Th
reason is probably that Fe/Cu~100! displays largely kinemati-
cal Bragg peaks for near-normal incidence at energies ab
100 eV.

~2! In the PLD films there is only one family of peaks~at
high energies! which have close energy positions to those
the substrate copper peaks, i.e., fcc peaks. In addition, t
are no signs of atomic buckling~at least in the lateral direc
tion!. Therefore, in our kinematic calculation of the PL
films, we are not involved in complex problems such as d
tinguishing the fct from the buckling, which can only b
done and has been successfully done by dynamic calc
tions for TD films.51

While the inner layers of the PLD films remain cubic-lik
throughout the whole thickness region~2–10 ML!, there are
also indications showing that the topmost layers of the P
films are somewhat expanded with respect to the ave
interlayer distances of the Cu single-crystal substrate. In
respect the PLD films seem to assemble the structure o
TD Fe/Cu~100! films above 5 ML, where the films wer
observed to have an expanded topmost layer and cubic i
layers. However, we have observed no superstructure in
topmost layers of the PLD films, while the top layers of t
TD films ~.5 ML! are (231) reconstructed. Moreover
even the lateral lattice constant of the innerlayers of the P
and TD films may be different due to the different extent
the ongoing fcc-bcc phase transformation. Since the
structure has a larger lattice, it is expected that the tra
formed bcc precipitates will accommodate partially the str
in the epitaxial films. Such a strain accommodation will
turn influence the lattice constant of the untransformed
parts. This appears to be particularly important to underst
the surprising difference between the magnetic propertie
the PLD and TD films, as will be discussed in the next s
tion.

For films below 5 ML, as stated above, the PLD film
have a fcc structure, while the TD films have a fct structu
Based on previous theoretical calculations,1 it is often as-
sumed that fcc Fe should have a slightly larger lattice c
stant than Cu in order to possess the high-spin ferromagn
state. The fact that the TD Fe/Cu~100! films ~,5 ML! have a
fct structure, i.e., a larger atomic volume than that of
copper, has been considered as direct proof of the calc
tion. However, our results from the PLD films have clea
indicated that the Fe/Cu~100! films can be high-spin ferro
magnetic when the films adopt the lattice constants of
copper substrate in both directions. It is not immediat
n
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clear which structure stands for a more stable state of
Fe/Cu~100!. By the fact that the fct structure of the TD F
films is unstable against temperature,53 while the fcc struc-
ture of the PLD films is stable against temperature~Fig. 9!,
one may conclude that the fcc structure is at least more st
with respect to temperature changing. It remains uncle
however, whether the fcc structure of the PLD films is
direct consequence of the accomplishment of layer-by-la
growth from the initial states in PLD Fe/Cu~100!, as this
would raise the question of whether in turn the distorted a
surface-reconstructed structures observed in the TD films
due to the poor islandic nucleation and the clear deviat
from layer-by-layer growth in the initial stages.

C. Magnetism

The different magnetic behavior between the TD and P
films reflects the complex and rich magnetic structures of
Fe. The initial linear increase ofMs suggests that the films
have a ferromagnetic phase below 4 ML. The measured K
intensities of the PLD and TD Fe films are practically t
same, indicating that the PLD fcc-like films~,4 ML! have
also a high-spin ferromagnetic phase. The decrease ofMs
above 4 ML is an indication that the Fe films are eith
nonuniformly magnetized or possess a smaller magnetic
ment. The latter can be ruled out becauseMs , instead of
being constant or even decreasing as shown in Fig.
should increase with increasing thickness, though with
smaller slope than the high-spin one~,4 ML!. A recent
theoretical calculation54 has demonstrated a large amount
possible antiferromagnetic-~AFM! type spin configurations
of the Fe/Cu~100! films at higher thickness~.4 ML!, with
the most stable configuration being a bilaye
antiferromagnetic state at even layers~6 ML! and a coexist-
ence of several spin states, for instance, two spin-up on
of three spin-down layers, at odd layer numbers~5 ML!. But
the suggested AFM structure would result in a considera
smaller net magnetization than the experimental values
tween 5 and 7 ML, and is particularly inconsistent with t
fact that the Ms continuously decreases with increasin
thickness from 7 to 10 ML. Other collinear spin alignme
calculations55 also propose antiferromagnetic spin configu
tions which yield smaller values for the magnetization th
the ones we measured.

In the following we raise a plausible argument for th
inconsistency between theory and experiment. While
theories54,55 assume an unchanged fcc structure for all fi
thickness, the lattice constant of the experiment films may
changed by increasing thickness, because above 4 ML
films start to experience a fcc to bcc structural transform
tion. The transformed bcc precipitates have a larger lat
constant and tend to partially accommodate the strain in
films. As a result, a portion of the inner layers of the film
may relax to bulklike fcc~possibly with a lattice constan
similar to that of the fcc Fe precipitates in a Cu matrix!, i.e.,
nonpseudormorphic, which is known to be nonmagne
above the Ne´el temperature~67 K in the case of bulk!. The
topmost layers, however, should remain ferromagnetic du
the vertical expansion. Because the fcc to bcc transforma
initially proceeds very slowly, the portion of the nonpseudo
morphic part of the inner layers of the Fe films varies litt
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explaining the rather constantMs between 5 and 7 ML. At
higher thickness the transformation proceeds rapidly, lead
to a larger and larger portion of the nonpseudormorphic in
layers of the Fe films. This explains why theMs of the films
decreases with increasing thickness from 7 to 10 ML. At
ML the topmost layers appear to be the only ferromagn
layers, since theMs equals nearly that a 2-ML film. It is no
clear whether the transformed bcc precipitates are magn
or not, but they do not contribute to the measuredMs be-
cause our applied magnetic field is not large enough to s
rate bcc films~.5 ML! in the perpendicular direction.

A similar mechanism can be used to solve the puzzle a
why the fcc-like PLD films~,4 ML! have a high-momen
ferromagnetic phase while the fcc-like TD films~5–11 ML!
are antiferromagnetic. According to our STM studies,
PLD films ~,4 ML! are free of bcc structures, while the T
films ~5–11 ML! contain bcc precipitates which tend to a
commodate the strain in the film. Thus part of the TD film
~5–11 ML! should relax to have bulk lateral lattice~room
temperature fcc Fe lattice extrapolated from hig
temperature values!, i.e., nonpseudormorphic. Because fu
dynamic LEED calculations indicated that the topmost lay
are still fct-like and thus strained, it is likely that the fcc-lik
inner layers are actually nonpseudormorphic. The PLD fil
~,4 ML!, on the other hand, should adopt the lateral latt
constant of copper, which is slightly larger than that of bu
fcc Fe. Under these assumptions, it is straightforward to
derstand that the TD films~5–11 ML! have an antiferromag
netic phase which is similar to the bulk fcc Fe, while o
studies indicate that the pseudormorphic fcc Fe/Cu~100! has
a high-moment ferromagnetic phase.

It is somewhat astonishing that we have observed an
plane easy axis of magnetization in PLD-grown Fe/Cu~100!
between 2 and 5 ML thickness, while the TD films exhib
perpendicular magnetic anisotropy in this thickness ran
Regarding the in-plane easy axis in the PLD-grown
Cu~100!, we already pointed out that contrary to the typic
uniaxial anisotropy we have indications that this is not a v
strong in-plane anisotropy as the samples can be satu
quite easily in moderate magnetic fields in the out-of-pla
geometry. Thus there seems only to be a weak perpendic
anisotropy, which in turn allows the shape anisotropy to
come dominant, such that the easy axis of magnetization
plane. Theoretically, it remains a matter of dispute whet
the positive surface anisotropy is large enough to overco
the shape anisotropy in the Fe/Cu~100! system. Ujfalussy
et al.56 have found that for ferromagnetic~FM! Fe films, the
surface anisotropy is too small to overcome the shape an
ropy at any thickness. This is consistent with the measu
in-plane magnetization below 5 ML~Fig. 2!, where the films
are in a FM state. Results by Lorentz and Hafner,55 however,
predict perpendicular magnetization for FM Fe films. It h
to be pointed out at this stage of the discussion that
reasons of simplicity most calculations of the magnetic pr
erties and the anisotropy of Fe/Cu~100! have assumed a pe
fect isotropic cubic unit cell and perfectly smooth films,54–56

which are not found in TD Fe/Cu~100! of thicknesses below
4 ML. There have hardly been attempts to take the tetrago
distortion of the unit cell into account, not to mention th
totally reconstructed film structure below 4 ML or the buc
ling out of plane in combination with sinusoidal shifts in th
atomic structure, as deduced from the high-precision LE
g
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investigations.9,10,52Some researchers claim57,58 that the per-
pendicular magnetic anisotropy, which is found in TD F
Cu~100!, is only due to the tetragonally expanded fct stru
ture, and is partially attributed to the volume of the unit c
and partially also to the anisotropy of the structure, as
lattice is vertically expanded. Thus, if this support from t
crystal structure is not present, the competition of t
anisotropies will be differently balanced and the surface
isotropy might well not be the dominant part. Experimen
evidence for this seems to come from extended x-r
absorption fine-structure~EXAFS! studies of Cu-Fe-Cu
sandwich structures,57 where the distortion of the Fe film is
completely removed and an isotropic fcc structure is o
tained by coating the Fe film with Cu. The perpendicula
distorted crystal structure is also not found to play a ma
role in the structure of PLD-grown Fe/Cu~100! following our
LEED andIV-LEED results. Thus the easy axis of magne
zation could be in plane in the range between 2 and 4 ML
Fe/Cu~100! by PLD, as the structure is isotropic fcc and th
film is in its ferromagnetic state due to its reduced dime
sionality, as explained above. Another contribution mig
come from the morphology of the films. We have observ
layer-by-layer growth in Fe/Cu~100! by PLD and ascribe this
to the high deposition rate which is forcing two-dimension
growth due to the formation of an increased number
monatomically high islands. There are calculations59 which
predict the change of the direction of the magnetic mome
around step edges with particular emphasis on the c
where the surface has step edges, for instance, betwee
fifth layer and the fourth layer coverage in TD Fe/Cu~100!,
where the transformation from the uniform ferromagnetic
the antiferromagnetic spin configuration occurs. In an eva
ation of monolayer-scale surface roughness Bruno,60 esti-
mated a reduced anisotropy around step edges. In a film
a high density of monolayer high islands, we have an
creased number of step edges, which for either of the ab
calculations could lead to a reduced surface anisotropy a
thus, be responsible for the appearance of an in-plane
axis of magnetization.

The reason why the PLD films become perpendicula
magnetized at higher thickness~7–10 ML! is not clear. It
may be associated with magnetic phase transitions, as in
thickness region the films become mainly nonmagnetic
antiferromagnetic depending on the temperature. Since b
calculations of Refs. 55 and 56 consistently predict a perp
dicular magnetization for thicker Fe/Cu~100! films which
have an antiferromagnetic ground state, at this stage we
tatively attribute the spin reorientation to the ferromagne
to antiferromagnetic phase transformation.

V. CONCLUSION

Using PLD, we have achieved layer-by-layer growth
Fe/Cu~100! from the initial stages. This improvement in th
growth is due to a characteristic feature of PLD, the ve
high deposition rate. The growth above a thickness of 2 M
seems comparable to the growth of TD samples; i.e., it p
ceeds layer by layer. However, the crystal structure of
inner layers of the PLD-grown ultrathin Fe/Cu~100! films
appears to be isotropic fcc Fe up to 10 ML above which
fcc-bcc transformation is completed.
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The magnetic behavior of PLD-grown Fe/Cu~100! is quite
different from TD samples: Below a thickness of about
ML, the Fe films show an easy axis of magnetization in
film plane. Then the films undergo an inverse spin reori
tation from in plane to out of plane, such that there is
perpendicular easy axis of magnetization between 6 and
ML. At a thickness above approximately 10 ML, a reorie
tation of the easy axis of magnetization occurs back into
plane of the film, which is associated with the fcc-bcc tra
formation being completed.
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With PLD we seem to have an ideal technique to eas
modify the growth and structure of ultrathin films. The co
relation between structure and magnetism characterized
the magnetic anisotropy eventually allows us in this way
manipulate the magnetic properties of ultrathin films.
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