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Structural and magnetic properties of FgMn;_, thin films on Cu(001) and on CqCu(001)

F. Offi, W. Kuch, and J. Kirschner
Max-Planck-Institut fu 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 Ma;_, alloy thin films deposited on GQ01) and on Co/
Cu(00)) 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;féns, films keep the fcc structure when growing on(QoiD)
and on Co/C(0D01). 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 thefe alloy.
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[. INTRODUCTION characterized in this work from a structural and magnetic
point of view. In bulk material, EgMn;q,_, disordered alloys
The number of studies of the structural and magnetigre antiferromagnetic with an fcc structure in a concentration
properties of thin antiferromagnetitAFM) films was re- range betweenx=45 at.% andx=75 at.% at room
markably increased over the past decade, after a bilayer cortemperaturé® The Neel temperatureTy) varies withx and
posed by a ferromagneti®&M) and an AFM material has reaches a maximum of about 500 K50 at.%. This
been used in an exchange biased spin valliee interaction  relatively highTy of the alloy at equiatomic composition had
at the interface between the AFM and the FM materials infmade FgyMns, one of the most used materials in spin valve
duces just one stable direction for the magnetization of thetructures® Even if in many applications EgMns, has
system, leading to a unidirectional anisotropy, dublegel been replaced by antiferromagnetic materials with higher
change anisotropydiscovered almost forty years ago by corrosion resistance and higher blocking temperature, such
Meiklejohn and BeaR.Two of the manifestations of this as IrMn(Ref. 10 and MnPt! still it takes the character of a
exchange anisotropy are an increased coercive field and raodel system for the investigation of the magnetic coupling
hysteresis loop displaced from the origin along the appliedit the FM/AFM interfaces.
field axis. The value of the displacement, that is, the distance In order to preserve the fcy phase in thin RgMnsg
between the origin of the axes and the center of the hystefilms, a CY{001) substrate has been used in this work. The
esis loop, is usually calleeixchange bias fiel(H,,). Despite  lattice parameter of EgMnsy, a=3.629 A in fact fits
the large number of both experimeritaind theoreticAlin-  quite well with the one of C{©01), a=3.615 A!? This lat-
vestigations still a general explanation for all the observatice misfit of less than 1% should promote a pseudomorphic
tions arising from the magnetic interaction at an FM-AFM growth of FegMng, on Cu001), which is indeed the case, as
interface is not available. demonstrated in this paper by means of low- and medium-
Indeed the phenomenon is inherently complex, since thenergy electron diffraction. The magnetic properties of
interaction is realized at the interface, which is a locationFgMn;y,_ alloy films, in particular the AFM ordering tem-
hard to explore experimentally, and since not all the paramperature, are investigated by measuring magnetization curves
eters involved, such as structural perfection, influence ofn Co/FgMn,_, bilayers by the magneto-optic Kerr effect
magnetic anisotropy, spin configuration, or domain forma{MOKE). The thickness-dependent transition from paramag-
tion, are easily controlled at the same time. One has also tpetic to antiferromagnetic in E®In,qo_, films is in fact re-
take into account that AFM materials are involved, the mag4flected by a change in the magnetic properties of the adjacent
netic properties of which are generally less known than theCo film.
ones of FM materials, since most of the techniques used to The paper is organized as follows. After this introduction
characterize magnetic properties probe the spontaneous mage experimental techniques are briefly described in Sec. Il.
netization of the sample. A further complication arises fromSection Il contains the results of the structural and magnetic
the incomplete characterization of the interface conditions irinvestigation, which are discussed in Sec. IV. At the end
sputtered films, which are frequently used in many investisome concluding remarks are given.
gations of exchange anisotropy. From this point of view
single-crystal epitaxial FM/AFM bilayers seem to be better
candidates in order to understand the details of the magnetic
coupling, because the interface can be described by much The experiments were performed in an ultra-high-vacuum
less parameters than in sputtered polycrystalline systemshamber with a base pressure of abowt 1D 8 Pa. The
and, moreover, no grains of different crystal orientation arechamber is equipped with facilities to study the structural
present, which could further complicate the study of theand magnetic properties of thin magnetic films. The Cu sub-
magnetic interaction at the interface. strate used for growing the films was a disk-shaped single
For these reasons thin n,q,_, single crystal films are crystal with the[100] direction normal to the surface. In

Il. EXPERIMENT

0163-1829/2002/66)/06441910)/$20.00 66 064419-1 ©2002 The American Physical Society



F. OFFI, W. KUCH, AND J. KIRSCHNER

order to obtain a clean and smooth surface the crystal wa:
treated in the vacuum chamber by 1-keV"Aion bombard-
ment and subsequent heating up to about 800 K in 3 min;
keeping then this temperature for two more minutes. Theg
temperature was controlled by &fhtype thermocouple at-
tached to the sample holder. The presence of contaminam%“
on the substrate surface was checked to be below the dete
tion limit of the Auger electron spectroscofES) system
(=2% of a ML).

The ordered surface structure has been checked by low
energy electron diffractiodLEED), where a beam of elec-
trons with primary energy up te=500 eV is incident per-
pendicularly on the surface, and the elastically backscattere”®
electrons produce a diffraction pattern on a fluorescent
screen. Besides the two-dimensional translational symmetry
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at the surface, from L_EED_ one can 93'” 'nformat_'on aIS(_) FIG. 1. MEED specular beam intensity recorded during growth

about the average vertical interlayer distance. Within the ki 315 k of FeMn,o,_, alloy films on C4001) (a) and on 6-ML

nematic theory, based on the approximation that only singleo/cy001) (b) as a function of the FeMn thickne&s in MLs. The

scattering processes occur, the vertical interlayer distdnce arrows at some curves indicate the closing of the shutter in front of

can be expressed'ds the evaporation sources. Each curve is labeled with the correspond-
ing alloy film composition.

nwh

d= ;
sin6v2mg[ E,(n) — Vo]

where the integen is the order of the corresponding inter-  In order to characterize the growth properties, the specu-
ference peakE,(n) the primary energy of the electrons of lar MEED intensity has been recorded during the deposition
that peak,V, the additional energy shift due to the averageof the films. When Fe was evaporated on top of@1) an
inner potential in the crystain, the electron mass, argithe ~ oscillatory behavior of the MEED intensity has been ob-
incident angle with respect to the sample surface. served, very similar to what has already been repdrted.
The films were grown on the clean substrate at room temMEED oscillations have also been recorded during the
perature(315 K) by electron beam-assisted thermal evaporagrowth of Fe on Co/Ci®01). From the period of the MEED
tion. Fe and Co were cut from high-purity wir¢89.99%  oscillations one can determine the evaporation rate of Fe
purity) of 2-mm diameter and fixed by spot-welding to a (r'ge in atomic monolayefML) units. The specular MEED
support rod inside the water-cooled evaporation source. Ttensity recorded during the growth of Mn on ©01) and
evaporate Mn two ways were used: either a small irregulapn Co/Cy001), however, does not display an oscillatory be-
Mn piece(99.98% purity, of dimension around 10 mm, was havior. After the opening of the shutter in front of the evapo-
held by a Ta wire, or a ro¢99.5% purity of 5-mm diameter ration source the specular MEED intensity drops down due
was fixed to the evaporator by a thin Ta foil wrapped aroundo the initial increase of density of surface steps. Apart from
it. The second solution offered better results in terms of staa small shoulder at a thickness slightly lower than 1-ML Mn,
bility of the evaporation rate. FeMn alloys were obtained bythe intensity monotonically decreases up to a thickness of
simultaneous evaporation of Fe and Mn from two different~=3 ML, staying later almost constant. During the simulta-
sources. During deposition the pressure in the chamber coulteous evaporation of Fe and Mn on (G01) and on Co/
be kept below %10 8 Pa. The rate of deposition of the Cu(001), oscillations in the MEED intensity are again ob-
growing films, typically of 0.5—1 ML per min, was checked servable. From the period of the oscillations it is possible to
by counting the oscillations in the specular medium-energyletermine the evaporation rategfy,) of the FgMn;g
electron-diffraction (MEED) intensity recorded during alloy films. If Fe is evaporated at the same rate for deposition
evaporation. The geometry used to perform MEED exploitof the Fe film and of the F#dn,qq_ film, one can compare
the fact that in the chamber setup the AES system is mountette andr gey, as determined by MEED. In this way one has
face to face with the LEED system. This allows diffraction the possibility to calculate the composition of the
experiments in a grazing incidence geometry with primaryFgMnyqy film, sincex is obtained by the ratio ofg, and
electron kinetic energy of 2 keV, using the electron gun ofr ey, A complementary method to cross-check thickness
the AES system and the fluorescent screen of the LEED sysnd composition of the E#n;qy_ film on Cu is given by
tem. AES, by using calibration curves derived from pure Fe and
Magnetization curves have been recorded situ by ~ Mn on CY00Y).
MOKE experiments. The MOKE setup, as described in a Figure 1 shows the specular MEED intensity recorded
previous publicatiort? allows measurement of both the lon- during the growth of FVn,o,_ films on Cu001) [Fig.
gitudinal and the polar Kerr signal, with a maximum avail- 1(a)] and on 6-ML Co/C(002)) [Fig. 1(b)] for a wide range
able external field of about 200 Oe. of concentration betweer=25 at.% tox=95 at.%. In

Ill. RESULTS
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the figure the MEED intensity is displayed as a function of
the FeMn thicknes§) in ML's. Each curve corresponds to a
different film with a different concentration as indicated. The
arrows present in some curves indicate the closing of the&
shutter in front of the evaporators. Apart from thedMns
film on Cu001), in all other cases the intensity presents an
oscillatory behavior related to the periodic variation of the
average number of surface defetdd! This in turn is due to
the layer-by-layer growth mode of the JMn,q,,, alloy
films on CY001) and on Co/C(D01), at least for the concen-
tration range in which the oscillations are present. As pointedgJ
out previously, the period of the oscillations gives a preciselj
=
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The presence of MEED oscillations indicates, in particu- e
lar, a pseudomorphic layer-by-layer growth mode of o s 10 15 20 2% 30 3
Fe;Mns, films deposited on G001) and on a thin Co layer time (min)
on CU001). On the other hand from the presence of MEED 1.0 - -
oscillations during the growth of Co on @01) it has been (b) | 13 ML Co/8 ML Fe, Mn,/Cu(001) |

deduced that a thin Co film also grows in a layer-by-layer
mode on C(001).'® More generally the same conclusion can
be drawn for both the bilayers EMnsyCo and Co/
Fe;oMnso growing on C@001) as it is demonstrated in Fig. 2.
In Fig. 2(@) the MEED intensity as a function of time is
shown for the growth at 315 K of 6-ML Co on top on
Cu(001), and the subsequent evaporation of 8-Mlgd¥ns,
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on top of it. The order of evaporation is reversed in Fidp)2 0.4

where the MEED intensity as a function of time is displayed

for the growth of a 13-ML Co/8-ML RgMnsq bilayer on Cu 03 Fo M C

(001). In both cases the stop of the double evaporation is< 0.2 R : ° .
indicated by the “shutter closed” arrow. Distinct oscillations 5; 1'0 1'5 L 2'0 . 2'5 : 3'0 : 3'5 : 4'0 : 4'5
are present for all the four layers evaporated. time (min)

To obtain information about the crystallographic structure,

LEED experiments have been performed. It is particularly FIG. 2. MEED specular beam intensity as a function of time
important, as will be pointed out in the next section, to checkduring the deposition of 8 ML RgMn<y/6-ML Co on Cu00J) (a)

if FesgMnsq keeps the fcc structure also in the thin-film re- and 13-ML Co/8-ML FggMng, on CU001) (b). The starting of the
gime. Selected LEED patterns are presented in Figs. 3 and édvaporation of the bilayer corresponds to the time 0. The evapora-
Figure 3 shows the LEED pattern of the clean Cu substrate dion ends at the time indicated as “shutter closed.” The presence of
125-eV electron energyFig. 3(@)] and of a 26-ML FgyMns, oscillations in the intensity is characteristic for a pseudomorphic
film on Cu001) at 115 eV[Fig. 3b)]. The LEED patterns layer-by-layer growth mode.

appear to be quite similar for both cases. This indicates th
the FegMnsgg film forms ap(1x 1) overlayer with the sub-
strate lattice, at least up to the maximum investigated thiCkine interface.

ness of 26 ML. A similar behavior is expected also for * pgegides the lateral arrangement of the atoms, from LEED
FesoMns, films growing on a Co/C001) substrate, consid-  one can also extract information about the vertical average
ering that Co acquires the same in-plane lattice parameter as

Cu when deposited on top of'ff.In Fig. 4 the result of the
investigation on the first stages of growth of angdvns, Y 4 /
film on 6-ML Co/Cu00]) is reported. LEED patterns are
shown for the C(001) substrate[Fig. 4(a)], 6-ML Co/
Cu(001) [Fig. 4(b)], 0.5-ML FeggMnsy6-ML Co/Cu001) . ‘)
[Fig. 4(c)], and 2-ML FgyMnsy/6-ML Co/Cu001) [Fig.
4(d)]. Again in all images a very similar diffraction pattern
can be seen. As stated above, a thin Co film forms(&a

X 1) overlayer on C(D01), as one can see by comparing
Figs. 4a) and 4b). The same holds also for the growth of the .
first ML's of Fe;gMnsy on Co/C001). Moreover, one real-
izes that in the diffraction patterns of the initial stages of FIG. 3. LEED patterns from the clean @01) substratéa), and
growth of FggMngy on Co/Cy001), see Figs. &) and 4d),  a 26-ML-thick FgoMns, film on Cu001) (b). The primary energy
no superstructures are formed, as could be in the case of the electrons is indicated.

ae{lloying with the underlying layer. The absence of a super-
structure, however, does not prove that no alloying exists at

125 eV 115eV
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FIG. 4. LEED patterns from the clean @01) substrate(a), 0 200 400 600 800 1000 1200
6-ML Co/Cu001) (b), 0.5-ML FeggMns,/6-ML Co/Cu001) (c), energy (eV)
and 2-ML FgyMnsy/6-ML Co/Cu00)) (d). The primary energy of
the electrons is indicated. FIG. 5. Intensity versus energy dependence of the LEED)

beam for Fg;Mns, films grown on C@001) (top part of the figure
) ) o o ) ~and on 6-ML Co/C(001) (bottom part of the figune For compari-
interlayer distance. This information is obtained by recordingggn also the (E) curves for the Cu substrate and the 6-ML Co/
the intensityl of the (00) diffracted spot as a function of the cy001) are shown. The label at each curve indicates the layer
primary electron energl¢. Selected (E) curves are reported thicknesses. The integerlabels the order of the single scattering
in Fig. 5 for several RgMng, films grown on C@001) (top  Bragg maximum. The (E) curves have been obtained at a polar
part of the figur¢ and on 6-ML Co/C(001) (bottom part of  angle of 5° from the surface normal, and at an azimuth angle cor-
the figure. The labels at each curve indicate the layer thick-responding to thé100 crystallographic direction of the Q@01
nesses. The composition of thesfdns, films is omitted in  substrate.
the labels for brevity. For comparison also thé&) curves
for the Cu substrate and the 6-ML Co/001) are shown.

The integem labels the order of the single-scattering Bragg 188

maximum. The intensity of the maxima is somehow lower =z Cu(001) - ex

for the films than for the Q@01 substrate, but the peaks are o - -

visible up to the maximum thicknesses reported. Within the 2 Fe Mn,, +

kinematic theory, using Eq.l), from th_eI(E) curves one g g T e e Cu(001)

can calculate the average value of the interlayer distance near S

the surface. The result is shown in Fig. 6 as a function of the a;{ 176

Fe;oMnsg film thickness tremn), €xpressed in ML's. In the T 1 Co/Cu(001)

figure the horizontal dashed line at 1.808 A indicates the & 172| f\

vertical interlayer distance in bulk Q@01),*? the dash-dotted = ColGu(ooty- exp:

line at 1.815 A the vertical interlayer distance in bulk _8 1.68 | ®  Fe_Mn_/Cu(001)

FesgMnso,® and the dotted line at 1.74 A the vertical inter- § o Fe:ZMn:z/Co/Cu(Om)
1.64L 1 - - ;

layer distance for 6-ML Co on G001),*® as taken from 0 £ 10 1'5 20 25 30
literature. When grown on QQ01), the Co lattice is in fact t (ML)

slightly tetragonally compressed because of the lattice mis- FeMn

match between the fcc Co and Cu unit cells. The open square i 6. vertical interlayer distance as a function ofyfiéns,

and the solid circle indicate the experimental values for thgnickness {r.,), for films grown on C@0Y) (filled squares and
Cu(001) substrate and the 6-ML Co/Qa0Y) film respec-  on 6-ML Co/CL001) (open circles The open square and the filled
tively, as indicated by the labels. The solid squares are thgircle indicate the experimental values of vertical interlayer distance
vertical interlayer distances for E@ing, films grown on  for the Cu001) substrate and the 6-ML Co/Q201) film, respec-
Cu(001). One can see that within the experimental error alltively. The dashed, dash-dotted, and the dotted lines are the values
the points agree with the value of @@1), which is actually  of interlayer distances for bulk C@01), bulk FeMng,, and 6 ML

very close to the value of bulk EgMnsy. A small vertical  Co/Cu001), respectively, as taken from literature.
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expansion of the kgMng, lattice, for FgoMns, films grow- 35 90
ing on CY001), as a consequence of the lateral misfit with aol 180
the CY001) substrate, can not be completely ruled out. A ' 10
hint of this expansion can be seen from i{&) curves of 25

FeMn films on C001) of Fig. 5, where the Bragg maxima @ 160
are slightly shifted towards lower energy compared to the'g 201 {500T
I (E) curve of the pure Cu substrate. The open circles in Fig.g lao (o)
6 are the values of the interlayer distance fog s, films 8 157 100 <
grown on 6 ML Co/C(001). The solid line connecting the =, ,[ J} 1%
open circles is a guide to the eye. The two points for low - 120
FesoMnsg thickness, at 1 and 2 ML, are still quite close to the o5} T ™ OML ) 110
value of the Co film. This is most likely due to the fact that oo et

what is measured here is averagevalue, and for low 00— ea-ta0ree—t—e— b —r———'0
FesgMnsgq thickness the contribution of the underlying Co ten (ML)

film is still quite large. For higher EgMns, thickness the

vertical interlayer distance is again very close to the values FIG. 7. Remanenc#!, (left axis) and coercive fieldd. (right

of bulk Cu001) and FggMns,. The above results are there- axis) as a function of FgMng film thickness {reun) at 315 K. The
fore pointing to the conclusion of an epitaxial growth of the external field was applied along th&10] azimuth direction of the
ColFe Mns, bilayers on C(001). Moreover, the fcc crystal- Cu substrate. The values &gy,=0 correspond to the remanence

line structure of the substrate is preserved also in the growfnd coercive field of a 6-ML Co/GQ0Y). The inset displays
bilayers. MOKE hysteresis loops for 6-ML Co/G001) (solid line) and

12-ML FegMnsy/6-ML Co/Cu001) (dotted ling.

B. Magnetic properties the AFM ordering of FgMns, has been measured at a simi-

As mentioned in the introduction, in the bulk, the lar thickness also for EgMnsy/NiggFe,, (Py) bilayers on
FeMng, alloy is an antiferromagnet with Iy~500 K&  Cu(001).2*
Thin FegMns, films deposited on Q001), measured in this The variation of M, in the displayed thickness range
work, do not show any ferromagnetic signal at room tem-shows a quite complicated behavior. A very similar thickness
perature both in the longitudinal and in the polar MOKE dependence has been found for the Kerr rotation or the Kerr
geometry, as measured up to ansddns, thicknesstg, intensity during the deposition of metallic nonmagnetic over-
=20 ML. This is in agreement with the non-FM state of the layers on top of magnetic filn’$:2%In those cases an oscil-
alloy also in the thin-film regime. To probe the AFM order- latory behavior superimposed to a slow decrease as a func-
ing, the change in the magnetic properties of an adjacent Cion of the overlayer thickness was recognized. The
film has been measured. In a typical experiment, hysteresigscillations were attributed to spin-polarized quantum well
loops in the longitudinal MOKE geometry were recorded atstates in the metallic overlayers, which influence the
room temperature upon increasingey, by subsequent magneto-optical properties of the system. Due to the simi-
evaporation steps on top of 6-ML Co/@01). The external larities of the experimental observation, a similar conclusion
field was applied along thEl10] azimuth direction of the could be attempted also for the present case g\, on
substrate, which is the easy axis of magnetization of a thif©o, for tgey,<10 ML, when FgoMns, is found in a para-
Co film grown on C@001).1%?°From the hysteresis loops the magnetic state. One can furthermore notice that in Fig. 7
coercivity (H.) and the Kerr signal in remanenchkl() were  right at the increase dfl;, due to the AFM order established
measured. The result is shown in Fig. 7 where the opein FegMnsy, a correlated decrease Wi, is observed, which
squares aréM, points (left axis) and the solid circles are may be related to the antiferromagnetism in thg M5,
values ofH, (right axis as a function oftgey,. The lines  layer. Indeed, as we have reported in a separate publicdtion,
superimposed to the experimental points are guides to th@ change in easy axis from t&10 to the (100 azimuth
eye. The inset in the figure displays for comparison the hysdirections is observed in a Co film coupled to andHns
teresis loopgKerr intensity versus external applied figfdr ~ film thicker than 10 ML. In Fig. 7, a reduction iM, by
teewn=0, that is, for the 6-ML Co/C{©01) film, and for  approximately a factor 12 from treyn=9.5 ML tO treun
tremn= 12-ML Fe;gMnsg on top of 6-ML Co/C@001). The =12 ML can be seen. This can be explained by considering
pronounced increase &f, starting attrey~10 ML (=20 that the external field, applied along one of {H.0) direc-
times fromtgeyy=9.5 ML to tpemn=12 ML) is the indica-  tions, is not able to fully saturate the magnetic film, which
tion that AFM ordering in the RgMns, film is established at now has an easy magnetization axis along one of 10€)
that thickness, i.e., EgMnsg, films thicker than 10 ML are directions. In this case the measured remanence is just the
AFM at room temperature. Comparable results have alsprojection along one of th¢100) directions on one of the
been obtained upon reversing the order of deposition, whe(l10) directions.
the Co film is deposited on top of the dgelng, film. Due to If the increase in coercive field in the Co/FeMn bilayers is
the interaction between the antiferromagnet and the Co filmdue to antiferromagnetism of the FeMn film, one can mea-
the coercive field of the bilayer is strongly increased com-sure the temperatur€agy, at which the AFM ordering dis-
pared to that of the pure FM film. The increaseHpdue to  appears. Due to finite-size scalffigne would expect in gen-
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g %8 gme 11my 13 ML FeMn —
L o6l FeMn ® FeMn 8 60 |
5 - = =~
T° 04T "* T° w0}
o [ T -
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200 240 280 320 360 400 440
0 n 1 1 n 1 n 1 n
T (K) 0.00 0.04 0.08 0.12 0.16 0.20
-1
‘4 114, (ML)
— 12 -_(b) | 11 ML Fe Mn,, /6 ML Co/Cu(001) FIG. 9. Variation of coercive field as a function of the inverse of
2 . the Co thickness for, C0/12.5-ML FgoMnso/Cu(001) films. The
S 1.0 - %5 &y line superimposed to the experimental points represents the best fit
o 08 i X = 50%\\ with a linear function.
T s ‘ \
~ L x=65%" =45% . . . : -

] 0.6 ) X = 45% steplike curve with the horizontal line describing the coer-
;" 0.4 " cive field for smalltgem,. Experiments similar to the ones
T ° 02l “o reported in Fig. 8 have been done by keeping fixed the

! 'Q"q@ ‘g thickness and by varying the concentration of the
[l " [l " Com

oLl— : FeMnoo_x alloy films on top of 6-ML Co/C(001). In this
200 240 280 320 360 400 440 way the concentration dependenceTqf-,, can be investi-
T(K) gated. The result is shown in Fig(8 where the normalized
FIG. 8. (a) Normalized coercive field as a function of tempera- CO€CIV€ field of 11-ML FgMnygo-,/6-ML Co bilayers is
ture for treyy FesMnsg6-ML Co/CU00D), With trey=9 ML plotted as a funct|on of temperature. Open cwclgs, open
(filled circles, 11 ML (filled squarek and 13 ML(filled triangles. ~ Squares, and open triangles refer to Fe concentrations of
For the data points Ofgey;=9 ML the way in whichT,py is = 65%,x=50%, andx=45%, respectively. The lines super-
obtained is schematically indicateth) Normalized coercive field imposed to the experimental points are guides to the eye. In
as a function of temperature for 11-ML fén,,, ,/6-ML Co/  all three cases a marked decrease of coercive field for in-
Cu(001), with x=65% (open circles, x=50% (open squargsand  Creasing temperature can be seen. Moreover, this decrease is
x=45% (open triangles The lines superimposed to the experimen- present at higher temperature for lower Fe concentration in
tal points are guides to the eye. the FgMnqq_, alloy. In other words, the result of Fig(l®
indicates that the ordering temperatdrg-), increases upon
eral a decrease of this temperature for decreasing filmeducing the Fe concentration.
thickness. For thick enough filmis, g\, should approachy, For tpewr>10 ML, at 315 K, the coercivity of the
the uniquely defined value of the bulk matefaFigure §a) Co/FeggMnsg is mainly caused by the magnetic interface in-
shows the temperature dependence of the coercive field eéraction of Co with AFM FgyMnsg. In order to investigate
bilayers of FggMnsq layers of three different thicknessé®  the ferromagnetic layer thickness dependence of the coercive
11, and 13 ML deposited on top of 6-ML Co/GQ001). The field, Co films of increasing thickness were deposited on top
values ofH. have been obtained from the hysteresis loopof 12.5 ML FgMngy/Cu(001). Hysteresis loops were re-
recorded upon increasing the temperature, with the externalorded at room temperatur@15 K) at each step of Co
field applied along th¢110] azimuth direction of the sub- evaporation with the external field applied along fi40]
strate. For displaying purposes they have been normalized swimuth direction. The measured valueshf are displayed
the value at low temperaturél( ) for each film thickness. in Fig. 9 as a function of the inverse of Co thicknesg {J/
The lines superimposed to the experimental points in FigThe FggMns, film thickness was chosen in such a way as to
8(a) are guides to the eye. In all three curves one can see zave the alloy in an AFM state at room temperature, as con-
steplike decrease off, upon increasing the temperature. cluded from the experiments described in Fig. 7. From Fig. 9
This corresponds to the crossing Dfry at that thickness. one can see that the coercive field is monotonically decreas-
The ordering temperature is shifting towards higher valuesng upon increasingc,. The solid line superimposed to the
for highertgoun- The coercive field above the ordering tem- experimental points is the best fit with a linear function,
perature for all the films is very similar to the coercive field which describes the linear dependence of the coercive field
of pure 6-ML Co/Cu001) at room temperature. From these on the inverse of the Co thickness.
experiments one can obtain an experimental measure of As outlined in the introduction one of the consequences of
Taem - This is done, as graphically explained for the data sethe FM-AFM interaction is a hysteresis loop with an en-
of t,emn=9 ML, by taking the intersect of the tangent of the hanced coercive field. In order to obtain a hysteresis loop
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alloy in the y phase as a function of Fe concentratiori has been
calculated by taking the lattice parameters of\fe; o, as a func-
tion of x from Ref. 6.

FIG. 10. Hysteresis loops from a 15-ML Co/20-ML
FesoMns/Cu(001) sample for two opposite field cooling directions
(dotted and solid lingsmeasured at 280 K. In the inset a hysteresis

loop from the same sample measured at 255 K is displayed. . . .
P P pay mode is favored by the small lattice misff) between the

Cu(00]) substrate and the Ren;qo_y alloy. The lattice mis-

shifted byH,, along the applied field axis, a pinning direc- it is defined by the expression

tion must be set. This is usually obtained by growing thef
AFM material under an applied field, or by cooling through
the Neel temperature under an applied field. The samples f a-s @)
studied in the present work typically displayed low values of S
H.p, compared to the values &f.. An example is shown in
Fig. 10. Here a 15-ML Co/20-ML RgVMnsy/Cu(001) bilayer wherea ands are the lattice parameters of the film and the
was evaporated at room temperature and then annealed Si{bstrate, respectively.
~420 K. During Coo”ng down to 2B K a field of 1 kOe In Flg 11 the lattice misfit between the Cu and
supplied by a permanent magnet was applied alongithg ~ F&Mnyoo-« bulk alloy is shown as a function of the Fe con-
azimuth direction. The positive direction of the field of the centrationx. The line connecting the points is a guide to the
permanent magnet coincides with the positive direction ofye. The lattice parameter of the,Fn; o, alloy has been
the field applied during recording the MOKE hysteresistaken from Ref. 6, where thg phase was stabilized in the
loops. The hysteresis loop displayed in the figure by the fulfull range of composition by adding a small amount of Gu
line has been then recorded at 280 K, after field cooling irat. %9 for x<40 at.% and of Q4 at.% for x>80 at. %.
the negative direction. The loop is displaced from the originThe two vertical dashed lines in the figure delimit the con-
of the horizontal axis towards positive values of externalcentration range in which MEED oscillations have been ob-
field as a “normal” exchange bias loop. By repeating theserved, that is, the region in which the M, , alloy
field cooling procedure with reversed field of the permanenfilms grow in a layer-by-layer fashion on @01) and on
magnet, the hysteresis loop, recorded again at 280 K, i€0/CU001). As outlined by the gray rectangular box, the
shifted towards the negative direction. This is displayed byMEED oscillations are observed when the lattice misfit is
the dotted-line loop. In this second loop the left and rightapproximately in the range 1%<f<+1%. One therefore
coercive fields are indicated &$,, and H,,, respectively. ~can conclude that a small lattice misfit is a prerequisite for
The exchange bias and coercive fields measured from th&e epitaxial growth of the system under investigation.
loop are about 15 Oe and 70 Oe, respectively. By decreasing This analysis is actually just qualitative from several
the temperature both quantities increase as one can see in theints of view. At first, having a lattice misfit in the range
inset of Fig. 10, where a hysteresis loop measured at 255 K= *1% is not a general limit for epitaxial growth. Indica-
after field cooling in the positive direction is shown. This tive is, for example, the case of a Co thin film grown on
loop is already not completely saturated by the maximumCu(001). This system has a lattice misfit ¢f=1.8%, and
available field of 200 Oe for negative values of applied field.still the layer-by-layer growth mode has been deduced from
the presence of MEED oscillation® Moreover, one has to
IV. DISCUSSION consider that the fcc structure of the studiegNre; oo thin
films has not been proven for the full range of composition,
Fe,Mno0 « thin films have been shown in the previous but just for the alloy at the equiatomic concentration. On the
section to present MEED oscillations when growing onother hand an fcc structure has been reported for pure Fe
Cu(001) and on Co/C(D01), in a range betweenx grown on Ci001) at least for a thickness range between 4
~30 at.% andk=100 at.% at room temperature. This is and 10 ML?" Intuitively one could therefore expect an fcc
an indication that the alloy films are growing in a pseudo-structure for the FEgvin,qq_ alloy films at least in a range of
morphic layer-by-layer mode. This forced epitaxial growth composition betweer=100 at.% andk=50 at.%. When
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x becomes much smaller than 45 atlmit for the fcc struc-  talline growth of FegMns, on Cu was suggested. The
ture in bulk FgMn,o_), a structural change can indeed be stabilization of the antiferromagnetic fcg phase is a par-
expected in the alloy films. For example, an hcp phase hagcularly important point especially in view of possible appli-
been reported in bulk F#n; o, alloys at room temperature cations in spin valves. The bez phase and the hopphase,
between x=12 and x=30 at.%?® These observations, poth present in the phase diagram of,¥a;y,_, alloys,
namely, a departure from the fcc phase for low Fe content ifyould lower the AFM ordering temperature of thesfédn,

the alloy, are consistent with the present results of the abpyer, thus reducing the thermal stability of the spin valve. It
sence of MEED oscillations at room temperature for hag peen indeed observed that in polycrystallingVesy/Py
<30 at.%. A change in the structure of the growing film pjjavers a highly textured fcc phase induces a higher value of

can in fact lead to a growth mode more complicated than @y the exchange bias field and the blocking temperaure.

simeIe Iayer-py-laé{er grovvth(.j b furth i Generally the lack of a net magnetization renders the
y comparing Figs. (8) and Xb) one furthermore notices study of the magnetic properties of AFM materials difficult.

that the second maximum in the MEED intensity is miSSingOn the other hand an FM material, in an exchange interact-

for FeMn films grown on C(D01), except for the FgMns . . X
. g ) . ing FM-AFM bilayer, can be used as a probe of the magnetic
film, while it is present for FeMn films deposited on Co/ (%rder of the AFM material, This approach has been used in

Cu(001). This aspect has not been investigated in detail, an dentify the thick d d )
a clear explanation for this observation is not yet available!Ne Present paper to identify the thickness-dependent transi-

The missing MEED intensity oscillation maximum can be 0N from paramagnetic to AFM of an E@ns, thin film.
related to an imperfect layer-by-layer growth in the first The steep increase of the coercive f|§ld of a thin Co layer,
stages of deposition of the FeMn films on (G0Y). In this When the adjacent Egvins, layer thickness overcomes
respect one can make a comparison with the F@Cli sys- ~10 ML (see Fig. 7, is due to the interaction of Co with an
tem: Fe films deposited via thermal evaporation orf0D@  AFM ordered FgMns, film. Indeed a coercivity enhance-
present a missing or reduced first maximum in the intensitynent is one of the fingerprints of the FM-AFM interaction.
of the diffracted electron beam, while an improved growthlIn other words a 10-ML-thick RgMns, film would have an
mode, characterized by regular intensity oscillations starting\FM ordering temperature around room temperature. This
from the first atomic layer, has been obtained by pulsed lasefalue is lower than the Ngé temperature of bulk
deposition of the Fe film& The imperfect initial growth of FesgMns, (=500 K)®° This difference can be attributed to
FeMn films on C(001) may be associated with structural finite-size effect$® A decrease of the AFM ordering tem-
rearrangements or the formation of chemically mixed intererature by reducing the film thickness has been reported for
facial layers. It remains to be explained why this would hap-other AFM materials such as Co®ef. 37 and NiO*® One
pen just in the case of growth on @@1) and not on Co/ could object that the increase in coercive field is a somewhat
Cu(001), considering that from a structural point of view the indirect way to measure the AFM ordering temperature, es-
situation should be rather similar. In this context one maypecially considering that often in thin films the coercivity is
remember that the submonolayer growth of Mn is known torelated to microstructural parameters. On the other hand the
lead to the formation of a two-dimensional surface alloy bothchange in the Co domain configuration at the samghfies,
in the case of Mn/C@01) (Ref. 30 and in the case of thickness at which the increase i, has been measuréd
Mn/Co(001).3! A possible speculation is related to the fact supports this interpretation. Moreover, the measured AFM
that in the FeMn/Co/C@®01) system FeMn is growing on a ordering temperature has been shown to shift towards higher
magnetic substrate. Our recent experiments reveal that R&lues for increasing EgMnsg thickness, an observation that
and Mn in an FeMn alloy film acquire induced magneticis consistent with a finite size effect argument.
moments when in contact with a FM Co fifff.If the in- It should be pointed out that in the above discussion we
duced moments are mainly located at the interface with Codlid not take into account proximity effects associated with
FeMn films are partially ferromagnetic in the first stages ofthe presence of the FM Co layer. More correctly, in fact, the
growth on top of Co/C(001), while they are not when grow- measured antiferromagnetic ordering temperature should be
ing on CY001). The different initial growth mode of the considered representative for the sféng, film in the
FeMn films could be due to the different magnetic properties=e;oMnso/Co bilayers, rather than for the antiferromagnetic
that the FeMn films have when growing on the two differentfilm as such. On the other hand, as pointed out in the previ-
substrates. ous section, an increase in coercivity due to the AFM order-
The fcc structure of the EgMnsy alloy film deserves ing of FggMngy has been measured at a similar thickness as
some further comments. Polycrystalline sputtereghf¥¥a;,  found here also for RgMnso/FegNig; bilayers on
films have been stabilized in the fcc structure on substrate€u(001),2* which suggests a similar antiferromagnetic order-
promoting the fcc growth, as CuRefs. 33 and 34 or ing temperature for EgMng, films both coupled to Co and
NigoFes. 2% In the previous section the fcc structure of epi- Fe;gNig;. However, considering the different spin structure,
taxially grown FgyMns, films has been deduced from the one can imagine that proximity effects of an FM material on
results of the LEED experiments. The ordered LEED patterran AFM material are expected to be considerably weaker
up to the maximum thickness investigate®6-ML  than that of an FM material on an FM material.
FegMnso) and the value of vertical interlayer distance indi-  In addition the coercive field of the E@nso/Co bilayer
cate that the film is a single crystal in registry with the sub-has been show(see Fig. 9to scale linearly with the inverse
strate. This is in contradiction to Ref. 21, where a polycrys-of the Co thickness. This behavior has been attributed to the
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presence of energy losses in the AFM material in a recent V. CONCLUSION

model by Stiles and McMichaéf.In this model the coerciv-

ity of an exchange biased FM-AFM bilayer can stem from  The structural and magnetic properties of thin FeMn films
two mechanisms(i) inhomogeneous magnetization reversal,have been studied in this work. Special attention has been
dominant at low temperature and high AFM thicknessesprought to the alloy at equiatomic concentration, relevant for
which leads to a decrease of the coercive field proportional t@pplications in spin valve structures. A layer-by-layer growth
trw (Wheretey is the FM thickness and (ii) irreversible  mode of FeMing, on CL(001) and on Co/C(001) has been
magnetization changes in the AFM material, more relevant aeduced from the presence of oscillations in the medium-
high temperature, which cause a decrease of the coerciergy electron-diffraction intensity recorded during deposi-
field like t;,\ﬁ. By increasing the RgMns, thickness on top  tion. The AFM fcc y phase of the bulk RgMns, alloy is

of an FM Co thin film, the coercivity of the system increases.gnserved also in thin films, as demonstrated by the low-

at that thickness at which the &gins, layer becomes AFM. — gnargy electron-diffraction patterns obtained after deposition
In fact when the AFM order is established, the spins in the;s ha alloy on C¢001) and on Co/C(001).

antiferromag_net will couple Fo the FM material and are - The magnetic behavior has been studied by recording
dragged during a magnetization loop by the Co magnet'zarhagnetization curves, exploiting the magneto-optic Kerr ef-

tion, inducing the increased coercivity. At this sfdnsg S g :
thickness in fact the AFM ordering temperature is still cIosefeCt' The coercive field of the Co/kg/ng, bilayers displays,

I . room temperature, a large incr f more than one order
to room temperature, and one is in the regime where thgt oom temperature, a large increase of more than one orde

energy losses are predominantly due to irreversible transt! m-agnltude, when th.e .Ewnw th.|cknesslolver.come_s ap-
tions in the AEM material. proximately 10 ML. This increase in coercivity is attributed

By analogy with the FgVin o, alloy at equiatomic con- to the coupl_ing of the FM _Co film to the AFM EgMIng film.
centration, the increase in coercive field has been used B 10-ML-thick Fe;gMns, film has therefore an AFM order-
estimate the AFM ordering temperature also for other comid temperature around room temperature. This value is
position values. As a result, see Fighs the AFM ordering  |ower than the Nel temperature of the bulk material

temperature has been found to increase monotonically with™>00 K). The temperature and 4g#ins, thickness depen-
increasing Mn content. This is not fully in agreement with dence of the increase in coercive field suggest that this is due

the variation of the Nel temperature as a function of con- to the reduced dimensionality of the film with respect to the
centration in bulk alloys and, in particular, with the maxi- PUlK. Tapw also depends on the concentration of the
mum for Ty, found atx~50 at. %° This difference could be F&Mnigo-x alloy films, monotonically increasing with the
attributed to a different magnetic behavior of the alloy in theincrease of the Mn concentration.

thin-film form. On the other hand, what has been found from

Fig. 8 is a transition temperature which is thickness depen-

dent. In principle, one cannot exclude that films with differ- ACKNOWLEDGMENTS
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