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Exchange coupling in FeÕNiOÕCo film studied by soft x-ray resonant magnetic reflectivity
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A 10 nm Fe/5 nm NiO/10 nm Co polycrystalline trilayer prepared by magnetron sputtering has been
investigated by resonant magnetic reflectivity of linearly polarized soft x rays~transversal magneto-optical
Kerr effect geometry! at theL3 edges of Fe, Ni, and Co. The exchange coupling in the trilayer, introduced
during synthesis, has been altered by cooling through the Ne´el temperatureTN of NiO at three different cooling
fieldsHFC. We show that the chemical structure at the interfaces, the grain size and the magnetic properties of
the trilayer are governed by factors such as successive heat treatment, magnetic field applied during synthesis
and cooling throughTN of NiO. Clear evidence for oxidation of Fe and Co states has been obtained, suggestive
for the formation of mixed oxides at the Fe/NiO and NiO/Co interfaces. Oxidized Fe and Co are found to carry
a net magnetic moment, which couples to the moments of the metallic states. We find that the coupling between
oxidized and metallic Co spins is ferromagnetic, whereas the coupling between oxidized and metallic Fe spins
is antiferromagnetic. We observe the presence of two types of excess Ni spins. A rigid excess Ni magnetic
moment is induced at the interface during synthesis as follows from the strong asymmetry of the x-ray Kerr
loops of the oxidized Co spins atHFC50 Oe and metallic Co spins atHFC5240 Oe. Heat treatment leads to
appearence of a soft excess Ni magnetic moment, which is ferromagnetically coupled to the metallic Fe and Co
spins and exhibits a conventional hysteresis loop. Competing interactions lead to frustrated magnetization at
the NiO/Fe interface and cause a tilt of the Fe spins away from the direction of applied magnetic field. This
manifests itself in the presence of characteristic humps in the Fe Kerr loops.

DOI: 10.1103/PhysRevB.66.134406 PACS number~s!: 75.70.2i, 78.20.Ls, 81.65.Mq
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I. INTRODUCTION

Films composed of ferromagnetic~F! and antiferromag-
netic ~AF! layers play an important role in a number of a
plications, such as spin-valve, magnetoresistive devices,
tunnel junctions.1–4 These devices are composed of textur
and polycrystalline layers with domain size in the nanome
range. Their performance crucially depends on the chem
and magnetic structure of the AF/F interface, which de
mine the exchange coupling between the different layers

In particular, the operation of such devices needs stab
in certain temperature and external magnetic field interv
Therefore, it is important to understand the influence of
ternal conditions on the AF/F interface. It is the purpose
the present work to analyze how various factors affect
magnetic properties of multilayers and to extract informat
on the dominant couplings both at the interfaces and in
layers. To this aim we used soft x-ray resonant magn
reflectivity ~SXRMR! to study an exchange coupled 10 n
Co/5 nm NiO/10 nm Fe trilayer, mimicking spin-valve d
vices used in industry.

One of the most challenging tasks is to study the interf
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structure, to which end one needs to distinguish atoms of
interface and of the adjacent layers. Recent developmen
synchrotron based x-ray absorption spectroscopy~XAS! and
related techniques5 allow us to tackle this problem. The XAS
signal is sensitive to the chemical and magnetic states of
resonance atom. In addition, by tuning the polarization of
synchrotron light, one can study both, ferromagnetic and
tiferromagnetic spin arrangements.6–8

Imaging techniques, such as x-ray photoemission elec
microscopy~XPEEM! can be used to detect excess spins
the surface of the antiferromagnet coupled to a ferromagn
film, and to determine the orientation of these spins. F
example, XPEEM on Fe/NiO and Co/NiO bilayers9 explic-
itly showed the rearrangement of the excess Ni spins at
surface of the antiferromagnetic NiO single crystal af
deposition of a ferromagnetic Fe or Co film and showed t
the excess Ni spins align parallel to Fe or Co spins.

Soft x-ray resonant magnetic reflectivity provides info
mation complementing that obtained by XPEEM. A varyin
external magnetic field can be applied during the SXRM
measurement, so magnetization reversal of different site
the same element can be followed. In other words, elem
©2002 The American Physical Society06-1
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and state selective Kerr loops can be obtained. In addit
changing the angle of incidence alters the x-ray penetra
depth, thus allowing to look deeper into the film as compa
to XPEEM, where the electron escape depth is usually ra
small.

The structure of the paper is as follows. In the two ne
sections we present the sample characterization and ex
mental setup. Section IV summarizes the theoretical desc
tion needed to interpret the SXRMR measurements.
identification of different electronic states of Co, Fe, and
is explained in Sec. V. Section VI describes the Kerr loo
for each element and for three magnetic fields applied du
cooling throughTN of NiO. Finally, we discuss the results i
Secs. VII and VIII.

II. SAMPLE CHARACTERIZATION

A series of Co/NiO/Fe polycrystalline samples~with
thicknesses 0–20 nm, Fe is the bottom layer! was produced
by dc magnetron sputtering from metallic Co, Ni, and
targets under Ar atmosphere on a Si substrate with a b
pressure of 1.731025 mbar.10 For the NiO layer an Ar
1O2 mixture was used. Transmission electron microscopy
10-nm-thick Fe, NiO, and Coreferencesingle films showed
that nanocrystalline grains of hcp/fcc Co, fcc NiO, and b
Fe are formed with grain sizes in the range of 3215,
327, 5220 nm, respectively. The chemical depth profile
the 10 nm Co/5 nm NiO/10 nm Fe trilayer has been m
sured by x-ray photoemission spectroscopy~XPS!, which re-
vealed diffusion of oxygen into the Fe and Co layers at
Co/NiO and NiO/Fe interfaces and partial oxidation of Co
the sample surface. Metallic Co and Fe were detected in
bulk of the layers. The interfacial mixing is expected to ta
place over a thickness of 2 nm, based on findings for sp
tered FeNi/NiO and NiFe/oxide/Co samples.11,12

The magnetization of 10 nm Fe and Co single films w
measured by a Quantum Design Physical Property Meas
ment System~PPMS! @see Fig. 1~a!#. These measuremen
showed that both films are soft ferromagnets with coerc
ties ~halfwidth of the hysteresis loop! of Hcoer540 Oe and
Hcoer520 Oe for Fe and Co, respectively. The Fe film has
preferred anisotropy in the film plane, while the Co film h
an easy axis alongx @the reference coordinate system defin
in Fig. 2~a! is used throughout the paper#. No net moment
was detected for the 10 nm NiO film. The magnetic rever
of 10 nm Co/10 nm Fe bilayer is identical to the reversal
10 nm Fe single film@Fig. 1~b!#, implying that Co and Fe
magnetic domains rotate simultaneously.

Deposition of a NiO interlayer between Co and Fe lay
yields a strong change of the magnetization reversal.
total hysteresis loop for the as-prepared 10 nm Co/5
NiO/10 nm Fe trilayer@Fig. 1~c!# is composed of two loops
a narrow one withHcoer550 Oe and a broad one wit
Hcoer5250 Oe. As is shown later, clear the narrow loop c
responds mainly to the reversal of Fe spins, while the br
loop corresponds to Co spin reversal. The Co magnetiza
reversal is significantly modified because the Co grains
grown on a different bottom layer as compared to the
single film and the Co/Fe bilayer. On the other hand, the
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magnetic domains are already formed when NiO is depos
and Fe magnetization reversal is less affected by NiO de
sition. The presence of two loops indicates a significant
coupling of the F layers by the intercalated AF NiO layer

To get deeper insight into the structure of interfaces and
study magnetic interactions in the trilayer we performed s
x-ray resonant magnetic reflectivity experiments.

FIG. 1. The dc magnetization measured by a PPMS device
~a! 10 nm Fe and Co single films,~b! 10 nm Fe/10 nm Co bilayer
and ~c! 10 nm Fe/5 nm NiO/10 nm Co trilayer. In~a!, the full
symbols show the Fe data and the open symbols those of Co.
circles correspond toHuux and the diamonds toHuuy.The reference
coordinate system is defined in Fig. 2. In~b!, the filled circles are
the data forHuux, while the open circles give the data forHuuy. In
~c!, the open arrows indicate the orientation of the majority of
spins and the filled black arrows that of the Fe spins. The magn
field is applied along thex axis. The three values of the cooling fiel
are also marked.
6-2
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III. EXPERIMENTAL SETUP

Soft x-ray resonant magnetic reflectivity of the 10 n
Co/5 nm NiO/10 nm Fe trilayer was measured at the ellip
cally polarizing undulator beamline UE56/1 PGM at BESS
II using the soft x-ray polarimeter.13 The reflectivity of
p-linearly polarized soft x rays was measured at theL3 edges
of Fe, Co, and Ni with external magnetic field applied with
the plane of the film and perpendicular to the plane of in
dence. This is the so-called transversal magneto-optical K
effect ~T-MOKE! geometry. In the local coordinate syste
@see Fig. 2~a!#, we choose for convenience the localx axis to
be parallel to the applied magnetic field, whereas the plan
incidence is they-z plane. The energy resolution wa
E/DE'2580 and the degree of linear polarizationPL
.0.99. The angle of incidence was fixed tou i570° from the
film normal, to ensure that a sufficient reflectivity is obtain
and that x rays of the resonant energy penetrate through
whole layer formed by the resonant atoms. For instance,
attenuation length at theL3 Fe edge and the effective pa
through the Fe layer foru i570° are both approximately
equal to 30 nm.

We modified the exchange coupling of spins at the F/
interfaces byin situ heating the sample above the Ne´el tem-
perature of NiO (TN5230 °C) and then cooling to room
temperature. First no external magnetic field was app
during coolingHFC50 Oe. Then, the sample was cooled
the presence of an external magnetic fieldHFC5240 Oe ap-
plied along thex direction. This corresponds to a plateau
the PPMS hysteresis loop@Fig. 1~c!# at which the magneti-
zation of Fe and Co are opposite. Finally, the same proce
was repeated atHFC5300 Oe with Fe and Co spins aligne
parallel according to the PPMS results.

No change of the nonmagnetic reflectivity across the re
nance was detected for these three different states of
trilayer. This implies that there was no significant addition
oxidation of the sample during successive heat treatm
Consequently, the difference in the spectra measured
HFC50 Oe, HFC5240 Oe, andHFC5300 Oe can be attrib
uted to the spatial redistribution of oxygen and to the cha
of the magnetic coupling of the layers.

FIG. 2. ~a! Reference coordinate system and T-MOKE geo
etry. ~b! The resonant reflectivity as a function of the ratioQx /Q
calculated for three reversal scenarios. The Fe moment rotate
the xy0 plane,a1Þ0, a250, curve 1; in thex0z plane,a150,
a2Þ0, curve 2; in a general direction, curve 3.
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IV. THEORETICAL FORMULATION

Soft x-ray resonant reflectivity is highly sensitive to th
magnetization of the resonant atom. At the Fe, Co, and
L2,3 resonances, intensivep-d multiple transitions are in-
duced, and the corresponding magnetic reflectivity pro
the magnetic electronic structure related to thed electrons.

The total resonant reflectivity contains both magnetic a
nonmagnetic~i.e., charge! responses. In order to investiga
the magnetic response, we consider here the variation
x-ray reflectivity as a function of applied magnetic field.
the T-MOKE geometry the external magnetic field is appli
within the plane of the film, and is perpendicular to the pla
of incidence. The measured reflectivity signal can be trea
within the classical magneto-optical formalism,14–16 based
on the Fresnel reflection and transmission coefficients
s/p linearly polarized light. In this formalism it is customar
to discuss the magnetic contribution in terms of the Vo
parameterQ, which, for a general magnetization direction
a vector, each component ofQ being proportional to the
magnetization components. In the polar Kerr geometry15 the
Voigt parameter is directly related to the dichroic parts of t
refractive indices that are measured in x-ray magnetic cir
lar dichroism ~XMCD! experiments Qn̄5n12n252
(2Dd1 iDb), where6 denotes the change of the magne
zation direction with respect to the helicity of circularly po
larized light. The refractive indices are defined asn651
2(d6Dd)1 i (b6Db), and n̄512d1 ib is the average,
nonmagnetic refractive index.

For an arbitrary magnetization orientation, the Fresnel
flection coefficientsr sp andr pp that describe the coupling o
an incident p-linearly polarized wave to outgoing
s/p-polarized waves at an interface, are given by

r sp5
in0n̄cosu i$Qysinu t2Qzcosu t%

~ n̄cosu t1n0cosu i !~ n̄cosu i1n0cosu t!cosu t

,

~1!

r pp5r pp
0 1Dpp[

n̄cosu i2n0cosu t

n̄cosu i1n0cosu t

1
2in0 n̄ cosu isinu tQx

~ n̄cosu i1n0cosu t!
2

,

wheren0 is the index of refraction of the nonmagnetic tran
mitted medium,n̄ the average index of the magnetic refle
tive medium, andu i andu t are the angles of incidence an
refraction, respectively. These expressions, derived for
reflection of light from a dielectric/magnetic medium, can
directly applied to the soft-x-ray resonant reflectivity of th
Fe/NiO/Co trilayer. At theL3 resonance of a specific atom
~so-called white line! its magnetic reflectivity contrast is sig
nificantly enhanced with respect to the other atoms, wh
can thus be treated as nonmagnetic~dielectric!.

In the case of thick layers, the layer thickness exceeds
attenuation length~i.e., bulk limit! and interference effects a
the following interfaces can be neglected. The measured
flectivity of p-polarized light is given by

R5r sp r sp* 1r pp r pp* 5R012Re@r pp* Dpp#1uDppu21uDspu2
~2!

which can be written as

-

in
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R5R012R0FRe@r pp* Dpp#

R0
G1O~Qx

2 ,Qy
2 ,QyQz ,Qz

2!, ~3!

whereR0 is the nonmagnetic reflectivity, Re@r pp* •Dpp#/R0 is
the usual T-MOKE signal,15 linear inQx . The T-MOKE part
of the reflectivity gives rise to the typical, antisymmetr
Kerr hysteresis loops when the magnetic field along thx
direction is reversed. The third~higher order! term in Eq.~3!
is much smaller and can to a good approximation be
glected in the investigation of reflectivity Kerr loops. W
illustrate this in Fig. 2, where we present the calculated K
reflectivity at the FeL3 white line for three possible magne
tization reversals of a metallic Fe film, assuming continuo
magnetization rotation in the bulk limit. Note, that for th
maximal positive~or negative! magnetic field all spins are
aligned parallel~antiparallel! to thex axis and thus the ratio
Qx /Q is 1(21) for all scenarios. For intermediate values
the magnetic field the reversal path may be chosen dif
ently. For example, the Fe moment may rotate in thexy0
(x0z) plane. Then the reflectivity will follow curve 1~2!.
The reversal of the moment in a general direction wo
yield curve 3. As can be seen from Fig. 2, the T-MOK
reflectivity is sensitive only to the reversal of thex compo-
nent of the magnetization.

In the case of thin layers~i.e., thin-film limit!, the attenu-
ation length exceeds the layer thickness, and interferenc
fects become significant. Therefore, Eq.~3! has to be ex-
tended so as to include backscattering from the sec
interface. Nevertheless, due to high absorption at the Co
Fe L3 white lines,17–19 only 15% of the incoming x-ray in-
tensity reaches the Co/NiO interface, and only 10% the F
interface, respectively, for our experimental geometry.
rays, reflected from either one of these interfaces, will
further absorbed propagating through the Co or Fe lay
outwards of the trilayer. Therefore, we may neglect the
terference at the next interfaces and use the bulk-limit
scription. Only at the NiL3 white line, 50% of the intensity
reaches the NiO/Fe interface, so the thin-film limit descr
tion should be adopted in principle to analyze the data.

It can be shown, however, that the thin-film descripti
does not alter the conclusion that for the geometry use
our experiment only thex component of the magnetization
measured. Indeed, the total reflection matrix for a film
thicknessd is given byR1exp@i2dn̄cosut(2p/l0)#R8 where
R is the major (232) reflection matrix for the~top!
dielectric/magnetic interface andR8 the secondary reflection
matrix for the~bottom! magnetic/dielectric interface. The ex
ponential factor describes the propagation of the wave w
wavelengthl0 within the magnetic medium. It has bee
shown14 that R8 has precisely the same dependence onQ as
R. As a consequence, also in the thin-film limit the rever
of the x component of the magnetization is measured in
T-MOKE geometry.

It is known that significant inter-diffusion and oxidation
reduction of neighboring layers is possible.11,12,20As a result,
the electronic configuration of the atoms at the interface w
differ from that in the bulk of the layer. Within the magnet
optical formalism this can be described by splitting ea
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layer into sublayers with different refractive indicesn and
with different magnetic~i.e., dichroic! contributionsDb and
Dd. If the dichroic contributions of these electronic stat
are well separated in energy, the magnetic contributions
the interface and bulk-layer states can be resolved. Thus
choosing an appropriate energy one could measure
element- and state-specific magnetic hysteresis. Howeve
these dichroic contributions overlap, their fingerprints in t
magnetic reflectivity contrast will be superimposed and lit
can be learned about the magnetism of each subsystem
will be shown in the following sections, it is possible t
resolve the contributions in our experiment.

V. IDENTIFICATION OF THE ELECTRONIC STATES OF
Co, Fe, AND Ni

Figure 3 presents the measured reflectances across th
Fe, and NiL3 edges for two opposite directions of the tran
verse magnetic fieldHx56240 Oe. A complex line shape i
clearly present at the Co and FeL3 edges, which reveals th
presence of atoms with different environment in the Fe a
Co layers. As outlined in the previous section, a large m
netic contribution to the reflectivity is expected from tho
ferromagnetic states that switch magnetization direction
the applied field. For Co this occurs foremost at 777.75
while for Fe it occurs at 706.8 eV. We attribute these peak
metallic states of Co and Fe. The other peaks are identifie
belonging to the oxidized states.

For the oxidized states multiplet structures are expec
due to the presence of various oxidation states and lo
surroundings.21 Corresponding peaks are seen for Co
776.5 and 779.3 eV, and in Fe at 708.75 and 709.9 eV. W
this is a clear indication of the presence of both metallic a
oxidized states, it is more complex to identify exactly
what extent these states contribute to each peak, since
refractive indices with their dichroic contributions are n
known in detail for each of these states. Nevertheless,
assignment can be made based on published x-ray absor
spectra~XAS! and XMCD data.22 Indeed the absorptive par
(b) of the refractive index is the main factor defining th
reflectance profile at the chosen energies and incident an
whereas the dichroism in absorption (Db) dominates the
magnetic contrast of the reflectivity.23 Consider first the mag-
netic contrast at the CoL3 edge@Fig. 3~a!#. The maxima at
776.5, 777.75, and 779.3 eV have contributions of the m
tiplet structure of the oxidized Co states, as follows from t
comparison with the CoO, Co3O4, CoFe2O4, and Co/NiO
XAS spectra.20,24–29Metallic Co XAS contributes only to the
maximum at 777.75 eV. Moreover, the XMCD asymmetry
metallic Co is maximal in the range 777.52778.5 eV,17,19

while Db of oxidized Co is maximal in 7772780 eV.28

Thus, there is negligible overlap betweenDb of metallic and
oxidized Co at 779.3 eV and the magnetic contrast in
reflectivity at 779.3 eV can be attributed solely to the d
chroic contribution of the oxidized Co states. On account
the clear magnetic switching at 777.75 eV we can attrib
this peak to metallic Co. This statement is further substa
ated in Sec. VI A, where it is shown that the magnetic b
havior at 777.75 eV is very different from that at 779.3 e
6-4
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The entanglement of various states at the FeL3 edge@Fig.
3~b!# is more complicated than for Co. The maxima at 706
708.75, and 709.9 eV have contributions of the multip
structure of the oxidized Fe states, as follows from the co
parison with FeO,a-Fe2O3, g-Fe2O3, Fe3O4, Fe12xNixOy ,
and Fe/NiO XAS spectra.20,25,30–35The maximal absorption
and XMCD asymmetry of metallic Fe is at 706.8 eV.17,19The
contributions of FeO will appear at exactly the same ene
Therefore, metallic Fe~with possible contribution of FeO!
dominates XMCD at 706.8 eV. The multiplet structures
a-Fe2O3 and Fe3O4 have a chemical shift to higher energi
and their absorption maxima appear at 708.5 and 710
~Refs. 33, and 35! and XMCD covers 706.52710 eV range.
Therefore, the magnetic contrast at 709.9 eV predomina
originates from the oxidized Fe states. Reference 33 dem
strates that the dichroism of Fe at 706.8 eV and of Fe3O4 at

FIG. 3. The T-MOKE reflectivity at the Co~a!, Fe ~b!, and Ni
~c! L3 edges foru i570° andHx56260 Oe.
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710 eV have the same sign. As we observe a change of
in the dichroism between 706.8 and 710 eV in Fig. 3~b!, we
deduce the existence of an AF coupling between metallic
oxidized Fe.

Figure 3~c! shows the NiL3 edge reflectivity. According
to previous studies,18,20 the energy separation of the metall
and oxidized states is nearly 0.5 eV. This energy separatio
smaller than that of 1.5 in Co and 3.1 eV in Fe. It cou
easily be resolved within our experiment, but we do not o
serve any split. Moreover, the magnetic contrast appears
at the energy corresponding to the resonance of the oxid
Ni states and not at the energy where the dichroism of
metallic Ni states is expected. Therefore, we conclude
reduction of NiO at the interfaces does not lead to the f
mation of ferromagnetic metallic Ni, but rather to the form
tion of an Ni-Fe-O~or Ni-Co-O! phases in which the oxi-
dized Ni states possess a ferromagnetic component.

VI. FIELD DEPENDENCE OF THE REFLECTANCE
ACROSS THE L 3 RESONANCES

The 10 nm Co/5 nm NiO/10 nm Fe trilayer was cooled
the presence of a magnetic fieldHFC50, 240, or 300 Oe
through the Ne´el temperature of NiO. The reflectivity as
function of applied magnetic field was subsequently m
sured at the respective soft x-ray energies discussed in
preceding section. As a result, we obtain T-MOKE Ke
loops pertaining to the magnetic response of metallic a
oxidized states of each element separately. We first pre
the experimental results for each 3d element and postpon
their interpretation to the next section.

A. Co magnetization reversal

In Fig. 4 we show the T-MOKE magnetization loops me
sured for Co at 777.75 eV~metallic Co states! and 779.3 eV
~oxidized Co states!, for the three cooling fields. The field
induced reversal of the net magnetization of both the meta
and oxidized Co states along thex direction is evident from
the Kerr loops. Metallic Co spins already exhibit a ferroma
netic component at zero field and nicely follow the magne
field. The spins of metallic and oxidized Co are aligned p
allel to each other, as follows from the parallel shapes of
Kerr loops.

At HFC50 Oe the hysteresis loop at 777.75 eV@Fig. 4~a!,
full symbols# is broad (Hcoer5245 Oe), symmetric and
rounded, and no shift of the loop along the field axis~ex-
change bias! is observed. The magnetization reversal is go
erned by the formation/rotation of individual magnetic d
mains, and occurs in two steps. A small number of doma
reverse magnetization atHx56120 Oe. These steps are co
related with the reversal of the Fe spins, as will be discus
below ~see Fig. 5!. The majority of domains then switch a
aroundHx56210 Oe. The hysteresis loop at 779.3 eV@Fig.
4~a!, open symbols# shows a different behavior: the Ker
hysteresis loop is strongly asymmetric: the positive side
the loop resembles the metallic loop shape, with somew
higher coercivity, but on the negative field side the rever
starts already atHx50 Oe and occurs abruptly belowHx
52100 Oe.
6-5
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After field cooling atHFC5240 Oe@Fig. 4~b!# the mag-
netic reversal of oxidized and metallic Co is partially inte
changed with respect to that observed forHFC50 Oe. The
hysteresis loop at 779.3 eV~oxidized Co states! is symmetric
(Hcoer5260 Oe), while the loop at 777.75 eV~metallic Co
states! is asymmetric: on the negative side of the loop t
magnetization suddenly rotates atHx'2110 Oe. On the
positive loop side, on the other hand, the metallic and o
dized Co spins closely follow each other.

After field cooling atHFC5300 Oe@Fig. 4~c!#, the hys-
teresis loops at 777.75 and 779.3 eV are identically symm
ric and round (Hcoer5230 Oe): the oxidized and metallic C
spins reverse together.

We suggest that the origin of the observed asymmetr
exchange coupling to a rigid excess Ni magnetic momen
will be discussed below.

B. Fe magnetization reversal

The curves measured at 706.8 eV~metallic Fe states! and
709.9 eV~oxidized Fe states! are presented in Fig. 5. Sinc
the hysteresis loops are opposite, it follows that antipara
alignement of the spins of metallic and oxidized Fe is p
ferred. The resulting spin arrangement depends on the c
ing field and strength of other couplings.

FIG. 4. Right: The reflectivity as a function of the applied ma
netic field measured at theL3 edges of oxidized~779.3 eV, open
symbols! and metallic~777.75 eV, full symbols! Co states after field
cooling atHFC50 Oe~a!, HFC5240 Oe~b!, andHFC5300 Oe~c!.
Changes in the Co/NiO interface due to thermal treatment are s
matically depicted on the left-hand side.
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At HFC50 Oe the hysteresis loop at 706.8 eV@Fig. 5~a!,
full symbols# is narrow (Hcoer5105 Oe) and symmetric
Metallic Fe thus exhibits soft magnetic switching behavior
expected. The reflectivity at 709.9 eV~oxidized Fe states!
@Fig. 5~a!, open symbols# steeply decreases whenHx
.100 Oe, reaches its minimum value atHx5180 Oe, in-
creases again up toHx5240 Oe and does not change furth
for higher fields. On the negative side of the loop the ma
netization reverses in the opposite manner. Note the cha
teristic humps in the reflectivity occuring for 150 Oe,Hx
,220 Oe and2240 Oe,Hx,2100 Oe.

After field cooling atHFC5240 Oe@Fig. 5~b!#, the hys-
teresis loops are similar to those obtained forHFC50 Oe,
but no humps are observed. AtHFC5300 Oe@Fig. 5~c!# the
humps at 80 Oe,Hx,230 Oe and 2230 Oe,Hx
,280 Oe are significantly enhanced and the loops beco
narrower for both x-ray energies.

We suggest that the humps are related to a tilt of the sp
of the metallic and oxidized Fe states towards/away from
x axis. This issue is addressed later on.

C. Ni magnetization reversal

The very observation of hysteresis loops measured at
Ni L3 edge at 852.5 eV~Fig. 6! clearly indicates the presenc

e-

FIG. 5. Right: The reflectivity as a function of applied magne
field measured at theL3 edges of oxidized~709.9 eV, open sym-
bols! and metallic~706.8 eV, full symbols! Fe states after field
cooling atHFC50 Oe~a!, HFC5240 Oe~b!, andHFC5300 Oe~c!.
Left-hand side: likely arrangement of the Fe spins at various sta
of the magnetization reversal.
6-6
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EXCHANGE COUPLING IN Fe/NiO/Co FILM STUDIED . . . PHYSICAL REVIEW B66, 134406 ~2002!
of an excess Ni moment, which appears after field cooli
This moment is strongly coupled to the Fe and Co spins.
reversal of the Ni spins takes place at the same field value
the reversal of Co and Fe spins, therefore, we name thes
spins ‘‘soft.’’ A major part of the Ni spins reverses togeth
with Co, while a minor part with Fe. The Ni spins rota

FIG. 6. The reflectivity as a function of the applied magne
field measured at theL3 edges of oxidized~852.5 eV! Ni states after
field cooling at HFC50 Oe ~a!, HFC5240 Oe ~b!, ~c!, and HFC

5300 Oe~d!. The loops~b! and~c! were measured 1 and 3 h after
the field cooling, respectively.
13440
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parallel to the majority of metallic Fe and Co spins, along t
applied field direction.

Due to limited access to synchrotron light we were n
able to follow the time dynamics of the exchange couplin
However, we performed two identical measurements 1 an
h after field cooling atHFC5240 Oe. Interestingly, the N
reversal changes with time: 1 hour after field cooling@Fig.
6~b!# the hysteresis loop of Ni has a similar asymmetry as
loop of metallic Co. After 3 h, the Ni loop becomes symme
ric @Fig. 6~c!# while the metallic Co loop remains asymme
ric. It seems that right after cooling the Ni moment
strongly coupled to metallic Co, but with time or success
magnetic reversal this coupling decreases.

It is important to note here that findings at the CoL3 edge
suggest the existence of a rigid excess Ni magnetic mom
as will be discussed later. However, the direct observatio
the Ni L3 edge is not possible. This is because in the p
formed experiment we did not change the polarization of s
x rays, but only altered the applied magnetic fieldHx . In
addition, the magnitude ofHx was too small to rotate the
rigid excess Ni spins.

VII. DISCUSSION

The present SXRMR study of the Co/NiO/Fe trilayer i
dicates oxidation of Fe and Co at the Co/NiO and NiO/
interfaces. The entangled profile of the reflectivity at the
Co L3 edges reminds, in addition to metallic Fe and Co,
rich multiplet structure of Fe and Co oxides. In bulk bina
oxides this multiplet structure originates from Co21, Co31,
Fe31, and Fe21 ions occupying octahedral and tetrahed
sites. Our observations thus indicate that comp
Fe12xNixOy and Co12xNixOy mixtures form at the inter-
faces, with Co and Fe ions having several oxidation sta
symmetries and environments. The oxidation at the in
faces originates from the magnetron sputtering of the trilay
which is often accompanied by diffusion of sputtered ato
into adjacent layers. The interdiffusion is of the order of
nm at each interface. The top of the Fe layer may have b
oxidized during the reactive sputtering of Ni. It should b
noted that oxidation of metallic layers was reported also
samples prepared by other methods:MO/M bilayers (MO
5NiO, CoO andM5Co, Fe, or Ni! produced by molecular
beam epitaxy20 and for an ion beam sputtered NiO/FeN
bilayer.11 Additional diffusion of oxygen may occur at 330 K
~Ref. 36! or during subsequent heat treatments of the sam
As we already mentioned, however, no significant change
reflectivity at the oxidized/metallic states resonances was
served. This implies that the amount of oxidized/meta
states stays approximately the same. Nevertheless, our
ings suggest spatial redistribution of the oxidized/meta
states~grain motion, etc.!.

An essential result of our study is that the oxidation of
and Co strongly affects the magnetic properties of the s
tem. The oxidized states possess significant net magn
moments, which couple to the magnetic moments in adjac
metallic layers. This leads to formation of a rather comp
magnetic system with various competing exchange inte
tions that change with heat treatment and field cooling.
6-7
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O. ZAHARKO et al. PHYSICAL REVIEW B 66, 134406 ~2002!
A. NiO magnetic behavior

Let us first analyze the magnetic behavior of the antif
romagnetic NiO layer. It is evident from the Kerr loops th
after cooling through the Ne´el temperature of NiO an exces
Ni moment appears even atHFC50 Oe ~Fig. 6!. It couples
ferromagnetically to metallic Fe and to all Co spins. This
consistent with the XMCD results on an Fe/NiO bilaye37

and the XPEEM study of Fe/NiO and Co/NiO bilayers9

However, in our case the observed excess Ni moment is
in the sense that the coupling to ferromagnetic metallic
and Co domains dominates over that to AF NiO grains.

Our data also suggest the existence of an additional
cess Ni moment, rigidly coupled to AF grains. The indic
tions come from the Co spin reversal~see below!. This rigid
Ni moment exists at the Co/NiO interface and has a com
nent opposite to thex direction that is most likely induced b
the magnetic field applied during the magnetron sputter
This moment is not modified significantly byHFC. This is
due to a preferred in-plane orientation of grains with the h
axis aligned alongHFC. As antiferromagnetic NiO has pro
nounced magnetic anisotropy@K'111'104K i111 ~Ref. 38!#,
the magnetic field applied during cooling fromTN of NiO is
too small to align NiO AF domains and rigid Ni mome
along HFC. Usually magnetic fields above 1 kOe a
needed.8,37,38

B. Co magnetic behavior

The existence of an asymmetry in the Co magnetiza
reversal without visible shift of the Kerr loop indicates th
the Co magnetization reversal is governed by two differ
mechanisms at the two sides of the loop and possibly nu
ates at different locations in the layer. It seems that the
versal initiates at the Co/NiO interface, whenHx decreases
from 300 Oe, and at the top of the Co layer, when start
from negativeHx52300 Oe. Such asymmetric reversal w
visualized for Co/NiO~Ref. 39! and NiFe/FeMn~Ref. 40!
bilayers by imaging techniques. The images revealed
asymmetric formation of the nucleation centers depending
the sign of the applied field.

As reported above, we observe significant asymmetry
the magnetization reversal of the oxidized Co atHFC
50 Oe and metallic Co spins atHFC5240 Oe, while the
asymmetry is absent atHFC5300 Oe. The following picture
may describe these observations.

~i! An asymmetry in the oxidized Co reversal@Fig. 4~a!# is
induced during sample growth and/or during the fi
heating/cooling cycle atHFC50 Oe. In this state an oxidize
Co layer has formed at the Co/NiO interface and oxidized
spins exchange couple to the rigid excess Ni moment. W
starting from positiveHx the interfacial oxidized Co spin
flip at almost 0 Oe, mainly triggered by the additional fie
caused by the rigid excess Ni moment. This creates a dom
wall in the Co layer, which moves up to the surface. Wh
starting from negativeHx the surface or bulk metallic Co
domains rotate first, drawing subsequently the interfacial
oxidized spins in the magnetization reversal~overcoming
thereby the coupling to the rigid excess Ni spins!.
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~ii ! The asymmetry in the metallic Co loop@Fig. 4~b!# is
induced by field cooling atHFC5240 Oe. It appears at th
negative side of the loop, in the direction of the Co magne
moment during field cooling. It is important to note@see Fig.
1~c!# that, contrary to the caseHFC50 where the magnetiza
tion of Fe and Co~metallic! are parallel to each other, a
HFC5240 Oe Fe and Co have antiparallel magnetizati
The starting magnetization configuration is thus different
ter the two FC. To understand that the hysteresis loop of
metal rather than of the oxidized state is now asymmetric
suggest that second heating/cooling cycle leads to a red
bution of oxygen away from the interface into the bulk of t
Co layer. Metallic Co grains are then in direct contact w
the rigid excess Ni moment, which is not modified signi
cantly by HFC. This exchange coupling between metal
Co/ rigid Ni leads to the observed asymmetry.

~iii ! The absence of the asymmetry in the Co reversa
HFC5300 Oe@Fig. 4~c!# is caused by the increase of the C
grain size. The increase of the grain size with successive
treatments leads to larger ferromagnetic domains, a fact
roborated by the decrease of the coercivity with heat tre
ment. The change ofHcoer is most pronounced between th
HFC5240 Oe andHFC5300 Oe experiments@Figs. 4~b!,
4~c!#. From above considerations it is expected that atHFC
5300 Oe @Fig. 4~c!# ferromagnetic Co domains are larg
enough to couple to several NiO grains with different orie
tations of the Neel vector. A strongly reduced exchange c
pling results from the averaging over grains.

C. Fe magnetic behavior

Let us now turn to the analysis of the Fe spins. No s
nificant asymmetry is observed in their hysteresis loop. T
points towards the fact that the AF/F exchange coupling
the NiO/Fe interface is too weak to pin the Fe spins. Inste
we find that metallic Fe/oxidized Fe moments are coup
strongly. This coupling is antiferromagnetic (JmetFe/oxFe
,0), similar to the antiparallel coupling observed
Fe3O4 /Fe and FeO/Fe systems.33,41 During field cooling this
AF JmetFe/oxFecoupling and an effective magnetic field, com
posed of the cooling field and the field induced by the
magnetic moments of other atoms~for example, Co!, dictate
the arrangement of the Fe spins.

During theHFC5240 Oe field cooling the effective mag
netic field felt by the oxidized Fe spins is small, asHFC
applied along thex direction is small and Co moments a
aligned opposite to the field. The dominantJmetFe/oxFecou-
pling governs the antiparallel alignment of the metallic a
oxidized Fe spins alongx during the whole measured Ker
loop @Fig. 5~b!, states 1–3#.

After the HFC5300 Oe field cooling the effective mag
netic field acting on the oxidized Fe spins is enhanced
HFC is larger and Co moments are aligned along the fie
The energy of theJmetFe/oxFeinteraction and the Zeeman en
ergy become comparable. This leads to a magnetic frustr
state in which the Fe magnetic moments tilt away from thx
axis. This tilt is reflected in the characteristic humps o
served in Fig. 5. According to these observations the follo
ing magnetic configurations are identified along the hys
6-8
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EXCHANGE COUPLING IN Fe/NiO/Co FILM STUDIED . . . PHYSICAL REVIEW B66, 134406 ~2002!
esis loop when field cooling atHFC5300 Oe. We start with
the configuration of state 1@Fig. 5~c!#: the metallic Fe spins
tilt away from thex direction by an angleg1 and oxidized Fe
spins align perpendicular to the field. The tilt of the metal
Fe spins occurs because of a simultaneous coupling to
oxidized Fe spins'x and to the magnetic fieldix. The mag-
netization reversal of such a frustrated initial state is rat
complex. AtHx,250 Oe, the metallic Fe spins start rota
ing towards the field to reach the angle 1802g2 @Fig. 5~c!,
point 2#. Because of theJmetFe/oxFeinteraction, the oxidized
Fe spins rotate into the opposite direction. AtHx

,2200 Oe the rotation of Co spins along the field increa
the effective magnetic field on the frustrated oxidized
spins and they align again' Hx @Fig. 5~c!, point 3#. Simul-
taneously, the AFJmetFe/oxFeinteraction forces metallic Fe
spins to tilt away from the2x direction and to adopt the til
angle 1802g1.

Note that when the tilt angle isg2 or 1802g2, the
T-MOKE signal of the Fe metallic spins is large. For the t
anglesg1 and 1802g1 the T-MOKE signal is smaller. This
implies thatg1.g2 leading to characteristic humps in th
Kerr loop.

The Kerr loop of the oxidized Fe spins can be describ
in a similar way, but the tilt angle is different. The tilt ang
must be 90° at points 1 and 3 of Fig. 5~c! as the Kerr signal
is the same for a maximal field ofHx5300 Oe and forHx
50 Oe.

Our observations suggest that the magnetization reve
of the Fe and Co states is correlated. Presumably this
change coupling between Fe and Co states is mediated b
NiO layer.

Another possible explanation for the observed humps
Fig. 5 has also been considered. The Kerr loop may be
composed into two elemental loops. Such a pair is depic
in Fig. 7~a!. The sum of the loops I and II yields a hysteres
curve similar to the reflectivity curve of metallic Fe shown
Fig. 5~c!. In Fig. 7~b! two more elemental loops, III and IV
are presented; their sum resembles the reflectivity curv
oxidized Fe. It should be noted, however, that while t
hypothesis could explain the findings at 706.8 eV it fails
explain satisfactorily the findings of the oxidized state
709.9 eV. Indeed, at 706.8 eV there could be a major con
bution of the metallic Fe~narrow part of the loop! and a
minor contribution of another oxidized Fe state, which ha
bonding environment typical for FeO~broad part of the
loop!. At 709.9 eV the narrow loop is dominant and oppos
to H. Since the XMCD of metallic Fe is negligible at th
energy, this narrow loop cannot originate from that meta
Fe state. We would have to assume the existence of an
dized Fe state, responsible for the narrow part of the lo
This second oxidized state should be coupled to metallic
but the direction of its magnetization rotation should be o
posite to metallic Fe and the applied magnetic field. T
minor broad loop belongs to the other oxidized Fe st
which can be the state contributing to the broad loop at 70
eV. The latter assumption furthermore requires that the pe
at 706.8 and 709.9 eV have reversed contrast. This is q
unlikely as for Fe3O4 and FeO the sign of XMCD features
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the same at these energies.33 In addition, if several oxidized
states existed, they should also contribute at the intermed
cooling field HFC5240 Oe. But the Kerr loops at thisHFC

are rather conventional and do not require the assumptio
two different elemental loops. On the basis of these con
erations, we are confident that the first explanation of
humps~tilting of the Fe spins away from the applied ma
netic field axis! is the relevant one for the system studied

VIII. SUMMARY

We have shown that soft x-ray magnetic resonant refl
tivity gives unique information on the chemical structure a
magnetic exchange interactions in a 10 nm Co/5 nm NiO
nm Fe trilayer. It was possible to observe and separate
magnetic contributions of the metallic and oxidized sta
using the shift in energy of the resonances and the dif
ences in the shape of the T-MOKE Kerr loops.

We studied how heat treatment and magnetic field app
during cooling changes the microstructure and excha
couplings of metallic and oxidized states of different laye
in the trilayer. Our findings lead to the conclusion that mu
care has to be taken in the synthesis of trilayer structu
implemented in present applications~such as spin valves!. In

FIG. 7. Elemental loops~a!, ~b! reproducing the humps ob
served for the Fe magnetization reversal. Numbers 1–3 and
follow the magnetization reversal, when the applied magnetic fi
decreases fromHmax to Hmin and then increases fromHmin to Hmax.
6-9



th
th
en
io
in

a
e
al

nd

or
by
by

O. ZAHARKO et al. PHYSICAL REVIEW B 66, 134406 ~2002!
particular, the chemical composition of the interface and
grain size crucially determine the magnetic properties of
trilayer. The use of polycrystalline oxides leads to unconv
tional hysteresis loops, which are controlled by the diffus
of oxygen in the system and change of grain size dur
growth and successive heat treatments. These affect in
essential way interface properties and therefore also the m
netic behavior of multilayers. Our work shows that furth
systematic studies of F/AF and F/F interfaces are essenti
,

A

z

h

n

t

tt

J

I.

E
.

13440
e
e
-

n
g
an
g-

r
to

fully understand the rich physics contained in bilayer a
trilayer nanomagnetic materials.
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