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We present evidence for the creation of an exchange spring in an antiferromagnet due to exchange
coupling to a ferromagnet. X-ray magnetic linear dichroism spectroscopy on single crystal
Co/NiO(001) shows that a partial domain wall is wound up at the surface of the antiferromagnet
when the adjacent ferromagnet is rotated by a magnetic field. We determine the interface exchange
stiffness and the antiferromagnetic domain wall energy from the field dependence of the direction of
the antiferromagnetic axis, the antiferromagnetic pendant to a ferromagnetic hysteresis loop. The
existence of a planar antiferromagnetic domain wall, proven by our measurement, is a key assumption

of most exchange bias models.
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Antiferromagnetic materials play an important role in
technology and in basic sciences. However, the vanishing
magnetization caused by their compensated magnetic
structure renders them a difficult class of materials to
study. Particularly interesting effects occur at the bound-
ary of an antiferromagnet (AFM) and a ferromagnet
(FM). A prominent example is exchange bias, which
was discovered half a century ago [1] and which is used
today in magnetoelectronic devices to pin the magneti-
zation of a ferromagnetic layer (for a review, see [2—4]).
Using x-ray spectroscopy, we now have the ability to
investigate the microscopic structure of these fascinating
systems right at the interface. In this Letter, we show that
an exchange-coupled ferromagnet/antiferromagnet sys-
tem behaves similar to an antiferromagnetic exchange
spring magnet, very similar to ferromagnetic spring mag-
nets that consist of coupled soft- and hard-magnetic
ferromagnets [5—7]. Asin a ferromagnetic spring magnet,
a planar domain wall is wound up in the antiferromagnet
when the magnetization of the ferromagnet is rotated or
switched, as illustrated in Fig. 1. The existence of such a
wall is a key assumption of models describing exchange
bias, but it has never been confirmed experimentally
[2-4.,8-12].

We chose Co, a ferromagnet, on NiO, an antiferromag-
net, for our study, since it is an extensively studied ex-
change bias system and since NiO single crystals have a
well-understood magnetic bulk and interface structure
[13,14]. It is known that exchange bias leads to a change
in the NiO domain population [15]. A Co film of 2.5 nm
thickness was grown by e-beam evaporation at room
temperature under UHV conditions onto freshly cleaved
NiO(001) single crystal surfaces, following a recipe de-
scribed in [14], and was capped with 2 nm Pd to prevent
oxidization. Co and NiO are strongly exchange coupled,
as shown by their similar photoemission electron micros-
copy (PEEM) domain images in Fig. 2. The coupling is
believed to be mediated by uncompensated Ni spins that
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originate from a chemical reaction at the Co/NiO inter-
face [16]. In the NiO image, two classes of interface
domains are distinguished by in-plane AFM axes along
[011] and [011]. The magnetization in Co domains is
aligned with the AFM axis of the NiO substrate, which
is a remarkable result, since it implies a parallel coupling
between a compensated AFM surface and a FM [14].
The magnetic hysteresis of the Co magnetization and
its effect on the NiO magnetic structure were investigated
by x-ray magnetic dichroism spectroscopy using total
electron yield detection. X-ray magnetic dichroism
(XMD) is an x-ray absorption technique that is sensitive
to magnetic moments and moment orientations of FMs
and AFMs. XMD is element specific, quantitative, and,
using the total electron yield, surface sensitive with a
probing depth of 2—5 nm. Surface sensitivity allows us
to focus on the magnetic structure of the Co layer and of
NiO close to the Co/NiO interface [16]. The rotation of
the top of the AFM domain wall is probed because the
probing depth is small compared to the NiO domain wall
width. Magnetic fields of up to 0.8 T were applied using an
octupole electromagnet that allows rotation of the mag-
netic field in any direction. The spectroscopy experiments
were conducted at the elliptically polarizing undulator

FIG. 1. Creation of an antiferromagnetic exchange spring:
FM rotates into field direction and creates a planar domain
wall in the exchange-coupled AFM.
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FIG. 2. Left: Ferromagnetic hysteresis loop of 2.5 nm
Co/NiO(001). The loop was measured as the asymmetry of
the L; intensity using opposite elliptical polarization at 30°
x-ray grazing incidence. Right: PEEM images demonstrate
domain correlation and coupling between NiO and Co.
Arrows indicate the NiO AFM axes and Co magnetization
directions.

beam line 4.0.2 of the Advanced Light Source. The x-ray
spot size was 1 mm X 0.1 mm.

The Co hysteresis loop shown in Fig. 2 was acquired
using x-ray magnetic circular dichroism (XMCD) at a
30° angle of incidence along [011], which is also the field
direction. XMCD detects the angle between the direction
of the magnetization and the helicity vector of the circu-
lar x-ray polarization. The loop can be understood as a
superposition of a hard-axis loop and an easy-axis loop.
The easy-axis loop originates from Co domains that are
coupled to [011] NiO interface domains. The hard-axis
loop originates from domains that possess a uniaxial
anisotropy perpendicular to [011] through coupling to
[011] NiO interface domains. When the magnetization
of these Co domains is forced by the magnetic field into
the [011] direction, a torque is created in the NiO through
exchange coupling, which should wind up a planar wall.
NiO x-ray magnetic linear dichroism (XMLD) spectra in
Fig. 3 substantiate this hypothesis. XMLD detects the
angle between the antiferromagnetic axis and the linear
x-ray polarization, averaged over the x-ray spot. The
spectra were measured with the linear x-ray polarization
along the [011] (z) direction in normal incidence. In-
plane fields of 0.7 T were applied along the [011] (y) and
the [011] (z) directions to saturate the magnetization of
the Co layer. We indeed observe a linear dichroism of the
AFM between these geometries. A field applied along z
parallel to the x-ray polarization leads to a decrease of the
lower-energy Ni L, peak and an increase of the higher-
energy peak, commensurate with a rotation of the y AFM
domains into z. A field applied along y leads to the
opposite dichroism, commensurate with a rotation of
the z AFM domains into y. The observed rotation parallel
to the field rules out a spin flop of the AFM from the
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FIG. 3. Left: XMLD spectra and difference at the Ni edge of
Co/NiO in normal incidence in an in-plane field of 0.7 T using
vertical linear polarization (z). The difference in the L, peak
ratio for fields H along y and z indicates a rotation of the AFM
axis into the field direction. Bare NiO does not show an XMLD,
ruling out a spin flop. Right: Schematic drawing of the domain
rotation.

direct interaction with the field. The XMLD difference
spectrum of uncoated NiO(00l) also shows no rota-
tion, Fig. 3. Thus, the FM acts as a lever that by magnetic
exchange pulls the magnetic moments of the AFM with
it when an external field is applied. A domain wall is
wound up.

The L, peak ratio quantifies the angle of rotation as a
function of the applied field: R;, = a — b * cos® ¢, where
a > b > 0 are material-dependent constants [17]. ¢ is the
angle between the AFM axis A and the linear x-ray
polarization E. A plot of the peak ratio as a function of
the applied field is the AFM pendant of a FM hysteresis
loop. The AFM loop quantifies the response of the anti-
ferromagnetic spring to an external field. One branch of a
loop is shown in Fig. 4, measured in two geometries. In
the perpendicular geometry, the loop was acquired with
the field H applied perpendicular to the x-ray polariza-
tion E (empty squares). In the parallel geometry, the loop
was acquired with H and E aligned (filled squares). Pairs
of loops with the x-ray polarization parallel to [011] and
[011] were averaged in order to suppress artifacts caused
by the possible imbalance of the areas of the two NiO
interface domains within the x-ray spot. Furthermore, the
four ascending and descending branches for positive and
negative fields were averaged, since they showed negli-
gible hysteresis at high fields. The increasing L, ratio in
the perpendicular geometry indicates an increasing angle
between the AFM axis and x-ray polarization. The ratio
approaches Ry = 1.27, which is indicative of an ap-
proximately perpendicular orientation [17]. In the paral-
lel geometry, the ratio decreases but does not quite reach
RIL“;“ = (.82, a value which would indicate a parallel
orientation of AFM axis and polarization. We will discuss
the asymmetric shape of the two branches later. The wall
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FIG. 4. Quadrant of the NiO AFM hysteresis loop. The L,
peak ratio (left abscissa) is shown as a function of field strength
perpendicular (empty squares) and parallel (filled squares) to
the linear x-ray polarization vector. The deduced rotation angle
« of the AFM wall is plotted using circles (right abscissa). The
fit based on a planar domain wall model (thick line) reproduces
the data.

rotation angle a (see Fig. 4) can be approximated by
normalizing the difference between the measured L,
ratios Ri‘z - RQZ to Rj™ — R?zi“ = 0.45, which is the ex-
pected maximum variation between a parallel and a
perpendicular state in NiO [17]: sina = (sz —
R} )/0.45.

Our observations confirm the existence of a antiferro-
magnetic wall in a coupled FM/AFM system conjectured
by Mauri ef al. [9], based on an earlier model by Néel [8].
Mauri’s model, originally designed to quantitatively ex-
plain exchange bias, assumes a coherent rotation of the
FM coupled to an AFM spring, forming a planar wall
that reaches into and is anchored in the infinitely thick
AFM, as shown in Fig. 1. The rotation angle a of the
interface layer of the AFM and the rotation angle 8 of the
FM can be determined by minimizing the dimensionless
energy functional,

8 = (1 — cosa) + A[1 — cos(a — B)] — k(1 — sinB),
(1

with respect to a and . The three terms correspond to
the AFM wall energy, the interface exchange energy, and
the Zeeman energy, normalized to the energy of a 90°
AFM wall 2+/AK. The parameters A = A,/ E2+/AK and
k = HMd/2+JAK are the interface exchange energy and
the Zeeman energy of the FM in a field H, normalized to
the wall energy. The field is applied perpendicular to the
anisotropy axis of the AFM. We disregard the anisotropy
energy of the FM, which we assume is small compared to
the interface and wall energies. This is a valid assumption
for a polycrystalline, strongly interface-coupled, thin
film. We also assume that the AFM anisotropy is uniaxial
and that the rotation is in-plane and reversible.
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Using A and «/B (B in Tesla) as fit parameters, a
solution was found numerically that minimizes Eq. (1)
while optimally fitting the measured wall angle «, as
shown in Fig. 4. An optimal fit was obtained for
A =153 and k/B=1529T"!, a wall energy 2/AK =
0.66 mJ/m?, and an interface exchange stiffness A, =
2.1 X 10713 J/m [18]. The model describes the data ex-
cellently from high fields down to about 50 mT, close to
the coercivity of the FM, where the switching of the easy-
axis domains starts to contribute to the AFM loop.

Our estimate of the wall energy is consistent with the
value 0.42 mJ/m? [19], which was obtained by micros-
copy of the width of vertical walls on a similarly prepared
NiO(001) sample. Our estimate is too large by an order of
magnitude compared to the result of a torque magneto-
metry measurement on a strain-free and single domain
crystal [20]. We attribute this deviation to the high strain
and defect density of our mechanically cleaved crystals.
It is known that completely strain-free samples have a
significantly reduced magnetic coercivity [13,20]. The
large ratio A between the coupling energy and the domain
wall energy explains why NiO single crystals show poor
exchange bias properties. Exchange bias requires that the
AFM wall energy or anisotropy energy be larger than the
interface coupling energy, in order to obtain a stable
domain state in the AFM (for a review, see [2—4]).

The measured interface exchange stiffness, which is
approximately 1% of the exchange stiffness of Ni metal,
is reasonable in magnitude, since its value sets an upper
limit for the maximum bias field of a system. Typically,
bias fields amount to much less than 1% of the exchange
field of a fully uncompensated interface because of the
small fraction of uncompensated interface spins that pin
the magnetization [21].

Finally, we will discuss the remarkable asymmetry
between the two branches of the AFM loop, measured
with E || H and E 1L H. Thus far, we have assumed that
the rotation plane of the NiO moments is parallel to the
sample surface. In that case, however, the variation of the
L, ratios RLL2 and Rgz should be equal [22]. To resolve this
discrepancy, we need to take into account that the mag-
netic anisotropy of NiO is lowest by far for spin rotations
within {111} planes [11,20]. Therefore, spins preferen-
tially rotate within {111} planes and avoid rotations out of
these planes. Figure 5 illustrates this idea. We consider a
[011]-oriented domain within the (111) plane, which is
subjected to a field along the perpendicular [01 1] direc-
tion. The high anisotropy between {111} planes prevents
the NiO moments from leaving the (111) plane; the mo-
ments therefore rotate within that plane into a direction
that minimizes the angle to the magnetization of the
adjacent, saturated FM. This direction is the [21 1] direc-
tion. We have modeled the L, ratio in the parallel E || H
and the perpendicular E 1 H geometry as a function of
the angle a of the AFM axis to the initial [011] direction
[23]. The result is plotted at the bottom of Fig. 5. The
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FIG. 5. Top: Rotation of the spin axis (dotted arrows) of a
[011] interface domain in a field along [011]. The AFM axis
rotates within the (111) plane (dark gray) out of the (100) plane
(light gray). Bottom: The calculated L, ratio plotted as a
function of the rotation angle «.

variation in the L, ratio is now indeed asymmetric, since
the AFM axis reaches a perpendicular orientation to [011]
but is never fully aligned with the direction of the applied
field. An improved model of the wall rotation should take
into account the nonplanar rotation of the NiO moments
and the noncollinear coupling between these and the Co
moments. Such a model is beyond the scope of this Letter.

In summary, we have observed the creation of a planar,
antiferromagnetic domain wall in the system Co/NiO.
The existence of such a planar wall is a fundamental
assumption in magnetic models of exchange bias. By
measuring ferromagnetic and antiferromagnetic loops,
we have explored the field-dependent properties of the
interface region. Here, x-ray magnetic linear dichroism
(XMLD) provided us with the unique ability to directly
measure the dynamics of the antiferromagnetic interface.
Exposed to a magnetic field, the system reacts similar
to an antiferromagnetic exchange spring magnet. By
analyzing the wall rotation, we have determined funda-
mental characteristics of the exchange spring: the anti-
ferromagnetic wall energy and the interface exchange
stiffness.
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