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Growth, structure, and magnetism of fcc Fe ultrathin films on Cu(1121)
by pulsed laser deposition
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Ultrathin Fe films on C(L11) have been grown by pulsed-laser depositiehD) whose instantaneous
deposition rate is about six orders of magnitude larger than that of the conventional molecular-beam epitaxy
based on thermal depositidiiD). Compared to the TD prepared Fe(Cil) films, the PLD films have a
significantly improved layer-by-layer morphology and a substantially enhanced stability of the fcc phase as
characterized by scanning tunneling microscopy and electron-diffraction techniques. The magnetic properties
of the PLD films, investigated by magneto-optical Kerr effect, also show remarkably different behavior as
compared to the TD films. At low thicknegs<3 ML), while the TD films are characterized by a low net
moment and a short-range ferromagnetic order, the PLD films show a high net moment with a true long-range
ferromagnetic order. Above 3 ML both PLD and TD films undergo a magnetic transition though with appar-
ently different structural origin. We discuss these results based on the different growth and structure between
the PLD and TD grown Fe film§S0163-18289)02802-7

[. INTRODUCTION a nearly isotropic fcc Fe below approximately 3—4 RIBut
different experiments on copper capped filnend films
The magnetism of face-centered-culiicc) y-Fe has at- grown on stepped surfat®using thermal deposition indicate
tracted great interest for decades. While theories pointed o@ small moment for the Fe of the order of Q4. It is thus of
that the ground state of fcc Fe is that of a spin-spiral densit@reat interest to study whether high-moment ferromagnetic
wave! it is also well known that the spin structure of fcc Fe Fe/Cu films with a true fcc structure can be achieved.
depends strongly on its lattice constant. Generally for the Recently we have found that high-moment ferromagnetic
y-Fe a larger lattice constant favors a larger magnetic mof® films with fcc structurgbelow 4 ML) can be obtained
ment as well as ferromagnetic exchange coupling. From th¥/hen the f|Ir‘r1113 are grown on CLOO) by pulsed-laser depo-
application point of view, it is most desirable to achieve Sition (PLD).” Compared to the conventional molecular-

ferromagnetic fcc Fe with high magnetic moment. This beam epitaxyMBE) method which is based on the thermal

however, appears to be impossible for bulk due to the diffi-.dEpOS't'on(TD)’ the PLD technique has a remarkably high

culty of stabilizing y-Fe at low temperatures, because itSmstantaneous deposition rate, i.e., the time scale of one laser
. ' ulse(typically several tens of nanosecohdse rate is more
natural fcc phase exists only at temperatu(esl186 K) pulse(typically n

b he Curi A ol bil than five orders of magnitude larger than the TD rate. The
above the Curie temperature. A possi '€ way to sta ! '_Zehigh deposition rate results in a high nucleation density,
bulk y-Fe at room temperature or below is forming precipi-

_ . which in turn leads to a significantly improved two-
tates in an fcc Cu matrikthough they were observed to be gimensional growth of the PLD films. Although it is still
antiferromagnetic with a N& temperature of 67 K.

=P _under investigation whether the fcc structure of the PLD Fe/
Another approach to obtain high-moment ferromagneticcy(100) films is a direct consequence of the improved mor-
fcc Fe is to epitaxially grow Fe films on fcc substrates suchphology, it is clear that the fcc PLD Fe/C100) films have a
as Ni, Cu, and CgAu, whose lattice constants are close tosimilar high-moment ferromagnetic phase as the fct TD Fe/
that of Fe. Among them, Cu is the most interesting substrat€u(100) films.
because according to one calculatfoiis lattice constant In the present work we apply the PLD technique to grow
(3.61 A) is just in between that of an antiferromagnetic phaseFe films on the C(1L11) substrate. The fact that the ultrafast
and the high-moment ferromagnetic phase of fcc Fe. Thi®LD improves the growth of the films towards layer-by-layer
has given hope to the achievement of ferromagnetic fcis particularly useful for the Fe/Qu1ll) system, since the
Fe/Cu films. Experimental results indicate that the situatiorthermal deposition leads to a three-dimensional island mor-
is rather complex. On the W00 a ferromagnetic phase phology with a clear tendency towards step decoration, pro-
with a large net magnetic moment-Q.5ug) was indeed vided the growth temperature is kept between 100 and 300
observed up to 4 monolayetdL).? But in this thickness K. Depositing films at substrate temperatures below 100 K
range they-Fe phase is in fact tetragonally expanded leadingmight improve the smoothness of the film, but the films grow
to an fct rather than an fcc structttébove 4 ML an fct to  directly in a bce phase rather than an fcc phisgor films
an fcc structural transformation takes place with the net mogrown at higher substrate temperature, a significant interdif-
ment falling down and staying around a constant value up téusion between Fe and Cu is unavoidable hindering the study
the bcc transformation thicknegés 11 ML).” For this system  of a well-defined systertt In our previous work we have
the high moment is therefore linked to the fct phase insteadeported that with the help of PLD, at early stages of growth
of the fcc phase. In contrast the @d21) allows the growth of  the Fe films show a clear two-dimensional morphology with-
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out any step decoration effeétHere we extend our study to
PLD grown Fe/C(1]) films at higher thickness. We will
demonstrate that the layer-by-layer growth of the PLD Fe/
Cu(11]) lasts up to 6 ML until the films transform from fcc
to bcc structure. Similar to the PLD Fe/Q00 films, the
PLD Fe/Cy11]) films have also an isotropic fcc structure.
Below 3 ML the Fe/Cl1]) films possess the high-moment
ferromagnetic phase and then become low-moment ferro-
magnetic when the thickness is higher than 3 ML. We have
studied the lattice constant of the Fe films in both vertical
and lateral directions, and found that they are closely corre-
lated to the magnetic transitions of the Fe films. Part of the
results has been briefly reported in Ref. 15.

Il. EXPERIMENTAL ASPECTS

All the experiments were performed in a UHV multi- 1.0 S5"ML -«
chamber system including an MBE chamber, a chamber for 0.8 4"ML - .-
scanning tunneling microscopySTM), a chamber for ghe 3 M;dML
magneto-optical Kerr effedMOKE), and an analysis cham- 0:3
ber equipped with Auger electron spectroscdpfeS), low- zz I

energy electron diffractiofLEED) with intensity vs energy T i e
function (IV-LEED), and facilities for thin film growth by nm
thermal deposition. Each individual chamber is linked by a
central distribution chamber for sample transferring. The FIG. 1. STM topography imagefa 2 ML TD Fe/Cu11J) film.
base pressure of each chamber is better than ghe marked line profile is shown below the image, which clearly
%10 mbar and never exceedsx20 X° mbar during indicates_that_there are five Iaye_rs (_exposed on t_he surface. Some of
evaporation. The preparation of the (L) prior to deposi- the bcc ridgelike structures are indicated by white arrows.
tion consists of cycles of Arsputtering and 20 min anneal-
ing (700 K) until a clean AES spectrum and a sharfl monitor which has been calibrated by STM was used to con-
X 1) LEED pattern have been obtained. trol the thickness of the TD Fe/CldY) films.

The PLD growth of Fe on Qd11) was performed in the
MBE chamber. A KrF excimer laser bea(®48 nm wave-
length, 34 ns pulse length, typical pulse energy 270-300 mJ Ill. RESULTS
and pulse repetition rate of 5 Havas focused onto an Fe
target (AN purity). To avoid the droplet formation the laser
energy is chosen very close to the ablation threshold while Thermally grown Fe/C{@11) films have a 3D island mor-
striking on a rotating target, and the substrate is placed agphology. Figure 1 shows the typical STM topography image
proximately 100 mm away from the target. The instanta-of a 2 ML TD film grown at 220 K. The marked line profile,
neous deposition rate, i.e., the deposition rate during eacshown below the STM image, indicates that there are five
laser pulse, is of the order of 40AL/min. Between two layers exposed on the surface, ranging from the bare sub-
subsequent laser pulses there is a long bteakhe order of strate to the fifth deposit layer. A considerable amount of
a tenth of a secondesulting in an average deposition rate ridgelike structures, some of which are indicated by white
comparable to that of the thermal deposition. The film thick-arrows, are also clearly visible in the image. These ridgelike
ness was monitored by reflection high-energy electronstructures are known to be KH&d0 domains with a
diffraction (RHEED) oscillations and cross-checked after- Kurdjumov-SachgKS) orientation® Apparently for the TD
wards by AES and STM. During deposition the sample wadilms a fcc—bcc phase transformation starts to proceed at
kept at 220 K to minimize the interdiffusion process betweervery early stages of growth.
Fe and Cu. After film preparation the sample is transferred to The bcc formation has also been observed as a major
the MOKE chamber allowing polar and longitudinal MOKE obstacle for improving the TD growth towards layer-by-
characterization. There, the measuring temperature can bayer. In the TD process, varying substrate temperature is a
varied from 40 to 500 K. After the magnetic characterizationcommon way to control the growth mode. However, for this
the sample is moved to other chambers for further structurgbarticular system Fe/Qu11), there is only a rather narrow
investigation. The morphology is deduced from the room-temperature window, i.e., from 80 to 300 K, which can be
temperature STM and the crystalline structure was analyzedsed in the deposition process. This is because that at higher
by LEED, IV-LEED, and RHEED. temperatures the system suffers significant interdiffusion

For comparison, we have also prepared Fe films on thevhile at lower temperatures the films were observed to grow
same Culll) substrate at the same substrate temperaturdirectly in the bcc phase. In the mentioned temperature win-
(220 K) by thermal deposition. The deposition rate was typi-dow, we have found no suitable temperature for the film to
cally about 0.2 ML/min. Due to the lack of RHEED oscilla- grow layer-by-layer at the typical TD deposition rdta the
tions caused by the three-dimensiof2D) growth, a quartz  order of 1 ML/min).

A. Improved morphology and structure of the PLD films
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FIG. 4. STM topography images of 3.5 M) and 5.3 ML(b)
TD Fe/Cy11)) films. The bcc ridgelike structures become already
significant at 3.5 ML, and completely dominant at 5.3 ML.

ible in the TD film(Fig. 1) even at early stages of growth. In
fact, as shown in Fig. 4, at any given thickness above 3 ML
the TD film morphology is already dominated by the bcc
domains oriented along th@11) directions. In this respect,
FIG. 2. STM topography images of 0.6 Ma), 1.0 ML (b), 3.5  the fcc structure of the PLD films is more stable than that of
ML (c), and 5.3 ML(d), PLD grown Fe/C(111) fims. Compared the TD films with respect to the fesbcc phase transforma-
to the TD films, the PLD film morphology shows significant im- tion.
provement towards layer-by-layer growth. Note that no bcc-ridge The details of the fcerbcc transformation mechanism are
structures can be observed even in the 5.3 ML image. better clarified by LEED and IV-LEED studies. Figure 5
To significantly increase the deposition rate in the TDShOWs the LEED pr_:ltterns taken _at 90 eV for both Weft
process is practically difficult. The PLD technique, as men_colum_r) an_d PLD(”ght. column films. The fcc phase_ for
tioned, offers an easy way to.increase the deposit,ion rate beth films is charagterlzeq by a clep(1x1) LEED d'a-.
severeil orders of magnitude. Under such a high—depositiogram' For the TD films thlcker than 3 ML.’ the LEED dia-
rate, the growth of Fe on CélJll) has been dramatically ram becomes more compl'lcateq |IIustrat|_ng the growth of
mociified o be laver-bv-| like. Fi > sh . fe bce110) along the KS orientation. In this epitaxial rela-
yer-by-layer like. Figure 2 shows a series of . )
STM images of the PLD grown Fe/CiL) films at various ~tionship the dense-packed rows of the (id€) ((111)) are
thickness. It is immediately clear that the films grow in aParallel to the dense-packed row of the(fctl) ((110). Due
near layer-by-layer mode, which is in stark contrast to thd© t'he symmetrles there are six energ_etlcally equivalent do-
TD film shown in Fig. 1. The layer filling at each thickness M&ins which appear as the elongated islands along0th
can be calculated directly from the histogram of the STMSUbstrate directions in the STM picturéisig. 4). These do-

morphology. Figure 3 shows the layer filling as a function ofMmains result in six satellite spots around each substrate spot
total coverage. Up to 5 ML, no more than three layers are
exposed on the surface at any thickness. For example, at 1 Thermal Pulsed laser
ML more than 90% of the substrate has been filled by the P "
first layer, and at a thickness of 4 ML, the fourth layer covers cepasition deposition
about 80% of the total area while the fifth layer islands are
within 20% of the total area.

Another remarkable feature of the PLD films in Fig. 2 is
the absence of bcc ridgelike structures which are clearly vis-
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0 1 2 3 4 5 6 7 FIG. 5. LEED patterns of TD(left column and PLD (right
Total coverage (ML) column Fe/Cu11)) films taken at 90 eV. For the TD film, the

LEED pattern is that op(1x1) below 3 ML. Above 3 ML, pat-
FIG. 3. Layer filling as a function of the total coverage of the terns of Kurdjumov-Sachs oriented &0 structure have been
PLD Fe/Cy111]) film. This plot provides the quantitative informa- observed. For the PLD films, the fcc to bcc transformation occurs at
tion of the growth mode. about 6 ML.
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13.5 ML FeJ

7.2 ML Fe

FIG. 6. Surface morphology of the PLD films at 6.0 Ni&) and A0 ML Fe
13.5 ML (b). Note that the bcc precipitates start to appear in the 6.0
ML film (indicated by the white arrowsand become dominant in
the 13.5 ML film. The size of the bcc precipitates in the PLD films
is clearly smaller than those of the TD filnfs.g., see Fig. ¥

spot (00) intensity (arb. units)

in the LEED patterr(in fact only five satellites can be seen
because two of them always merge with each gther

In the PLD case th@(1X 1) pattern remains sharp until
the fcc—bcc transformation at 6 ML which is consistent with
Fig. 2 as no signs of bcc structures are visible in the PLD
films below 6 ML. At higher thickness, the fcc to bcc phase
transformation starts to proceed rapidly. As an example, we FIG. 7. IV-LEED curves of the(00) beam of the PLD Fe/
show the LEED pattern of a 10 ML PLD film in Fig.(®.  Cu111) films at various film thickness. The dotted lines mark the
Despite that the diffraction spots are rather diffuse, thefcc peak positions of the copper substrate. The solid lines indicate
LEED pattern reflects the KS oriented btt0 structure. the bcc peak positions of a 13.5 ML film which has been com-
STM indicates that the diffuse LEED spots in Figdbare a  pletely transformed into the bcc structure.
direct consequence of the formation of the bcc phase. Figure ) )

6 shows the STM morphology of PLD films at 6.0 ML g  8)- The fcc to b_cc phase tr.ansformauon appears clearly with
and 13.5 ML in(b). The bcc structures, indicated by the the drop of the interlayer distance at approximately 3 ML for
white arrows, start to appear at 6.0 ML and become appathe TD films and at 6 ML for PLD films. The drop of the
ently dominant at 13.5 ML. The bcc precipitates in the PLDKinematically calculated average interlayer distance at the
films are smaller than those in the TD filntsee Fig. 4 transition thickness reflects the fact that the interlayer dis-
Figure Gb) clearly shows that the size of the bcc precipitatestance of the fcc C@11) planes (2.080.01 A) is slightly

is of the order of 10 nm or less, which explains why thehigher than that of the bcc FELQ structure (2.04
corresponding LEED spots are so diffuse. +0.01A).

The fcc—bce phase transformation as well as other struc- The in-plane lattice parameter is determined from
tural information such as the evolution of the lattice param-RHEED experiments. In the experiment we store the
eters are further studied by IV-/LEED and RHEED. The IV-
LEED curves are obtained by recording the intensity of the
(00) LEED beam as a function of the electron energy. To
measure thg00) spot the primary electron beam is tilted
approximately 6° from the sample normal. The curves ob-
tained from the PLD films at various thickness are shown in
Fig. 7. The curves of the films in the fcc reginte6 ML)
closely resemble the curve recorded from the cleaflCl)
substrate suggesting that no clear tetragonal distorsion exists
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in the PLD films which would otherwise lead to a clear peak
shift or even the appearance of a second family of peaks.
Only above 6 ML a second family of peaks appegsslid
lines in Fig. 3 with a slight shift to the higher energies as
compared to the fcc peakdotted lines in Fig. Y. With the
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knowledge of the LEED and STM studies, we conclude that
the peak shift is caused by the fcc to bcec phase transforme&rcleg and TD (open squardsFe/Cu(111) films. The arrows indi-

tion. . o cates the values for the bulk fcc A1) and bulk bcc FEL10). The

_In order to obtain more quantitative data we apply agecrease of the interlayer distance is caused by the fec-bee struc-
simple kinematical model on these curves. This model doegyra| phase transformation, which occurs at 3 ML for the TD film
not allow analyzing each interlayer distance but rather yieldgng at 6 ML for the PLD film. In the fcc region, the interlayer
the average interlayer distance with some systematical errgfistance of the TD and the PLD films are virtually the same. Note
due to the simplification of the model. By proceeding thisthat the calculated values of the TD and PLD films have a similar
way for both TD and PLD films, the variation of the averageerror bar, though it is not indicated for the TD films in order to get
interlayer distance with the film thickness is obtain&d. a clear view of the error bars of the PLD data.

FIG. 8. Calculated average interlayer distance of the Pl
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2,20 F 1 FIG. 10. Measured Kerr loops of TD Fe/Qil]) film at 150 K.
. (a) polar loops;(b) longitudinal loops. The longitudinal loops start
10 12 to appear at a thickness of about 3 ML, at which the bcc structure

4 6 8 f
thickness (ML) starts to form.

FIG. 9. Interrow distance between two neighboring dense rowgolar and longitudinal Kerr hysteresis loops of the TD Fe/
((110) as a function of the thickness of the PL(ll circles) and ~ Cu(11]) films in the left and right column, respectively. Be-
TD (open squaresFe/Cy111) films. The inset pictures show the low 3 ML the measured polar loops are all with full satura-
RHEED patterns of fod11) in the upper left and bc¢l10) in the  tion while no longitudinal loops can be detected, indicating
lower right. The rapid increase of the in-plane lattice constant forthat the easy magnetization axis is perpendicular to the film
both TD(at 3 ML) and PLD(at 6 ML) are due to the bcc formation.  surface. Note that the polar curves of the films below 3 ML
In the fcc regime, the in-plane lattice constant of the PLD filmsghow little remanence at the measured temperature of 150 K.
appears to be slightly larger than that of the TD films. We will show later that the TD filmg<3 ML) exhibit a

sizable remanence in the perpendicular direction only at con-
RHEED patterns at regular time steps during a high=iderably lower temperatures. At thickness above 3 ML, the
coverage deposition experiment. The corresponding thickTD films undergo a clear spin reorientation from perpendicu-
ness for each RHEED pattern is deduced from the final coviar to in-plane, as evidenced by the appearance of the in-
erage, the total evaporation time and the time step. Linglane Kerr loops with nearly full remanence as well as the
profiles across the maxima of t@1) and (01 streaks were polar hard-axis loops.
then made for each patteftypical RHEED patterns for the The PLD films have a perpendicular easy axis below 2
fcc and bee Fe are displayed as inset pictures in BigTB®e  ML. As an example, Fig. 11 displays the polar Kerr loops of
distance between these two maxima, i.e., the in-plane lattice 1.6 ML PLD film measured at various temperatures. For
parameters in reciprocal space, was determined using eurves measured well below the Curie temperat@gd K),
Gaussian fit in order to find the precise peak positions. Théhey all show a well-defined rectangular shape with full re-
corresponding in-plane lattice constants, i.e., the distance b&anence. No in-plane Kerr loops have been observed even
tween two neighboring dense rowd 10), of the Fe flms when an external field of 0.8 T was applied. Above 2 ML,
can then be calculated by comparing the reciprocal-lattice

distance between the Fe films and the Cu substrate, assuming

that the value for the Cu surface layers equals to that of the 220K

bulk (2.21 A). By this way we can plot the variation of the

in-plane parameter as a function of the coverage as shown in 205K

Fig. 9. In accordance with the LEED studies, Fig. 9 shows 0 _.__,..../"'m
that the fcc to bce transformation appears clearly for both 5 ‘
PLD and TD around 6 and 3 ML, respectively, as indicated g M—
by the rapid increase of the lattice parametie distance f

between thé110 dense rows of bulk bce F&10) is 2.34 A). 2 150K a;

Before the fce~bcc phase transformation occurs, the PLD é

films appear to have a slightly larger in-plane lattice constant © 130K !;

compared to the TD films. This fact, as will be discussed g

later in the paper, has a close correlation to the magnetism of Z ’ '
the PLD Fe films. 105 K

B. Long-range order and enhanced magnetic moment -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
of the PLD films magnetic field (kOe)

Having demonstrated the improvement of the growth and  F|G. 11. Polar Kerr hysteresis loops of a 1.6 ML PLD Fe/
structure with the PLD it is now interesting to compare thecu(111) film recorded at various temperatures. At low temperatures
magnetic properties of the thermally deposited and thehe loops show a well-defined rectangular shape with full rema-
pulsed-laser deposited Fe/@d2) films. We first concentrate nence, indicating the easy magnetization axis is perpendicular to the
on the anisotropy behavior of the films. Figure 10 shows thesurface.



PRB 59 GROWTH, STRUCTURE, AND MAGNETISM OF fcc €. . . 3701

2.5 ML ! ]
3.2 ML
2.5 V 'f

3.2 ML

M s (arb. units)
[ J
a
\

>
4.8 ML (@) 4.8 ML (b) ,

L L L L L L 1

1 I I L I 0 /e X
-6000 -3000 [} 3000 6000 -1§ -10 -5 0 5 10 15 20

magnetic field (Oe) magnetic field (Oe) 280 ﬁ}}
I

i

Kerr intensity (arb. units)

FIG. 12. Measured Kerr loops of PLD Fe/@d1) films at 150 200 |
K. (a) polar loops;(b) longitudinal loops. Above 2 ML, the polar
loops become hard-axis like while in-plane loops start to be mea-

surable.

By .

150

100

the easy magnetization axis of the PLD films switches from 1

perpendicular to in-plane. Figure 12 shows the polar and s 1 > 3 4 5 6

longitudinal Kerr loops in the left and right column, respec- thickness (ML)

tively. It is immediately clear that the PLD films also expe-

rience a spin reorientation from perpendicular to in-plane but FIG. 14. Saturation magnetization along the surface nofupal

at a slightly smaller critical thickness than that of the TD per panel and Curie temperaturgower panel as a function of the

films. thickness of the PLD filmsMg increases linearly with thickness
Although both TD(<3 ML) and PLD (<2 ML) have reaching its maximum at about 3 ML, and then drops to a smaller

perpendicular easy magnetization axis at low thickness, theiralue. At higher thicknes#1; again linearly increases but with a

Kerr loops show remarkably different characteristic featuressmaller slope. The Curie temperature reaches a maximum at 2 ML,

As already shown in Figs. 10 and 11, the TD films show arand then gradually decreases with increasing thickness.

S-shaped polar loop with little remanence, while the PLD

films show a well-defined rectangular loop with full rema- nence. The rather small remanent magnetization of the TD

films in the direction of the easy magnetization axis is an

' ' ' ' indication that the films do not have a true long-range ferro-

PLD at130K magnetic order. This is better characterized by time-
A it dependent remanent magnetization, j measurement. Fig-

5 ure 13 shows the magnetization vs time curves of a 1.6 ML
TD film in the lower panel and of a 1.6 ML PLD film in the

upper panel. Both curves were recorded at 130 K. The inset

Curie temperature (K)

field on pictures are the correspondingly measured polar Kerr loops
i taken at the same temperature. The zero level of the Kerr

k) 030207 0 01 02 03 .
4| field off :n:gnetic field (kOe) signal corresponds to the one recorded after the sample de-

ofF = magnetization. At the time scale zero, an external field of

about 6 kOe was switched on in the direction perpendicular

at 130 K to the film surface. The Kerr signals of both TD and PLD

TD films rise rapidly to reach the saturation level. Twenty-five
seconds after being switched on, the external field was re-
moved as indicated by the dashed line in Fig. 13. For the
PLD film, the remanent magnetization keeps constant with-

out showing any signs of decaying with time. This is a clear

sign of a true long-ranged ferromagnetic order in the PLD Fe
film. For the TD film, however, the remanent magnetization

polar MOKE signal

magnetic field (kOe) clearly decays with time. Such a decay of the remanent mag-

; . ) . netization could be obtained by either nucleation and growth

-50 0 50 100 150 200 of domains with reversed direction, or a superparamagnetic
time (second) behavior of the films. Considering the island morphology of

the TD films, we believe that the former may occur in the
FIG. 13. Time-dependent magnetization of a 1.6 ML PLD- large islgnds, while the latter occurs in the islands with

per panel and a 1.6 ML TD(lower panel. Fe/Cu111) films. The ~ Smaller size. _ o

curves are recorded at 130 K in the polar geometry. The inset pic- Because the PLD films show a promising long-range fer-
tures are the corresponding polar hysteresis loops. After the réomagnetic order with a perpendicular magnetization, their
moval of the external field0.6 T), the remanent magnetization of Magnetic properties deserve further investigation. Figure 14
the PLD film stays constant while the remanent magnetization oshows the saturation magnetizatioll {, upper panegland

the TD film decays with time. the Curie temperatureT(, lower panel as a function of
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thickness of the PLD films. Note that all tiv, values were
determined from the saturated polar Kerr loops irrespective
whether the easy magnetization axis is in-plane or perpen-
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O TDh

becec
high spin

dicular. My initially increases linearly with thickness reach- ® PLD

ing its maximum at about 3 ML. Above 3 MIM; falls
rapidly to about 40% of thevlg of the 3 ML film. With
further increasing thicknesM ¢ again increases linearly with
thickness although the slope now is significantly smaller than
that of the initial increase. Despite the sudden drop of the
magnetization, the whole PLD film is still in a ferromagnetic
phase above 3 ML since a backward linear extrapolation of
Mg above 3 ML crosses the origin. However, the magnetic
moment of the PLD films at higher thicknegs3 ML) is
clearly smaller than that of the thinner filnfs<3 ML) as
evidenced by the distinctly smaller increasing slope of the
saturation magnetization. This implies that the PLD films . . < )| .
have experienced a magnetic phase transition from a high- 0 2 4 6
moment ferromagnetic phase to a low-moment ferromag- thickness (ML)

netic phase at a thickness of about 3 ML.

With increasing thickness, the magnetic phase transfor- FIG. 15. Saturation magnetization as a function of the thickness
mation of the PLD films is accompanied by another magneti®f the thermally (open squargsand pulsed-laser depositettlill
effect: the nonmonotonic behavior df, with increasing circles Fe/Cy11)) films. The thermal films have low moment be-
thickness, as shown in the lower panel of Fig. 14. The low 2 ML. Between 2 and 4 ML, their total moment increases

value was determined by the temperature where the satur89'°klyt’ n ?ccortil_anc_e mth the raruc:lthprggress .OLt&Tﬁdﬁic
tion magnetization disappears. This is reasonable as the satlallase ranstormation in this region. in the bee regio ), the
moment of the films is nearly four times higher than the expected

ration field of the PLD films is rather smaif the order of values based on a linear extrapolatiorivbf from the fcc films(<2

th Oif(:ue t(T. the h_|gh quality O]; th§5?(|)<rpr:02|0|3|y|_ atr;]d Sct:ruf:'ML). For the pulsed-laser deposited films, the magnetization ini-
ure. Alter a linear increase up to a , the urletiaIIy increases linearly at a rate of aboytg per atom per mono-

temperature of the PLD films starts to gradually decreasxeayer reaching the maximum at about 3 ML. Above 3 ML, the

reaching 170 K at 6 ML, above which the fcc to bec phaseyoment first falls down to about 40% of that of the 3 ML film, and
transformation starts to proceed. The transformed bcc filmgen jinearly increases with a slope of about,7per atom per
have a Curie temperature well above 400 K which was inmonolayer. Note that at a given nominal thickness below 3 ML, the

tentionally not checked in order to avoid interdiffusion. For moment of the pulsed-laser deposited films is strongly enhanced, up
the TD films (<3 ML), as mentioned above, there exists noto a factor of 4 to 5, as compared to that of the thermal films.

true long-range ferromagnetic order and thus no Curie tem-

perature. There is, however, evidence that the critical temgg (0.8 T) turns out to be enough to saturate bec Fe films
perature of the individual superparamagnetic spin blocks i$inner than 5 ML in the perpendicular directiémard axis,
above 300 K as the films can still be saturated by a moderatge will use the bec TD filmgbetween 3 and 5 MLas our
external field of several thousand Oe above room tempergaterence for the determination of the magnetic moment of
ture. Again, because of the interdiffusion problem, we havg,oih TD fcc (<3 ML) and PLD fcc(<6 ML) Fe films.
made no efforts to determine the critical temperature of thef:igure 15 shows the saturated polar Kerr signal of the PLD

individual spin blocks. _ _ full circles) and TD(open squargdilms as a function of the
The magnetic moment of the PLD films can be estimateqpickness. It is immediately clear that the increasing slope of
from the measured Kerr signals. While the Kerr signal doesgpe foc TD films (<3 ML) is more than four times smaller
not give an absolute value of the magnetic moment, in thispan that of the bee TD filmg>3 ML), implying that the
particular Fe/CWL11) system it is possible to estimate the agnetic moment of the fcc TD films is about four times
magnetic moment of the fcc Fe films from the Kerr signal g aiier than that of the bce Fe (23, i.e., about 0.5 .

measured from the transformed bcc Fe films. For this wg-; he high-moment fcc PLD filmé<3 ML), their mag-

make two basic assum_ptio_n(it) the Kerr intensity is_ Pro- netic moment should be close to 2.2, because the increas-
portional to the magnetization of both fcc and bcc filn®; ing slope, and thus the magnetic moment, is comparable to

the transformed bcc Fe films possess the magnetic momefl5t of the bee TD films. With similar arguments, one can

of the bulka-Fe, i.e., 2.2 . In our previous work we have  jetermine the magnetic moment of the low-moment fcc PLD
verified that the first assumption is triiayhile the second films (3—6 ML) to be about 0.85.

assumption appears to be also reasonable since the magnetic
moment of bcc Fe is much less sensitive to the change of the
lattice parameters as compared to that of the fcc Fe.

To avoid any possible complications of the normalization
between longitudinal and polar Kerr signals, we will com-
pare the saturated polar Kerr signals only, no matter whether The STM experiments clearly show that the PLD Fe/
the easy magnetization axis lies perpendicular or parallel t€u(111) films grow layer-by-layer up to the critical thickness
the surface. Because the maximum magnetic field in our sy®f the fcc—bcc phase transformatidf ML). Layer-by-layer

fce
high spin
o

M~ fcc
low spin

saturation magnetization (arb. units)

o

IV. DISCUSSION

A. Morphology and structure
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growth is highly desirable because it leads to a lower surface Now we consider the TD deposition at tesemeaverage
roughness which is important to create sharp interfaces ideposition rate but with continuous deposition. Because of
terms of growing magnetic multilayers, and it also helps thethe very low instantaneous deposition rate, on the time scale
understanding of the correlation between structure and magy 10 us there are much less Fe atoms arriving at the sample
netism in a more straightforward way. The further advantageurface as compared to the PLD case. This means that the
of using PLD to achieve this growth mode is that there argrobability of forming critical nuclei on short distance is
no other materials such as surfactants involved, which couldhuch reduced compared to PLD. In other words, each single
complicate the situation as the issue may be raised wheth&e atom has time to wander a long path on the crystal before
the measured magnetic properties stand for the intrinsic magneeting a partner. This results in a large distance between
netism of the system or not. individual nucleation centers, i.e., in a low nucleation den-
Because of the great usefulness of the PLD technique, it isity. This low nucleation density in turn may favor the ten-
important to understand the PLD growth mechanism whictdency of the system to grow in multilayer or island forma-
apparently supports a two-dimensional growth. We believegion modes, which has been clearly evidenced by STM
that the high nucleation density plays a key role in the finaimages of the TD Fe/Qa11) films.
growth mode of the PLD films. The high nucleation density, Yet some disadvantages for the PLD have been reported
however, is a result of the extremely high instantaneousn the literature, in particular regarding the droplet
deposition rate rather than the average deposition rate of theroblem!’ We have, however, successfully avoided the
PLD which is in the same order of magnitude of that of thedroplet problem by depositing films at a large substrate-
TD. In the following, we discuss the different growth processtarget distance as well as working at low laser power which
of PLD and TD. is just slightly above the ablation threshold. This has been
In case of PLD the laser beam pulse of several ten nangsroved by both STM and even large scale scanning electron
seconds duration, evaporates surface atoms of the target. Asicroscopy(SEM). Nevertheless, as already mentioned, a
the laser energy is at the ablation threshold, the target atonfew parts of the incident atoms have high kinetic energies,
are mostly set free by thermal process at the surface whilkarger than the thermal kinetic energy of atoms in the TD
some nonthermalbond breakiny processes are also in- techniqueg<1 eV). These kinds of atoms can produce some
volved. The evaporating atoms then adsorb the laser lighilefects on the surface, which might further favor the two-
resulting in the partial ionization of the evaporating atomsdimensional growth in the same way as the sputtering depo-
and, thus, in the formation of a plasma, which expands awagition process®
from the target. This laser-generated plasma plume has a In addition to the improvement of the surface morphol-
lifetime of approximately 100 ns. The liberated atoms andogy, the PLD grown Fe/Qd1l) films have a significantly
ions have a rather wide nonthermal energy distribution withmore stable fcc phase which transforms to bcc structure at a
a peak at about 1 e¥the tail of the ion energy distribution thickness much higher than that of the TD films. The ther-
may reach up to several 10 eV with low intensity, that of themally grown Fe films, according to our STM and LEED
neutrals is largely unknownlf we take the flight distance studies, show a fcc-like structure only up to 3 ML above
and the energy spread into account, this means that withiwhich the film transforms into the bgkl0) structure with
0.1 to 1 us after the laser shot the Fe atoms from the targeKurdjumov-Sachs orientation. Our results agree well with
arrive at the sample. Then a long pause follows, in the ordeprevious finding& on TD Fe/C@111) films except a certain
of 10° us given by the laser pulse repetition frequefByHz  difference of the critical thickness of the fedocc transfor-
in our experiment With our setup the deposition rate per mation. We should mention that this critical thickness can
shot is 102-10"3 ML, or at our repetition frequency vary from one study to the other mainly because of the dif-
around 1 ML within a few minutes. This explains the differ- ficulty to estimate the film thickness of a 3D growth of the
ence between a high instantaneous deposition(egdproxi-  TD films, not to mention the possibly different experimental
mately 1¢ ML/s during the duration time of the plasma conditions. In the present work, since the PLD films and the
plume, i.e., approximately Ls) and the low average depo- TD films were grown in the same UHV system at the same
sition rate of the order of only 1 ML per 100 s. It is known substrate temperature, the fact that the fcc phase of the PLD
that the number of nuclei scales witR/D)X, whereF is the  films is more stable with respect to the fcc to bcc phase
flux andD is the diffusion coefficienfthe exponent depends transformation compared to the TD films has been proven
on the types of nucleation process ranging from 1/3 t9.%/2 unambiguously.
So during one laser shot the high evaporation rate of the laser The reason why the PLD grown Fe/@d1) films have a
and the small critical nucleus for metals on metdgo at- more stable fcc phase compared to the TD films needs to be
oms mostly form a stable nucleugad to a high nucleation further discussed. For simplification, we assume that the ac-
density. This scenario looks almost “frozen-in” until the tual critical thickness of fcesbcc transformation is 6 ML in
next laser shot occurs. In reality, the nuclei are still mobileboth PLD and TD films. For the TD films with 3D island
but at much lower speed. Therefore some Ostwald ripeningnorphology, at a nominal thickness of about 3 NHee Fig.
goes on, i.e., the agglomeration of small nuclei to larged) most of the islands contain six layers or more leaving
islands, but the relatively high nucleation density persistswide gaps in between the islands. Because the local thick-
After the next laser is triggered, the whole scene comes intaess of the islands has reached the critical thickness, it is
motion again, with many “singles” diffusing around, but understandable that films start to transform into the bcc
after a short time meeting “slow” nucleation centers to phase even though the nominal thickness is only 3 ML. By
reach the dock. In this way a complete monolayer is slowlythe same argument, it is straightforward to understand that
filled (after approximately 100 s in our example the layer-by-layer grown PLD films will reach the critical
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thickness locally only when the nominal thickness is sixthe lattice constant of copper which is in between that of the
monolayers. Certainly some other governing factors of theantiferromagnetic and the ferromagnetic phase, the energy
fcc—bcc phase transformation, such as local stress in thdifference between different magnetic phases is often very
film,*® might also be different in the two types of films due to small. As a result, not surprisingly the Fe/Cu system often
the growth mode, which results in a overall delayed strucshows rather complex magnetic phases depending on the
tural phase transformation in the PLD films. film thickness. In the particular PLD Fe/Clil) system, a

For understanding the magnetic properties, it is importangjear magnetic phase transformation from high-moment fer-
to compare the lattice parameters of the PLD and TD filmsgmagnetic to low-moment ferromagnetic has been observed
according to our IV-LEED and RHEED results. Our kine- 4; 5 thickness of about 3 ML. This magnetic phase transfor-
: . . g Emation appears to be closely correlated with the change of
interlayer distance with no real sensitivity to each plane. Yethe lattice parameters: The in-plane lattice constant of the

within this limitation we can compare the average interlayer s pejow 3 ML is slightly larger than that of films above 3
distance between the PLD and TD films. The calculated valy, As mentioned. at a lattice constant in a crossover re-

ues in Fig. 8 clearly indicate thaf[ the_re is no distinct differ- ime, even the slightest change of the lattice constant could
ence between the PLD and TD films in terms of the averagqg it jn 5 magnetic phase transition. This might explain that

interlayer distance. A better accuracy for the interlayer dis'the PLD films become low-moment ferromagnetic above 3

tances would need a dynamical LEED calculation which iSML

currentlﬁ in prolgresls. ' i For the TD films, it is not surprising that they have a low
For the In-plane lattice parameter we use RHEED, s.'nc‘?nagnetic moment because their in-plane lattice constant is

the less sensitive LEED pattern does not indicate any dncferE:onsistently smaller than that of the PLD films. Such a low

ence between the in-plane lattice constants of the PLD anfhagnetic moment has also been observed in TD Ré&/Cl
TD films. According to the RHEED data, the TD films ap- films capped by copper overlay&rand TD Fe films on a

pear to adopt the lattice constant of the Cu substrate in thgtepped C(L11) substraté® The low magnetic moment of

fcc regime(<3 ML). When the films transform to bcc phase, the TD Fe films, however, has to be distinguished from the
the in-plane lattice constant accordingly increases as showg,, moment of the PLD Fe films. This is because the TD
in Fig. 9. The PLD films, despite of having the similar inter- g, 44 not exhibit a real long-range ferromagnetic order as

latti han th il hick bel Shown by the time-dependent magnetization measurement
attice constant than the TD films at a thickness below 3 ML. kg 13 "The |ack of the long-range order is a direct result

It is not immediately clear whether the PLD Fe films have ¢ ye 3p jsiand morphology: the rather isolated islands lead
the same in-plane lattice constant at all thicknesses below

- . a short-range order within each island but overall the sys-
ML, even though Fig. 9 shows that the measured in-plangem pag no real long-ranged order. Such a short-range order

lattice constant from RHEED data appears to increase witii‘h fact has already been observed by R&l. in their elec-
thickness onIyI reachhlr:(g the r;:axmum at3 ML+ ths 'Sf_tl’e'tron capture spectroscopy experimé&htor the PLD films,
cause at very low thickness the RHEED data of the Fe filmgo \ye|l-improved morphology, as expected, leads to a real
is likely affected by the underlying substrate, whose 'nﬂu'long-range ferromagnetic order as shown in Fig. 13

ence only becomes negligible when the films are thicker than \ya now turn to discuss the anisotropy behz.avio.r of the

2 ML. For this reason, while the measured values in Fig. %D and TD Fe/C(@11) films. Both types of films, at low

might underestimate the real in-plane lattice constant of th‘ﬁwickness exhibit perpendicular anisotropy whicﬁ is appar-
PLD Fe films below 3 ML, it is clear that the in—plane 'Iatti'ce ently Iarg’e enough to overcome the in-plane shape anisot-
constant does become smaller when the thickness is hlgh%py since the easy magnetization axis is perpendicular to the

than 3 M.L‘. . . film surface. With increasing thickness, both PLD and TD
Combining the information of the IV-LEED and RHEED ¢ yndergo a spin reorientation from perpendicular to in-

data, we conclude that below 3 ML the atomic volume of theane For the TD Fe films, the switching of the easy mag-
PLD fcc Fe/Cu11) films is slightly larger than that of the o7 ation axis occurs at about the same thickness as the

I\E fec FEAEHT{Q’ as W?” asl that ?f r’:hePEODp?er f.SIUbStéatefCCHbCC phase transformation. This is not just a mere coin-
ove 3 ML, the atomic volume of the cC MS D€~ rijence because the transformed K§tt0) surface has an

cr?mes sr_nallelr than t?a; ofPtEgtllein/ner 2"?'5 The variation of yiional twofold in-plane anisotropy which adds to the in-
the atomic volume of the e/CLLY) films appears 0 ,iane shape anisotropy in competition against the perpen-

be closely correlated with their magnetic moment, which will dicular surface anisotropy. As a result, the overall easy mag-

be discussed below. netization axis switches to in-plane after the formation of the
bcc structure at about 3 ML. Such spin-reorientation has also
been observed in the Fe/QD0 system where a similar
We start our discussion with the magnetic moment of thenechanism holds.
PLD Fe/Cy11)) films in the fcc thickness regimg<6 ML). In the case of the PLD films, the spin-reorientation purely
Fcc Fe is well known for its rich magnetic structure and theirresults from the competition between the in-plane shape an-
strong dependence on the lattice constant. With increasinigotropy and the perpendicular surface anisotropy. No asso-
lattice constant, the magnetic phase of fcc Fe can be nortiated structural change has been observed by our LEED and
magnetic, antiferromagnetic, low-moment ferromagneticRHEED investigations. Instead, this is simply a thickness
and high-moment ferromagnetic. While generally a largereffect: with increasing thickness, the contribution of the sur-
lattice constant favors a larger magnetic moment as well aface anisotropy remains unchanged and that of the shape
ferromagnetic coupling, in a certain crossover regime such agnisotropy increases. There have also been discussions that

B. Magnetic properties
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the balance between the surface and the shape anisotroggcrease of the Curie temperature takes place before the
could be modified by the surface roughn&sbyt this does magnetic phase transformation at 3 ML, where a low-
not apply to the PLD films, which have a constant surfacemoment phase starts to form. While the change of the mag-
roughness throughout the thickness region where the filmsetic moment of the PLD films seems to be of structural
have a fcc structure due to its layer-by-layer growth. origin, the complex behavior of th&; needs to be further
Our experimental results seem to contradict some of thénvestigated.
theoretical calculatiof$?which predict an in-plane anisot-
ropy for the monolayer Fe/QLl1l) film. At this stage the
origin of the discrepancy between the theory and the experi-
ment is not clear. This is particularly puzzling in the case of Using pulsed-laser deposition we are able to achieve a
the PLD films since the morphology and the structure of thdayer-by-layer growth of Fe on Qu11). This growth im-
PLD films resemble as closely as possible the theoreticgbrovement is due to the characteristic features of the PLD, in
assumption of the monolayer film being flat and free of dis-particular the extremely high instantaneous deposition rate.
tortion. There is, however, one calculation made by BrunoThis technique also results in an improvement of the quality
predicting a small out-of-plane anisotropy of abou0.6  of the film structure leading to a delay of the fcc to bcc phase
meV/atom?* The order of magnitude of the out-of-plane an- transformation whose critical thickne¢g ML) is twice as
isotropy (surface anisotropy in this casef the PLD Fe/ large as that of thermally deposited filrtebout 3 ML).
Cu(11)) films can be estimated according to a simple phe- The magnetic behavior of the PLD films is different from
nomenological equation describing the balance between th#at of the TD films. In the low thickness limit3 ML), the
surface anisotropyK;) and shape anisotropyK¢apd, i-6.,  PLD films have long-range order and large magnetic mo-
—2Ks=d* Kghape With d; being the critical thicknesé~2  ment while the TD films have short-range order and small
ML or 4 A) of the spin reorientation. Since the spin reorien-magnetic moment. The easy magnetization axis of the TD
tation occurs in the high-moment ferromagnetic region, wefilms switches from perpendicular to in-plane at about 3 ML,
obtain the shape anisotropy to be of the order of 0.2 meVivhich is clearly associated with the fedcc phase transfor-
atom based on the magnetization of bulk Fe. A rough estimation. In contrast, the spin reorientation of the PLD films
mate yields an out-of-plane anisotropy of a monolayer Fetakes place around 2 ML which is well below the critical
Cu(111) film of about —0.4 meV/atom. This value is in thickness of the fcc to bce structural phase transformation.
surprisingly good agreement with Bruno's calculation in The most striking observation with the PLD films is the mag-
both amplitude and sign of the anisotropy. netic phase transformation from a high-spin phase to a low-
Finally we note that around the critical thickness wherespin phase at about 3 ML, which appears to be strongly
the spin reorientation of the PLD films takes place, we didcorrelated with the slight decrease of the in-plane lattice con-
not observe a drop of the Curie temperature as predicted bstant at 3 ML.
Bander and Mill$®® On the contrary, the Curie temperature
reached its maximum at 2 ML, i.e., the critical thickness of
the spin reorientation. Above 2 MLT, starts to decrease
gradually reaching the minimum at 6 ML above which the The authors are grateful to G. Kroder for his technical
films transform into the bcc phase. It is surprising that thesupport.

V. SUMMARY
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