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Structural and magnetic instabilities in ultrathin Fe-rich alloy films on Cu „100…
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A well-known property of Fe/Cu~100! films is the existence of ‘‘magnetic live surface layers’’ above
;4 ML ~monolayer!. This is correlated with structural changes as seen with low electron energy diffraction.
Up to ;4 ML a (n31) diffraction pattern is observed withn;5. This changes into a pattern with a (2
31) symmetry for thicker films. We have studied the evolution of the structural and magnetic properties of
FexNi12x and FexMn12x /Cu(100) films with Fe contents above 80%. The magnetic studies indicate two types
of magnetic behavior. Initially the films are uniformly magnetized as judged from the thickness dependence of
the Kerr signal. In this thickness regime the (n31) diffraction pattern shows a thickness dependence ofn. For
all samples we find thatn varies linearly from 4–6 in the thickness regime 2–4 ML. The uniformly magnetized
state is followed by a phase with constant Kerr intensity. This change in the magnetic properties is accompa-
nied by a change in the diffraction pattern which becomes either (231) or p(131). Further, we find the easy
axis is normal to the surface for the uniformly magnetized films and magnetic live surface layers. We discuss
our results in the context of a nanomartensitic bcc phase recently observed for Fe/Cu~100!.

DOI: 10.1103/PhysRevB.69.054419 PACS number~s!: 75.70.Ak, 75.50.Bb, 75.70.Rf
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I. INTRODUCTION

Ultrathin Fe/Cu~100! films have been extensively invest
gated in the recent decade.1–17 A driving force behind this
effort was the prediction of a magnetic instability of the f
phase close to the lattice constant of Cu.18 Experimentally
the following facts are well established for room-temperat
grown films. First for thicknesses below;5 ML ~mono-
layer! the whole films contribute to the magnetic signal, w
an out-of-plane orientation of the magnetizationM. Above
this thickness only the first two top layers contribute to t
magnetic signal, which is still out of plane.10 The rest of the
film is in a paramagnetic or antiferromagnetic state.10,15This
unusual feature has been termed ‘‘magnetic live surf
layers.’’10 Although it is the disappearance of the magneti
in the interior layers which takes place. In the following w
want to abbreviate this feature with SL. This transition
magnetic properties is accompanied by structural chan
Ultrathin Fe/Cu~100! films exhibit complex structures, whic
are manifested in reconstructions of the low electron ene
diffraction ~LEED! pattern.5,14,19In particular the SL are tied
to the appearance of a (231) LEED pattern.14,10 The uni-
formly magnetized state is accompanied by a (431) or (5
31) reconstruction depending on the thickness.10,20 This
structural instability could be related to the well-know
atomic volume–magnetic moment instability of bulk fcc F
predicted previously.18 Therefore it was concluded that fe
romagnetic layers are on top of an antiferromagne
phase.14,10 Experimentally one finds an atomic volume
11.4 Å3 and 12.1 Å3 for the antiferromagnetic and ferro
magnetic phase, respectively. It is appealing to calculate
lattice constants of a cubic structure having the same ato
volumes. Using the Cu lattice constant as a reference
finds that only an;1% reduction~expansion! results in an
antiferromagnetic~ferromagnetic! structure.

This picture has been recently challenged as far as
source of the ferromagnetism is concerned.21,22 A bcc~110!
face can never achieve a perfect match on an underlin
0163-1829/2004/69~5!/054419~8!/$22.50 69 0544
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fcc~100! substrate. However, Biedermannet al. find that a
tensile strain along the bcc@112# direction results in a com-
mensurate alignment of bcc@111# rows with the fcc~100! sur-
face. The resulting strain energy is compensated by the
in magnetic energy. From their scanning tunnel microsco
~STM! work Biedermannet al. suggest that a distorted bc
or nanomartensitic bcc phase carries the ferromagnet
The fcc phase is supposed to display antiferromagnetic o
in agreement with previous work. This observation has b
supported by theoretical investigations, which showed t
fcc Fe/Cu~100! displays a surprising shear instability.23 The
resulting structure was identified as a bcc derived pha
since the density of states displays the characteristic
bonding-antibonding features.23 Furthermore, Biedermann
et al.suggest that alloying changes the subtle energy bala
significantly hence affecting this structural transition. W
have recently demonstrated that starting at; 80% Fe con-
tent FexNi12x films show also SL.24 This we could correlate
with structural changes as seen in the LEED pattern. In
light of the recent results by Biedermannet al. we present a
more detailed structural analysis for FexNi12x /Cu(100)
films. Additionally we extended the studies t
FexMn12x /Cu(100) alloy films. These two alloy systems a
particularly suited, because of their properties in the bulk.
Fig. 1 we show a simplified phase diagram where the c
centration dependence of the critical temperatures is plot
The focus is on ferromagnetism in the bcc phase and ant
romagnetism in the fcc phase. Like bulk Fe both systems
stable in the bcc phase at room temperature if the Fe con
is above;80% for FexNi12x ~90% for FexMn12x).

25,26 In
the bulk FexMn12x alloys are stable in the fcc phase if the F
content lies between 80% and 50%. In this regime one
serves a monotonic increase of the Ne´el temperatureTN
upon increase of the Mn content. At 80% FeTN has a value
of ;360 K compared to;500 K for 50% Fe. For Fe con
tents above 90% FexMn12x is in bcc phase, which display
ferromagnetic behavior. The Curie temperatureTC decreases
linearly in this regime and at 90% FeTC is around 500 K
©2004 The American Physical Society19-1
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R. THAMANKAR, S. BHAGWAT, AND F. O. SCHUMANN PHYSICAL REVIEW B69, 054419 ~2004!
which is;50% of the value of bcc Fe.26 Bulk FexNi12x also
shows a complex magnetic behavior. Ferromagnetism in
fcc phase is observed for Fe contents up to;65%. At this
concentration this alloy system displays the well-kno
anomalies related to the invar effect.25 In the vicinity of the
invar transition there is a coexistence between ferrom
netism and antiferromagnetism.27 In the regime of bcc stabil-
ity TC cannot be determined because before the critical p
is reached a transition to a fcc structure is observed. TheTN
value for fcc Fe stems from measurements of fcc Fe prec
tates in a Cu matrix.28 We want to address the followin
questions.

~1! What is the structure of Fe-rich FexNi12x and
FexMn12x alloys? In particular do they display a similar s
quence of LEED reconstructions such as Fe/Cu~100!? This
would point towards a bcc derived phase following the wo
of Biedermann and co-workers21,22

~2! If LEED reconstructions such as Fe/Cu~100! exist,
how much Fe can be replaced till these reconstructions
appear? Biedermannet al. suggest that a subtle energy ba
ance exists, which might be affected by alloying.21,22

~3! It was previously accepted that fcc Fe on Cu~100! can
be stabilized. Now it appears that a bcc phase evol
Rather than expecting fcc stable alloy films on Cu~100! we
may extend the regime of bcc stability compared to the bu
We are particularly interested in FexMn12x alloys due to the
complex magnetic properties of Mn. Extending the bcc ph
has been demonstrated for thick FexMn12x /GaAs(001)
films.29

~4! In this case one would like to know what the magne
properties in the extended regime are. Further, is ther
correlation between structure and the occurrence of SL?

We will show that alloying with up to 20% Ni or Mn
maintains the sequence of LEED reconstructions kno
from Fe/Cu~100!. From this we conclude that a distorted b
phase is present in this concentration regime. In this se
we have extended the bcc phase stability of FexMn12x alloys

FIG. 1. Simplified phase diagram and critical temperatures
bulk FexNi12x and FexMn12x alloys. ~Refs. 25–27! The vertical
line separates FexNi12x ~left half! and FexMn12x ~right half!. The
dashed lines divide the fcc from the bcc phase. The solid li
through theTcrit data serve as a guide for the eye.
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when compared with the bulk. The films show an out-o
plane magnetizationM in the uniformly magnetized state
Further we find that the emergence of SL at about 4 ML
tied to structural changes yet maintaining a perpendicu
orientation ofM.

II. EXPERIMENT

The experiments were performed in an UHV chamb
(1310210 mbar) equipped with a LEED optics for structur
analysis and CMA~cylindrical mirror analyzer! for chemical
analysis. A second electron gun for reflection high-ene
electron diffraction~RHEED! studies during the growth is
available. E-beam sources were used for the depositio
Fe, Ni, and Mn. All films investigated in this work wer
grown at room temperature. The rate of all evaporators
be controlled by individual quartz crystal monitors. In ord
to calibrate these thickness monitors we used RHEED os
lations, which are well documented for Ni/Cu~100! and Fe/
Cu~100!. The calibration of the Mn evaporator is not s
straightforward since no RHEED oscillations for Mn
Cu~100! exist. We adopted the following procedure for ca
bration of the Mn source. Similar to the recent observatio
of Offi et al. we can observe RHEED oscillations for a
;Fe50Mn50 alloy during the growth on Cu~100!.30 From this
experiment we can determine the total thickness of the a
film. Since the Fe source is already calibrated we know
amount of Fe deposited. From the difference of the to
thickness and the Fe contribution we can calculate the
contribution. This gives us the calibration value for the M
source. Additionally we use Auger spectroscopy to determ
the Fe concentration. Since we know the Fe amount we
determine the Mn contribution to yield the concentrati
measured with Auger spectroscopy. Again we have a wa
calibrate the Mn source, confirming the result from t
RHEED experiment. In regular intervals the calibration v
ues were checked, which we found to be stable within 5%
well-ordered Cu~100! surface was prepared by using Ar1

sputtering and annealing to 720 K. Alloy films were depo
ited at 300 K by simultaneous deposition. At present
lowest temperature we can achieve is 110 K with LN2 cool-
ing. For magnetic measurements we utilized the magn
optical Kerr effect; our setup allows us to perform these
periments at the growth position. The in-plane and out-
plane magnetization can be probed by orthogonal magn
Therefore no sample movement is necessary for Kerr m
surements along the in-plane and out-of-plane direction.
maximum available field is at present;1000 G.

We continue by addressing segregation and clustering
fects in alloy thin films. For FexNi12x alloys Ni surface seg-
regation was observed previously with an enhancemen
;4 –7 %.31–33Although these investigations continued on
up to ;70 % Fe it appears reasonable to assume a sma
segregation also for Fe-rich alloys. For FexMn12x alloys we
are not aware of similar studies hence we used Auger s
troscopy with low~47 and 40 eV! and high kinetic-energy
Auger peaks~703 and 542 eV! of Fe and Mn, respectively
The angle of the incident electron beam was 55° with resp
to the surface normal. For Fe-rich alloys the observation
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STRUCTURAL AND MAGNETIC INSTABILITIES IN . . . PHYSICAL REVIEW B69, 054419 ~2004!
the Mn 40 eV peak is not possible due to the strong Fe 47
peak which extends into the Mn 40 eV peak. However,
find clear evidence of Fe segregation for 50–70 % Fe wh
amounts to an enhancement of;10 %.34 For Fe-rich
FexMn12x alloys we also expect some Fe segregation to
cur. We conclude that in both alloy systems the top lay
have a slightly different content compared to the volume
the film. Due to the small effect we will neglect this in th
following. The lattice mismatch between film and substr
results in a buildup of strain energy in the film. It is now we
established that strain can promote alloying of bulk imm
cible metals.35 To our knowledge strain induced dealloyin
has not been observed for metals. This is in contrast to se
conducting alloys where a composition modulation both
eral and along the growth direction is known to occur thou
no complete phase separation was detected.36,37A theoretical
study dealing with the energetics of impurities in Fe fin
that Mn and Ni impurities repel each other.38 We conclude
that there is the possibility of some composition variatio
but a complete dealloying into Fe and Ni or Mn phases is
likely. Therefore our studies to be presented below reflect
properties of alloys.

III. MAGNETIC LIVE SURFACE LAYERS IN
FexNi1Àx ÕCu„100… FILMS

In Fig. 2~a! we display selected polar hysteresis loops
a Fe92Ni8 /Cu(100) sample at different coverages. All loo
are square indicating single domain behavior. In the follo
ing we do not have to differentiate between remanence
saturation. Further we have normalized the Kerr signals
these loops. In this way we can directly compare the sig
levels in Fig. 2~a!. If we compare the loop of the 2.1 ML film
with the one obtained at 3.2 ML we see a clear increas
the signal level. At 6.4 ML the signal has dropped sign
cantly and is even lower than that for 2.1 ML. Although f
a 7.5 ML film the Kerr intensity increases it is still below th
level of the 2.1 ML film. We also note that the coercive fie
Hc has increased considerably.

This variation is very similar to published data fo
Fe/Cu~100!.39,40 A summary of the magnetic measuremen
for this alloy is depicted in Fig. 2~b!. We observe that the
polar Kerr signal increases linearly with thickness for cov
ages below;4 ML. The dashed line in Fig. 2~b! is a linear
fit to the data in this thickness regime. Besides the lin
increase we note that the intercept withx axis is near the
origin. Both points prove that the film up to;4 ML is uni-
formly magnetized. Upon further increase of the thickne
the polar Kerr signal decreases sharply and is essentially
dependent of thickness. Although it should be pointed
that previous experiments showed an oscillation of the K
intensity.40,41 If they are present in our case our mesh of d
points is too coarse to resolve them. However the impor
observation is the strong decrease of the Kerr intensity.
find that the signal level is about a quarter of the maxim
signal obtained for;4 ML. In other words the observe
Kerr signal for thicknesses above 4 ML is equivalent
1 ML in the uniformly magnetized phase. We conclude th
we have observed SL in a Fe92Ni8 /Cu(100) sample identica
05441
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to the observation of Thomassenet al. for Fe/Cu~100!.10 The
onset of this behavior has been characterized by the th
nessdsl , see Fig. 2~b!. Similar experiments have been pe
formed for other concentrations and the variation ofdsl
on the Fe content was determined.24 The changes in mag
netic behavior are correlated by changes in the structur
we will show now. We have recently demonstrated that
emerge when a (531) reconstruction in the LEED patter
has transformed into a (231) or (131) structure.24 In the
next section we want to give a more detailed account of
behavior.

IV. STRUCTURE OF FE-RICH Fe xNi1Àx FILMS
AND FexMn1Àx FILMS

In Fig. 3 we show representative LEED images for a F
Fe89Ni11, and a Fe90Mn10 sample collected at 110 K. On th
left half we see the images taken at coverages just below
thicknessdsl ; in other words uniformly magnetized spec
mens are given. For all samples a clear (n31) reconstruc-
tion was detectable. A first look yields a valuen;5. The
right half of Fig. 3 shows images taken at coverages ab
dsl . It is immediately clear that the symmetry of the patte
has changed. In the case of Fe and Fe90Mn10 we observe a
weak (231) pattern whereas the Fe89Ni11 alloy displays a
(131) pattern. Recalling the magnetic measurements sh

FIG. 2. In panel ~a! we show polar hysteresis loops for
Fe92Ni8 /Cu(100) alloy at 110 K. The thickness dependence of
remanent Kerr intensity (d) and coercive field (h) is shown in
panel ~b!. The dashed line represents a linear fit to the intens
data.
9-3
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R. THAMANKAR, S. BHAGWAT, AND F. O. SCHUMANN PHYSICAL REVIEW B69, 054419 ~2004!
FIG. 3. LEED images for Fe, Fe89Ni11, and Fe90Mn10 on
Cu~100! obtained at 110 K. On the left half a;(531) reconstruc-
tion can be observed. On the right one sees changes due to a
ness increase. For Fe and Fe90Mn10 we observe a (231) structure.
For Fe89Ni11 no reconstruction can be seen. In the pattern of 4.2
Fe we have indicated how linescans are being performed.
05441
in Fig. 2 it becomes apparent that there is a correlation
tween the occurrence of SL and structural changes as
sented recently.24 In this section we want to go beyond th
analysis presented in our previous work. The LEED imag
obtained can be quantitatively analyzed in the followi
fashion. We performed linescans by going from the~11! to
the (11̄) diffraction spots and equivalent pairs as indicated
Fig. 3. The beam energy was;170 eV. The resulting profile
is shown in Fig. 4 for a Fe94Ni6, Fe, and Fe90Mn10 sample.
The extra intensity due to the reconstructions is easily vis
and the associated peaks have been highlighted by gray s
ing. The three vertical lines indicate the position of the in
ger peaks. We start the discussion with the well-documen
Fe/Cu~100! case. At 2.5 ML the extra intensity is relativel
low. Upon increasing the thickness we observe an inten
increase of these spots. This is accompanied by a shift
wards the main diffraction spots. This shift is indicated
the dashed lines. At 6.2 ML the extraspots have disappe
and a (231) reconstruction is visible, see Fig. 3. Althoug
this is best observed at;146 eV. The extraspots of the (
31) reconstruction are marked by the arrows in Fig. 4. F
ther we notice that the diffraction peaks have beco
sharper. This indicates that the;(531) reconstruction has
really disappeared rather than masked by the main peaks
continue with the discussion of the Fe94Ni6 sample. Again
the extra intensity moves towards the main peak as the th
ness is increased. At a coverage of 4.2 ML the extrasp
have disappeared. At this point the peaks become sha
similar to the Fe/Cu~100! case. The difference we note is th
the extra intensity decreases as the thickness is increased
now move on to the Fe90Mn10 alloy. At 1.9 ML we can
clearly identify extraspots. For 3.0 ML we observe that t
relative intensity of these spots has increased. Again th

ick-

L

was
due to the
ots for Fe
FIG. 4. Linescans through LEED images for a Fe94Ni6, Fe and Fe90Mn10 sample at various thicknesses. The measuring temperature
110 K. The vertical lines indicate the positions of the LEED spots associated to the unreconstructed case. The gray peaks are
(n31) reconstruction. The vertical dashed lines show that the positions of the extraspots is thickness dependent. Arrows in the pl
and Fe90Mn10 indicate a (231) reconstruction at 6.2 and 5.3 ML, respectively.
9-4
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STRUCTURAL AND MAGNETIC INSTABILITIES IN . . . PHYSICAL REVIEW B69, 054419 ~2004!
peaks move towards the nearest integer peak. This tren
continued up to 4.2 ML where the extraspots are best
solved. At 5.3 ML the LEED image has changed to a
31) pattern. Weak extraspots halfway in between the inte
spots indicate the presence of a (231) reconstruction. We
conclude that the structural properties of FexNi12x , Fe and
Fe90Mn10 samples are identical. These kinds of observati
we could make until the Fe content was;80% for both
alloy systems. For FexMn12x alloys we noted an abrup
change in the structural properties if the Fe content was
low 80%. Rather than a thickness dependent (n31) recon-
struction we saw ap(131) with a weakc(232) structure.
At the same time we were not able to detect any ferrom
netic signal. According to the bulk phase diagram we ha
reached the antiferromagnetic fcc phase. We have de
mined the position of the extra spots in two ways. First
determine the position by looking at the maximum intens
of the extraspots. Second we employed a linefit. In b
cases we find virtual identical values. Now we are able
calculate the separation ink space of extraspot and mainsp
and can determine the parametern of the (n31) reconstruc-
tion. The result is plotted in Fig. 5 and it becomes appar
that the value ofn varies between 4 and 6 for all alloys.

We conclude that for Fe contents up to 80% in FexNi12x
and FexMn12x alloys on Cu~100! the same thickness depe
dence of the (n31) reconstruction is present, see Fig.
This behavior suggests that a distorted bcc phase has fo
as for Fe/Cu~100!.21,22

V. MAGNETIC PROPERTIES OF Fe xMn1Àx FILMS

We turn now our attention to the magnetic properties
FexMn12x /Cu(100) films. Above we have shown that the
is a link between the onset of SL and changes in the LE
pattern for FexNi12x . From the similar structural behavior o
Fe-rich FexNi12x and FexMn12x alloys we expect also a
magnetic instability for FexMn12x alloy films. Experimental
evidence of this conjecture is shown in Fig. 6~a!. There we
show selected hysteresis loops of a Fe86Mn14 sample mea-
sured in the polar geometry at 110 K. Again we have plot
the M -H loops with a normalized intensity therefore th

FIG. 5. Thickness dependence of the parametern. The three
horizontal lines refer to the integer values 4, 5, and 6.
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height of the loops can be directly compared. Initially w
observe a steady increase of the signal, which decreases
ML and vanishes at 5.8 ML. No signal in either field dire
tion could be detected for thickness up to 7.5 ML. In F
6~b! we show the thickness dependence of the out-of-pl
remanence and coercive field. A linear fit of the intensity
the interval 2.3–4.2 ML represents a good description. T
intercept of this line with thex axis occurs slightly below 1
ML. The linear behavior is followed by a sharp decrease
the Kerr signal, which vanishes at 5.8 ML concurrently t
coercive field increases. Bulk fcc FexMn12x alloys with 50–
80 % Fe display antiferromagnetic order. From our LEE
experiments we know that above;4 ML a (231) or (1
31) structure has evolved. There is consensus that
Cu~100! at this thickness and this LEED pattern is magne
cally nonuniform. The top of the film is in a ferromagnet
state, but the interior is in an antiferromagnetic state.10,12,15,41

It is therefore reasonable to assume that we also obser
fcc structure in the interior. In this case we have to consi
the antiferromagnetism of these films, although the conc
tration is outside the fcc stability in the bulk. Therefore o
may ask what causes the lack of a ferromagnetic signal. T
possibilities arise:~i! a rapid increase ofHc quickly exceed-
ing the available field or~ii ! a nonmagnetic or antiferromag
netic phase exists. For the first possibility we refer to t

FIG. 6. In panel ~a! we show polar loops for a
Fe86Mn14/Cu(100) sample at 110 K. In panel~b! we plot the polar
remanence (d), the dashed line is the result of a linear fit. Th
thickness dependence of theHc (h) is shown, too.
9-5
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R. THAMANKAR, S. BHAGWAT, AND F. O. SCHUMANN PHYSICAL REVIEW B69, 054419 ~2004!
work of Qian et al., who report a rapid increase ofHc for
Fe/Cu~100! as the temperature is decreased.40 In order to
distinguish between the possibilities we have perform
temperature-dependent measurements on a Fe90Mn10 sample
with identical structural properties. In Fig. 7~a! we see that at
110 K the Kerr intensity rises linearly for thicknesses up
;4 ML. The dashed line represents a linear fit that int
cepts thex axis near the origin. This shows that the who
film is magnetic like the previously discussed sample. Abo
4 ML we note that the Kerr intensity drops and finally leve
out at ;8 ML. There the signal level is;1.5 ML of the
uniformly magnetized state and we conclude that we h
SL. The data points denoted by open symbols in Fig. 7~a!
have not been collected at 110 K. In agreement with the d
shown in Fig. 6 we are not able to detect a signal at 110
In order to determine the Kerr signal at 110 K we resorted
an extrapolation. In Fig. 7~b! we show the temperature de
pendence of the polar remanence and the coercive field
6.3 ML Fe90Mn10. It is apparent that for temperatures belo
;200 K no Kerr signal can be detected in agreement w
the data displayed in Fig. 6. The reason becomes clear i
consider the behavior ofHc . Although the Kerr signal varies
very little in the interval 200–250 K,Hc increases rapidly
~by a factor of;15), exceeding our available fields rapidl

FIG. 7. In panel~a! we show the thickness dependence of t
polar remanence for an Fe90Mn10 alloy at 110 K. The dashed line
represents a linear fit. The open symbols indicate that they h
been derived from an extrapolation. In panel~b! we plot the tem-
perature dependence of the polar remanence~left axis! and Hc

~right axis! of a 6.3 ML thick film. The linear temperature depe
dence of the remanence~dashed line! can be used to extrapolate th
value at 110 K, which then can be included in panel~a!.
05441
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From theHc(T) curve in Fig. 7~b! we can identify a charac
teristic temperatureTa f m .30 It was suggested by Offiet al.
that this temperature is a measure ofTN of the antiferromag-
netic part of the sample. This they concluded from their wo
on Fe50Mn50/Co/Cu(100) films.

The dashed line in Fig. 7~b! is a linear fit to the rema-
nence data. With this curve we extrapolate the Kerr signa
110 K and plot this in Fig. 7~a!. A similar procedure has bee
adopted for the 8.2 ML film. Like the Fe/Cu~100! and
FexNi12x /Cu(100) case we have SL. Similar observatio
have been made for all FexMn12x alloys up to;80%. In the
early stages of the experiments temperature-dependent
surements have not been performed. Therefore we could
determine the thicknessdsl for these samples. However th
preceding paragraph shows that the thickness where the
romagnetic signal vanishes~which we calldmax) is identical
to dsl . Therefore we plotdsl anddmax values together in Fig.
8. We can see that SL appear at;4 –5 ML in FexNi12x and
FexMn12x . The dashed horizontal lines indicate the thic
ness interval where the (n31) reconstruction transform
into a (231) or (131) pattern. For a Fe92Mn8 sample we
also determined theTC of the ferromagnetic top layer. Ther
we found that the value varied from;280 K to ;230 K
when going from 4 to 8.6 ML. These values are sligh
below the ones reported by Thomassenet al.10 but otherwise
show the same trend as a function of thickness. From
Kerr signal we judge that;1.5 ML form the ferromagnetic
portion of the SL. Another interesting aspect is the values
the Curie temperatures in the uniformly magnetized sta
Work is in progress to determineTC(d) systematically. How-
ever we have some results which tell us whenTC(d) exceeds
300 K. The important observation is that 2.2 ML Fe80Mn20
have a TC.300 K. Elmers et al. studied bcc Fe~110!/
W~110! and foundTC~2 ML!5480 K.42 This is about 46% of
the bulk value. If we scale our result on 2.2 ML Fe80Mn20 to
infinity we would obtain a value of;650 K. We show in
Fig. 1 a rapid decrease ofTC of bulk bcc FexMn12x upon
alloying with Mn. In particular Fe90Mn10 has a TC of
;550 K. It is of course reasonable to assume that the b
TC would decrease further for higher Mn contents if the b
phase would be stable. Therefore our extrapolated value

ve

FIG. 8. Concentration dependence ofdsl for FexNi12x ~left half!
and FexMn12x ~right half!. We also plotteddmax for FexMn12x .
9-6
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‘‘bulk’’ Fe 80Mn20 is surprisingly high if the distorted bc
phase is compared with bcc. Further Biedermannet al. state
that 3 ML Fe/Cu~100! are not fully bcc, but coexist with
antiferromagnetic fcc Fe.21 They specify that the bcc conten
increases as a function of thickness and is more than 50
3 ML. Clearly this value is smaller for 2 ML thick films.

Another common feature is the orientation of the ea
axis. In the uniformly magnetized state and in the regime
SL we find an out-of-plane orientation ofM. The uniformly
magnetized state extends up to;4 ML, hence a reorienta
tion of M has to be above;4 ML. From our work on
FexNi12x /Cu(100) we found that a positive surface anis
ropy KS caused the perpendicular easy axis in the fcc sta
ity range.24 For Fe/Cu~100! investigations showed that
positive KS and volume anisotropyKV drive M out of
plane.17 These results we compare with properties
bcc~110! Fe films on Ag~111!, W~110!, and Au~111!.42–44

The first two systems have an in-plane easy axis, but
Au~111! displays an out-of-planeM up to ;4 ML. In this
case a strongKS is responsible for a perpendicularM, theKV
term is negligible.44 Following Biedermannet al.we observe
a distorted bcc~110! structure, the deviation from cubic sym
metry can result in important contributions toKV as observed
in Fe/Cu~100!.17 It would be interesting to determine th
individual anisotropy contributions, in particular the volum
terms.

VI. SUMMARY

FexNi12x and FexMn12x alloys behave very similar as fa
as structure and magnetism are concerned if the Fe conte
above 80%. We summarize as follows.

~i! In both cases we observe (n31) reconstructions in the
lis

lis

n

J

W

ch

.C

05441
at

y
f

-
il-

f

e/

t is

LEED pattern withn;4 –6. The thickness dependence
the parametern does follow a single curve as depicted in Fi
5. These results are in a agreement with the STM exp
ments of Biedermann and co-workers.21,22 Although we are
not able to determine the local structure with STM it appe
reasonable that the distorted bcc structure observed by
dermannet al. is also present in our samples.

~ii ! The regime over which the (n31) structure exists is
rather extended. This can be made clear if we consider
change in electron count. In an Fe80Ni20 alloy we have 26.4
electrons/atom compared to 25.8 electrons/atom for
Fe80Mn20 alloy. This means that varying the electron cou
by 0.6 electrons/atom does not affect the appearance o
(n31) reconstruction. We conclude that contrary to the s
gestion of Biedermannet al.alloying with Ni and Mn has no
dramatic effect on the relevant energy balance.

~iii ! We are able to observe a distorted bcc phase u
80% Fe. In this sense we have extended the bcc phase w
compared with the bulk value of 90% Fe. This wou
agree well with the observations of Jinget al. on
FexMn12x /GaAs(100).29

~iv! Common magnetic behavior is manifested in the a
pearance of SL. This is correlated with the disappearanc
the (n31) structure and the appearance of a (131) or
(231) structure. Further we observe that the easy axis of
magnetization is out-of-plane for the uniformly magnetiz
state and SL.
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