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Evolution of the magnetization depth profile of Fe/Cu„100… films upon thermal annealing

J. Shen, Ch. V. Mohan, P. Ohresser, M. Klaua, and J. Kirschner
Max-Planck-Institut fu¨r Mikrostrukturphysik, Weinberg 2, 06120 Halle/Saale, Germany

~Received 11 September 1997; revised manuscript received 5 November 1997!

The annealing effect on the magnetic and structural properties of Fe/Cu~100! ultrathin films has been
studied. For films below 5 ML, their magnetization and Curie temperature are reduced considerably after
annealing. We explain the reduction as a result of the transition from a high-moment ferromagnetic phase to a
nonferromagnetic phase in the inner layers of the Fe films after annealing. Supporting evidence comes from the
low-energy electron-diffraction study, which indicates a structural relaxation from a tetragonally distorted fct
structure to a true fcc structure in the inner layers of the Fe films. The surface layers of the Fe films, after
annealing, are still expanded, providing the main contribution to the remaining magnetization and nonzero
Curie temperature of the annealed Fe films.@S0163-1829~98!00821-2#
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I. INTRODUCTION

The ultrathin film system of epitaxially grown face
centered-cubic~fcc! Fe on Cu~100! has been extensivel
studied in recent years.1–8 It has been observed that this sy
tem is metastable upon variation of thickness. The struc
of the room-temperature as-grown films is face-centered
tragonal~fct! with buckling below 5 ML.9 Between 5 and 11
ML,3 the films have a fct structure in the top layers but a
structure in the layers underneath. The structure of the fi
finally transforms to a much more stable body-center
cubic ~bcc! modification above 11 ML.10 The fcc to bcc
structural transformation is largely driven by the energy d
ference between fcc and bcc Fe. The transformation s
with forming dislocations at about 4 to 5 ML and procee
by following the martensitic path.2,11 The appearance of th
dislocations is likely associated with the fct→fcc structural
relaxation which occurs between 4 and 5 ML.

The structural changes of the Fe/Cu~100! system have
strong influence on its magnetic behavior. In the fct thic
ness regime (,5 ML), the films have a uniform high-spin
ferromagnetic phase.6 The easy magnetization axis is perpe
dicular to the film surface.1 Between 5 and 11 ML, while the
easy magnetization axis is still perpendicular, the magnet
tion of the films become nonuniform in depth.1,4 It has been
observed that in this thickness regime only the topmost la
has a high-spin ferromagnetic phase while the layers un
neath become nonmagnetic or antiferromagnetic depen
on the temperature.1,4,7,8 As a result, the total magnetizatio
of the films ~from 5 to 11 ML! has only a value about 30
40 % of that of the 4 ML film. The reduction of the magn
tization has been generally believed to result from the fc
fcc structural relaxation,3 which agrees with a theoretica
prediction of the magnetic moment–atomic volume relatio
ship of fcc Fe.12

The metastability of the Fe/Cu~100! films has also shown
up when varying the temperature. Zharnikovet al.13 have
shown that a 4 ML film undergoes a reversible fct to fc
structural relaxation during temperature cycle from 160
370 K. Further increasing the annealing temperature ab
400 K results in significant Fe-Cu interdiffusion.14 It has
570163-1829/98/57~21!/13674~7!/$15.00
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been realized for some years that after annealing the sur
layers of the films become copper rich.15 Our recent scanning
tunneling microscopy~STM! study16 has unambiguously
shown that the mechanism of the copper diffusion is a s
face diffusion via rectangular pits which are formed duri
annealing. In Refs. 16 and 17 these pits were termed as ‘‘
holes’’ which did not reflect the fact that the lateral extensi
of the pits is usually 5–10 times larger than their vertic
extension. Therefore in this paper we will rename the
‘‘pits’’ instead of ‘‘pinholes.’’ The diffused copper from the
pits covers the surface of the films and forms a Cu/Fe
sandwich structure. This also implies that the equilibrium
the Fe/Cu~100! films is neither two-dimensional layers no
three-dimensional clusters of Fe on the substrate, but rath
Cu/Fe/Cu sandwich structure.

It is important to know the atomic structure and in pa
ticular the magnetic properties of the annealed Fe/Cu~100!
films. This is not only because of the interest of understa
ing the properties of the Fe/Cu~100! films at equilibrium, but
also because of the fact that thermal annealing is a gen
process during the magnetic measurements such as C
temperature. Apparently the physical meaning of the m
sured magnetic quantities at high temperatures will only
well understood by studying the annealing effect. Furth
more, a study of the annealing effect on the structure
magnetism of the Fe/Cu~100! films will also serve as guid-
ance for some other magnetic systems such as Co/Cu~100!
~Ref. 17! and Fe/Au~100!,18 where a similar diffusion
mechanism holds.

Therefore, following our previous work on morphology,16

in this paper we describe the influence of annealing on
magnetization depth profile of the Fe/Cu~100! films after an-
nealing, a subject which has hardly been touched in
‘‘ever green’’ system. We have observed that the Curie te
perature and the total magnetization of the Fe films beco
remarkably small after annealing. We interpret these chan
as a result of the transition from a high-spin ferromagne
state to a low-spin ferromagnetic or even a nonferromagn
state in the inner layers of the Fe films, which is strong
supported by structural data from our low-energy electr
diffraction ~LEED! studies.
13 674 © 1998 The American Physical Society
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57 13 675EVOLUTION OF THE MAGNETIZATION DEPTH . . .
II. EXPERIMENTAL DETAILS

The experiments were performed in an ultrahigh vacu
~UHV! multichamber system including a molecular-bea
epitaxy preparation chamber, a STM chamber, an anal
chamber equipped with facilities for Auger electron spectr
copy ~AES!, LEED and thin-film growth, and a magneto
optical Kerr effect~MOKE! chamber. The base pressure
the individual chambers is better than 5310211 mbar. A
fully automatic video-LEED system19 has been used for re
cording LEED images as well as for measuring intensity
energy~I /V LEED! curves. The sample was prepared in t
analysis chamber. Prior to film deposition the copper s
strate was cleaned by Ar1 sputtering followed by annealing
at 870 K. After several cycles of this procedure we ha
achieved a clean and flat substrate. Contamination-free
ger spectrum, sharp LEED spots and large atomically
terraces~on the order of several hundred nanometers! under
STM all prove the high quality of the copper substrate. T
Fe films were prepared from an iron wire (5N) heated by
e-beam bombardment. During deposition the substrate
kept at room temperature (30065 K), and the vacuum pres
sure rose from 7310211 to 2310210 mbar at a typical
evaporation rate of 0.2 monolayer/min. The well-cleaned
source and the excellent vacuum have guaranteed the c
liness of the Fe films as examined by the AES~,0.5 at. %
of carbon contamination!.

After the film preparation, the LEED andIV-LEED mea-
surements were taken immediately from the as-grown fil
Then the sample was transferred to the MOKE chamb
Magnetic data were recordedin situ from films both before
and after annealing. The annealing temperature was typic
about 490 K though other temperatures have also been t
The heating rate was about 10 K/min in the temperat
range between 300 and 490 K, allowing the maximum pr
sure to be maintained below 3310210 mbar. The copper dif-
fusion process has been observed to be dependent on
the annealing temperature and the heating rate, and a de
discussion will be presented in a forthcoming paper.20 The
LEED andIV-LEED analysis of the annealed samples we
finally done in the analysis chamber. STM and AES ha
also been used to examine the number of pits and the am
of diffused copper in the annealed films, and similar resu
to those described in Ref. 16 were obtained.

III. REDUCED MAGNETIZATION
AND ITS STRUCTURAL ORIGIN

Let us first discuss the changes of the magnetic prope
after annealing. For convenience, we will concentrate
films with thickness of 3 and 4 ML, while we note here th
the characteristic features are general for all films betwee
and 5 ML. Figure 1 shows the measured Kerr hystere
curves of the 3 and 4 ML films before and after anneali
All the curves were recorded in the polar geometry at ab
150 K. The hysteresis loops of the films before anneal
have a well-defined rectangular shape, while after annea
the corners of the hysteresis become somewhat rounde
both cases the remanent magnetization (Mr) equals 100% of
the saturation magnetization (Ms), indicating that the easy
magnetization axis remains to be perpendicular to the sur
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after annealing. This has also been confirmed by the in-pl
MOKE measurements~not shown here!, which show a typi-
cal hard-axis behavior of the film.

Before annealing, the 3 ML film has a much smaller c
ercivity (Hc) than that of the 4 ML film. Generally a smalle
Hc is an indication of a more perfect structure which has l
defects to pin the domain motion. However, according to
previous STM results, the surface roughness of the 3 an
ML films are small and comparable.16 The large difference
between theHc values of the 3 and 4 ML films must com
from other factors causing structural imperfection. Previo
LEED ~Ref. 3! and STM~Ref. 2! studies indicate that abov
4 ML the Fe films undergo a fct→fcc structural relaxation
and a fcc→bcc phase transformation simultaneously. Bo
processes cause structural imperfection: the former resul
different interlayer spacing for different layers while the la
ter generates dislocations. It is these imperfections that
likely responsible for the enhanced coercivity of the 4 M
film.

After annealing the hysteresis loops are widened with
distinctly largerHc than that of the films before annealing
The effect is particularly strong for the 3 ML film. At 150 K
the coercive field drastically increases by a factor of m
than 20, from 25 Oe before annealing to 535 Oe after ann
ing. For the 4 ML film, the increase ofHc is much less
pronounced, from 230 Oe before annealing to 340 Oe a
annealing. It is interesting to note that after annealing, th
ML film has a smallerHc than the 3 ML film though the
situation is just reverse before annealing.

Another visible effect of annealing, from Fig. 1, is th
decrease of the magnetization of the films. At 150 K, t
measured magnetization appears to have decreased by a
tor of 2 for both 3 and 4 ML films. A more strict compariso
of the magnetization requires also the knowledge of the
rie temperature (Tc), because the chosen temperature~150

FIG. 1. Polar MOKE hysteresis loops of 3 and 4 ML F
Cu~100! film before and after annealing. The loops were recorde
150 K. Annealing has caused an increase of the coercive fieldHc

but a decrease of the saturation magnetizationMs and remanance
Mr .
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13 676 57SHEN, MOHAN, OHRESSER, KLAUA, AND KIRSCHNER
K! for comparison must be well belowTc to avoid any un-
certainties caused by the rapid fall of the magnetization
the vicinity of Tc . To determineTc , we have measured th
temperature dependence ofMs and Mr . The values of the
Ms andMr were taken from the hysteresis loops. The resu
for the 3 ML ~upper panel! and 4 ML film ~lower panel! are
shown in Fig. 2. It remains a matter of dispute whether o
should useMs or Mr to determine the precise value ofTc . In
principle, these two should yield the same result as far a
film with a perfect structure is concerned. The differen
between the temperature dependence ofMs and Mr often
reflects the deviation of the structure of the film from t
perfect order. It has been suggested by Kohlheppet al.,21

that theMs vs T curve would yield a more reliableTc if the
saturation field remains reasonably small. However, all
Ms curves except that of the 3 ML film before annealing
Fig. 2 were measured under large field, which requires
Curie temperature to be determined by theMr vs T curve.
The 3 ML film before annealing has a rather small saturat
field ~less than 100 Oe!, but its structural perfection results i
only a small difference between theMs and Mr curves.
Therefore, for consistency we will use theMr vs T curves to
determineTc in all four cases. The obtainedTc values for the
3 and 4 ML films are 325 and 275 K before annealing, a
220 and 215 K after annealing, respectively. Apparently
Curie temperature of the Fe films has been considerably
duced after annealing. It is also interesting to note here
the 3 and 4 ML annealed films have a closeTc value around
220 K.

With the knowledge of the temperature dependence
Ms , we can extrapolateMs at 0 K, i.e., the spontaneou

FIG. 2. Temperature dependence of the saturationMs and rem-
anent magnetizationMr of the 3 ML ~upper panel! and 4 ML~lower
panel! Fe/Cu~100! film before and after annealing. The dashed a
the full lines correspond toMr before and after annealing, respe
tively, and are only for guiding the eyes.
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magnetization, from Fig. 2. We estimate that the magnet
tion ~0 K! of the 3 ML film after annealing is about 40% o
that of the film before annealing. By the same way we d
termined that the magnetization of the 4 ML annealed fi
reduces to about 45% of the original value.

Two possible mechanisms could be responsible for
decrease of the magnetization after annealing. The first on
the copper diffusion towards the top of the film surface.16 It
has been observed recently that capping layers on top o
ML Fe film results in a reduction of the magnetization a
the Curie temperature depending on the copper thickne22

Moreover, in Ref. 16 we have demonstrated that the diffu
copper mixes with the top Fe layers and form Fe-Cu surf
alloy. Theoretically for an atomically ordered Fe-Cu alloy23

the magnetic moment of Fe atoms is only slightly smal
than in pure Fe once the copper concentration is under 5
As no such ordered alloy exists in the bulk, one could o
produce Fe-Cu alloys either by stabilizing fcc Fe clusters
a Cu matrix, i.e., a cluster-type alloy, or by epitaxially stac
ing monoatomic Fe and Cu layers.24 The former is antiferro-
magnetic with a Ne´el temperature of about 67 K,25 while the
latter appears to be ferromagnetic~its magnetic moment
needs to be further examined24!. The Fe-Cu surface alloy in
the annealed Fe/Cu~100! films consists of Fe-rich and Cu
rich patches,16 which is in between the ordered alloy and th
cluster alloy. The reduced magnetization of the annealed
films can also be partly caused by the alloy formation if o
assumes the Fe magnetic moment to be small in the allo

The second possible mechanism would be a magn
phase transition. By annealing the Fe films may transfo
from the high-spin ferromagnetic phase to a low-spin fer
magnetic phase or a nonmagnetic phase. Because the
connection between the magnetic moment and atomic
ume of fcc Fe, the magnetic phase transition should resu
or originate from a change of lattice constant. If the film
transform to a low-spin phase, the lattice constant of
whole films should become uniformly smaller. If the film
transform to a nonmagnetic phase, parts of the films mus
still ferromagnetic, otherwise there would be no magne
signal detectable after annealing. Therefore only the n
magnetic part of the films would have a reduced interla
distance while the ferromagnetic part remains unchange

To decide which of the above two mechanisms is resp
sible for the reduction of the magnetization, it is important
know ~1! the exact amount of diffused copper onto the s
face; ~2! the extent of the change of the lattice constant.
general method to determine the copper diffusion is AE
But in the Fe/Cu~100! system a quantitative analysis by AE
turns out to be difficult because of the formation of t
Fe-Cu alloy. We therefore decided to use STM to determ
the amount of diffused copper. As an example, Fig. 3 sho
STM topography images of a 3 ML Fe/Cu~100! film before
~a! and after~b! annealing. Before annealing, the film show
a good layer-by-layer morphology as the third layer has b
more than 95% filled. After annealing, pits~dark patches!
have been formed in the film. Between the pits there e
many small sub-monolayer-deep depressions, which are
sidered as characteristic features of the Fe-Cu sur
alloy.16 The total material diffused out of the pits can b
determined by calculating the volume of the pits. In order
reduce the statistical error, we made our calculation on m



-
M
e-
ud

av

L

e
th

n
-

f
o
he

o
d
t

h
al
c-

un
an
nd

bo

is
h

er-
e the
de-
re-

de-
the
ce
e-

of
dis-

x-
der
te,

face

in

-

er

-

he

to
s
ris

ibit
a

rate

57 13 677EVOLUTION OF THE MAGNETIZATION DEPTH . . .
than 20 images (3003300 nm2) taken from various surface
locations. Subtracting the Fe part~0.1 and 0.07 ML for 3 and
4 ML film, respectively!, we estimated the amount of dif
fused copper to be about 0.6 and 0.4 ML for the 3 and 4
Fe film, respectively. Above 4 ML the copper diffusion b
comes insignificant as the films are thick enough to precl
pit formation.

The structural changes of the films upon annealing h
been analyzed by LEED andIV-LEED. Figure 4 shows the
LEED patterns~normal incidence! recorded before~left col-
umn! and after annealing~right column! of the 3, 4, and 5
ML Fe/Cu~100! films. Before annealing, the 3 and 4 M
films exhibit a complicated (531) superstructure, while the
5 ML film shows a (231)p2mg type of superstructure. Thes
results are consistent with previous LEED studies of
room-temperature as-grown Fe/Cu~100! films.26,27 The (5
31) superstructures have been considered as a reflectio
the buckling of the surface atoms.27 In this respect at room
temperature the growth of Fe on Cu~100! is by no means a
real pseudomorphic growth.

Stark change of the LEED patterns has been observed
the films after annealing, as shown in the right column
Fig. 4. None of the original superstructures is visible in t
annealed films. Instead, another type of superstructure,c(2
32), appears in the LEED patterns. The relative intensity
thec(232) superstructure spots over the substrate spots
creases with increasing Fe thickness, reaching nearly
level of the background at 5 ML. In this system, thec(2
32) superstructure could be caused by two optional mec
nisms. First, it is known28 that the adsorption of the residu
gas in vacuum~O2, CO, etc.! could cause such a superstru
ture on the surface of the Fe/Cu~100! films. During annealing
the vacuum pressure often increases slightly, which will
avoidably result in a bit larger amount of adsorption th
normal. Our AES data confirm the weight of carbon a
oxygen peaks to slightly increase after annealing~but by a
factor of less than 2 corresponding to less than 1% car
contamination!. Second, thec(232) superstructure may
simply reflect the order of the Fe-Cu surface alloy which
formed due to the copper diffusion during annealing. T

FIG. 3. STM topography images of a 3 ML Fe/Cu~100! film
before~a! and after~b! annealing. Before annealing the film exhib
its three exposed layers, i.e., second~dark!, third ~grey!, and fourth
~bright! layer. The third layer contributes more than 95% of t
total area. After annealing, several nanometer-deep pits~dark
patches! have been formed as a result of the copper diffusion
wards the top of the surface. Submonolayer-deep depression
clearly visible between the pits. These depressions are characte
features of the Fe-Cu surface alloy, see also, Ref. 16.
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latter could explain the fact that the intensity of the sup
structure spots decreases with increasing thickness, sinc
amount of diffused copper, thus the Fe-Cu surface alloy,
creases with increasing thickness. The adsorption of the
sidual gases on the films’ surface, however, should not
pend on the thickness. Therefore we tentatively attribute
origin of the c(232) superstructure to the Fe-Cu surfa
alloy. At this point we do not know the exact atomic arrang
ment which causes thec(232) pattern.

In any case, we can conclude that there is no buckling
the surface atoms of the annealed films because of the
appearance of the (531) superstructure. This, to some e
tent, is an indication that annealing improves the lateral or
of the Fe films with respect to that of the copper substra
except that the surface layer is affected by the Fe-Cu sur
alloy. Such an improvement, according to ourIV-LEED re-
sults, is not only limited in the lateral direction, but also
the vertical direction of the Fe films.

Figure 5 shows the LEED~00! beam intensity as a func
tion of the beam energy. TheI (E) spectra of the Fe/Cu~100!
films before and after annealing are displayed in the low

-
are
tic

FIG. 4. LEED patterns of Fe/Cu~100! films before annealing
~left column! and after annealing~right column!. All pictures were
recorded at 108 eV. Before annealing, the 3 and 4 ML films exh
(431) and (531) superstructures, while the 5 ML film shows
(231)p2mg structure. After annealing, all the films have ac(2
32) superstructure whose intensity relative to that of the subst
spots decreases with increasing thickness.
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13 678 57SHEN, MOHAN, OHRESSER, KLAUA, AND KIRSCHNER
and the upper panels, respectively. In this case the prim
beam is about 6° off the surface normal lying in the~001!
plane. Before annealing, the spectra of the 3 and 4 ML fi
are characterized by two families of peaks which are mar
by solid and dashed lines, respectively. The peaks on
dashed lines have nearly the same energy positions as
of the copper substrate. These peaks will be referred to a
peaks, since they stand for an interlayer distance whic
close to that of the fcc substrate. The peaks on the solid l
clearly have lower energy positions than the fcc peaks.
der the assumptions of the kinematic theory, these peaks
respond to an interlayer distance which is larger than tha
the substrate. These peaks will be referred to as fct pe
Within the kinematic model we have calculated the int
layer distance, which is 1.82 Å for the fcc and 1.95 Å for t
fct peaks. For the films below 5 ML, the intensity of the f
peaks decreases with increasing thickness, hinting that t
peaks are likely contributed from the substrate. The
peaks, on the other hand, reflect the real interlayer dista
of the Fe films below 5 ML. The existence of the fct pea
and the superstructure suggests that the Fe films (,5 ML)
have adopted neither the lateral nor the vertical lattice c
stant of the copper substrate.

Increasing thickness up to 5 ML affects the fct pea
strongly. The three high-energy fct peaks disappear, and
intensity of the two low-energy fct peaks become weaker
shift slightly towards higher energies. Since the high-ene
peaks are contributed by electrons with longer escape len
the disappearance of these peaks indicates that the bulk
ers of the Fe films are no longer vertically expanded. T
surface layers, however, are still expanded as evidence

FIG. 5. IV/LEED spectra of the~00! beam for Fe/Cu~100! films
before~lower panel! and after~upper panel! annealing. The dashe
lines indicate the fcc peak positions as obtained from that of
copper substrate, while the full lines mark the fct peaks of the
films. Before annealing, the 3 and 4 ML films have four fct pea
each, and the 5 ML film has only two low-energy fct peaks. Af
annealing, all the films have only two low-energy fct peaks, wh
intensity is even smaller than those of the 5 ML film before anne
ing.
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the existence of the low-energy fct peaks.
After annealing, theI (E) spectra of the 3, 4, and 5 ML F

films ~upper panel in Fig. 5! are remarkably similar to the
spectrum of the 5 ML film before annealing. This indicat
that the inner layers of the annealed Fe films have the s
interlayer distance as copper. In other words, annealing
sults in a structural relaxation, from fct to fcc, in the inn
layers of the 3 and 4 ML Fe films. The inner layers of the
ML film already have the fcc structure before annealing, th
no further structural change occurs upon annealing. The
face layers of the annealed Fe films appear to be still
panded, though the intensity of the two low-energy fct pea
is even smaller than for the 5 ML film before annealing.

The following picture can be drawn from our STM an
LEED data regarding the annealing effect on the structure
the room-temperature grown Fe/Cu~100! films. For the films
below 5 ML, upon annealing, rectangular pits are formed
the Fe films, serving as channels for the diffusion of t
substrate copper onto the top of the surface. The diffu
copper mixes with the surface layers of the Fe films a
forms an Fe-Cu surface alloy. A fct→fcc structural relax-
ation occurs in the bulk layers of the Fe films, while th
structure of the surface layers remains fct-like. At or abov
ML, the films become thick enough to preclude the pit fo
mation on the atomically flat terraces though a few pits m
exist at some weak points of the films. A detailed discuss
of the origin of these annealing effects will be given
Sec. IV.

IV. DISCUSSION

As mentioned, the amount of diffused copper for the
ML film is about 0.6 ML. Deliberately capping such a
amount of copper onto the as-grown 3 ML Fe film wou
lead to a magnetization reduction by only about 15%22

which is not sufficient to explain the observed reduction b
factor of 2. The fct to fcc structural relaxation in the inn
layers of the annealed Fe films, however, could well expl
the reduction of the total magnetization after annealing. T
contracted inner layers, with a smaller atomic volume,
likely converted into a nonferromagnetic state, i.e., param
netic or antiferromagnetic state, whose magnetization is
nificantly smaller than the high-spin ferromagnetic state.
for the topmost layers, we cannot unequivocally determ
their magnetization. On one hand, they remain expanded
ter annealing, which should still result in the high-spin fe
romagnetic state. On the other hand, they are present
form of a Fe-Cu surface alloy instead of pure Fe. The m
netic moment of the Fe atoms in the Fe-Cu alloy might d
crease depending on the Cu concentration as well as on
structure of the alloy. As mentioned earlier, so far there
been no experimental or theoretical work discussing
magnetic moment of Fe atoms in the type of Fe-Cu al
observed in the annealed Fe/Cu~100! films, i.e., a surface
alloy formed by Fe-rich and Cu-rich patches. To match
measured magnetization of the annealed Fe films, we sug
the following model of the magnetization depth profile of t
annealed Fe films.

We first discuss the 3 ML film. The annealed 3 ML F
film become virtually 3.7 ML thick owing to the additiona
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57 13 679EVOLUTION OF THE MAGNETIZATION DEPTH . . .
material diffused out of the pits. This material includes 0
ML of Cu and 0.1 ML of Fe. If the diffused 0.6 ML Cu
mixes only with the topmost layer of Fe, the alloy wou
contain 35% of Cu and 65% of Fe. The calculation in Ref.
indicates that the magnetic moment of Fe atoms will o
reduce very little once the Fe concentration exceeds 5
Therefore, in this case the 1.7 ML topmost Fe-Cu alloy
layers should have a magnetization similar to that of 1.1 M
Fe in the high-spin phase. The magnetization of the anne
film is about 37% of that of the 3 ML high-spin Fe befo
annealing, which agrees well with the 40% value obtain
from Fig. 2. The bottom two layers in the annealed fi
should possess small or even zero net magnetization.
detailed magnetic structure, whether it is low-spin ferrom
netic or paramagnetic, remains unclear.

The same model can be applied to the 4 ML film. Aft
annealing, 0.4 ML of diffused Cu forms an alloy with th
topmost Fe layer. Here the magnetization of the 1.4 M
Fe-Cu alloy would equal roughly that of 1 ML high-sp
ferromagnetic Fe, which is 25% of the magnetization of th
ML film before annealing. Since Fig. 2~bottom panel! shows
that the magnetization of the 4 ML film after annealing
about 45% of that before annealing, one has to assume
the three Fe layers below the alloyed layers of the anne
film have a nonzero net magnetization. Such a nonzero
magnetization can be resulted from two types of spin ali
ment in the three inner layers:~1! a perfect layered antifer
romagnetic structure, or~2! a low-spin ferromagnetic struc
ture. As the Ne´el temperature of the inner layers is low
than the Curie temperature of the surface layer, one wo
expect a sudden increase of the magnetization at the´el
temperature in theMs vs T curve of the 4 ML annealed film
assuming the inner layers have an antiferromagnetic st
ture. However, this phenomenon has not been observe
Fig. 2. Thus, it is more likely that the inner layers of the
ML annealed film have a low-spin ferromagnetic structur

The decrease of the Curie temperature after annealing
be easily understood according to the suggested model. A
annealing, the measuredTC reflects the Curie temperature o
the remaining high-spin ferromagnetic layers. The Cu
temperature of the annealed film, therefore, decreases
value corresponding to 1–2 layers of Fe-Cu alloy, which
determined experimentally to be about 220 K~Fig. 2!. On
the other hand, the large increase ofHc after annealing has to
be associated with the pit formation. The pits could serve
pinning centers for the domain-wall motion. This also e
plain why after annealing theHc of the 4 ML film is smaller
than that of the 3 ML film: there are less pits in the annea
4 ML film than in the annealed 3 ML film.16

Since the magnetic phase transition after annealing
closely connected with the fct→fcc structural relaxation in
the inner layers of the Fe films it is worthwhile to discuss t
origin of this structural relaxation. In the previous work16 we
have already experimentally proved that the driving mec
nism for the pit formation is the surface free energy. Ho
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ever, the formation of the pits in the Fe/Cu~100! films has
not only reduced the total free energy of the system due
the copper diffusion, but also caused a stress relief in
film. The latter can be understood in the following way. B
fore annealing, the Fe films have a tensile strain in the v
tical direction as indicated by the interlayer expansion~Fig.
5!. The relief of the stress in the Fe films can be large
accomplished by pit formation, as a considerable amoun
strained volume has been removed from the pits in the fil
The relaxation of the vertical tensile strain directly results
the change of the structure from fct to fcc in the inner lay
of the Fe films, as shown by theIV-LEED data in Fig. 5. The
residual strain manifests itself in the still expanded top la
ers. Annealing also improves the structural order in the
eral direction. The buckled structure of the Fe films befo
annealing is replaced by a well ordered fcc-like structu
except the Fe-Cu alloyed topmost layers.

However, the formation of the pits might not be the on
reason for the fct to fcc structural relaxation. In a rece
temperature-dependentIV/LEED study of the Fe/Cu~100!
film, Zharnikov et al.13 have shown that the fct structure o
the films tends to relax back to the fcc structure upon hea
to a temperature of 370 K, at or below which no pits cou
be formed. The main difference between the fct to fcc str
tural relaxation observed in Ref. 13 and in this work, is t
reversibility of this structural change. In Ref. 13, the fcc
fct transition is a reversible process as the fct structure
be recovered after the temperature is lowered. In the pre
work, the fct to fcc transition is a completely irreversib
process and the transformed fcc structure is stable at
temperatures. Comparing these two studies, we conclude
the transformation from fct to fcc is a general tendency of
Fe/Cu~100! system upon heating, while the pit formatio
helps to stabilize the transformed fcc structure.

V. SUMMARY

In summary, we have achieved a comprehensive un
standing of the evolution of the magnetization depth pro
of the Fe/Cu~100! films upon thermal annealing. The chang
of the magnetic properties is closely connected with
annealing-induced structural relaxation. Before anneal
the films are strained and have a buckled fct structure.
fct structure tends to transform to the fcc structure in orde
reduce both the strain energy and the magnetic energy. S
a transformation can be accomplished by the pit format
upon annealing. The annealed films have a fcc structur
the bulk layers and a fct structure in the topmost layers. T
topmost layers are still expanded, are ferromagnetic and c
tribute to the measured magnetic signals.
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