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Magnetic interface coupling in single-crystalline CoÕFeMn bilayers
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~Received 20 February 2002; published 4 April 2002!

The magnetic coupling between epitaxial single-crystalline Co and FeMn layers on Cu~001! 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 along^100& 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
romagnet and an antiferromagnet is the key for the und
standing of the phenomena summarized under the term
change bias.’’ They comprise of a shift of the hysteresis lo
along the field axis and an increase in coercivity. Great ef
has recently been devoted to experimental1 and theoretical
investigations2 of these phenomena due to their importan
in a variety of magnetoresistive applications. Because of
complex nature and incomplete characterization of the in
face between granular sputtered or polycrystalline film
which are commonly used in most of the experimen
studies,3–8 details of this coupling are poorly understood. A
important point, for example, is the coupling across so-ca
fully compensated antiferromagnetic interfaces, i.e., surfa
of the antiferromagnet at which the antiferromagnetic sp
sum to zero. Koon suggested a model for ideally comp
sated interfaces involving a 90° coupling between the sp
in the ferromagnet and the spins in the antiferromagnet.9 In
contrast to this, Ohldaget al. studied the spin structure at
Co/NiO~001! single crystal interface, and observed an alig
ment of the Co domain structure with the axial orientation
the NiO antiferromagnetic spins in the surface plane.10 In
other theories a local uncompensation, invoked by interf
roughness of defects, is assumed.2

In order to address the coupling at the interface betw
an antiferromagnet and a ferromagnet, we performed an
perimental study of single crystalline Co/FeMn bilayers w
structurally well-defined interfaces, grown epitaxially o
Cu~001!. FeMn layers have been used as the antiferromag
in numerous studies and applications of exchange bias3–6

Bulk FeMn has a tetragonal antiferromagnetic spin structu
in which the spins of the corner atom of the fcc unit cell a
three adjacent face-centering atoms point towards the ce
of the common tetrahedron.11 The ~001! surface is accord-
ingly nominally fully compensated with respect to the i
plane component of the spins. The growth of Co and Fe
on Cu~001!, as well as the growth of Co on FeMn/Cu~001!
and of FeMn on Co/Cu~001! is accompanied by clear inten
sity oscillations in medium energy electron diffraction, ind
cating pseudomorphic growth in a layer-by-layer fashion12

Scanning tunneling microscopy studies revealed that
more than three atomic levels are simultaneously expo
during the growth of FeMn on Cu~001!.13 We observe a
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moderate exchange bias at room temperature in these b
ers, which is in line with experiments by Jungblutet al.,
published in 1994 and 1995.14 By using all-metal bilayers we
avoid oxidation/reduction reactions that might occur
metal/oxide interfaces,15 and which would lead to a furthe
complication of the interface coupling.

Element-resolved magnetic domain imaging by pho
electron emission microscopy~PEEM! with x-ray magnetic
circular dichroism~XMCD! as the contrast mechanism a
lows to observe the characteristic changes in Co magne
tion at the antiferromagnetic ordering transition of the FeM
layer, either as a function of temperature or of FeMn fi
thickness. We show that the Co layer magnetization is pin
along crystallographiĉ100& directions by the antiferromag
netism of the FeMn layer, 45° to the Co in-plane easy ax
We attribute this to frustrations at atomic steps of thelocally
compensatedFeMn~001! surface. It is demonstrated that as
consequence of the periodic change in step density du
layer-by-layer epitaxial growth, the resulting increase in c
ercivity shows monolayer period oscillations as a function
FeMn layer thickness.

Co/FeMn bilayers were grown at room temperature
Cu~001! in zero field. Fe50Mn50 films were obtained by the
coevaporation of Fe and Mn. Composition and film thickne
were calibrated by oscillations of the diffracted medium e
ergy electron intensity, and cross checked by Auger elec
spectroscopy. The accuracy of the thicknesses is estimate
5%. The bilayers were grown either as continuous films o
crossed wedges with 155mm width, as described in Ref. 16
Circularly polarized x rays from the helical undulator bea
line UE56-2 PGM2 of BESSY II in Berlin were used, inc
dent to the sample under an angle of 60° from the surf
normal. The setup of the electrostatic PEEM is identical
that described in previous publications.17 Parameters were
set to result in a lateral resolution of 400 nm and a field
view of 90 mm. Images are presented in the form of gra
scale coded absorption asymmetry for opposite light helic
at the maxima of theL3 edges. Vectorial analysis of the loca
magnetization direction was done by comparing images
the same area on the sample acquired for different light
cidence azimuths.

Since direct imaging of the antiferromagnetic domains
©2002 The American Physical Society08-1
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metallic FeMn by linearly polarized light is hampered b
vanishing crystal-field splitting in the Fe and MnL2,3 edges,
we focus here on ferromagnetic domain images of the
layer. XMCD images acquired at the FeL3 and MnL3 edges
always showed identical domain patterns as the correspo
ing Co images, however with a strongly reduced magne
signal. These ferromagnetic moments in FeMn were fou
independent of whether the FeMn layer was below or ab
its Néel temperature, and will be published elsewhere.

Figure 1~a! shows the as-grown Co domain image of s
atomic monolayers~ML ! of Co on top of a wedge-shape
FeMn/Cu~001! film. The FeMn thickness increases from th
bottom to top, as indicated at the left axis. Below appro
mately 10 ML FeMn thickness, a single domain with a wh
contrast is observed. Above 10 ML FeMn thickness the
grown domain pattern starts to decay into small doma
The average domain size is decreasing with increasing Fe
thickness, and the magnetic contrast vanishes towards the
of the image, when the domains are becoming smaller t
the instrumental resolution. 10 ML is exactly the thickness
which a sudden increase of more than two orders of mag
tude in coercivity is observed.12 We conclude thus that 10
ML corresponds to the thickness of the antiferromagne
ordering transition at room temperature, and attribute the
served Co domain pattern to domains in the antiferrom
netic FeMn film. Local exchange interaction between d
mains in the FeMn layer and the Co layer induce a replica
domain pattern in the Co layer in the initial stages of grow
which is then partially frozen when the Co film becom
thicker. The as-grown Co domain pattern is thus an indica
for the presence of small domains in the antiferromagnet

Because of the many domain walls this Co domain patt
is metastable, i.e., energetically unfavorable. We demonst
this by heating the sample to 480 K in zero field@Fig. 1~b!#.
At this temperature the antiferromagnetic ordering transit
is shifted to a thickness of about 20 ML, as evidenced fr
the jump in coercivity.12 The FeMn layer is thus paramag

FIG. 1. ~a! As-grown Co domain image of 6-ML Co/FeMn
Cu~001!. The FeMn thickness is indicated on the left axis.~b! Co
domain image of the same area of the sample at a temperatu
480 K. Note that in this image some blurring occurs due to therm
movement of the sample during exposure.~c! Co domain image of
the same area of the sample after cooling back to room tempera
14040
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netic in the region shown in Fig. 1, whereas the Co laye
still ferromagnetic at that temperature.18 Without being
coupled to an antiferromagnet, the Co magnetization re
ranges into bigger domains to reduce domain-wall energy
these domains Co is magnetized along^110& in-plane direc-
tions, as indicated by arrows, which are the easy axes
Co/Cu~001!,19,20 and obviously are also the easy axes for
on top of paramagneticFeMn. After cooling back to room
temperature, the domain pattern stays qualitatively larg
identical@Fig. 1~c!#. Analysis of the magnetization direction
however, reveals that on top ofantiferromagneticFeMn, the
Co magnetization is now alonĝ100& directions, as seen in
Fig. 1~c! from the lower contrast in this region of the samp
and indicated by arrows. The transition between Figs. 1~b!
and 1~c! has been tested to be reversible by repetitive hea
and cooling, except for some domain coarsening. The cha
in Co magnetization direction from̂110& to ^100& is thus
directly related to the antiferromagnetism of the FeMn fil
A 45° rotation occurs in all of the Co domains, which show
that the pinning by antiferromagnetic FeMn is along^100&
directions.

For high Co thicknesses above 15 ML, the Co magn
zation on top of antiferromagnetic FeMn is found to be ag
along^110& directions. We can attribute this to the increasi
total anisotropy energy in the Co film as the films beco
thicker.20 The pinning of the underlying FeMn layer in thi
case, however, is still alonĝ100& directions, as is demon
strated in Fig. 2. Figure 2~a! shows the Co domain pattern o
a 20-ML Co/15-ML FeMn/Cu~001! bilayer after heating to
480 K and subsequent application of a 220 Oe external m
netic field in the negative ‘‘H ’’ direction at room tempera-

of
l

re. FIG. 2. ~a! Co domain pattern of a 20-ML Co/15-ML FeMn
Cu~001! bilayer. Magnetization directions are indicated by arrow
~b!, ~c!, ~d! Same position of the sample after application of
external magnetic field of 145 Oe~b!, 165 Oe~c!, and 220 Oe~d! in
the direction indicated byH. Although the Co magnetization is
along ^110& directions, the pinning by the FeMn layer is found

be along@010# and@01̄0#, as indicated in the sketch in the cente
8-2
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MAGNETIC INTERFACE COUPLING IN SINGLE- . . . PHYSICAL REVIEW B 65 140408~R!
ture. The magnetization is along@110# and @11̄0#, as indi-
cated by arrows. Panel~b! shows the remnant domain imag
after application of a 145 Oe field in the positive directi
indicated byH, panel~c! after 165 Oe, and panel~d! after
220 Oe external field. It is seen that the magnetization is o
rotated by 90° at each position, and that 220 Oe is
enough to reverse the magnetization by 180°. This is
plained by assuming a pinning by the antiferromagne

FeMn layer in the@010# and @01̄0# directions, as indicated
in the sketch in the center of Fig. 2. The anisotropy of
20-ML Co layer is consequently strong enough to force
magnetization into thê110& directions, 45° away from the
pinning direction of the FeMn layer. It is then relatively ea
to flip the Co magnetization between the two adjacent^110&
directions by domain-wall motion, but stronger fields a
needed to reverse the Co magnetization by 180°, since in
latter case an irreversible rearrangement of antiferromagn
spins is involved.

This change in easy axis from the^100& pinning direction
to ^110& for thicker Co films allows a rough estimate of th
pinning strength. Assuming that the Co fourfold in-plane a
isotropy in the Co/FeMn bilayers is similar to that of sing
Co films on Cu~001!, we take the experimental value for th
anisotropy of 15-ML Co/Cu~001! from Ref. 20, namely 2.2
31024 J/m2. At that Co thickness the anisotropy energy a
the coupling energy are of the same magnitude. This estim
for the coupling strength, about 231024 J/m2, is at the up-
per end of the range of interface energies reported in lite
ture for sputtered FeMn films.1

The above observations can be explained by assumi
noncollinear bulklike tetragonal spin structure in the FeM
films.11 In that structure, the ideal~001! terminated surface
consists of a checkerboard arrangement of spins along
^110& axis, with in-plane components alternatingly pointin
in opposite directions, for example, along6@110#. The spins
in the next monatomic level above or below are then orien
with their in-plane components at 90° with respect to t
level, i.e., along6@ 1̄10#. Each monatomic step in the su
face gives thus rise to a topological 90° domain in the s
face layer of the antiferromagnet. Such topological doma
do not cost domain-wall energy, and provide thus a sens
explanation for the many small domains observed in the
grown Co/FeMn bilayers. Coupling of a ferromagnetic C
layer to 90° FeMn domains results in a net coupling at
termediate 45° directions, in analogy to the fluctuati
mechanism used by Slonczewski for explaining the biq
dratic interlayer exchange coupling, in which spatial fluctu
tions between 0° and 180° coupling lead to an effective 9
coupling.21 In extension of that mechanism to 90° couplin
fluctuations, exchange averaging over monatomic steps l
to an effective 45° coupling of Co to FeMn in the prese
case, i.e., to a pinning alonĝ100&. In the measurements o
Jungblutet al. a change in the easy axis of permalloy film
on Cu~110! by 90° has been observed when in contact w
antiferromagnetic FeMn films,14 which was analogously in
terpreted in terms of step-induced topological 180° doma
in the uncompensated~110! surface of the FeMn bulk spin
structure,22 and quantified in a micromagnetic model follow
14040
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ing the line of Slonczewski’s model.23 A similar mechanism
has been claimed to be also responsible for 90° magne
tion rotations in Fe on stepped surfaces of antiferromagn
Cr~001!.24,25

The resulting spin configuration and coupling type r
semble Koon’s model,9 although an angle of 45° instead o
90° is involved. This type of coupling emphasizes the imp
tance of 90° domain boundaries in the antiferromagnet,
duced by monatomic steps. Scanning tunneling microsc
investigations support this view. A large number of sma
'1 nm wide islands and holes of single atomic step hei
are observed in otherwise atomically flat terraces.13 The
layer-by-layer growth of the FeMn films on Cu~001! implies
that the number of surface steps oscillates with monola
periodicity, where minima are located at integer monola
thicknesses, and maxima at half filled monolayers. If s
edge atoms are important for the coupling between fe
magnets and antiferromagnets, there should consequent
also an oscillation in the coupling strength. This is indeed
case. In Fig. 3 we show in panel~a! the domain configuration
of a Co/FeMn bilayer, here shaped as a crossed do
wedge, after application of a 330 Oe external magnetic fi
in the direction indicated by the arrow labeledH. The Co
thickness increases from left to right, as indicated at the b
tom axis, the FeMn thickness from bottom to top, as in
cated at the left axis. At low FeMn thicknesses at the bott
of the image~in the paramagnetic region and in the beg
ning of the antiferromagnetic region! the Co layer has
switched into a@1̄10# single domain state, as indicated by th
arrow. At FeMn thicknesses above'12 ML, the Co layer is
not saturated, but shows still many small domains. At
left-hand side of the image, i.e., at lower Co thickness
bright stripes are observed. In these stripes the as-grown
main pattern before application of the external field, whi
looked quite similar to Fig. 1~a!, is largely conserved. Out
side these stripes many domains in the Co have switche
give a darker contrast. Figure 3~b! shows a line scan along

FIG. 3. ~a! Co domain image of a crossed double wedge of
and FeMn on Cu~001! after application of a 330 Oe external field i
the direction indicated byH. The Co thickness increases from left
right ~bottom axis!, the FeMn thickness from top to bottom~left
axis!. Bright stripes with monolayer FeMn thickness period are o
served on the left side.~b! Vertical line scan of the XMCD asym-
metry averaged over the rectangle shown in panel~a!.
8-3
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the vertical direction of the image, horizontally averagi
over the rectangle printed in panel~a!. It is seen that the
stripes appear with a periodicity of 1-ML FeMn.26 We at-
tribute these stripes to coercivity modulations as a funct
of FeMn thickness. Since the coercivity in Co layers
top of antiferromagnetic FeMn/Cu~001! is nearly exclusively
caused by the antiferromagnetism of the FeMn layer, it m
depend on the strength of the interface coupling between
ferromagnet and the antiferromagnet. The monolayer per
icity of the coupling strength is the consequence of
oscillation in the number of step edge atoms caused
layer-by-layer growth, and directly proves the importan
of monatomic steps in the Co-FeMn interfac
coupling.

In conclusion, by using high-quality single-crystalline e
itaxial Co/FeMn bilayers, we show that the pinning directi
of a FeMn~001! layer is alonĝ 100& directions, with a cou-
pling strength of the order of 1024 J/m2. The direction of
the coupling experienced by a ferromagnetic film duri
m
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growth on FeMn~001! is rapidly changing spatially, leadin
to small domains in the as-grown ferromagnetic domain p
tern. This can be explained by the noncollinear FeMn s
structure. Monatomic steps at the surface of the FeMn la
cause topological 90° domains in the antiferromagnet, wh
are seen partly reflected in the as-grown domain patter
the Co overlayer. Exchange averaging over these dom
leads to an effective coupling along^100& directions. Oscil-
lations in the coercivity of Co/FeMn with a monolayer p
riod in FeMn thickness are related to the oscillations of
number of monatomic steps related to the layer-by-la
growth mode of the single-crystalline FeMn films o
Cu~001!, further supporting this model.
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