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Exchange coupling in FéNiO/Co 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 (agasversal magneto-optical
Kerr effect geometryat thelL; edges of Fe, Ni, and Co. The exchange coupling in the trilayer, introduced
during synthesis, has been altered by cooling through fre tdmperaturd , of NiO at three different cooling
fieldsHgc. 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 througfy 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 &t-=0 Oe and metallic Co spins &t;-=240 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.
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[. INTRODUCTION structure, to which end one needs to distinguish atoms of the
interface and of the adjacent layers. Recent developments in
Films composed of ferromagnet{€) and antiferromag- synchrotron based x-ray absorption spectrosa{®sS) and
netic (AF) layers play an important role in a number of ap- related techniquésallow us to tackle this problem. The XAS
plications, such as spin-valve, magnetoresistive devices, argignal is sensitive to the chemical and magnetic states of the
tunnel junctions=* These devices are composed of texturedresonance atom. In addition, by tuning the polarization of the
and polycrystalline layers with domain size in the nanometesynchrotron light, one can study both, ferromagnetic and an-
range. Their performance crucially depends on the chemicaiferromagnetic spin arrangemeft€
and magnetic structure of the AF/F interface, which deter- Imaging techniques, such as x-ray photoemission electron
mine the exchange coupling between the different layers. microscopy(XPEEM) can be used to detect excess spins at
In particular, the operation of such devices needs stabilitghe surface of the antiferromagnet coupled to a ferromagnetic
in certain temperature and external magnetic field intervalsfilm, and to determine the orientation of these spins. For
Therefore, it is important to understand the influence of exexample, XPEEM on Fe/NiO and Co/NiO bilayexplic-
ternal conditions on the AF/F interface. It is the purpose ofitly showed the rearrangement of the excess Ni spins at the
the present work to analyze how various factors affect thesurface of the antiferromagnetic NiO single crystal after
magnetic properties of multilayers and to extract informationdeposition of a ferromagnetic Fe or Co film and showed that
on the dominant couplings both at the interfaces and in théhe excess Ni spins align parallel to Fe or Co spins.
layers. To this aim we used soft x-ray resonant magnetic Soft x-ray resonant magnetic reflectivity provides infor-
reflectivity (SXRMR) to study an exchange coupled 10 nm mation complementing that obtained by XPEEM. A varying
Co/5 nm NiO/10 nm Fe trilayer, mimicking spin-valve de- external magnetic field can be applied during the SXRMR
vices used in industry. measurement, SO magnetization reversal of different sites of
One of the most challenging tasks is to study the interfacéhe same element can be followed. In other words, element
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and state selective Kerr loops can be obtained. In addition, w o sromace? i;m%ﬁ"%m"f&’a
changing the angle of incidence alters the x-ray penetration s [10nm Co |, ¢ X
depth, thus allowing to look deeper into the film as compared : | s °
to XPEEM, where the electron escape depth is usually rather 2 '
small. £ | Q%b

The structure of the paper is as follows. In the two next Sol I 001%0 |
sections we present the sample characterization and experi- = 7~ b°/°<,’oo°° !
mental setup. Section IV summarizes the theoretical descrip- = |10 nm Fe 0240"0 :
tion needed to interpret the SXRMR measurements. The 2 I M.
identification of different electronic states of Co, Fe, and Ni & 2 J g
is explained in Sec. V. Section VI describes the Kerr loops = Rl R a

for each element and for three magnetic fields applied during
cooling throughTy of NiO. Finally, we discuss the results in
Secs. VIl and VIILI.

Il. SAMPLE CHARACTERIZATION

A series of Co/NiO/Fe polycrystalline sampléwith
thicknesses 0—20 nm, Fe is the bottom layeas produced
by dc magnetron sputtering from metallic Co, Ni, and Fe
targets under Ar atmosphere on a Si substrate with a base
pressure of 1.%10°° mbarl® For the NiO layer an Ar
+ O, mixture was used. Transmission electron microscopy of
10-nm-thick Fe, NiO, and Ceaeferencesingle films showed
that nanocrystalline grains of hcp/fcc Co, fcc NiO, and bcc
Fe are formed with grain sizes in the range of B5,
3—7, 5—20 nm, respectively. The chemical depth profile of
the 10 nm Co/5 nm NiO/10 nm Fe trilayer has been mea-
sured by x-ray photoemission spectroscO¥iS), which re-
vealed diffusion of oxygen into the Fe and Co layers at the
Co/NiO and NiO/Fe interfaces and partial oxidation of Co at
the sample surface. Metallic Co and Fe were detected in the
bulk of the layers. The interfacial mixing is expected to take
place over a thickness of 2 nm, based on findings for sput-
tered FeNi/NiO and NiFe/oxide/Co samplég?

The magnetization of 10 nm Fe and Co single films was
measured by a Quantum Design Physical Property Measure-
ment System(PPM9 [see Fig. 1a)]. These measurements
showed that both films are soft ferromagnets with coercivi- 300 -200 -100 0 100 200 300
ties (halfwidth of the hysteresis logpf H.,.~=40 Oe and H [Oe]

H0e= 20 Oe for Fe and Co, respectively. The Fe film has no

preferred anisotropy in the film plane, while the Co film has FIG. 1. The dc magnetization measured by a PPMS device for
an easy axis along[the reference coordinate system defined(@ 10 nm Fe and Co single filmg¢h) 10 nm Fe/10 nm Co bilayer,

in Fig. 2(@) is used throughout the pageNo net moment and(c) 10 nm Fe/5 nm NiO/10 nm Co trilayer. Ite), the full

was detected for the 10 nm NiO film. The magnetic reversapymbols show the Fe data and the open symbols those of Co. The
of 10 nm Co/10 nm Fe bilayer is identical to the reversal ofcircles correspond téi||x and the diamonds thl||y. The reference

10 nm Fe single film[Fig. 1(b)], implying that Co and Fe coordinate system is defined in Fig. 2. (Iln), the filled circles are
magnetic domains rotate simulltaneously. the data foH||x, while the open circles give the data fdt]y. In

i o (
Deposition of a NiO interlayer between Co and Fe layers pins and the filled black arrows that of the Fe spins. The magnetic

%lcl)(tag?shistset :ggig f::;g]‘grotfhfahzsr]qp?gggtrzgtlgg ;?T\]/egoa/lé -[]r;nleld is applied along thg axis. The three values of the cooling field

NiO/10 nm Fe trilayefFig. 1(c)] is composed of two loops: are also marked.

a narrow one withH.,,~=50 Oe and a broad one with magnetic domains are already formed when NiO is deposited
Hoe= 250 Oe. As is shown later, clear the narrow loop cor-and Fe magnetization reversal is less affected by NiO depo-
responds mainly to the reversal of Fe spins, while the broadition. The presence of two loops indicates a significant de-
loop corresponds to Co spin reversal. The Co magnetizationoupling of the F layers by the intercalated AF NiO layer.
reversal is significantly modified because the Co grains are To get deeper insight into the structure of interfaces and to
grown on a different bottom layer as compared to the Castudy magnetic interactions in the trilayer we performed soft
single film and the Co/Fe bilayer. On the other hand, the Fe&-ray resonant magnetic reflectivity experiments.
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IV. THEORETICAL FORMULATION

Soft x-ray resonant reflectivity is highly sensitive to the
magnetization of the resonant atom. At the Fe, Co, and Ni
L, 3 resonances, intensive-d multiple transitions are in-
duced, and the corresponding magnetic reflectivity probes
the magnetic electronic structure related to ¢helectrons.

The total resonant reflectivity contains both magnetic and
nonmagnetidi.e., chargg responses. In order to investigate
the magnetic response, we consider here the variation of
x-ray reflectivity as a function of applied magnetic field. In
the T-MOKE geometry the external magnetic field is applied
within the plane of the film, and is perpendicular to the plane

FIG. 2. (a) Reference coordinate system and T-MOKE geom-of incidence. The measured reflectivity signal can be treated
etry. (b) The resonant reflectivity as a function of the ra@q/Q within the classical magneto-optical formali¢ft'® based
calculated for three reversal scenarios. The Fe moment rotates: in the Fresnel reflection and transmission coefficients for
the xy0 plane,a;#0, a,=0, curve 1; in thex0z plane,«;=0,  s/p linearly polarized light. In this formalism it is customary

-
=

10° Reflectivity
&

a,#0, curve 2; in a general direction, curve 3. to discuss the magnetic contribution in terms of the Voigt
parameteQ, which, for a general magnetization direction is
Ill. EXPERIMENTAL SETUP a vector, each component & being proportional to the

¢ ic reflectivity of th magnetization components. In the polar Kerr geontétiye

Soft x-ray resonant mf'ignetlc reflectivity of the 10 nm Voigt parameter is directly related to the dichroic parts of the

g;lfs ngra’r\il;%/ 1%:S:"Zteo:rgg?r:""r‘::surgggffrsgﬁt;{‘géls“gﬂ{'refractive indices that are measured in x-ray magnetic circu-
yp g lar dichroism (XMCD) experiments Qn=n,—n_=2

Il using the soft x-ray polarimetéf. The reflectivity of : .
p-linearly polarized soft x rays was measured atltheedges (—AJd+iAg), wherex denotes the change of the magneti-
zation direction with respect to the helicity of circularly po-

of Fe, Co, and Ni with external magnetic field applied within &% ) A !

the plane of the film and perpendicular to the plane of inc:i-Iarlzed light. The refract|ve_|nd|ces are defined ras=1
dence. This is the so-called transversal magneto-optical Kerr (6+A6) +i(B+AB), andn=1-45+ip is the average,
effect (T-MOKE) geometry. In the local coordinate system Nonmagnetic refractive index.

[see Fig. 2a)], we choose for convenience the logadxis to For an arbitrary magnetization orientation, the Fresnel re-
be parallel to the applied magnetic field, whereas the plane dtection coefficients s, andr ,, that describe the coupling of
incidence is they-z plane. The energy resolution was @n incident p-linearly polarized wave to outgoing
E/AE~2580 and the degree of linear polarizatidh  S/P-polarized waves at an interface, are given by

>0.99. The angle of incidence was fixedé&o=70° from the

film normal, to ensure that a sufficient reflectivity is obtained _ ingncose;{Qysin 6;—Q,Cos6;}
and that x rays of the resonant energy penetrate through the “*P (ncos9,+ nycosé;) (ncose, +nycosé,) coss,
whole layer formed by the resonant atoms. For instance, the 1)

attenuation length at the; Fe edge and the effective path

through the Fe layer fow,=70° are both approximately rpp=rgp+App—— — ,

equal to 30 nm. Ncosé, +nycosd,  (Ncosb; +Nnycosé,)?
We modified the exchange coupling of spins at the F/A

interfaces byin situ heating the sample above the élléem-

NCOSH;, —NyCosh,  2ing n coss;sin 6,Q,
= +

theren0 is the index of refraction of the nonmagnetic trans-

perature of NiO Ty=230°C) and then cooling to room mitted mediumn the average index of the magnetic reflec-
temperature. First no external magnetic field was appliedV® medium, and’; and ¢, are the angles of incidence and
during coolingHec=0 Oe. Then, the sample was cooled in refraction, respectively. These expressions, derived for the
the presence of an external maé]netic fillgh= 240 Oe ap- reflection of light from a dielectric/magnetic medium, can be
plied along thex direction. This corresponds to a plateau atdi"éctly applied to the soft-x-ray resonant reflectivity of the
the PPMS hysteresis lodjFig. 1(c)] at which the magneti- Fe/NiO/Co trilayer. At thel 3 resonance of a specific atom

zation of Fe and Co are opposite. Finally, the same procedu o-called white lingits magnetic reflectivity contrast is sig-

was repeated at =300 Oe with Fe and Co spins aligned nificarr:tly thancegj with respect to tlhe qther atoms, which
parallel according to the PPMS results. can thus be treated as nonmagnétiielectrio.

No change of the nonmagnetic reflectivity across the reso- In the. case of thiCk Iayer;, t_he Iay(_er thickness exceeds the
nance was detected for these three different states of trgtenuation Iepgtl(u.e., bulk limit) and interference effects at
trilayer. This implies that there was no significant additionalt"® fo!lowmg mterf_aces can _be _neglected. The measured re-
oxidation of the sample during successive heat treatmenfleCtivity of p-polarized light is given by
Consequently, the difference in the spectra measured for
Hrc=0 Oe, Hgc=240 Oe, andH-=300 Oe can be attrib-
uted to the spatial redistribution of oxygen and to the change
of the magnetic coupling of the layers. which can be written as

R=Tgp 5t Moplhp=RoT2Rer Ay ]+ |App|2+|Asp|§2
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layer into sublayers with different refractive indicasand
+0(Q%.Q7.QyQ,.Q0), (3)  with different magnetidi.e., dichroig contributionsA 8 and

A 4. If the dichroic contributions of these electronic states

are well separated in energy, the magnetic contributions of
whereR, is the nonmagnetic reflectivity, Ref,- A,p]/Rois  the interface and bulk-layer states can be resolved. Thus, by
the usual T-MOKE signaf® linear inQ, . The T-MOKE part choosing an appropriate energy one could measure an
of the reflectivity gives rise to the typical, antisymmetric element- and state-specific magnetic hysteresis. However, if
Kerr hysteresis loops when the magnetic field alongsthe these dichroic contributions overlap, their fingerprints in the
direction is reversed. The thifdigher ordey term in Eq.(3) magnetic reflectivity contrast will be superimposed and little
is much smaller and can to a good approximation be neean be learned about the magnetism of each subsystem. As
glected in the investigation of reflectivity Kerr loops. We will be shown in the following sections, it is possible to
illustrate this in Fig. 2, where we present the calculated Kerrresolve the contributions in our experiment.
reflectivity at the Fd_5 white line for three possible magne-
tization reversals of a metallic Fe film, assuming continuous
magnetization rotation in the bulk limit. Note, that for the V. IDENTIFICATION OF THE ELECTRONIC STATES OF

maximal positive(or negativé magnetic field all spins are Co, Fe, AND Ni

aligned paralle(antiparalle] to thex axis and thus the ratio  Figure 3 presents the measured reflectances across the Co,
Qx/Q is 1(—1) for all scenarios. For intermediate values of Fe, and NiL, edges for two opposite directions of the trans-
the magnetic field the reversal path may be chosen differgerse magnetic fielt, = =240 Oe. A complex line shape is
ently. For example, the Fe moment may rotate in Xy  clearly present at the Co and Eg edges, which reveals the
(x0z) plane. Then the reflectivity will follow curve 12).  presence of atoms with different environment in the Fe and
The reversal of the moment in a general direction wouldcq layers. As outlined in the previous section, a large mag-
yield curve 3. As can be seen from Fig. 2, the T-MOKE netic contribution to the reflectivity is expected from those
reflectivity is sensitive only to the reversal of thecompo-  ferromagnetic states that switch magnetization direction in
nent of the magnetization. the applied field. For Co this occurs foremost at 777.75 eV,

In the case of thin layer§.e., thin-film limit), the attenu-  \hile for Fe it occurs at 706.8 eV. We attribute these peaks to
ation length exceeds the layer thickness, and interference efnetallic states of Co and Fe. The other peaks are identified as
fects become significant. Therefore, E§) has to be ex- belonging to the oxidized states.
tended so as to include backscattering from the second For the oxidized states multiplet structures are expected
interface. Nevertheless, due to high absorption at the Co angue to the presence of various oxidation states and local
Fe L white lines;”~**only 15% of the incoming x-ray in- surrounding€! Corresponding peaks are seen for Co at
tensity reaches the Co/NiO interface, and only 10% the Fe/St76.5 and 779.3 eV, and in Fe at 708.75 and 709.9 eV. While
interface, respectively, for our experimental geometry. Xthis is a clear indication of the presence of both metallic and
rays, reflected from either one of these interfaces, will beyxidized states, it is more complex to identify exactly to
further absorbed propagating through the Co or Fe layerghat extent these states contribute to each peak, since the
outwards of the trilayer. Therefore, we may neglect the inyefractive indices with their dichroic contributions are not
terference at the next interfaces and use the bulk-limit deknown in detail for each of these states. Nevertheless, an
scription. Only at the NL 3 white line, 50% of the intensity assignment can be made based on published x-ray absorption
reaches the NiO/Fe interface, so the thin-film limit descrip-spectra XAS) and XMCD dat&? Indeed the absorptive part
tion should be adopted in principle to analyze the data.  (g) of the refractive index is the main factor defining the

It can be shown, however, that the thin-film descriptionreflectance profile at the chosen energies and incident angle,
does not alter the conclusion that for the geometry used iyhereas the dichroism in absorption §) dominates the
our experiment only th& component of the magnetization is magnetic contrast of the reflectivity.Consider first the mag-
measured. Indeed, the total refle_ction matrix for a film ofpetic contrast at the Cb; edge[Fig. 3@)]. The maxima at
thicknessd is given by R+exgdi2dncosé(27/\o)]R" where  776.5, 777.75, and 779.3 eV have contributions of the mul-
R is the major (22) reflection matrix for the(top) tiplet structure of the oxidized Co states, as follows from the
dielectric/magnetic interface a®l the secondary reflection comparison with the CoO, GO,, CoFg0O,, and Co/NiO
matrix for the(bottom magnetic/dielectric interface. The ex- XAS spectr®?*~?*Metallic Co XAS contributes only to the
ponential factor describes the propagation of the wave withmaximum at 777.75 eV. Moreover, the XMCD asymmetry of
wavelength), within the magnetic medium. It has been metallic Co is maximal in the range 77%578.5 evi’1°
showrt* thatR’ has precisely the same dependenceQoms  while A3 of oxidized Co is maximal in 777780 eV?®
R. As a consequence, also in the thin-film limit the reversalThus, there is negligible overlap betwe&B of metallic and
of the x component of the magnetization is measured in theoxidized Co at 779.3 eV and the magnetic contrast in the
T-MOKE geometry. reflectivity at 779.3 eV can be attributed solely to the di-

It is known that significant inter-diffusion and oxidation/ chroic contribution of the oxidized Co states. On account of
reduction of neighboring layers is possibté>?°As a result, the clear magnetic switching at 777.75 eV we can attribute
the electronic configuration of the atoms at the interface willthis peak to metallic Co. This statement is further substanti-
differ from that in the bulk of the layer. Within the magneto- ated in Sec. VIA, where it is shown that the magnetic be-
optical formalism this can be described by splitting eachhavior at 777.75 eV is very different from that at 779.3 eV.

Re[r ;oA pp]

R= R0+ ZRO R
0
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30 710 eV have the same sign. As we observe a change of sign
771.75 in the dichroism between 706.8 and 710 eV in Fith)3we
deduce the existence of an AF coupling between metallic and
oxidized Fe.

Figure 3c) shows the NiL; edge reflectivity. According
to previous studie®?°the energy separation of the metallic
and oxidized states is nearly 0.5 eV. This energy separation is
smaller than that of 1.5 in Co and 3.1 eV in Fe. It could
easily be resolved within our experiment, but we do not ob-
serve any split. Moreover, the magnetic contrast appears only
at the energy corresponding to the resonance of the oxidized
Ni states and not at the energy where the dichroism of the
metallic Ni states is expected. Therefore, we conclude that
reduction of NiO at the interfaces does not lead to the for-
mation of ferromagnetic metallic Ni, but rather to the forma-
tion of an Ni-Fe-O(or Ni-Co-O) phases in which the oxi-
dized Ni states possess a ferromagnetic component.

(S
>

10

10° Reflectivity

770 775 780 785
Energy [eV]

—
)
|

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

wn
I

The 10 nm Co/5 nm NiO/10 nm Fe trilayer was cooled in
the presence of a magnetic fielél-c=0, 240, or 300 Oe
through the Nel temperature of NiO. The reflectivity as a
function of applied magnetic field was subsequently mea-
00 705 710 715 sured at the respective soft x-ray energies discussed in the
Energy [eV] preceding section. As a result, we obtain T-MOKE Kerr
loops pertaining to the magnetic response of metallic and
8 |- 852.5 eV oxidized states of each element separately. We first present
L. Ni the experimental results for eacld 2lement and postpone

3 their interpretation to the next section.

10° Reflectivity

Qe

A. Co magnetization reversal

In Fig. 4 we show the T-MOKE magnetization loops mea-
sured for Co at 777.75 e¥metallic Co stategsand 779.3 eV
(oxidized Co states for the three cooling fields. The field
induced reversal of the net magnetization of both the metallic

i | and oxidized Co states along tkalirection is evident from
845 850 855 860 the Kerr loops. Metallic Co spins already exhibit a ferromag-
Energy [eV] netic component at zero field and nicely follow the magnetic
field. The spins of metallic and oxidized Co are aligned par-
allel to each other, as follows from the parallel shapes of the
Kerr loops.

The entanglement of various states at thé_Fedge[Fig. At H-c=0 Oe the hysteresis loop at 777.75 N\g. 4(a),
3(b)] is more complicated than for Co. The maxima at 706.8full symbols] is broad H,e=245 Oe), symmetric and
708.75, and 709.9 eV have contributions of the multipletrounded, and no shift of the loop along the field afes-
structure of the oxidized Fe states, as follows from the comehange biasis observed. The magnetization reversal is gov-
parison with FeOa-F&,03, y-F&,05, F&O,, Fg _Ni,O, erned by the formation/rotation of individual magnetic do-
and Fe/NiO XAS spectrd:?>30—>*The maximal absorption mains, and occurs in two steps. A small number of domains
and XMCD asymmetry of metallic Fe is at 706.8 EV°The  reverse magnetization Bt,= =120 Oe. These steps are cor-
contributions of FeO will appear at exactly the same energytelated with the reversal of the Fe spins, as will be discussed
Therefore, metallic Féwith possible contribution of FEO below (see Fig. 5. The majority of domains then switch at
dominates XMCD at 706.8 eV. The multiplet structures ofaroundH,= =210 Oe. The hysteresis loop at 779.3 [¢4g.
a-F&0; and FgO, have a chemical shift to higher energies 4(a), open symbolk shows a different behavior: the Kerr
and their absorption maxima appear at 708.5 and 710 eYiysteresis loop is strongly asymmetric: the positive side of
(Refs. 33, and 3band XMCD covers 7065710 eV range. the loop resembles the metallic loop shape, with somewhat
Therefore, the magnetic contrast at 709.9 eV predominanthigher coercivity, but on the negative field side the reversal
originates from the oxidized Fe states. Reference 33 demorstarts already aH,=0 Oe and occurs abruptly belotxt,
strates that the dichroism of Fe at 706.8 eV and gf0zeat = —100 Oe.

10° Reflectivity

FIG. 3. The T-MOKE reflectivity at the Céa), Fe (b), and Ni
(c) L5 edges forg,=70° andH,= +260 Oe.
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FIG. 5. Right: The reflectivity as a function of applied magnetic
FIG. 4. Right: The reflectivity as a function of the applied mag- field measured at the; edges of oxidized709.9 eV, open sym-

netic field measured at tHe; edges of oxidized779.3 eV, open  bols) and metallic(706.8 eV, full symbols Fe states after field

symbolg and metallia777.75 eV, full symbolsCo states after field  cooling atH-c=0 Oe(a), Hgc= 240 Oe(b), andH -=300 Oe(c).

cooling atHgc=0 Oe(a), Hgc=240 Oe(b), andHgc=300 Oe(c). Left-hand side: likely arrangement of the Fe spins at various stages

Changes in the Co/NiO interface due to thermal treatment are schef the magnetization reversal.

matically depicted on the left-hand side.

At Hee=0 Oe the hysteresis loop at 706.8 EN¥g. 5a),
full symbols| is narrow Hye=105 Oe) and symmetric.
Metallic Fe thus exhibits soft magnetic switching behavior as
expected. The reflectivity at 709.9 eléxidized Fe statgs
[Fig. 5@), open symbols steeply decreases wheH,
. o . . >100 Oe, reaches its minimum value =180 Oe, in-
frggtgerfelt?z:tsignmrgﬁg(lj(;ncl); :2; tgggsziefﬁ% geth%fciﬁethecreases again up td, =240 Oe and does not change further
X .for higher fields. On the negative side of the loop the mag-

positive loop side, on the other hand, the metallic and oxi-__.._=. ) )
dized Co spins closely follow each other netization reverses in the opposite manner. Note the charac-

After field cooling atHrc=300 Oe[Fig. 4(c)], the hys- '§r2|32t(|)c ggr:rﬁ’s_'g 4Bh%§fll_lecgv_|tyio%c%uermg for 150 @i,
: . ’ < « i
teresis loops at 777.75 and 779.3 eV are identically symme After field cooling atH pe= 240 Oe[Fig. 5b)], the hys-

ric and round H .= 230 Oe): the oxidized and metallic Co teresis loops are similar to those obtained Faze=0 Oe,

spins reverse together. .
- .but no humps are observed. Bi-c=300 Oeg[Fig. 5c)] the
We suggest that the origin of the observed asymmetry Igumps at 80 H,<230 Oe and —230 Oe<H,

exchange coupling to a rigid excess Ni magnetic moment a S
g Piing 9 g < —80 Oe are significantly enhanced and the loops become

will be discussed below. .
narrower for both x-ray energies.
We suggest that the humps are related to a tilt of the spins

of the metallic and oxidized Fe states towards/away from the
The curves measured at 706.8 @¥etallic Fe statgsand  x axis. This issue is addressed later on.

709.9 eV(oxidized Fe statgsare presented in Fig. 5. Since
the hysteresis loops are opposite, it follows that antiparallel
alignement of the spins of metallic and oxidized Fe is pre-
ferred. The resulting spin arrangement depends on the cool- The very observation of hysteresis loops measured at the
ing field and strength of other couplings. Ni L; edge at 852.5 e\Fig. 6) clearly indicates the presence

After field cooling atHgc=240 Oe[Fig. 4b)] the mag-
netic reversal of oxidized and metallic Co is partially inter-
changed with respect to that observed fbi-=0 Oe. The
hysteresis loop at 779.3 el@éxidized Co stateds symmetric
(H¢oe= 260 Oe), while the loop at 777.75 elvhetallic Co

B. Fe magnetization reversal

C. Ni magnetization reversal
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parallel to the majority of metallic Fe and Co spins, along the
applied field direction.
Due to limited access to synchrotron light we were not

~Hp =0 Oe ° able to follow the time dynamics of the exchange coupling.
L7k oSS O 8 | However, we performed two identical measurements 1 and 3
/ |<—>L h after field cooling atHc=240 Oe. Interestingly, the Ni
; ~ 245 Oc s a N reversal changes_ with time:'l hour gftgr field coollfgg.
L6 f— s i 6(b)] the hysteresis loop of Ni has a similar asymmetry as the

loop of metallic Co. After 3 h, the Ni loop becomes symmet-
ric [Fig. 6(c)] while the metallic Co loop remains asymmet-
ric. It seems that right after cooling the Ni moment is
strongly coupled to metallic Co, but with time or successive
magnetic reversal this coupling decreases.

21.35 = & - It is important to note here that findings at the Cpedge

g . ¥ suggest the existence of a rigid excess Ni magnetic moment,
[l . . . .

3 = . . as will be discussed later. However, the direct observation at

] i " the Ni L; edge is not possible. This is because in the per-

: | ",/ i formed experiment we did not change the polarization of soft

= ° 2 X rays, but only altered the applied magnetic fi¢ld. In

s | . b ] addition, the magnitude ofl, was too small to rotate the

= . et rigid excess Ni spins.
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VIl. DISCUSSION

The present SXRMR study of the Co/NiO/Fe trilayer in-
dicates oxidation of Fe and Co at the Co/NiO and NiO/Fe
interfaces. The entangled profile of the reflectivity at the Fe,
Co L5 edges reminds, in addition to metallic Fe and Co, the
rich multiplet structure of Fe and Co oxides. In bulk binary
oxides this multiplet structure originates from Co Co*",
Fe*, and F&" ions occupying octahedral and tetrahedral
sites. Our observations thus indicate that complex
Fe,_xNi,O, and Cq_,Ni,O, mixtures form at the inter-
faces, with Co and Fe ions having several oxidation states,
symmetries and environments. The oxidation at the inter-
faces originates from the magnetron sputtering of the trilayer,
which is often accompanied by diffusion of sputtered atoms
into adjacent layers. The interdiffusion is of the order of 2
nm at each interface. The top of the Fe layer may have been
oxidized during the reactive sputtering of Ni. It should be
noted that oxidation of metallic layers was reported also for
samples prepared by other methodO/M bilayers MO
=NiO, CoO andM =Co, Fe, or Nj produced by molecular
beam epitax$? and for an ion beam sputtered NiO/FeNi
bilayer!! Additional diffusion of oxygen may occur at 330 K
(Ref. 36 or during subsequent heat treatments of the sample.
As we already mentioned, however, no significant change in

FIG. 6. The reflectivity as a function of the applied magnetic reflectivity at the oxidized/metallic states resonances was ob-

served. This implies that the amount of oxidized/metallic

field measured at thie; edges of oxidized852.5 eV\j Ni states after
field cooling atHgc=0 Oe (a), Hrc=240 Oe(b), (c), and Hgc

=300 Oe(d). The loops(b) and(c) were measured 1 dr3 h after
the field cooling, respectively.

states stays approximately the same. Nevertheless, our find-
ings suggest spatial redistribution of the oxidized/metallic
states(grain motion, etg.

An essential result of our study is that the oxidation of Fe
of an excess Ni moment, which appears after field coolingand Co strongly affects the magnetic properties of the sys-
This moment is strongly coupled to the Fe and Co spins. Théem. The oxidized states possess significant net magnetic
reversal of the Ni spins takes place at the same field values asoments, which couple to the magnetic moments in adjacent
the reversal of Co and Fe spins, therefore, we name these Nietallic layers. This leads to formation of a rather complex
spins “soft.” A major part of the Ni spins reverses together magnetic system with various competing exchange interac-
with Co, while a minor part with Fe. The Ni spins rotate tions that change with heat treatment and field cooling.
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A. NiO magnetic behavior (i) The asymmetry in the metallic Co logfig. 4(b)] is
induced by field cooling aHg-=240 Oe. It appears at the
negative side of the loop, in the direction of the Co magnetic
moment during field cooling. It is important to ndteee Fig.
1(c)] that, contrary to the cadér-=0 where the magnetiza-
tion of Fe and Co(metallic are parallel to each other, at
. . i . Hec=240 Oe Fe and Co have antiparallel magnetization.
consistent with the XMCD resuIFs on an Fe/'.\“o *?"aver The starting magnetization configuration is thus different af-
and the XPEEM study of Fe/NiO and Co/NiO bllayérs. ter the two FC. To understand that the hysteresis loop of the
However, in our case the observed excess Ni moment is Soffat) rather than of the oxidized state is now asymmetric we
in the sense that the coupling to ferromagnetic metallic F&ggest that second heating/cooling cycle leads to a redistri-
and Co domains dominates over that to AF NiO grains.  pytion of oxygen away from the interface into the bulk of the
Our data also suggest the existence of an additional exzq |ayer. Metallic Co grains are then in direct contact with
cess Ni moment, rigidly coupled to AF grains. The indica-the rigid excess Ni moment, which is not modified signifi-
tions come from the Co spin reverdabe below. This rigid  cantly by Hec. This exchange coupling between metallic
Ni moment exists at the Co/NiO interface and has a compogy, rigid Ni leads to the observed asymmetry.
nent opposite to the direction that is most likely induced by (iii) The absence of the asymmetry in the Co reversal at
thg magnetic field applieq_during '_[he magnetron sp_ut';eringH =300 O€[Fig. 4(c)] is caused by the increase of the Co
This moment is not modified significantly Bytec. This is  grain size. The increase of the grain size with successive heat
due to a preferred in-plane orientation of grains with the hardreatments leads to larger ferromagnetic domains, a fact cor-
axis aligned alondiec. As antiferromagnetic NiO has pro- roporated by the decrease of the coercivity with heat treat-
nounced magnetic anisotrof¥, 117~10°K 11, (Ref. 38],  ment. The change dfi., is most pronounced between the
the magnetic figld applied during _cooling fr_on, of_NiO is Hec=240 Oe andHgc=300 Oe experiment§Figs. 4b),
too small to align NiO AF domains and rigid Ni moment 4(c)]. From above considerations it is expected thakiag
along H§7Cé8 Usually magnetic fields above 1 kOe are —300 Oe[Fig. 4(c)] ferromagnetic Co domains are large
needed:>" enough to couple to several NiO grains with different orien-
tations of the Neel vector. A strongly reduced exchange cou-
pling results from the averaging over grains.

Let us first analyze the magnetic behavior of the antifer
romagnetic NiO layer. It is evident from the Kerr loops that
after cooling through the Mg temperature of NiO an excess
Ni moment appears even Birc=0 Oe (Fig. 6). It couples
ferromagnetically to metallic Fe and to all Co spins. This is

B. Co magnetic behavior

The existence of an asymmetry in the Co magnetization
reversal without visible shift of the Kerr loop indicates that
the Co magnetization reversal is governed by two different Let us now turn to the analysis of the Fe spins. No sig-
mechanisms at the two sides of the loop and possibly nuclesificant asymmetry is observed in their hysteresis loop. This
ates at different locations in the layer. It seems that the repoints towards the fact that the AF/F exchange coupling at
versal initiates at the Co/NiO interface, whely decreases the NiO/Fe interface is too weak to pin the Fe spins. Instead,
from 300 Oe, and at the top of the Co layer, when startingve find that metallic Fe/oxidized Fe moments are coupled
from negativeH ,= — 300 Oe. Such asymmetric reversal wasstrongly. This coupling is antiferromagneticl (ore/oxre
visualized for Co/NiO(Ref. 39 and NiFe/FeMn(Ref. 40 <0), similar to the antiparallel coupling observed in
bilayers by imaging techniques. The images revealed th&e;0,/Fe and FeO/Fe systerfi&:! During field cooling this
asymmetric formation of the nucleation centers depending 0AF JetreioxeeCOUPlING and an effective magnetic field, com-
the sign of the applied field. posed of the cooling field and the field induced by the net

As reported above, we observe significant asymmetry irmagnetic moments of other atortfer example, Cy, dictate
the magnetization reversal of the oxidized Co KE:  the arrangement of the Fe spins.
=0 Oe and metallic Co spins &gc=240 Oe, while the During theH =240 Oe field cooling the effective mag-
asymmetry is absent a&t-=300 Oe. The following picture netic field felt by the oxidized Fe spins is small, Bsc
may describe these observations. applied along thex direction is small and Co moments are

(i) An asymmetry in the oxidized Co revers$&ig. 4a)]is  aligned opposite to the field. The dominahetre/oxreCOU-
induced during sample growth and/or during the firstpling governs the antiparallel alignment of the metallic and
heating/cooling cycle atl-=0 Oe. In this state an oxidized oxidized Fe spins along during the whole measured Kerr
Co layer has formed at the Co/NiO interface and oxidized Cdoop [Fig. 5b), states 1-B
spins exchange couple to the rigid excess Ni moment. When After the Hc=300 Oe field cooling the effective mag-
starting from positiveH, the interfacial oxidized Co spins netic field acting on the oxidized Fe spins is enhanced, as
flip at almost 0 Oe, mainly triggered by the additional field Hgc is larger and Co moments are aligned along the field.
caused by the rigid excess Ni moment. This creates a domaifhe energy of the,cire/oxeeinNteraction and the Zeeman en-
wall in the Co layer, which moves up to the surface. Whenergy become comparable. This leads to a magnetic frustrated
starting from negativeH, the surface or bulk metallic Co state in which the Fe magnetic moments tilt away fromxhe
domains rotate first, drawing subsequently the interfacial Caxis. This tilt is reflected in the characteristic humps ob-
oxidized spins in the magnetization revergavercoming served in Fig. 5. According to these observations the follow-
thereby the coupling to the rigid excess Ni spins ing magnetic configurations are identified along the hyster-

C. Fe magnetic behavior
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esis loop when field cooling &i =300 Oe. We start with

the configuration of state [Fig. 5(c)]: the metallic Fe spins

tilt away from thex direction by an angle/; and oxidized Fe
spins align perpendicular to the field. The tilt of the metallic
Fe spins occurs because of a simultaneous coupling to the
oxidized Fe sping x and to the magnetic fieltk. The mag-
netization reversal of such a frustrated initial state is rather
complex. AtH,< —50 Oe, the metallic Fe spins start rotat-
ing towards the field to reach the angle 18§, [Fig. 5(c),

point 2]. Because of thdere/oxreinteraction, the oxidized

Fe spins rotate into the opposite direction. A,

< —200 Oe the rotation of Co spins along the field increases H.;, 0 Ho
the effective magnetic field on the frustrated oxidized Fe
spins and they align agaih H, [Fig. 5(c), point 3]. Simul-
taneously, the AR eire/oxreinteraction forces metallic Fe
spins to tilt away from the-x direction and to adopt the tilt
angle 1806- ;.

Note that when the tilt angle ig, or 180-y,, the
T-MOKE signal of the Fe metallic spins is large. For the tilt
anglesy; and 180- vy, the T-MOKE signal is smaller. This
implies thaty,> v, leading to characteristic humps in the
Kerr loop.

The Kerr loop of the oxidized Fe spins can be described
in a similar way, but the tilt angle is different. The tilt angle L
must be 90° at points 1 and 3 of Figichas the Kerr signal min H ([)Oe] H oo
is the same for a maximal field ¢i,=300 Oe and foH,
=0 Oe. FIG. 7. Elemental loopga), (b) reproducing the humps ob-

Our observations suggest that the magnetization reversaérved for the Fe magnetization reversal. Numbers 1-3 and 4-6
of the Fe and Co states is correlated. Presumably this eXollow the magnetization reversal, when the applied magnetic field
change coupling between Fe and Co states is mediated by tdecreases froril ., to H i, and then increases frobf, to H pax.

NiO layer.
Another possible explanation for the observed humps of

Fig. 5 has also been considered. The Kerr loop may be dei

. | ; JHe same at these energiésn addition, if several oxidized
composed into two elemental loops. Such a pair is depICtestates existed, they should also contribute at the intermediate
in Fig. 7(a). The sum of the loops | and Il yields a hysteresis - ey

curve similar to the reflectivity curve of metallic Fe shown in cooling field Hgc= _240 Oe. But the Kerr_ loops at thHFC.
Fig. 5(c). In Fig. 7(b) two more elemental loops, Il and IV, are rather conventional and do not require the assumption of

are presented: their sum resembles the reflectivity curve divo different elemental loops. On the basis of these consid-
oxidized Fe. It should be noted, however, that while thiserations, we are confident that the first explanation of the
hypothesis could explain the findings at 706.8 eV it fails tohumpst(tilting of the Fe spins away from the applied mag-
explain satisfactorily the findings of the oxidized state atnetic field axig is the relevant one for the system studied.
709.9 eV. Indeed, at 706.8 eV there could be a major contri-

bution of the metallic Fenarrow part of the loopand a

minor contribution of another oxidized Fe state, which has a VIIl. SUMMARY

bonding environment typical for FeQbroad part of the )

loop). At 709.9 eV the narrow loop is dominant and opposite W& have shown that soft x-ray magnetic resonant reflec-
to H. Since the XMCD of metallic Fe is negligible at this tivity gives unique mformaﬂqn on_the chemical structure_ and
energy, this narrow loop cannot originate from that metallic™agnetic exchange interactions in a 10 nm Co/5 nm NiG/10
Fe state. We would have to assume the existence of an oxitl Fe trilayer. It was possible to observe and separate the
dized Fe state, responsible for the narrow part of the loopmagnetic contributions of the metallic and oxidized states
This second oxidized state should be coupled to metallic Faising the shift in energy of the resonances and the differ-
but the direction of its magnetization rotation should be op-ences in the shape of the T-MOKE Kerr loops.

posite to metallic Fe and the applied magnetic field. The We studied how heat treatment and magnetic field applied
minor broad loop belongs to the other oxidized Fe stateduring cooling changes the microstructure and exchange
which can be the state contributing to the broad loop at 706.8ouplings of metallic and oxidized states of different layers
eV. The latter assumption furthermore requires that the peaks the trilayer. Our findings lead to the conclusion that much
at 706.8 and 709.9 eV have reversed contrast. This is quiteare has to be taken in the synthesis of trilayer structures
unlikely as for FgO, and FeO the sign of XMCD features is implemented in present applicatiofgich as spin valvesin

I
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Magnetizatign [arb. units]
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particular, the chemical composition of the interface and thdully understand the rich physics contained in bilayer and
grain size crucially determine the magnetic properties of thdrilayer nanomagnetic materials.

trilayer. The use of polycrystalline oxides leads to unconven-

tional hysteresis loops, which are controlled by the diffusion ACKNOWLEDGMENTS
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