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Magnetic interface coupling in single-crystalline CéFeMn bilayers
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The magnetic coupling between epitaxial single-crystalline Co and FeMn layers @9 was investi-
gated by element-resolved magnetic circular dichroism domain imaging using a photoelectron emission mi-
croscope. As-grown Co domain patterns reveal the presence of many small domains in the antiferromagnet.
The coupling of the Co layer is found to be alofi®0) crystallographic directions. This is discussed in terms
of a 45° coupling due to frustrations at topological 90° domains in the FeMn layer. Coercivity oscillations as
a function of FeMn thickness with atomic monolayer period support the importance of such step-induced
domains in the coupling.
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The magnetic coupling across the interface between a femoderate exchange bias at room temperature in these bilay-
romagnet and an antiferromagnet is the key for the underers, which is in line with experiments by Jungblet al.,
standing of the phenomena summarized under the term “expublished in 1994 and 1998 By using all-metal bilayers we
change bias.” They comprise of a shift of the hysteresis loopavoid oxidation/reduction reactions that might occur at
along the field axis and an increase in coercivity. Great effortnetal/oxide interface¥, and which would lead to a further
has recently been devoted to experiméntaid theoretical complication of the interface coupling.
investigation$ of these phenomena due to their importance Element-resolved magnetic domain imaging by photo-
in a variety of magnetoresistive applications. Because of thelectron emission microscogPEEM) with x-ray magnetic
complex nature and incomplete characterization of the intergjrcular dichroism(XMCD) as the contrast mechanism al-
face between granular sputtered or polycrystalline filmsjows to observe the characteristic changes in Co magnetiza-
which are commonly used in most of the experimentakion at the antiferromagnetic ordering transition of the FeMn
studies’® details of this coupling are poorly understood. An layer, either as a function of temperature or of FeMn film

important point, for example, is the coupling across so-calleghjckness. We show that the Co layer magnetization is pinned
fully comp_ensated antlferrom_agnetlc mtgrfaces, €., .Surfa.ceélong crystallographi¢100) directions by the antiferromag-
of the antiferromagnet at which the antiferromagnetic spin

. Shetism of the FeMn layer, 45° to the Co in-plane easy axes.
sum to zero. Koon suggested a model for ideally compen; : . . )

. ) ; R . . We attribute this to frustrations at atomic steps of ltheally
sated interfaces involving a 90° coupling between the spins

in the ferromagnet and the spins in the antiferromagnet. compensate&eMr(001) sgrfe}ce. Itis demonstrated that asa
contrast to this, Ohldagt al. studied the spin structure at a consequence of .the. periodic change in -step densny_dunng
Co/NiO(001) single crystal interface, and observed an align-Yer-by-layer epitaxial growth, the resulting increase in co-
ment of the Co domain structure with the axial orientation of€CiVity shows monolayer period oscillations as a function of
the NiO antiferromagnetic spins in the surface pl&h&n  FeMn layer thickness.
other theories a local uncompensation, invoked by interface CO/FeMn bilayers were grown at room temperature on
roughness of defects, is assunfed. Cu(00)) in zero field. FegMnsg films were obtained by the

In order to address the coupling at the interface betweegoevaporation of Fe and Mn. Composition and film thickness
an antiferromagnet and a ferromagnet, we performed an exvere calibrated by oscillations of the diffracted medium en-
perimental study of single crystalline Co/FeMn bilayers withergy electron intensity, and cross checked by Auger electron
structurally well-defined interfaces, grown epitaxially on spectroscopy. The accuracy of the thicknesses is estimated as
Cu(001). FeMn layers have been used as the antiferromagnét%. The bilayers were grown either as continuous films or as
in numerous studies and applications of exchange %fas. crossed wedges with 15&m width, as described in Ref. 16.
Bulk FeMn has a tetragonal antiferromagnetic spin structureCircularly polarized x rays from the helical undulator beam-
in which the spins of the corner atom of the fcc unit cell andline UE56-2 PGM2 of BESSY Il in Berlin were used, inci-
three adjacent face-centering atoms point towards the centéent to the sample under an angle of 60° from the surface
of the common tetrahedrdh.The (001) surface is accord- normal. The setup of the electrostatic PEEM is identical to
ingly nominally fully compensated with respect to the in- that described in previous publicatioHsParameters were
plane component of the spins. The growth of Co and FeMrset to result in a lateral resolution of 400 nm and a field of
on Cu001), as well as the growth of Co on FeMn/@@1)  view of 90 um. Images are presented in the form of gray-
and of FeMn on Co/C@0Y) is accompanied by clear inten- scale coded absorption asymmetry for opposite light helicity
sity oscillations in medium energy electron diffraction, indi- at the maxima of th& ; edges. Vectorial analysis of the local
cating pseudomorphic growth in a layer-by-layer fasHfon. magnetization direction was done by comparing images of
Scanning tunneling microscopy studies revealed that nahe same area on the sample acquired for different light in-
more than three atomic levels are simultaneously exposeddence azimuths.
during the growth of FeMn on @001).}* We observe a Since direct imaging of the antiferromagnetic domains of
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FIG. 1. (@) As-grown Co domain image of 6-ML Co/FeMn/ ~_
Cu(001). The FeMn thickness is indicated on the left axis. Co \ T

domain image of the same area of the sample at a temperature of by . |
480 K. Note that in this image some blurring occurs due to thermal H=+165 Oe H = +220 Oe
movement of the sample during exposui®.Co domain image of

the same area of the sample after cooling back to room temperature. FIG. 2_‘ (@ Co doma_in patter_n Of_ a ZO'ML_ Cp/lS-ML FeMn/
Cu(00)) bilayer. Magnetization directions are indicated by arrows.

. . . . . (b), (c), (d) Same position of the sample after application of an
metallic FeMn by linearly polarized light is hampered by oytarnal magnetic field of 145 Gb), 165 Oe(c), and 220 Ogd) in

vanishing crystal-field splitting in the Fe and MB ;edges,  he direction indicated byH. Although the Co magnetization is
we focus here on ferromagnetic domain images of the C@jong(110) directions, the pinning by the FeMn layer is found to

layer. XMCD images ,acqu"ed é_lt the Eg and MnL ; edges be along 010] and[010], as indicated in the sketch in the center.
always showed identical domain patterns as the correspond-

ing Co images, however with a strongly reduced magnetic ) . )
signal. These ferromagnetic moments in FeMn were foundietic in the region shown in Fig. 1, whereas the Co layer is
independent of whether the FeMn layer was below or abovétill ferromagnetic at that temperatufé.Without being
its Neel temperature, and will be published elsewhere. coupled to an antiferromagnet, the Co magnetization rear-
Figure 1a) shows the as-grown Co domain image of six ranges into bigger domains to reduce domain-wall energy. In
atomic monolayer§ML) of Co on top of a wedge-shaped these domains Co is magnetized algdd0) in-plane direc-
FeMn/Cu001) film. The FeMn thickness increases from the tions, as indicated by arrows, which are the easy axes for
bottom to top, as indicated at the left axis. Below approxi-Co/Cu001),"**°and obviously are also the easy axes for Co
mately 10 ML FeMn thickness, a single domain with a whiteon top of paramagneticFeMn. After cooling back to room
contrast is observed. Above 10 ML FeMn thickness the astemperature, the domain pattern stays qualitatively largely
grown domain pattern starts to decay into small domainsidentical[Fig. 1(c)]. Analysis of the magnetization direction,
The average domain size is decreasing with increasing FeMpowever, reveals that on top aftiferromagnetid=eMn, the
thickness, and the magnetic contrast vanishes towards the t6 magnetization is now alon@00 directions, as seen in
of the image, when the domains are becoming smaller thaRig. 1(c) from the lower contrast in this region of the sample,
the instrumental resolution. 10 ML is exactly the thickness a@nd indicated by arrows. The transition between Figb) 1
which a sudden increase of more than two orders of magniand Xc) has been tested to be reversible by repetitive heating
tude in coercivity is observetf. We conclude thus that 10 and cooling, except for some domain coarsening. The change
ML corresponds to the thickness of the antiferromagnetidn Co magnetization direction frort110) to (100 is thus
ordering transition at room temperature, and attribute the obdirectly related to the antiferromagnetism of the FeMn film.
served Co domain pattern to domains in the antiferromagA 45° rotation occurs in all of the Co domains, which shows
netic FeMn film. Local exchange interaction between do-that the pinning by antiferromagnetic FeMn is alofid0)
mains in the FeMn layer and the Co layer induce a replicatedlirections.
domain pattern in the Co layer in the initial stages of growth, For high Co thicknesses above 15 ML, the Co magneti-
which is then partially frozen when the Co film becomeszation on top of antiferromagnetic FeMn is found to be again
thicker. The as-grown Co domain pattern is thus an indicatoalong{110) directions. We can attribute this to the increasing
for the presence of small domains in the antiferromagnet. total anisotropy energy in the Co film as the films become
Because of the many domain walls this Co domain patterithicker?® The pinning of the underlying FeMn layer in this
is metastable, i.e., energetically unfavorable. We demonstratgase, however, is still alonLl00) directions, as is demon-
this by heating the sample to 480 K in zero figklg. 1(b)].  strated in Fig. 2. Figure(2) shows the Co domain pattern of
At this temperature the antiferromagnetic ordering transitiora 20-ML Co/15-ML FeMn/C(001) bilayer after heating to
is shifted to a thickness of about 20 ML, as evidenced from480 K and subsequent application of a 220 Oe external mag-
the jump in coercivity? The FeMn layer is thus paramag- netic field in the negative " direction at room tempera-
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ture. The magnetization is alorid10] and[110], as indi- asymmetry
cated by arrows. Panéb) shows the remnant domain image 17 , 17 (b)

after application of a 145 Oe field in the positive direction 3 16 & hv/ 16 [

indicated byH, panel(c) after 165 Oe, and panétl) after € 15 15

220 Oe external field. It is seen that the magnetization is only§ 14 14

rotated by 90° at each position, and that 220 Oe is notg 13 13 +

enough to reverse the magnetization by 180°. This is ex-§ 12 12

plained by assuming a pinning by the antiferromagneticE 44| ;\H 1L

FeMn layer in thd 010] and[010] directions, as indicated & 1¢ iy oo; 10

in the sketch in the center of Fig. 2. The anisotropy of the gt |T”| : | i 9t

20-ML Co layer is consequently strong enough to force the 30 35 40 45

magnetization into th¢110) directions, 45° away from the Co thickness (ML)

pinning direction of the FeMn layer. It is then relatively easy

to flip the Co magnetization between the two adjagdrii) FIG. 3. (a) Co domain image of a crossed double wedge of Co

directions by domain-wall motion, but stronger fields areand FeMn on C(001) after application of a 330 Oe external field in
needed to reverse the Co magnetization by 180°, since in the direction indicated bii. The Co thickness increases from left to
latter case an irreversible rearrangement of antiferromagnetiight (bottom axig, the FeMn thickness from top to bottotteft
spins is involved. axis). Bright stripes with monolayer FeMn thickness period are ob-
This change in easy axis from th&00) pinning direction ~ served on the left sideb) Vertical line scan of the XMCD asym-
to (110 for thicker Co films allows a rough estimate of the metry averaged over the rectangle shown in p&agel
pinning strength. Assuming that the Co fourfold in-plane an-
isotropy in the Co/FeMn bilayers is similar to that of single jng the line of Slonczewski’'s modé}.A similar mechanism
Co films on C001), we take the experimental value for the a5 heen claimed to be also responsible for 90° magnetiza-
anisotropy of 15-ML Co/C(00) from Ref. 20, namely 2.2 (o rotations in Fe on stepped surfaces of antiferromagnetic
X104 J/n?. At that Co thickness the anisotropy energy andc(po7) 2425
the coupling energy are of the sameiTagnitw'je. This estimate T resulting spin configuration and coupling type re-
for the coupling strength, aboub210™* J/n?, is at the up-  semple Koon's modél,although an angle of 45° instead of
per end of the range of |r_1terface energies reported in literagge i5 involved. This type of coupling emphasizes the impor-
ture for sputtered Fe'V".‘ film’s. . . tance of 90° domain boundaries in the antiferromagnet, in-
The above observations can be explained by assuming @,ceq by monatomic steps. Scanning tunneling microscopy
ryoncﬂlmear bulklike tetragonal spin structpre in the FeMninvestigations support this view. A large number of small,
fllms: In that structure, the idedD01) termlnate_d surface  _ 1 nm wide islands and holes of single atomic step height
consists of a checkerboard arrangement of spins along onge ,pserved in otherwise atomically flat terratedhe
_<110> axis, vv_|th n_1—p|ane components alternatingly pointing layer-by-layer growth of the FeMn films on (01) implies
in opposite directions, for example, alond 110]. The Spins  ha¢ the number of surface steps oscillates with monolayer
in the next monatomic level above or boeloyv are then orientegherinicity, where minima are located at integer monolayer
with their in-plane components at 90° with respect to thishicknesses, and maxima at half filled monolayers. If step
level, i.e., along=[110]. Each monatomic step in the sur- edge atoms are important for the coupling between ferro-
face gives thus rise to a topological 90° domain in the surmagnets and antiferromagnets, there should consequently be
face layer of the antiferromagnet. Such topological domaingilso an oscillation in the coupling strength. This is indeed the
do not cost domain-wall energy, and provide thus a sensiblgase. In Fig. 3 we show in pan@) the domain configuration
explanation for the many small domains observed in the assf a Co/FeMn bilayer, here shaped as a crossed double
grown Co/FeMn bilayers. Coupling of a ferromagnetic Cowedge, after application of a 330 Oe external magnetic field
layer to 90° FeMn domains results in a net coupling at in-in the direction indicated by the arrow labelédd The Co
termediate 45° directions, in analogy to the fluctuationthickness increases from left to right, as indicated at the bot-
mechanism used by Slonczewski for explaining the biquatom axis, the FeMn thickness from bottom to top, as indi-
dratic interlayer exchange coupling, in which spatial fluctua-cated at the left axis. At low FeMn thicknesses at the bottom
tions between 0° and 180° coupling lead to an effective 90%f the image(in the paramagnetic region and in the begin-
coupling? In extension of that mechanism to 90° coupling ning of the antiferromagnetic regiprthe Co layer has
fluctuations, exchange averaging over monatomic steps leadsvitched into §110] single domain state, as indicated by the
to an effective 45° coupling of Co to FeMn in the presentarrow. At FeMn thicknesses abovel2 ML, the Co layer is
case, i.e., to a pinning alond00. In the measurements of not saturated, but shows still many small domains. At the
Jungblutet al. a change in the easy axis of permalloy films left-hand side of the image, i.e., at lower Co thicknesses,
on CU110 by 90° has been observed when in contact withbright stripes are observed. In these stripes the as-grown do-
antiferromagnetic FeMn film¥, which was analogously in- main pattern before application of the external field, which
terpreted in terms of step-induced topological 180° domainsooked quite similar to Fig. (B), is largely conserved. Out-
in the uncompensated 10 surface of the FeMn bulk spin side these stripes many domains in the Co have switched to
structure?? and quantified in a micromagnetic model follow- give a darker contrast. Figure(B) shows a line scan along
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the vertical direction of the image, horizontally averaginggrowth on FeMi00) is rapidly changing spatially, leading
over the rectangle printed in pan@). It is seen that the to small domains in the as-grown ferromagnetic domain pat-
stripes appear with a periodicity of 1-ML FeMfWe at-  tern. This can be explained by the noncollinear FeMn spin
tribute these stripes to coercivity modulations as a functiorstructure. Monatomic steps at the surface of the FeMn layer
of FeMn thickness. Since the coercivity in Co layers oncause topological 90° domains in the antiferromagnet, which
top of antiferromagnetic FeMn/@001) is nearly exclusively  are seen partly reflected in the as-grown domain pattern of
caused by the antiferromagnetism of the FeMn layer, it musfe o overlayer. Exchange averaging over these domains
depend on the strength of the interface coupling between th@ 4 4s to an effective coupling alod00) directions. Oscil-
ferromagnet and the antiferromagnet. The monolayer perioQyiinns in the coercivity of Co/FeMn with a monolayer pe-
icity of the coupling strength is the consequence of the&;qoq in FeMn thickness are related to the oscillations of the

oscillation in the number of_ step edge atoms_caused bYumber of monatomic steps related to the layer-by-layer
layer-by-layer growth, and directly proves the importanceéqrowth mode of the single-crystaline FeMn films on

g(f)uplrir;%natomic steps in the Co-FeMn interface Cu(001), further supporting this model.
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