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The magnetic profile across the interface of a perpendicular exchange coupled �NiO=CoO�3=Pt-Co=
Pt�111� system is investigated. The magneto-optic Kerr effect reveals a strong coupling between the

antiferromagnetic (AFM) oxide and the ferromagnetic (FM) Pt-Co layer, by an increasing coercivity and a

rotation of the easy magnetization axis of the FM layer along the AFM spins. Soft x-ray resonant magnetic

reflectivity is used to probe the spatial distribution of the out-of-plane magnetization inside the oxide

above its ordering temperature. It extends over 1 nm and exhibits a change of sign.
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The complex magnetic coupling at the interface of ultra-

thin films with different magnetic orders may give rise to

unusual properties. The essential behavior depends criti-

cally on the modifications of the interfacial electronic and

magnetic properties. Key issues concern the extension of

the proximity effects on each side of the interface [1]. This

is particularly crucial in exchange coupled ferromagnetic-

antiferromagnetic (FM-AFM) systems, which exhibit ex-

change bias (EB), an important property in spin valves and

magnetic tunnel junctions related devices. EB manifests

itself, after field cooling from above the Néel temperature,

by a shift HEB of the hysteresis loop along the applied

magnetic field axis and may be accompanied by an en-

hancement of the coercivity HC [2,3]. Since the FM-AFM

interface is buried and the changes in the magnetization at

interfaces are small, the description of its depth profile is

very challenging.

Most of the investigation concerns the in-plane EB for

which x-ray photoemission electron microscopy and x-ray

magnetic linear or circular dichroism have revealed several

interesting features about the spin behavior [4], like the

correlation between a fraction of the pinned uncompen-

sated interfacial spins with the exchange-bias field [5].

Polarized neutron reflectometry [6], as well as x-ray reso-

nant magnetic scattering (XRMS) [7], also provided details

about the in-plane magnetization depth profiles across the

interfaces. In contrast, the studies of perpendicular EB are

very scarce [8,9] and only a few indirectly address the role

of the magnetic organization at the interface [10,11].

Indeed, few techniques allow one to probe the perpendicu-

lar magnetization distribution in thin films. In specific

cases, nuclear resonant scattering [12] can be sensitive to

the out-of-plane magnetization distribution, and lateral

resolution may be achieved with magnetic force micros-

copy [13], but none provide in-depth spatial resolution

with chemical selectivity. It is therefore of interest to

investigate the capability of XRMS to probe the in-depth

out-of-plane magnetization in a perpendicular exchange

coupled system and to examine whether the models devel-

oped for in-plane EB may apply to perpendicular EB.

XRMS is known to be sensitive to the three directions of

the magnetization with spatial, chemical, and orbital se-

lectivity. However, up to date, XRMS in specular reflec-

tivity geometry was only employed to investigate systems

with in-plane magnetization [14].

In this Letter, we show that polarized soft-x-ray re-

flectivity allows the description of the out-of-plane

magnetization distribution in the AFM-FM system

�NiO�3ML�=CoO�3ML��3=Pt-Co=Pt�111�, exhibiting per-

pendicular EB. We observe that, above the blocking tem-

perature, 1 monolayer (ML) of Co sandwiched between Pt

layers induces magnetic order over 1 nm in the oxide layer.

In the immediate interface the coupling is found ferromag-

netic and antiferromagnetic above.

The sample was grown by alternate electron beam

evaporation and studied in situ by surface x-ray diffraction

(SXRD). One Co ML was deposited onto a clean Pt(111)

substrate held at 543 K. In such a case, Co atoms exchange

with the Pt atoms to form a Pt-Co ferromagnetic layer with

strong perpendicular magnetic anisotropy (PMA) [15].

Afterwards, 1 ML Co was evaporated at 450 K and oxi-

dized by exposure to O2. Repeating this procedure 3 times,

an epitaxial 3 ML CoO(111) layer with in-plane bulk

lattice constant was obtained. Following the same proce-

dure, a 3 ML NiO(111) layer was grown on top of it. This

NiO=CoO sequence was repeated 3 times, yielding an

AFM film that benefits from the high magnetocrystalline

anisotropy constant of CoO, with an intermediate Néel

temperature (TCoO

N � 293 K< TN < TNiO

N � 523 K) [16].

Ex situ magnetic characterization of the AFM-FM sys-

tem was carried out by polar magneto-optic Kerr effect

(PMOKE) measurements (Fig. 1). The sample was field
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cooled from 383 K down to 298 K under 5 kOe. From

383 K to 323 K, the hysteresis curves exhibit square loops

with increasing HC and essentially no HEB. From 323 K

down to 298 K, the loop becomes more and more elongated

and shifted to the negative field value with decreasing HC.

The temperature below which the unidirectional anisot-

ropy appears, defined as the blocking temperature, is in-

ferred to be TB � 320 K. Above TB, the complete reversal

of the out-of-plane magnetization of the Pt-Co ferromag-

netic layer is observed. The increased coercivity HC, which

reaches a maximum of 1.7 kOe around TB, is related to

long range AFM order appearing in the mixed oxide layer.

It is worth noting that the extrapolated value of HC for

temperature above TN, 1.2 kOe, equals the coercivity of

this FM layer without the oxide [15]. Below TB, the easy

magnetization axis of the FM layer is no longer perpen-

dicular. Upon field cooling, the AFM spins should align

along the spin anisotropy axis that is closest to the applied

magnetic field [9]. The CoO has a high magnetocrystalline

anisotropy along the [117] axis and the Co spins are

distributed on a cone surface, with half apex angle 43.3�,

around the [111] growth direction. The orientation of the

NiO magnetic moments is assumed to follow the CoO

spins because of a lower magnetocrystalline anisotropy

constant and a strong exchange interaction at the

CoO=NiO interface [17]. Hence, the change in the hys-

teresis loops is related to the reorientation of the Co spins

in the FM layer due to exchange coupling with the oxide

multilayer.

The x-ray resonant magnetic reflectivity exploits the

magnetization sensitivity of the atomic scattering factor

(ASF) at an absorption edge [18], which may be expressed

on the basis of the two polarization states chosen either

parallel or perpendicular to the scattering plane [19]:

 f � �fc
1 0

0 cos2�

� �
	 ifm

0 mx cos�	mz sin�
�mx cos�	mz sin� �my sin2�

� �
:

The first term is the Thomson and resonant charge

scattering with fc � f0 	 f0�E� 	 if00�E� where E is the

photon energy. The second term is the resonant magnetic

scattering where fm � m0�E� 	 im00�E� [20]. The sensitiv-

ity to the out-of-plane component of the magnetization unit

vector mz occurs in the off-diagonal terms with a sin�
dependence, where � is the incident angle, indicating that

sensitivity arises at high angular values.

The soft-x-ray specular reflectivity experiments were

conducted on the SIM beam line at the Swiss Light

Source using the RESOXS end station [21]. The sample

was mounted on a cold finger and the magnetic saturation

of the FM layer was achieved by a 4 kOe perpendicular

permanent magnet brought to the sample surface. All

measurements were carried out in remanence. The re-

flected intensity I was recorded as a function of � at

different photon energies, and as function of E at different

�–2� settings. The dichroic difference I	 � I� and the

asymmetry ratio R � �I	 � I��=�I	 	 I�� were collected

using 98% left and right circularly polarized beam.

Absorption spectra were collected simultaneously by re-

cording the drain current as a function of E.

Figure 2 displays the energy dependence of the drain

current, collected at an incidence of 90�, and of the spec-

ular reflectivity measured at � � 30� and 42� around the

Co and Ni L3 edges. The spectral shape of the absorption is

essentially that of the CoO and NiO oxide, as expected

from a total electron yield measurement [22]. The absorp-

tion spectra for pure Co and Ni metal are superimposed for

comparison. In the reflectivity condition, the penetration

depth is large enough to probe the buried Co layer, and the

different spectral shapes illustrate the complex mixture of

the real and imaginary components of the ASF [18].
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FIG. 2 (color online). (a),(b) Absorption spectrum (TEY) re-

corded at the Co and Ni L3 edge at � � 90
�, and energy

dependent intensity recorded at � � 30� (c) and 42� (d).

FIG. 1 (color online). (a) PMOKE hysteresis loops at different

temperatures. (b) Temperature change of exchange bias and

coercivity of the sample (the line is a guide for the eyes).
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We report here on measurements at T � 340 K right

above TB, where the FM layer has a strong PMA and where

the interfacial magnetic coupling constrains the reversal

process as indicated by the increased HC (Fig. 1). Angle

dependent reflected intensity (Fig. 3) was collected at

E � 776:9 and 778.5 eV [see lines in Fig. 2(a)]. At both

energies, a separation of the I	 and I� curves is observed

and is mainly due to the Co magnetization in the Pt-Co

layer and potentially in the oxide layer. The asymmetry

ratios are close to zero at small angles and exhibit a larger

amplitude at high angles. This is in agreement with the

geometrical dependence of the atomic scattering factor

arising from an out-of-plane magnetization component.

Numerical simulations displayed in Fig. 3 and discussed

hereafter corroborate this interpretation.

Figures 4(a) and 4(c) show the differences I	 � I�

between energy dependent intensities collected across the

Co L3 edge at 30� and 42� [the average charge intensity

�I	 	 I��=2 is displayed in Fig. 2(c)]. The observation of a

difference, exhibiting an opposite sign for each spectral

feature under reversal of the applied magnetic field, proves

the magnetic origin of the small dichroic signal. Such a

difference is not a pure x-ray magnetic circular dichroism

(XMCD) signal but mixes m0, m00 with different weighting

factors depending on the geometrical conditions and on the

charge ASF of the system [20]. Therefore, it is not straight-

forward to ascribe the spectral shape of the difference,

which is more complex than expected for metallic Co

atoms, to a net magnetization carried by the Co atoms in

the CoO layers. However, a clear indication of the net

magnetization in the AFM oxide layers comes from mea-

surements at the Ni L3 edge [Fig. 4(b) and 4(d)], which

show a small net magnetic moment on Ni atoms. Ni atoms

are magnetically active either due to an extended polariza-

tion through the first 3 ML Co layer or by contact with the

PtCo interface due to discontinuity of this layer. Both

situations indicate that the Co atoms in the oxide layer, at

least close to the interface, are magnetically polarized.

In order to describe the spatial distribution of the Co

magnetization in the oxide layer, magneto-optic calcula-

tions [23], extended in the soft-x-ray range, were carried

out to reproduce the angular dependence of I	, I�, and R
(Fig. 3) [24]. The good agreement between experiments

and calculations at two energies allows the description of

the out-of-plane magnetization over a thickness larger than

the ferromagnetic Pt-Co layer. Our model assumes that Co

atoms in the oxide may be magnetically ordered at least up

to the first CoO=NiO interface, while the two topmost

layers are not. The interference in R at about 32� indicates

a magnetic thickness smaller than the total thickness of the

oxide.

A first step concerns the determination of the structural

parameters from the refinement of �I	 	 I��=2. The thick-

nesses (in nm), are �NiO�0:85
 0:1�=CoO�0:95
 0:1��2=
NiO�0:65
 0:2�=CoO�1:2
 0:2�=Pt-Co�0:36
 0:04�=Pt,
where a periodic structure for the top four layers is kept in

order to limit the number of parameters. The interfacial

roughnesses are 0:02
 0:01 nm for the CoO=PtCo and in

the range of 0:6
 0:2 nm to 0:9
 0:2 nm from the bottom

to the top for the Co�Ni�O=Ni�Co�O interfaces. These

roughness parameters are in agreement with an island

growth of the first Co oxide layers as inferred from

SXRD and recent STM data.

The second step aims at the refinement of R, which

requires one to model the magnetization profile. In order

to take into account the change of the Co magnetic moment

from 1:77�B, in a thick film [24], to 2:07�B in the Pt-Co

film [15], the magnetic resonant parameters are weighted
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FIG. 3 (color online). Top panels: experimental and calculated

specular reflected intensities with left and right circular light at

776.9 and 778.5 eV with H � 0:4 T (the experimental data in the

upper curves were multiplied by 10 for clarity). Bottom panels:

experimental asymmetry ratios, best fit (Rppn0) and different

models (see text).
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by a fixed factor 1.2 in the calculations. The refinement of

the magnetic structure was performed by dividing the first

CoO layer in three slices and by adjusting their thickness as

well as the magnetic amplitudes carried by the oxidized Co

atoms. The results at E � 776:9 and 778.5 eV indicate the

out-of-plane magnetization is distributed over 1
 0:1 nm

in the oxide layer. It is coupled parallel to the metal Co in a

0:3
 0:1 nm thick slice and then antiparallel in a 0:7

0:2 nm thick one with similar amplitude. The last slice

0:2
 0:2 nm is found without net magnetization. The

calculation of R for other models yields large discrepancies

(Fig. 3): only the Co metal is magnetized with a positive

orientation, and there is no induced polarization for the

three oxide slices (p000), the two first oxide slices are

magnetized and coupled parallel (ppp0), or antiparallel

(pnn0) to the FM layer, and the change of sign is opposite

to the best model (pnp0). This result can be understood as

follows: the Co atoms in the first CoO slice on top of the Pt-

Co layer, have a mixed electronic character in between

metallic and oxidized state. Its net induced magnetization

is likely to be dominated by the proximity of the Pt-Co

layer and is ferromagnetically coupled to it. For the next

CoO slice, the Co atoms are fully oxidized and the net

magnetization is antiferromagnetically coupled to the FM

layer as in [13]. A further step in this study would be to

probe the extension of the Ni magnetization by the exami-

nation of the angular dependence of the reflected intensity

at the Ni L3 edge.

In conclusion, we demonstrate that the soft-x-ray reso-

nant magnetic reflectivity measured over a wide angular

range provides a direct way to probe out-of-plane magnetic

profiles. It allows us to describe the extension and structure

of the magnetic ordering induced, slightly above TB, by an

ultrathin Co FM layer, over a few oxide atomic layers in the

AFM layer. This result for perpendicular EB is similar to

those obtained for in-plane EB (induced magnetization in

the AFM layer close to the interface) with, at difference, a

depth profile exhibiting a change of sign related to the

different coupling for the partially oxidized Co in the

immediate interface and the fully oxidized Co above it.

Future work is required to probe the magnetic profile

changes at lower T where EB develops and the magneti-

zation of the FM layer rotates. The spin polarization of Ni

and Co has already been observed in energy dependent

measurements at 150 K, indicating the presence of uncom-

pensated spins at interface. However, at lower T, the mag-

netization at remanence is not saturated, which imposes

one to perform the measurements under an applied mag-

netic field while keeping a total access to the scattering

plane.
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