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Structural and magnetic properties of FexMn1Àx thin films on Cu„001… and on CoÕCu„001…

F. Offi, W. Kuch, and J. Kirschner
Max-Planck-Institut fu¨r Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

~Received 19 February 2002; revised manuscript received 18 June 2002; published 16 August 2002!

The structural and magnetic properties of FexMn12x alloy thin films deposited on Cu~001! and on Co/
Cu~001! are investigated. A layer-by-layer growth mode of the alloy films in a large range of concentration is
deduced from the presence of regular oscillations in medium-energy electron-diffraction intensity. Low-energy
electron-diffraction experiments reveal that Fe50Mn50 films keep the fcc structure when growing on Cu~001!
and on Co/Cu~001!. Magneto-optic Kerr effect is used to study the magnetic properties of Co/FeMn bilayers.
A temperature-dependent increase in the coercive field of the Co film, when the thickness of the adjacent FeMn
film exceeds a certain value, is related to the antiferromagnetic state of the FexMn12x alloy.
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I. INTRODUCTION

The number of studies of the structural and magne
properties of thin antiferromagnetic~AFM! films was re-
markably increased over the past decade, after a bilayer c
posed by a ferromagnetic~FM! and an AFM material has
been used in an exchange biased spin valve.1 The interaction
at the interface between the AFM and the FM materials
duces just one stable direction for the magnetization of
system, leading to a unidirectional anisotropy, dubbedex-
change anisotropy, discovered almost forty years ago b
Meiklejohn and Bean.2 Two of the manifestations of this
exchange anisotropy are an increased coercive field a
hysteresis loop displaced from the origin along the app
field axis. The value of the displacement, that is, the dista
between the origin of the axes and the center of the hys
esis loop, is usually calledexchange bias field(Heb). Despite
the large number of both experimental3 and theoretical4 in-
vestigations still a general explanation for all the obser
tions arising from the magnetic interaction at an FM-AF
interface is not available.

Indeed the phenomenon is inherently complex, since
interaction is realized at the interface, which is a locat
hard to explore experimentally, and since not all the para
eters involved, such as structural perfection, influence
magnetic anisotropy, spin configuration, or domain form
tion, are easily controlled at the same time. One has als
take into account that AFM materials are involved, the m
netic properties of which are generally less known than
ones of FM materials, since most of the techniques use
characterize magnetic properties probe the spontaneous
netization of the sample. A further complication arises fro
the incomplete characterization of the interface condition
sputtered films, which are frequently used in many inve
gations of exchange anisotropy. From this point of vie
single-crystal epitaxial FM/AFM bilayers seem to be bet
candidates in order to understand the details of the magn
coupling, because the interface can be described by m
less parameters than in sputtered polycrystalline syst
and, moreover, no grains of different crystal orientation
present, which could further complicate the study of t
magnetic interaction at the interface.

For these reasons thin FexMn1002x single crystal films are
0163-1829/2002/66~6!/064419~10!/$20.00 66 0644
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characterized in this work from a structural and magne
point of view. In bulk material, FexMn1002x disordered alloys
are antiferromagnetic with an fcc structure in a concentrat
range betweenx545 at. % and x575 at. % at room
temperature.5,6 The Néel temperature (TN) varies withx and
reaches a maximum of about 500 K atx'50 at. %. This
relatively highTN of the alloy at equiatomic composition ha
made Fe50Mn50 one of the most used materials in spin val
structures.7–9 Even if in many applications Fe50Mn50 has
been replaced by antiferromagnetic materials with hig
corrosion resistance and higher blocking temperature, s
as IrMn ~Ref. 10! and MnPt,11 still it takes the character of a
model system for the investigation of the magnetic coupl
at the FM/AFM interfaces.

In order to preserve the fccg phase in thin Fe50Mn50
films, a Cu~001! substrate has been used in this work. T
lattice parameter of Fe50Mn50, a53.629 Å,6 in fact fits
quite well with the one of Cu~001!, a53.615 Å.12 This lat-
tice misfit of less than 1% should promote a pseudomorp
growth of Fe50Mn50 on Cu~001!, which is indeed the case, a
demonstrated in this paper by means of low- and mediu
energy electron diffraction. The magnetic properties
FexMn1002x alloy films, in particular the AFM ordering tem
perature, are investigated by measuring magnetization cu
in Co/FexMn1002x bilayers by the magneto-optic Kerr effec
~MOKE!. The thickness-dependent transition from param
netic to antiferromagnetic in FexMn1002x films is in fact re-
flected by a change in the magnetic properties of the adja
Co film.

The paper is organized as follows. After this introducti
the experimental techniques are briefly described in Sec
Section III contains the results of the structural and magn
investigation, which are discussed in Sec. IV. At the e
some concluding remarks are given.

II. EXPERIMENT

The experiments were performed in an ultra-high-vacu
chamber with a base pressure of about 131028 Pa. The
chamber is equipped with facilities to study the structu
and magnetic properties of thin magnetic films. The Cu s
strate used for growing the films was a disk-shaped sin
crystal with the@100# direction normal to the surface. In
©2002 The American Physical Society19-1
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F. OFFI, W. KUCH, AND J. KIRSCHNER PHYSICAL REVIEW B66, 064419 ~2002!
order to obtain a clean and smooth surface the crystal
treated in the vacuum chamber by 1-keV Ar1-ion bombard-
ment and subsequent heating up to about 800 K in 3 m
keeping then this temperature for two more minutes. T
temperature was controlled by anN-type thermocouple at
tached to the sample holder. The presence of contamin
on the substrate surface was checked to be below the d
tion limit of the Auger electron spectroscopy~AES! system
('2% of a ML!.

The ordered surface structure has been checked by
energy electron diffraction~LEED!, where a beam of elec
trons with primary energy up to'500 eV is incident per-
pendicularly on the surface, and the elastically backscatte
electrons produce a diffraction pattern on a fluoresc
screen. Besides the two-dimensional translational symm
at the surface, from LEED one can gain information a
about the average vertical interlayer distance. Within the
nematic theory, based on the approximation that only sin
scattering processes occur, the vertical interlayer distand
can be expressed as13

d5
np\

sinuA2me@Ep~n!2V0#
, ~1!

where the integern is the order of the corresponding inte
ference peak,Ep(n) the primary energy of the electrons o
that peak,V0 the additional energy shift due to the avera
inner potential in the crystal,me the electron mass, andu the
incident angle with respect to the sample surface.

The films were grown on the clean substrate at room te
perature~315 K! by electron beam-assisted thermal evapo
tion. Fe and Co were cut from high-purity wires~99.99%
purity! of 2-mm diameter and fixed by spot-welding to
support rod inside the water-cooled evaporation source
evaporate Mn two ways were used: either a small irregu
Mn piece~99.98% purity!, of dimension around 10 mm, wa
held by a Ta wire, or a rod~99.5% purity! of 5-mm diameter
was fixed to the evaporator by a thin Ta foil wrapped arou
it. The second solution offered better results in terms of s
bility of the evaporation rate. FeMn alloys were obtained
simultaneous evaporation of Fe and Mn from two differe
sources. During deposition the pressure in the chamber c
be kept below 531028 Pa. The rate of deposition of th
growing films, typically of 0.5–1 ML per min, was checke
by counting the oscillations in the specular medium-ene
electron-diffraction ~MEED! intensity recorded during
evaporation. The geometry used to perform MEED explo
the fact that in the chamber setup the AES system is mou
face to face with the LEED system. This allows diffractio
experiments in a grazing incidence geometry with prim
electron kinetic energy of 2 keV, using the electron gun
the AES system and the fluorescent screen of the LEED
tem.

Magnetization curves have been recordedin situ by
MOKE experiments. The MOKE setup, as described in
previous publication,14 allows measurement of both the lon
gitudinal and the polar Kerr signal, with a maximum ava
able external field of about 200 Oe.
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III. RESULTS

A. Structural properties

In order to characterize the growth properties, the spe
lar MEED intensity has been recorded during the deposit
of the films. When Fe was evaporated on top of Cu~001! an
oscillatory behavior of the MEED intensity has been o
served, very similar to what has already been reporte15

MEED oscillations have also been recorded during
growth of Fe on Co/Cu~001!. From the period of the MEED
oscillations one can determine the evaporation rate of
(r Fe) in atomic monolayer~ML ! units. The specular MEED
intensity recorded during the growth of Mn on Cu~001! and
on Co/Cu~001!, however, does not display an oscillatory b
havior. After the opening of the shutter in front of the evap
ration source the specular MEED intensity drops down d
to the initial increase of density of surface steps. Apart fro
a small shoulder at a thickness slightly lower than 1-ML M
the intensity monotonically decreases up to a thickness
'3 ML, staying later almost constant. During the simult
neous evaporation of Fe and Mn on Cu~001! and on Co/
Cu~001!, oscillations in the MEED intensity are again ob
servable. From the period of the oscillations it is possible
determine the evaporation rate (r FeMn) of the FexMn1002x
alloy films. If Fe is evaporated at the same rate for deposit
of the Fe film and of the FexMn1002x film, one can compare
r Fe and r FeMn as determined by MEED. In this way one ha
the possibility to calculate the composition of th
FexMn1002x film, sincex is obtained by the ratio ofr Fe and
r FeMn. A complementary method to cross-check thickne
and composition of the FexMn1002x film on Cu is given by
AES, by using calibration curves derived from pure Fe a
Mn on Cu~001!.

Figure 1 shows the specular MEED intensity record
during the growth of FexMn1002x films on Cu~001! @Fig.
1~a!# and on 6-ML Co/Cu~001! @Fig. 1~b!# for a wide range
of concentration betweenx525 at. % tox595 at. %. In

FIG. 1. MEED specular beam intensity recorded during grow
at 315 K of FexMn1002x alloy films on Cu~001! ~a! and on 6-ML
Co/Cu~001! ~b! as a function of the FeMn thickness~t! in ML’s. The
arrows at some curves indicate the closing of the shutter in fron
the evaporation sources. Each curve is labeled with the corresp
ing alloy film composition.
9-2
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STRUCTURAL AND MAGNETIC PROPERTIES OF . . . PHYSICAL REVIEW B66, 064419 ~2002!
the figure the MEED intensity is displayed as a function
the FeMn thickness~t! in ML’s. Each curve corresponds to
different film with a different concentration as indicated. T
arrows present in some curves indicate the closing of
shutter in front of the evaporators. Apart from the Fe25Mn75
film on Cu~001!, in all other cases the intensity presents
oscillatory behavior related to the periodic variation of t
average number of surface defects.16,17This in turn is due to
the layer-by-layer growth mode of the FexMn1002x alloy
films on Cu~001! and on Co/Cu~001!, at least for the concen
tration range in which the oscillations are present. As poin
out previously, the period of the oscillations gives a prec
way to determine the film thickness in ML units.

The presence of MEED oscillations indicates, in partic
lar, a pseudomorphic layer-by-layer growth mode
Fe50Mn50 films deposited on Cu~001! and on a thin Co layer
on Cu~001!. On the other hand from the presence of MEE
oscillations during the growth of Co on Cu~001! it has been
deduced that a thin Co film also grows in a layer-by-lay
mode on Cu~001!.18 More generally the same conclusion c
be drawn for both the bilayers Fe50Mn50/Co and Co/
Fe50Mn50 growing on Cu~001! as it is demonstrated in Fig. 2
In Fig. 2~a! the MEED intensity as a function of time i
shown for the growth at 315 K of 6-ML Co on top o
Cu~001!, and the subsequent evaporation of 8-ML Fe50Mn50
on top of it. The order of evaporation is reversed in Fig. 2~b!
where the MEED intensity as a function of time is display
for the growth of a 13-ML Co/8-ML Fe50Mn50 bilayer on Cu
~001!. In both cases the stop of the double evaporation
indicated by the ‘‘shutter closed’’ arrow. Distinct oscillation
are present for all the four layers evaporated.

To obtain information about the crystallographic structu
LEED experiments have been performed. It is particula
important, as will be pointed out in the next section, to che
if Fe50Mn50 keeps the fcc structure also in the thin-film r
gime. Selected LEED patterns are presented in Figs. 3 an
Figure 3 shows the LEED pattern of the clean Cu substrat
125-eV electron energy@Fig. 3~a!# and of a 26-ML Fe50Mn50
film on Cu~001! at 115 eV@Fig. 3~b!#. The LEED patterns
appear to be quite similar for both cases. This indicates
the Fe50Mn50 film forms a p(131) overlayer with the sub-
strate lattice, at least up to the maximum investigated th
ness of 26 ML. A similar behavior is expected also f
Fe50Mn50 films growing on a Co/Cu~001! substrate, consid
ering that Co acquires the same in-plane lattice paramete
Cu when deposited on top of it.18 In Fig. 4 the result of the
investigation on the first stages of growth of an Fe50Mn50
film on 6-ML Co/Cu~001! is reported. LEED patterns ar
shown for the Cu~001! substrate@Fig. 4~a!#, 6-ML Co/
Cu~001! @Fig. 4~b!#, 0.5-ML Fe50Mn50/6-ML Co/Cu~001!
@Fig. 4~c!#, and 2-ML Fe50Mn50/6-ML Co/Cu~001! @Fig.
4~d!#. Again in all images a very similar diffraction patter
can be seen. As stated above, a thin Co film forms ap(1
31) overlayer on Cu~001!, as one can see by comparin
Figs. 4~a! and 4~b!. The same holds also for the growth of th
first ML’s of Fe50Mn50 on Co/Cu~001!. Moreover, one real-
izes that in the diffraction patterns of the initial stages
growth of Fe50Mn50 on Co/Cu~001!, see Figs. 4~c! and 4~d!,
no superstructures are formed, as could be in the cas
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alloying with the underlying layer. The absence of a sup
structure, however, does not prove that no alloying exist
the interface.

Besides the lateral arrangement of the atoms, from LE
one can also extract information about the vertical aver

FIG. 2. MEED specular beam intensity as a function of tim
during the deposition of 8 ML Fe50Mn50/6-ML Co on Cu~001! ~a!
and 13-ML Co/8-ML Fe50Mn50 on Cu~001! ~b!. The starting of the
evaporation of the bilayer corresponds to the time 0. The evap
tion ends at the time indicated as ‘‘shutter closed.’’ The presenc
oscillations in the intensity is characteristic for a pseudomorp
layer-by-layer growth mode.

FIG. 3. LEED patterns from the clean Cu~001! substrate~a!, and
a 26-ML-thick Fe50Mn50 film on Cu~001! ~b!. The primary energy
of the electrons is indicated.
9-3
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F. OFFI, W. KUCH, AND J. KIRSCHNER PHYSICAL REVIEW B66, 064419 ~2002!
interlayer distance. This information is obtained by record
the intensityI of the ~00! diffracted spot as a function of th
primary electron energyE. SelectedI (E) curves are reported
in Fig. 5 for several Fe50Mn50 films grown on Cu~001! ~top
part of the figure! and on 6-ML Co/Cu~001! ~bottom part of
the figure!. The labels at each curve indicate the layer thic
nesses. The composition of the Fe50Mn50 films is omitted in
the labels for brevity. For comparison also theI (E) curves
for the Cu substrate and the 6-ML Co/Cu~001! are shown.
The integern labels the order of the single-scattering Bra
maximum. The intensity of the maxima is somehow low
for the films than for the Cu~001! substrate, but the peaks a
visible up to the maximum thicknesses reported. Within
kinematic theory, using Eq.~1!, from the I (E) curves one
can calculate the average value of the interlayer distance
the surface. The result is shown in Fig. 6 as a function of
Fe50Mn50 film thickness (tFeMn), expressed in ML’s. In the
figure the horizontal dashed line at 1.808 Å indicates
vertical interlayer distance in bulk Cu~001!,12 the dash-dotted
line at 1.815 Å the vertical interlayer distance in bu
Fe50Mn50,6 and the dotted line at 1.74 Å the vertical inte
layer distance for 6-ML Co on Cu~001!,18 as taken from
literature. When grown on Cu~001!, the Co lattice is in fact
slightly tetragonally compressed because of the lattice m
match between the fcc Co and Cu unit cells. The open sq
and the solid circle indicate the experimental values for
Cu~001! substrate and the 6-ML Co/Cu~001! film respec-
tively, as indicated by the labels. The solid squares are
vertical interlayer distances for Fe50Mn50 films grown on
Cu~001!. One can see that within the experimental error
the points agree with the value of Cu~001!, which is actually
very close to the value of bulk Fe50Mn50. A small vertical

FIG. 4. LEED patterns from the clean Cu~001! substrate~a!,
6-ML Co/Cu~001! ~b!, 0.5-ML Fe50Mn50/6-ML Co/Cu~001! ~c!,
and 2-ML Fe50Mn50/6-ML Co/Cu~001! ~d!. The primary energy of
the electrons is indicated.
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FIG. 5. Intensity versus energy dependence of the LEED~00!
beam for Fe50Mn50 films grown on Cu~001! ~top part of the figure!
and on 6-ML Co/Cu~001! ~bottom part of the figure!. For compari-
son also theI (E) curves for the Cu substrate and the 6-ML C
Cu~001! are shown. The label at each curve indicates the la
thicknesses. The integern labels the order of the single scatterin
Bragg maximum. TheI (E) curves have been obtained at a po
angle of 5° from the surface normal, and at an azimuth angle
responding to thê100& crystallographic direction of the Cu~001!
substrate.

FIG. 6. Vertical interlayer distance as a function of Fe50Mn50

thickness (tFeMn), for films grown on Cu~001! ~filled squares!, and
on 6-ML Co/Cu~001! ~open circles!. The open square and the fille
circle indicate the experimental values of vertical interlayer dista
for the Cu~001! substrate and the 6-ML Co/Cu~001! film, respec-
tively. The dashed, dash-dotted, and the dotted lines are the va
of interlayer distances for bulk Cu~001!, bulk Fe50Mn50, and 6 ML
Co/Cu~001!, respectively, as taken from literature.
9-4
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STRUCTURAL AND MAGNETIC PROPERTIES OF . . . PHYSICAL REVIEW B66, 064419 ~2002!
expansion of the Fe50Mn50 lattice, for Fe50Mn50 films grow-
ing on Cu~001!, as a consequence of the lateral misfit w
the Cu~001! substrate, can not be completely ruled out.
hint of this expansion can be seen from theI (E) curves of
FeMn films on Cu~001! of Fig. 5, where the Bragg maxim
are slightly shifted towards lower energy compared to
I (E) curve of the pure Cu substrate. The open circles in F
6 are the values of the interlayer distance for Fe50Mn50 films
grown on 6 ML Co/Cu~001!. The solid line connecting the
open circles is a guide to the eye. The two points for l
Fe50Mn50 thickness, at 1 and 2 ML, are still quite close to t
value of the Co film. This is most likely due to the fact th
what is measured here is anaveragevalue, and for low
Fe50Mn50 thickness the contribution of the underlying C
film is still quite large. For higher Fe50Mn50 thickness the
vertical interlayer distance is again very close to the val
of bulk Cu~001! and Fe50Mn50. The above results are there
fore pointing to the conclusion of an epitaxial growth of t
Co/Fe50Mn50 bilayers on Cu~001!. Moreover, the fcc crystal-
line structure of the substrate is preserved also in the gr
bilayers.

B. Magnetic properties

As mentioned in the introduction, in the bulk, th
Fe50Mn50 alloy is an antiferromagnet with aTN'500 K.6

Thin Fe50Mn50 films deposited on Cu~001!, measured in this
work, do not show any ferromagnetic signal at room te
perature both in the longitudinal and in the polar MOK
geometry, as measured up to an Fe50Mn50 thicknesstFeMn
520 ML. This is in agreement with the non-FM state of t
alloy also in the thin-film regime. To probe the AFM orde
ing, the change in the magnetic properties of an adjacen
film has been measured. In a typical experiment, hyster
loops in the longitudinal MOKE geometry were recorded
room temperature upon increasingtFeMn by subsequen
evaporation steps on top of 6-ML Co/Cu~001!. The external
field was applied along the@110# azimuth direction of the
substrate, which is the easy axis of magnetization of a
Co film grown on Cu~001!.19,20From the hysteresis loops th
coercivity (Hc) and the Kerr signal in remanence (Mr) were
measured. The result is shown in Fig. 7 where the o
squares areMr points ~left axis! and the solid circles are
values ofHc ~right axis! as a function oftFeMn. The lines
superimposed to the experimental points are guides to
eye. The inset in the figure displays for comparison the h
teresis loops~Kerr intensity versus external applied field! for
tFeMn50, that is, for the 6-ML Co/Cu~001! film, and for
tFeMn512-ML Fe50Mn50 on top of 6-ML Co/Cu~001!. The
pronounced increase ofHc starting attFeMn'10 ML ('20
times fromtFeMn59.5 ML to tFeMn512 ML) is the indica-
tion that AFM ordering in the Fe50Mn50 film is established at
that thickness, i.e., Fe50Mn50 films thicker than 10 ML are
AFM at room temperature. Comparable results have a
been obtained upon reversing the order of deposition, w
the Co film is deposited on top of the Fe50Mn50 film. Due to
the interaction between the antiferromagnet and the Co fi
the coercive field of the bilayer is strongly increased co
pared to that of the pure FM film. The increase inHc due to
06441
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the AFM ordering of Fe50Mn50 has been measured at a sim
lar thickness also for Fe50Mn50/Ni80Fe20 ~Py! bilayers on
Cu~001!.21

The variation of Mr in the displayed thickness rang
shows a quite complicated behavior. A very similar thickne
dependence has been found for the Kerr rotation or the K
intensity during the deposition of metallic nonmagnetic ov
layers on top of magnetic films.22,23 In those cases an osci
latory behavior superimposed to a slow decrease as a f
tion of the overlayer thickness was recognized. T
oscillations were attributed to spin-polarized quantum w
states in the metallic overlayers, which influence t
magneto-optical properties of the system. Due to the si
larities of the experimental observation, a similar conclus
could be attempted also for the present case of Fe50Mn50 on
Co, for tFeMn,10 ML, when Fe50Mn50 is found in a para-
magnetic state. One can furthermore notice that in Fig
right at the increase ofHc , due to the AFM order establishe
in Fe50Mn50, a correlated decrease ofMr is observed, which
may be related to the antiferromagnetism in the Fe50Mn50
layer. Indeed, as we have reported in a separate publicatio24

a change in easy axis from the^110& to the ^100& azimuth
directions is observed in a Co film coupled to an Fe50Mn50
film thicker than 10 ML. In Fig. 7, a reduction inMr by
approximately a factor 1/A2 from tFeMn59.5 ML to tFeMn
512 ML can be seen. This can be explained by consider
that the external field, applied along one of the^110& direc-
tions, is not able to fully saturate the magnetic film, whi
now has an easy magnetization axis along one of the^100&
directions. In this case the measured remanence is jus
projection along one of thê100& directions on one of the
^110& directions.

If the increase in coercive field in the Co/FeMn bilayers
due to antiferromagnetism of the FeMn film, one can m
sure the temperatureTAFM at which the AFM ordering dis-
appears. Due to finite-size scaling26 one would expect in gen

FIG. 7. RemanenceMr ~left axis! and coercive fieldHc ~right
axis! as a function of Fe50Mn50 film thickness (tFeMn) at 315 K. The
external field was applied along the@110# azimuth direction of the
Cu substrate. The values attFeMn50 correspond to the remanenc
and coercive field of a 6-ML Co/Cu~001!. The inset displays
MOKE hysteresis loops for 6-ML Co/Cu~001! ~solid line! and
12-ML Fe50Mn50/6-ML Co/Cu~001! ~dotted line!.
9-5
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F. OFFI, W. KUCH, AND J. KIRSCHNER PHYSICAL REVIEW B66, 064419 ~2002!
eral a decrease of this temperature for decreasing
thickness. For thick enough filmsTAFM should approachTN ,
the uniquely defined value of the bulk material.25 Figure 8~a!
shows the temperature dependence of the coercive fiel
bilayers of Fe50Mn50 layers of three different thicknesses~9,
11, and 13 ML! deposited on top of 6-ML Co/Cu~001!. The
values ofHc have been obtained from the hysteresis loo
recorded upon increasing the temperature, with the exte
field applied along the@110# azimuth direction of the sub
strate. For displaying purposes they have been normalize
the value at low temperature (Hc,LT) for each film thickness.
The lines superimposed to the experimental points in F
8~a! are guides to the eye. In all three curves one can s
steplike decrease ofHc upon increasing the temperatur
This corresponds to the crossing ofTAFM at that thickness.
The ordering temperature is shifting towards higher val
for higher tFeMn. The coercive field above the ordering tem
perature for all the films is very similar to the coercive fie
of pure 6-ML Co/Cu~001! at room temperature. From thes
experiments one can obtain an experimental measure
TAFM . This is done, as graphically explained for the data
of tFeMn59 ML, by taking the intersect of the tangent of th

FIG. 8. ~a! Normalized coercive field as a function of temper
ture for tFeMn Fe50Mn50/6-ML Co/Cu~001!, with tFeMn59 ML
~filled circles!, 11 ML ~filled squares!, and 13 ML~filled triangles!.
For the data points oftFeMn59 ML the way in whichTAFM is
obtained is schematically indicated.~b! Normalized coercive field
as a function of temperature for 11-ML FexMn1002x/6-ML Co/
Cu~001!, with x565% ~open circles!, x550% ~open squares!, and
x545% ~open triangles!. The lines superimposed to the experime
tal points are guides to the eye.
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steplike curve with the horizontal line describing the co
cive field for smalltFeMn. Experiments similar to the one
reported in Fig. 8~a! have been done by keeping fixed th
thickness and by varying the concentration of t
FexMn1002x alloy films on top of 6-ML Co/Cu~001!. In this
way the concentration dependence ofTAFM can be investi-
gated. The result is shown in Fig. 8~b! where the normalized
coercive field of 11-ML FexMn1002x/6-ML Co bilayers is
plotted as a function of temperature. Open circles, op
squares, and open triangles refer to Fe concentrationsx
565%, x550%, andx545%, respectively. The lines supe
imposed to the experimental points are guides to the eye
all three cases a marked decrease of coercive field for
creasing temperature can be seen. Moreover, this decrea
present at higher temperature for lower Fe concentration
the FexMn1002x alloy. In other words, the result of Fig. 8~b!
indicates that the ordering temperatureTAFM increases upon
reducing the Fe concentration.

For tFeMn.10 ML, at 315 K, the coercivity of the
Co/Fe50Mn50 is mainly caused by the magnetic interface i
teraction of Co with AFM Fe50Mn50. In order to investigate
the ferromagnetic layer thickness dependence of the coer
field, Co films of increasing thickness were deposited on
of 12.5 ML Fe50Mn50/Cu~001!. Hysteresis loops were re
corded at room temperature~315 K! at each step of Co
evaporation with the external field applied along the@110#
azimuth direction. The measured values ofHc are displayed
in Fig. 9 as a function of the inverse of Co thickness (1/tCo).
The Fe50Mn50 film thickness was chosen in such a way as
have the alloy in an AFM state at room temperature, as c
cluded from the experiments described in Fig. 7. From Fig
one can see that the coercive field is monotonically decre
ing upon increasingtCo. The solid line superimposed to th
experimental points is the best fit with a linear functio
which describes the linear dependence of the coercive fi
on the inverse of the Co thickness.

As outlined in the introduction one of the consequences
the FM-AFM interaction is a hysteresis loop with an e
hanced coercive field. In order to obtain a hysteresis lo

FIG. 9. Variation of coercive field as a function of the inverse
the Co thickness fortCo Co/12.5-ML Fe50Mn50/Cu(001) films. The
line superimposed to the experimental points represents the be
with a linear function.
9-6
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shifted byHeb along the applied field axis, a pinning dire
tion must be set. This is usually obtained by growing t
AFM material under an applied field, or by cooling throug
the Néel temperature under an applied field. The samp
studied in the present work typically displayed low values
Heb compared to the values ofHc . An example is shown in
Fig. 10. Here a 15-ML Co/20-ML Fe50Mn50/Cu~001! bilayer
was evaporated at room temperature and then anneale
'420 K. During cooling down to 230 K a field of 1 kOe
supplied by a permanent magnet was applied along the@110#
azimuth direction. The positive direction of the field of th
permanent magnet coincides with the positive direction
the field applied during recording the MOKE hystere
loops. The hysteresis loop displayed in the figure by the
line has been then recorded at 280 K, after field cooling
the negative direction. The loop is displaced from the ori
of the horizontal axis towards positive values of exter
field as a ‘‘normal’’ exchange bias loop. By repeating t
field cooling procedure with reversed field of the perman
magnet, the hysteresis loop, recorded again at 280 K
shifted towards the negative direction. This is displayed
the dotted-line loop. In this second loop the left and rig
coercive fields are indicated asHc1 and Hc2, respectively.
The exchange bias and coercive fields measured from
loop are about 15 Oe and 70 Oe, respectively. By decrea
the temperature both quantities increase as one can see
inset of Fig. 10, where a hysteresis loop measured at 25
after field cooling in the positive direction is shown. Th
loop is already not completely saturated by the maxim
available field of 200 Oe for negative values of applied fie

IV. DISCUSSION

FexMn1002x thin films have been shown in the previou
section to present MEED oscillations when growing
Cu~001! and on Co/Cu~001!, in a range betweenx
'30 at. % andx5100 at. % at room temperature. This
an indication that the alloy films are growing in a pseud
morphic layer-by-layer mode. This forced epitaxial grow

FIG. 10. Hysteresis loops from a 15-ML Co/20-M
Fe50Mn50/Cu~001! sample for two opposite field cooling direction
~dotted and solid lines! measured at 280 K. In the inset a hystere
loop from the same sample measured at 255 K is displayed.
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mode is favored by the small lattice misfit~f! between the
Cu~001! substrate and the FexMn1002x alloy. The lattice mis-
fit is defined by the expression

f 5
a2s

s
, ~2!

wherea ands are the lattice parameters of the film and t
substrate, respectively.

In Fig. 11 the lattice misfit between the Cu an
FexMn1002x bulk alloy is shown as a function of the Fe co
centrationx. The line connecting the points is a guide to t
eye. The lattice parameter of the FexMn1002x alloy has been
taken from Ref. 6, where theg phase was stabilized in th
full range of composition by adding a small amount of Cu~5
at. %! for x,40 at. % and of C~4 at. %! for x.80 at. %.
The two vertical dashed lines in the figure delimit the co
centration range in which MEED oscillations have been o
served, that is, the region in which the FexMn1002x alloy
films grow in a layer-by-layer fashion on Cu~001! and on
Co/Cu~001!. As outlined by the gray rectangular box, th
MEED oscillations are observed when the lattice misfit
approximately in the range21%, f ,11%. One therefore
can conclude that a small lattice misfit is a prerequisite
the epitaxial growth of the system under investigation.

This analysis is actually just qualitative from sever
points of view. At first, having a lattice misfit in the rang
f 561% is not a general limit for epitaxial growth. Indica
tive is, for example, the case of a Co thin film grown o
Cu~001!. This system has a lattice misfit off 51.8%, and
still the layer-by-layer growth mode has been deduced fr
the presence of MEED oscillations.18 Moreover, one has to
consider that the fcc structure of the studied FexMn1002x thin
films has not been proven for the full range of compositio
but just for the alloy at the equiatomic concentration. On
other hand an fcc structure has been reported for pure
grown on Cu~001! at least for a thickness range between
and 10 ML.27 Intuitively one could therefore expect an fc
structure for the FexMn1002x alloy films at least in a range o
composition betweenx5100 at. % andx550 at. %. When

FIG. 11. Lattice misfitf between the Cu and FexMn1002x bulk
alloy in theg phase as a function of Fe concentrationx. f has been
calculated by taking the lattice parameters of FexMn1002x as a func-
tion of x from Ref. 6.
9-7
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x becomes much smaller than 45 at.%~limit for the fcc struc-
ture in bulk FexMn1002x), a structural change can indeed
expected in the alloy films. For example, an hcp phase
been reported in bulk FexMn1002x alloys at room temperatur
between x512 and x530 at. %.28 These observations
namely, a departure from the fcc phase for low Fe conten
the alloy, are consistent with the present results of the
sence of MEED oscillations at room temperature forx
,30 at. %. A change in the structure of the growing fi
can in fact lead to a growth mode more complicated tha
simple layer-by-layer growth.

By comparing Figs. 1~a! and 1~b! one furthermore notices
that the second maximum in the MEED intensity is miss
for FeMn films grown on Cu~001!, except for the Fe95Mn5
film, while it is present for FeMn films deposited on C
Cu~001!. This aspect has not been investigated in detail,
a clear explanation for this observation is not yet availab
The missing MEED intensity oscillation maximum can
related to an imperfect layer-by-layer growth in the fi
stages of deposition of the FeMn films on Cu~001!. In this
respect one can make a comparison with the Fe/Cu~001! sys-
tem: Fe films deposited via thermal evaporation on Cu~001!
present a missing or reduced first maximum in the inten
of the diffracted electron beam, while an improved grow
mode, characterized by regular intensity oscillations star
from the first atomic layer, has been obtained by pulsed la
deposition of the Fe films.29 The imperfect initial growth of
FeMn films on Cu~001! may be associated with structur
rearrangements or the formation of chemically mixed int
facial layers. It remains to be explained why this would ha
pen just in the case of growth on Cu~001! and not on Co/
Cu~001!, considering that from a structural point of view th
situation should be rather similar. In this context one m
remember that the submonolayer growth of Mn is known
lead to the formation of a two-dimensional surface alloy b
in the case of Mn/Cu~001! ~Ref. 30! and in the case o
Mn/Co~001!.31 A possible speculation is related to the fa
that in the FeMn/Co/Cu~001! system FeMn is growing on a
magnetic substrate. Our recent experiments reveal tha
and Mn in an FeMn alloy film acquire induced magne
moments when in contact with a FM Co film.32 If the in-
duced moments are mainly located at the interface with
FeMn films are partially ferromagnetic in the first stages
growth on top of Co/Cu~001!, while they are not when grow
ing on Cu~001!. The different initial growth mode of the
FeMn films could be due to the different magnetic propert
that the FeMn films have when growing on the two differe
substrates.

The fcc structure of the Fe50Mn50 alloy film deserves
some further comments. Polycrystalline sputtered Fe50Mn50
films have been stabilized in the fcc structure on substr
promoting the fcc growth, as Cu~Refs. 33 and 34! or
Ni80Fe20.33,35 In the previous section the fcc structure of ep
taxially grown Fe50Mn50 films has been deduced from th
results of the LEED experiments. The ordered LEED patt
up to the maximum thickness investigated~26-ML
Fe50Mn50) and the value of vertical interlayer distance ind
cate that the film is a single crystal in registry with the su
strate. This is in contradiction to Ref. 21, where a polycr
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talline growth of Fe50Mn50 on Cu was suggested. Th
stabilization of the antiferromagnetic fccg phase is a par-
ticularly important point especially in view of possible app
cations in spin valves. The bcca phase and the hcpe phase,
both present in the phase diagram of FexMn1002x alloys,
would lower the AFM ordering temperature of the Fe50Mn50

layer, thus reducing the thermal stability of the spin valve
has been indeed observed that in polycrystalline Fe50Mn50/Py
bilayers a highly textured fcc phase induces a higher valu
both the exchange bias field and the blocking temperatur36

Generally the lack of a net magnetization renders
study of the magnetic properties of AFM materials difficu
On the other hand an FM material, in an exchange inter
ing FM-AFM bilayer, can be used as a probe of the magne
order of the AFM material. This approach has been used
the present paper to identify the thickness-dependent tra
tion from paramagnetic to AFM of an Fe50Mn50 thin film.
The steep increase of the coercive field of a thin Co lay
when the adjacent Fe50Mn50 layer thickness overcome
'10 ML ~see Fig. 7!, is due to the interaction of Co with a
AFM ordered Fe50Mn50 film. Indeed a coercivity enhance
ment is one of the fingerprints of the FM-AFM interactio
In other words a 10-ML-thick Fe50Mn50 film would have an
AFM ordering temperature around room temperature. T
value is lower than the Ne´el temperature of bulk
Fe50Mn50 ('500 K).6 This difference can be attributed t
finite-size effects.26 A decrease of the AFM ordering tem
perature by reducing the film thickness has been reported
other AFM materials such as CoO~Ref. 37! and NiO.38 One
could object that the increase in coercive field is a somew
indirect way to measure the AFM ordering temperature,
pecially considering that often in thin films the coercivity
related to microstructural parameters. On the other hand
change in the Co domain configuration at the same Fe50Mn50
thickness at which the increase inHc has been measured24

supports this interpretation. Moreover, the measured A
ordering temperature has been shown to shift towards hig
values for increasing Fe50Mn50 thickness, an observation tha
is consistent with a finite size effect argument.

It should be pointed out that in the above discussion
did not take into account proximity effects associated w
the presence of the FM Co layer. More correctly, in fact, t
measured antiferromagnetic ordering temperature should
considered representative for the Fe50Mn50 film in the
Fe50Mn50/Co bilayers, rather than for the antiferromagne
film as such. On the other hand, as pointed out in the pr
ous section, an increase in coercivity due to the AFM ord
ing of Fe50Mn50 has been measured at a similar thickness
found here also for Fe50Mn50/Fe19Ni81 bilayers on
Cu~001!,21 which suggests a similar antiferromagnetic ord
ing temperature for Fe50Mn50 films both coupled to Co and
Fe19Ni81. However, considering the different spin structur
one can imagine that proximity effects of an FM material
an AFM material are expected to be considerably wea
than that of an FM material on an FM material.

In addition the coercive field of the Fe50Mn50/Co bilayer
has been shown~see Fig. 9! to scale linearly with the inverse
of the Co thickness. This behavior has been attributed to
9-8
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presence of energy losses in the AFM material in a rec
model by Stiles and McMichael.39 In this model the coerciv-
ity of an exchange biased FM-AFM bilayer can stem fro
two mechanisms:~i! inhomogeneous magnetization revers
dominant at low temperature and high AFM thickness
which leads to a decrease of the coercive field proportiona
tFM

22 ~where tFM is the FM thickness!; and ~ii ! irreversible
magnetization changes in the AFM material, more relevan
high temperature, which cause a decrease of the coer
field like tFM

21 . By increasing the Fe50Mn50 thickness on top
of an FM Co thin film, the coercivity of the system increas
at that thickness at which the Fe50Mn50 layer becomes AFM.
In fact when the AFM order is established, the spins in
antiferromagnet will couple to the FM material and a
dragged during a magnetization loop by the Co magnet
tion, inducing the increased coercivity. At this Fe50Mn50
thickness in fact the AFM ordering temperature is still clo
to room temperature, and one is in the regime where
energy losses are predominantly due to irreversible tra
tions in the AFM material.

By analogy with the FexMn1002x alloy at equiatomic con-
centration, the increase in coercive field has been use
estimate the AFM ordering temperature also for other co
position values. As a result, see Fig. 8~b!, the AFM ordering
temperature has been found to increase monotonically
increasing Mn content. This is not fully in agreement w
the variation of the Ne´el temperature as a function of con
centration in bulk alloys and, in particular, with the max
mum forTN found atx'50 at. %.6 This difference could be
attributed to a different magnetic behavior of the alloy in t
thin-film form. On the other hand, what has been found fr
Fig. 8 is a transition temperature which is thickness dep
dent. In principle, one cannot exclude that films with diffe
ent concentrations present different finite-size effects. Ad
tionally one has to consider that in Ref. 6 the fcc structure
the high Mn concentration range was stabilized by addin
small amount of Cu. In Ref. 40 a linear decrease of the N´el
temperature of bulk FexMn1002x has been observed by ad
ing a small amount of Cu and the extrapolated value ofTN at
zero Cu contents increases almost monotonically by incr
ing the Mn content. In particular the maximum atx
550 at. % was not observed. This would be more in l
with the present results on thin films.
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V. CONCLUSION

The structural and magnetic properties of thin FeMn film
have been studied in this work. Special attention has b
brought to the alloy at equiatomic concentration, relevant
applications in spin valve structures. A layer-by-layer grow
mode of Fe50Mn50 on Cu~001! and on Co/Cu~001! has been
deduced from the presence of oscillations in the mediu
energy electron-diffraction intensity recorded during depo
tion. The AFM fcc g phase of the bulk Fe50Mn50 alloy is
conserved also in thin films, as demonstrated by the lo
energy electron-diffraction patterns obtained after deposi
of the alloy on Cu~001! and on Co/Cu~001!.

The magnetic behavior has been studied by record
magnetization curves, exploiting the magneto-optic Kerr
fect. The coercive field of the Co/Fe50Mn50 bilayers displays,
at room temperature, a large increase of more than one o
of magnitude, when the Fe50Mn50 thickness overcomes ap
proximately 10 ML. This increase in coercivity is attribute
to the coupling of the FM Co film to the AFM Fe50Mn50 film.
A 10-ML-thick Fe50Mn50 film has therefore an AFM order
ing temperature around room temperature. This value
lower than the Ne´el temperature of the bulk materia
('500 K). The temperature and Fe50Mn50 thickness depen-
dence of the increase in coercive field suggest that this is
to the reduced dimensionality of the film with respect to t
bulk. TAFM also depends on the concentration of t
FexMn1002x alloy films, monotonically increasing with the
increase of the Mn concentration.
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