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Influence of exchange bias coupling on the single-crystalline FeMn
ultrathin film
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Polarization dependent x-ray photoemission electron microscopy was used to investigate the
influence of the exchange bias coupling on the disordered ultrathin single-crystalling;§bnkge

We find that the critical thickness of the FeMn film, where the antiferromagi&fi¢ order is
formed, varies with changing the magnetization direction of the ferromag(fetig layer from
out-of-plane to in-plane. Surface magneto-optical Kerr effect measuren@®WMEOKE) further
manifest the shift of the critical thickness with alternating the exchange bias coupling. It indicates
that the spin structure of the FeMn layer near the FM layer is modified by the presence of exchange
bias coupling and the properties of the coupling. Our results provide direct experimental evidence
that the AF spin structure at the interface between the FM and AF layers is strongly influenced by
the exchange bias coupling. )05 American Institute of PhysidDOI: 10.1063/1.1883318

Investigations of exchange coupling between antiferro-SpiSadk and Hafner reported that the presence of disorder sta-
magnetic(AF) and ferromagneti¢dFM) materials have re- bilizes 1Q nearly ideal collinear layered AF spin structtire.
ceived much attention recently due to its important applicaOther theoretical calculations show that the noncollinear 3Q
tions in the data storage industr§such as magnetoresistive and 2Q structures are both energetically favorable with the
sensors and read heads as well as magnetic random accéssner being slightly lower in enerd;‘}, so that any small
memory. Theoretical and experimental progresses have beelisturbance could favor one or the other spin structure.
made for understanding the mechanism of the exchange bias More recently, the x-ray magnetic circular dichroism
effect®**In spite of efforts during the past 40 years, there isphotoelectron emission microscogéMCD-PEEM) studies
still difficulty in theoretically relating the observed bias to of Co/FeMn bilayers have been reported. Appearance of
the actual interface coupling. The lack of knowledge aboutery small domains and rotation of the Co magnetization
the real AF spin structure in ultrathin AF/FM bilayers is one above a critical thickness of 10 atomic monolay@it. ) due
of the main reasons to the difficulty. The spin structure of theo the exchange-bias coupling was observed in Co/FeMn
relevant AF bulk materials is often assumed in understandingnd FeMn/Co bilayers respectivély:® which was ascribed
the underlying principles governing the manifestation of ex-to the pinning by locally uncompensated AF spins at the
change bias coupling. However, the influence of the exsurface of the FeMn layer.
change coupling on the AF spin structure in ultrathin AF/FM In this letter we present an element-resolved XMCD-
bilayers should also be considered, which was rarely disPEEM study of single crystalline Eg¢Mns, in contacting
cussed in most reports. It has been shown that recently thgith FM layer with out-of-plane or in-plane magnetization.
AF spin structure in a Ni@001) single crystal near its inter- Ni/FeMn and Co/Ni/FeMn/Ni double wedge samples were
face with Co or Fe may significantly deviate from that in thegrown at room temperature on GQ01) by electron beam
bulk antiferromagnet’ Moreover, the influence of the differ- assisted thermal evaporation under zero magnetic field. All
ent type of couplingwith perpendicular or in-plane aniso- the evaporations and measurements were performed with the
tropy FM layey on the spin structure of ultrathin AF base pressure below>51071° mbar. FgMns, films were
fims may be expected. The faced centered culic) obtained by coevaporation of Fe and Mn from two different
v-FeoMnsg single crystal films have been widely used in
so-called spin-valve structures as a pinning layer. So far three
theoretical models of magnetic structures in disordered bulk
FeMn have been proposfﬁ:wa collinear AF(1Q) structure
and two noncollinear 2Q and 3Q structures, shown in Fig. 1.
By using the linearized muffin-tin orbitdLMTO) method,
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FIG. 1. Schematic of the magnetic structures of disordegNfgs, (a)
1oncollinear 3Qjb) noncollinear 2Q, andc) 1Q collinear spin configura-
ions. Arrows indicate the spin directions.
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FIG. 2. As-grown Ni domain image of 15 ML Ni/FeMn wedge/©Q1). i N
The FeMn thickness increases from left to right indicated at the bottom axis. L A I I
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sources. Film thicknesses were calibrated by oscillations ofic. 3. Magnetic domain image at the Nj edge of
the diffracted medium energy electron intensity duringCo/Ni/FeMn/Ni/Cu001). The FeMn and Co layers are crossed wedge,
evaporation. The systematic error of the cited thickness igr_ld their thickness is indicated at the bottom and left axis, respectively. Both
about 10% for FeMn and Ni. However, the accuracy of the'\! '2ers are 15 ML.
relative thickness within the same sample is about 1%. The
FeMn and bottom Ni layer were grown as crossed wedget the magnetic exchange coupling between the two Ni lay-
with 155 ym width. Circularly polarized x rays from the ers. The presence of the oscillation might be related with the
helical undulator beamline UE56-2 PGM2 of BESSY Il in ordered AF state of FeMn. Actually, we will show below that
Berlin were used, incident to the sample under an angle o8 ML is probably the ordering thickness for FeMn in Ni-
60° from the surface normal. The lateral resolution and fieldFeMn systems. When the Co layer thickness is above 0.5
of view were set to 400 nm and 9dm, respectively. The ML, the direction of the Ni magnetization changes from out-
detailed description of the setup and operation of this PEEMf-plane to in-plane as verified by images taken under oppo-
can be found in an earlier pap’é’r_ site light incidence azimuth. Some small domains appear in
Figure 2 shows the as-grown Ni domain image of 15the region below 12 ML of the FeMn layer. One can see
atomic monolayer$ML) Ni on top of a wedge shaped FeMn some correlation between the Ni out-of-plane stripe-like
film. The FeMn thickness increases from left to right20 ~ magnetic domains structure before Co deposition and the
ML), as indicated at the bottom axis. Measurements undén-plane domains. Analysis on the comparison of these in-
different light incidence azimuth show that the magnetizatiorPlane domains gives the magnetization directiofld0] and
of the domains in this sample is alternately pointing out and-1-10].""?*For the FeMn thickness above 12 ML very small
into the film plane as indicated by arrows in Fig. 2. Thedomains, most likely magnetized in-plane, are formed in the
observed perpendicular magnetization direction of thdop FM layer. One could also observe a change of the do-
Ni/FeMn bilayers is similar to previous reports on the Ni main contrast with the FeMn thickness across 12 ML, indi-
films2° Small irregular domains with an average size de-cating the magnetization turns froftl10] to [100].*"% It
pending on the FeMn thickness can be observed. Betweenfpeans that the AF ordering thickness shifts to 12 Mt
and 3 ML FeMn a rectangular-like domain with black con- The change of the FeMn spin structure due to the change of
trast appears in Ni. With the thickness of FeMn layer in-the coupling between the top Ni layer and FeMn layer might
creases further, small domains are formed gradually, anf€ the reason of this shift.
many ones appear in the region where the thickness of FeMn Surface magneto-optical Kerr effect measurements
is thicker than 15 ML, which is attributed to the coupling (SMOKE) experiments give further evidence of this. Figure
from the antiferromagnetic FeMn film. The local pinning 4 shows the dependence of coercivityc) and the normal-
from the domains in the FeMn layer results in the collapse oized Kerr signal in remaneng#,) on the thickness of FeMn
big domain in Ni, the small domains are energetically fa-layer (tpemy). It is found thatH.(M,) of the sample with a
vored. However, unlike the case in Co/FeMn bilay/dn the ~ FeMn layer thicker than 3 ML is a bit lowehighep than the
image we have not found a critical thickness of FeMn layerone of the sample without FeMn layer, which is the contri-
(i.e., the AF order formed thickness at room temperaturebution from induced moments in FeMn layer thinner than 3
where the very small domains are formed suddenly. It im-ML. %% With the FeMn thickness above 8 ML, an enhance-
plies that the properties of the FeMn layer are probably difment of H. originating from the pinning by AF FeMn is
ferent in Co/FeMn and Ni/FeMn bilayers. observed, which indicates that the AF order of the FeMn
Figure 3 shows the domain images obtained at thesNi layer in FeMn/Ni bilayer is established at this thickness.
edge of a Co/Ni/FeMn/Ni trilayer in which both of the Ni Comparing with the results in FeMn/Co bilayer, we found a
layers are 15 ML and a wedge shaped FeMn layer was san@-ML difference of the magnetic order transition thickness in
wiched between them. The bottom Ni layer was annealed téeMn films. The data of FeMn/6-MLCo is presented in the
450 K** and saturated by an out-of-plane 500 Oe externainset of Fig. 4. It is seen that the pronounced increas of
field. The top Co layer was deposited as also a wedge witlimore than 2 timesin FeMn/Ni occurs at 8 ML, while this
orientation perpendicular to the FeMn wedge. In the bottonmincrease starts from 10 ML in FeMn/Ginset of Fig. 3. To
part of Fig. 3, where the Co thickness is below 0.5 ML, arule out the effect of the deviation of FeMn thickness caused
periodic alternating dark and down out-of-plane stripes withby the bigger interfacial roughness in FeMn/Ni compared to
2 ML period were observed above 7 ML FeMn, which is dueFeMn/Co, we annealed the sample to 450 Before depos-
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12 — . : T . . . — 0.008 the FeMn layer is deposited on top of an out-of-plane Ni film
nk B or sandwiched between two out-of-plane Ni film, a perpen-
10.007 dicular coupling from the interface Ni spins causes the spins
10 of FeMn layer tilt to the vertical direction, i.e., towards 1Q.
The difference of the spin structure between the two cases
results in the different AF ordering thickness in FeMn layer.
It is worthy to point out the spin structure of the FeMn layer
in all the cases we discussed is still a three-dimensional spin
structure®® The deviation from the 3Q spin structure due to
the coupling from FM layer is not sufficient to establish 2Q
f 024 6 8 1012)0.004 or 1Q structure.
| T teai (ML) In summary, we investigate the influence of the ex-
. i : : : —10.003 change coupling between the FeMn layer and FM layer on
0 2 4 6 8 10 12 14 the properties of the FeMn layer. We observe a different
critical thickness in the ultrathin FeMn layers in contact with
tFeMn (ML) in-plane and out-of-plane FM layers. This was explained by
the deviation of the interface FeMn spin structure from the
FIG. 4. Coercivity fieldH, (left axi9 and remanenc#, (right axi9 as a  bulk one due to the exchange coupling from the FM layers.
function of FgoMns, film thickness (teewy) at room temperature for Our results indicate both the ferromagnetic and antiferro-
FesgMnse/ 15-ML-Ni/ Cu(001). The external field was applied along the nor- magnetic spin orientations are sensitive to the coupling prop-
mal direction of the §§mpl_e. The inset displays the FeMn layer th'CkneS%rties in exchange bias systems. The realistic models for the
dependence of coercivity field, for Fe;gMnso/6 ML Co. . . .
exchange bias should take into account the actual spin con-
figuration near the interface, which may significantly deviate

iting the FeMn layer. The data are also plotted in Fig. 4from the bulk one.
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