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Temperature dependence of magnetic coupling in ultrathin NiO/Fe;0,4(001) films
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We have studied the evolution of nanometer-sized magnetic domains in exchange-coupled NiO/Fe;04(001)
bilayers as a function of temperature. To image magnetic domains in thin antiferromagnetic (AF) NiO and in
ferrimagnetic (FM) Fe;0,4(001) layers we have used element specific x-ray photoemission electron micros-
copy. The epitaxial growth of NiO/Fe304(001) leads to a parallel orientation between the two oxide lattices.
The magnetic order-disorder transition temperature of a 2-nm-NiO/Fe;04(001) film is found to be Ty
=375 K, much lower than for bulk NiO (7Ty=520 K). Setting the temperature below or above the Néel
temperature (7y) of ultrathin NiO films, the influence of the interlayer exchange coupling on the microscopic
domain patterns could be studied. Below Ty, the two layers reveal parallel coupling and an induced twofold
degenerated spin configuration. Small nanometer domains are observed inside the larger micrometer magnetic
domain of Fe;04(001). Alternating direction of the spins, pointing along (100) and (120) are present in both
the AF and FM layers. Above Ty, the AF contrast in the magnetic image of NiO vanishes and simultaneously
large micrometer magnetic domains appear in Fe304(001), showing magnetic contrast images of uncoupled
spins oriented parallel to (100). The consequences of the microscopic magnetic domain patterns in FM/AF

coupled systems are discussed in terms of macroscopic magnetic properties.
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I. INTRODUCTION

The magnetic coupling between ferro(i)magnetic (FM)
and antiferromagnetic (AF) materials is nowadays a widely
studied phenomenon in the field of magnetism. This is due to
technological challenges facing exchange-coupled metal/
oxide devices.! The motivation behind that is related to the
still controversial mechanism of exchange bias used in mag-
netic spin valves, for instance. Realistic models for the mag-
netic exchange coupling at FM/AF interfaces may signifi-
cantly deviate from bulk configurations. Recently, important
progresses were made in order to model these interfaces. A
large number of investigations have been performed con-
cerning the surfaces of oxides>? and films deposited on metal
single crystals* as well as the electronic’'? and crystal struc-
tures of oxides.''"!3 In recent times, x-ray magnetic linear
dichroism has been offering a direct characterization of the
AF order in thin films as a complement to neutron-diffraction
experiments that are restricted to rather large amounts of
materials.'*!3 Compared to bulk NiO, thin films are expected
to show different antiferromagnetic properties. For instance,
strains and defects are expected to be different in both sys-
tems, as recently demonstrated by Csiszar et al.'® in strained
CoO films. As far as magnetism is concerned, the induced
spin planes and spin orientations in these strained AF films
are changed with respect to the bulk.

In this framework, the coupling between NiO and adja-
cent metals has been extensively studied using NiO(100)
single crystals and thin films'7-?° and reflects the importance
of the defects and chemical reduction in the metal/oxide in-
terfaces or of the atomic steps favoring uncompensated mag-
netic moments at the interface which are thought to be at the
origin of less efficient magnetic coupling.!”1820-25 Alterna-
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tively, NiO films were grown on oxide substrates, preventing
chemical reduction.?%?7 The presence of a spinel structure
at the NiO/Fe;0,4(001) interface has a direct influence on the
coupling.?’ Depending on the system studied, different mag-
netic couplings were found. Parallel coupling was demon-
strated in NiO/Fe;04(001) (Ref. 20) and NiO/Fe;0,(110)
(Ref. 28) whereas perpendicular coupling was observed in
NiO/Fe(100) films?"?* and in Co/NiO(001).!7-182% The mag-
netic coupling is obviously mainly related to the interface
compound (defined by structural and chemical aspects)
formed by the epitaxial growth. On the micrometer scale,
large domain configurations can be observed for different
growth directions of NiO/Fe;0,.2%?8 Several authors studied
the question of the driving force behind the magnetic cou-
pling in this system but they reached different
conclusions.!®2028 Some of them argue that the magnetic
coupling is determined by the amount of uncompensated
spins at the interface, others claim that the interface magne-
tocrystalline anisotropy or the interface crystalline orienta-
tions are the most important parameters controlling the mag-
netic coupling. The controversy initiated by those
experiments on AF/FM layers shows that the driving force of
the magnetic coupling is still not elucidated at the micro-
scopic level. At this point, a more detailed description of the
nanometer magnetic domain structures is called for and will
here allow us to have a closer look at the micromagnetic
configuration of coupled and uncoupled NiO/Fe;04(001)
layers in order to determine the origin of the coupling
mechanism in this system. This is now possible through
high-resolution photoemission electron microscopy (PEEM)
experiments where the influence of the magnetic coupling
can be studied directly on the magnetic domains structure
using temperature variations through the critical temperature
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of the magnetic ordering of one of the layers. The effect and
the consequences of such microscopic magnetic domains in
FM/AF coupled systems will be elucidated here. Especially,
we will be able to define the real-domain sizes and the ori-
entations of the spins in both layers, as well as to gauge the
influence of the Néel temperature (Ty) in ultrathin NiO films,
questions which were never addressed before. Finally, we
will resolve the micromagnetic origin of the averaged spin
direction and of the lower magnetic moments observed for
coupled NiO/Fe;04(001) layers, arising from averaging
measurements in the micrometer range.

II. EXPERIMENT

We have studied the magnetic interlayer coupling of ul-
trathin NiO films grown on Fe;04(001) on the nanometer
scale using x-ray photoelectron emission microscopy (X-
PEEM). We have imaged the evolution of nanometer-sized
magnetic domains in this exchange-coupled FM/AF system
as a function of temperature, whereby the magnetic coupling
could be switched on and off by going through the Néel
temperature (7Ty) of the ultrathin NiO film.

Ultrathin 2-nm-thick NiO films were grown on
Fe;0,(001) at 610 K as described by Pilard et al.?’ Magnetic
imaging was performed using the SPEEM endstation at the
UE49PGMa beamline of the BESSY Synchrotron facility in
Berlin. The SPEEM setup is based on a conventional Elmitec
PEEM providing a lateral resolution of about 30 nm using
x-ray excitation. The incidence angle of the incoming x-ray
beam was fixed at 74°. To obtain element-specific domain
images in PEEM we exploited the x-ray magnetic circular
dichroism (XMCD) and the x-ray magnetic linear dichroism
(XMLD) contrasts at the Fe L, 3 and Ni L, ; edges, respec-
tively. For XMCD measurements, the beamline provided cir-
cular polarized light with a degree of polarization of about
90%. XMLD measurements were performed using linear po-
larized x-ray with the electric vector E in the plane of the
sample.

Previous results published by Pilard et al.?® showed that
all the spins present in NiO and Fe;0,(001) are oriented
collinear and aligned in-plane along the (100) directions. For
the sample studied in this paper, this particular orientation
was confirmed by performing angular-dependent measure-
ments at room temperature using the PEEM imaging mode.
The linear polarization vector of the x-ray beam has been
rotated from the in-plane to out-of-plane direction in order to
exclude a possible out-of-plane orientation of the NiO spins.
A detailed description of this angular analysis will be pub-
lished in a forthcoming paper.

In this work, due to the presence of the cooling system,
the sample holder could not be rotated during the
temperature-dependent measurements. An individual series
of images has been recorded at a different location on the
surface of the sample at room temperature allowing perform-
ing a complete azimuth angular dependence of the XMCD at
the Fe L3 edge and XMLD at the Ni L, edges. From these
images, a quantitative analysis of the magnetic contrast has
been performed using the angular dependence of the contrast
in the PEEM images. The two angular-dependences cos(¢)
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FIG. 1. (Color online) Magnetic contrast images obtained using
XMC(L)D-PEEM, at the Fe L; edge [top images; (a), (c), and (e)]
and Ni L, edge [bottom images; (b), (d), and (f)] showing the mag-
netic domains in the ferrimagnetic Fe304(001) substrate and in the
2 nm AF NiO film at sample temperatures of 7=245, 373, and 418
K. The size of the images is 2 X3 um?. Circles indicate the regions
of interest (ROI) corresponding to the energy spectra in Fig. 2. The
scale bar for the Fe L;-edge images provides normalized XMCD
values. The scale bar for the Ni L,-edge images provides the ratio
between the low-energy (LE) and the high-energy (HE) peak inten-
sities at the Ni L, edge [Fig. 2(a)]. These values are coherent with
those measured by Pilard et al. (Ref. 20) for NiO/Fe;04(001) ul-
trathin films.

and cos?(¢) corresponding to, respectively, the XMCD and
the XMLD intensities were found, allowing us to determine
the orientation of magnetic moments in the surface of the
film. The XMCD intensity for Fe;O, ranges from —12% to
+12%. The XMLD intensity R, obtained for NiO, ranges
from 0.89 to 1.15. All these numerical values are coherent to
the measured values obtained for thin NiO/Fe;04(001) films
as described by Pilard et al.>® We orient the sample in-plane
direction [100] along the incident light direction.

III. RESULTS
A. Temperature-dependent magnetic imaging

In order to follow the evolution with temperature of the
FM domains in Fe;0,4(001) and of the AF domains in the
thin NiO films we have systematically compared the XMCD-
PEEM images recorded at the Fe L; edge [Figs. 1(a), 1(c),
and 1(e)] with the XMLD-PEEM images recorded at the
Ni L, edge [Figs. 1(b), 1(d), and 1(f)]. In Fig. 1, one can
compare the FM domains in Fe;04(001) to the AF domains
in a 2-nm-thick NiO film. The magnetic contrast images
show a specific sample area of 2 micrometer
X3 micrometer recorded at temperatures of 245, 373, and
418 K, never exceeding the growth temperature of 610 K.
The NiO-XMLD images are obtained by calculating the ratio
between the low-energy (LE) and the high-energy (HE) peak
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FIG. 2. (Color online) Local microspectra taken for the 2-nm-NiO/Fe;04(001) film at the Ni L, and Fe L, 3 edges and extracted from the
region of interest (ROI) 1, 2, and 3 in the magnetic contrast images in Fig. 1(a) and Fig. 1(b). The XMCD obtained at the Fe L, ; edges
determine the energy which was used to image the FM domains in Fe;O4. Below each microspectra we present the fits of the angular
dependences of the polarization in the XMLD Ni L, (left) and in the XMCD Fe L; (right).

intensities at the NiL, edge [Fig. 2(a)]. The
Fe;0,4(001)-XMCD images are obtained from the normal-
ized difference between the two images taken with opposite
circular polarization at the Fe L; edge corresponding to the
octahedral site of Fe;O, at the lowest energy of the Fe L;
edge [Fig. 2(b)]. The microspectra shown in Fig. 2 are ex-
tracted from the region of interest (ROI) in the magnetic
contrast images in Figs. 1(a) and 1(b).

The image obtained by XMCD-PEEM at the Fe Ly edge
at T=245 K and 373 K is white-gray contrasted inside one
of the large micrometer domains (dashed area). The major
difference between the Ni L, and Fe L; magnetic image con-
trasts in this dashed area, results from the different contrast
techniques used in XMLD and XMCD. The first-image tech-
nique leads to a 180° color symmetry whereas XMCD shows
a 360° symmetry. In other words, corresponding to the Fe;O,
white-gray contrast in the dashed area of Fig. 1(a) we ob-
serve a white-dark contrast in the NiO image [Fig. 1(b)].
Although above T=300 K, we can observe a temperature
evolution in the XMCD magnetic contrast of the FM layer
[Figs. 1(c) and 1(e)] that is somewhat harder to distinguish as
compared to the corresponding one in the AF layer NiO
[Figs. 1(d) and 1(f)]. In order to confirm the parallel and

coherent magnetic contrast decrease with temperature in the
FM and AF nanometer domains, we had to extract and fol-
low the evolutions of the quantitative values of the XMLD
and XMCD contrasts. This will be presented in the last sec-
tion.

When cycling the temperature between T=150 and T
=460 K, the changes in the Fe;O, layer are completely re-
versible, confirming that the maximum temperature used
does not change the chemistry and the defects located at the
NiO/Fe;04(001) interface. The influence of cycling the
sample temperature between 150 and 460 K is limited to
magnetic-domain training effects® observed, for instance, at
the right side of the white triangular domain [Fig. 1(e)]. Such
limited (<5%) effects are probably related to the switching
of unstable as-grown micrometer domains at the interface.
This is probably related to the instability of the interface
magnetization of the AF pinning layer as suggested by Binek
et al.>® We will discuss this point in more detail in the last
section. Once established, the domain structure does not
change further even after several temperature cycling. In Fig.
1(e), we present the final configuration of the Fe;04(001)
magnetic contrast image. Concerning the nanometer domains
induced by the coupling with NiO, we have to notice that,
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after each excursion to 7> Ty, the fine structure of those
nanometer magnetic domains at 7=150 K is different. This
indicates that the configuration of the nanometer-sized do-
mains is strongly related to exchange-coupling energy which
couples NiO with Fe;0,(001) in the vicinity of the interface.

As a first step, we will present a qualitative description of
the magnetic-domain pattern in NiO and Fe;0,4(001) films as
a function of the temperature. At low temperature [Fig.
1(b)—T'<245 K], the AF contrast in the NiO layer is im-
portant, showing small nanometer magnetic patterns. In-
creasing the temperature, we observe a progressive decrease
in the AF contrast in the NiO layer [Fig. 1(e)] strongly re-
duced at T=418 K [Fig. 1(f)]. This indicates a continuous
phase transition in the ultrathin NiO film. Above 418 K, a
further increase in temperature to 460 K does not yield any
change in magnetic contrast for the NiO layer. At the tem-
perature of 7=373 K, the AF film is close to T=Ty. The
magnetic order is weakened but, in Fig. 1(d), we still observe
nanometer-sized magnetic contrast areas at the Ni L, edge.
The transition between Figs. 1(d) and 1(f) is here obvious
because the magnetically disordered state is reached in NiO
at T=418 K. The changes in contrast with temperature cor-
respond to a second-order phase transition at 7=Ty as will
be quantitatively derived from the magnetic contrast images
in the last section.

In the magnetic images obtained for the Fe;04(001) sub-
strate, we show that, below Ty, [Fig. 1(a)—T=245 K] the
FM layer shows large micrometer-sized FM domains super-
imposed by a pattern of smaller magnetic domains with an
average size of about 100 nm. These superimposed nano-
meter pattern in the FM layer disappears above Ty. We also
observe that, in the temperature range 200-350 K, the con-
trast obtained from the nanometer domains inside each larger
micrometer domain in Fe;04(001) is high whereas it be-
comes very weak above T7T=350 K. However, the large
micrometer-sized magnetic domains do not show strong
variations with temperature. The micrometer-sized FM do-
mains in Fe;04(001) transform during the temperature in-
crease to a more and more homogenous contrast.

Finally, the superimposed patterns of nanometer- and
micrometer-sized FM domains in Fe;0,(001) only appear at
low temperature [Figs. 1(a) and 1(c)] when the AF order is
present in NiO. This is a first evidence of the coupling with
the NiO magnetic-domain pattern. At 7=413 K the large
magnetic domains in Fe;04(001) present spins oriented
along the two equivalent in-plane (100) directions (see ex-
perimental section and color bars). The domain walls are
chiefly aligned parallel to (110) directions.

In order to compare the local domain configuration in
NiO and Fe;04(001), we make a quantitative analysis in re-
stricted areas of the magnetic contrast images. To compare
the nanometer magnetic domains in the FM and AF film at
low temperature, we have to take into account that the
XMLD and XMCD contrasts are different, so that on the
bases of Figs. 1(a) and 1(b) we can readily conclude to a
coherent superposition of both local domains. In order to
compare the two contrast images (XMLD and XMCD) we
have to restrict our attention to specific areas shown in Fig. 3
as a square zone extracted from the bottom part of the im-
ages in Fig. 1 (dashed area). We restricted the scale only to a
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FIG. 3. (Color online) Magnetic-domain images at 7=245 K
and T=418 K in Fe304(001) and in the NiO film. The images are
extracted from the red dashed area shown in Fig. 1. The same scale
bars are used as in Fig. 1. The images are green colored by selecting
the local nm magnetic domains with spins parallel to [100]. The
green selected domains (W) correspond to the XMCD values rang-
ing from 0.12 to 0.09 whereas the G domains, still in gray, corre-
spond to the XMCD values ranging from 0.09 to 0.06. The selected
zone is schematically drawn at the right side in order to show the
successive G and W domains in both FM and AF layers at T
=245 K. The magnetic images obtained at 7=418 K show that a
homogenous green color is obtained (single domain) in Fe304(001)
whereas in NiO the magnetic contrast has disappeared. The scale of
the magnetic images is 1 X 1.2 um?.

single micrometer magnetic domain so that the simplest case
of magnetic contrast can be observed. In Fig. 3, we have
highlighted a set of magnetic images recorded at 7=245 and
T=418 K where the green domains show spins parallel to
[100]. This result is obtained after a quantitative analysis of
the magnetic contrast, which allows us to determine the ori-
entation of magnetic moments with a high accuracy as ex-
plained in the experimental section. As sketched in the right
part of Fig. 3, we can represent the alternating domains at
T=245 K for NiO and for Fe;0,(001). Selecting in the mag-
netic images of Fig. 3 the spins parallel to [100], we can
easily compare the FM domains in Fe;0,(001) with the AF
domain pattern in the NiO film. Moreover, the signal-to-
noise ratio is larger in the NiO magnetic contrast images that
enlarge the green areas in the AF film. Despite these differ-
ences, one observes that any of the FM domains in
Fe;0,4(001) shows a correspondent AF domain in the NiO
film.

Inside the single domain in Fe;0,(001) [Fig. 3(a)], one
can observe that the green selected domains are separated by
domains where the spins are differently oriented. In this
zone, the quantitative analysis of the magnetic contrast
shows that the spins are successively oriented along the in-
plane [100] direction and +60° off this direction. These two
types of magnetic domains will be called in the following W
(white contrast) and G (gray contrast), respectively. The
+60° directions approximately correspond to in-plane (210)
directions.
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In order to estimate if the measured XMCD signal is an
average through several magnetite layers, in particular a re-
sult of a mixing of coupled (near the interface) and not
coupled (deeper inside) magnetite layers in the magnetite, we
use the quantitative XMCD and XMLD data presented in
Figs. 3(a) and 3(b). In this manner, we can precisely define
the angles between the spins in the chosen green and gray
domains in both Fe;0, and NiO layers. The quantitative ex-
tracted data from the green domains in Fig. 3(a) show a
XMCD signal with values ranging from 0.12 to 0.09 whereas
the gray domains show a XMCD signal going from 0.09 to
0.06. Given the polarization dependence of Fe L5 in Fig. 2
the angle between green and gray domains is estimated to
60+ 10° at T<Ty. The quantitative data corresponding to
the NiO image in Fig. 3(b) show in the green domains a
XMLD value R in the range 1.15 to 1.06 and in the gray
domains between 1.03 and 0.92. That leads also to an angle
of 60 = 10° between the two degenerated spins. We can con-
clude thus that the angular deviation shows the same ampli-
tude in the FM and AF system. This excludes the possibility
of averaging signals from different magnetite layers. We can
safely conclude that the electron probing depth at the Fe L;
edge is smaller or equal to the magnetic coupling depth be-
tween NiO/Fe;04(001). As will be discussed in detail in the
last section, we can estimate for magnetite, that the mean-
free path of secondary electrons is \,=1 nm.3! In conclu-
sion, we can deduce from our analysis that the magnetic
exchange coupling between the FM and the AF layers acts
into the magnetite almost up to 1 nm deep.

Moreover, comparing the nanometer FM domains in
Fe;0,(001) to the nanometer AF domains in NiO in the se-
lected area of Figs. 3(a) and 3(b), we find a coherent match-
ing of all domains as well as a parallel coupling between the
FM and the AF spins close to the interface. At low tempera-
tures, the bilayer thus shows a magnetic configuration where
alternating magnetic domains result from the competition be-
tween two different easy axes in Fe;0,(001) and NiO. Above
Tn, the magnetic coupling between NiO and Fe;0,(001)
vanishes completely and the magnetic domain configuration
in Fe;04(001) shows more homogenous magnetic domains
with spins pointing mainly along the two equivalent in-plane
(100) directions.

B. Statistic analysis of the nanometer domain structures
at T<Ty

In order to analyze a single magnetic domain as shown in
Fig. 4(a), we applied a magnetic field along the [010] direc-
tion to saturate Fe;04(001). We analyze at the Fe L; edge a
magnetic contrast image [Fig. 4(a)] obtained in the geometry
shown on the left side. The scale of the magnetic image is
3.8 3 um? The nanometer magnetic domain structure in
Fe;0,(001) [Fig. 4(a)] shows a homogenous dark back-
ground with gray structures. The color code for the specific
magnetic image on Fig. 4(a) is given at the right side and
corresponds to the general color scale defined in Fig. 1. Here
the gray scale is reduced due to the restricted number of
domains. In remanence the situation is similar to the previ-
ous multidomain configuration but shows now only two
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FIG. 4. (Color online) Magnetic contrast image obtained by
XMCD-PEEM at the Fe L; edge in remanence at T=245 K. (a)
The magnetic contrast image shown was rotated by —60° compared
to the previous images. The scale of the image is 3.8 X3 um?. The
orientations of the x-ray beam and of the in-plane [010] direction
are shown on the left side. (b) The white color selects the domains
from Fig. 4(a) with spins parallel to [010]. (c) The white color
selects the domains from Fig. 4(a) with spins parallel to 60° off.
Only two magnetic domains where the spins are either aligned par-
allel to [010] (b) or 60° off (c) are present in the magnetic image
representing, respectively, 48% and 42% of the total surface. De-
fects represent 10% of the analyzed surface.

types of domains (/I[010] and +60° off). The background
(dark) defines spins oriented 60° from the [010]. The gray
structures define spins parallel to [010]. The dark magnetic
domains in Fig. 4(a) nearly disappear at Ty, confirming the
absence of magnetic coupling with NiO.

The two images presented in Figs. 4(b) and 4(c) corre-
spond to the same area as Fig. 4(a) but now we selected in
white the two types of degenerated magnetic domains in or-
der to point out the size and the surface proportions. In par-
ticular, the white selected domains in Fig. 4(b) are defined by
the XMCD signal going from 0.00 to —0.061 and correspond
to the spin directionl|[010]. In Fig. 4(c) the white selected
domains are defined by the XMCD signal going from —0.062
to —0.110 and correspond to spins rotated by 60° from the
[010] direction. Both spin directions are represented by red
arrows in the sketch and are oriented in the surface plane.
Counting the pixels corresponding to the white surfaces of
Figs. 4(b) and 4(c) we were able to determine the relative
surface proportions of both magnetic domains. The quantita-
tive analysis performed thus, allows us to attribute the gray
domains [white color in Fig. 4(b)] to 48% and the dark do-
mains [white color in Fig. 4(c)] to 42% of the total surface.
The residual 10% could be attributed to the presence of de-
fects. This configuration is similar to the one observed on
Fe/NiO/Fe(100) by Rougemaille et al.>? and is attributed to
the result of the competition between AF and FM exchange
interactions. The typical size of the domains is 70
X300 nm?. A similar exchange-coupling energy can thus be
expected in our system. This suggests that the magnetic cou-

035409-5



BOEGLIN et al.

1454 N (@ [0°5
)
A
=) p— o
@) '8 2
= |2 =
. =
s fw fwil ¢
§ AN t w
x Fe,O, domains
1.00 4 ! 0.0
1.15- i 115
g |, 0
g =Y : C
s |2 | S
o T E magneticaly s
£ t W \ disordered o
) i S
-
G| - ' ]
= ~ 2
NiO domains
(L S § 102
100 200 300 400 500
T(K)

FIG. 5. (Color online) (a) Evolution of the magnetic XMCD
contrast differences between W and G domains inside the nm-sized
Fe;0, domains as a function of the temperature (black open
circles—left axis). Temperature dependence of the surface ratio
W/G in the Fe;O4 domains as observed inside the rectangular area
in Fig. 3 (blue circles—right axis). (b) The AF order in the NiO film
is represented for the W (red triangles) and G (open triangles) do-
mains. A faster decay of the magnetic order occurs in the G do-
mains compared to the W domains. The estimated Néel temperature
(Ty) for the NiO film is Ty=375 K.

pling and the anisotropy in NiO/Fe304(001) behave very
much as they do in Fe/NiO/Fe(001).

C. Local quantitative analysis of the nanometer domains near
T= TN

Exploiting quantitatively the magnetic contrast images as
a function of the temperature allows to define T for the NiO
thin film and to compare the individual evolution of the spins
in Fe;04(001) and NiO. In order to do this, we analyze quan-
titatively the histogram obtained in a large micrometer mag-
netic domain by selecting the gray (G) domains and the
white domains (W) of the magnetic contrast images as a
function of the temperature. This is done using the multido-
main configuration images as shown in Fig. 1. For the NiO
film, we thus measure the magnetic order inside the gray (G)
domains and white domains (W), which are given by the
XMLD values R. These quantities are reported in Fig. 5(b).
In order to analyze the Fe;0,(001) data, we report two dif-
ferent quantities. The first consists in the surface proportion
of G domains normalized to the surface of W domains
(Gguet! W) inside a large micrometer magnetic domain. The
second consists in the contrast observed between the W and
G domains (G domains are characterized by changing
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XMCD values with temperature) obtained by analyzing the
line profile for consecutive nanometer domains. The values
are given in XMCD differences between the W and G do-
mains. These two quantities are reported in Fig. 5(a), respec-
tively, on the right and left axis. Finally, in Fig. 5(b) we
observe that, for NiO, the magnetic order in both W and G
domains show continuously decreasing signals as a function
of the temperature, completely vanishing at 7=450 K.
Moreover, a residual contribution of XMLD and XMCD
contrasts is observed in both layers AF and FM and extend as
a tail between 370 and 450 K. Comparing with the tempera-
ture dependence of thin NiO/MgO(100) films of Alders et
al.» the tail in our FM/AF coupled NiO film show a signifi-
cant difference after 7~370 K. This specific phase transi-
tion can be tentatively explained by strong inhomogenities of
the nanometer domains related to the morphology of the ul-
trathin NiO film. But a more realistic explication can be
given considering exchange and spin-spin correlations in the
FM/AF system. Previous results of Scherz et al.>* show that
in Co/Cu/Ni trilayers a similar pseudophase transition exists.
The static exchange field acting between the two magnetic
layers has been shown not to be sufficient to explain the tail
of the temperature-dependent magnetization M(T) near
T(Ni). Higher-order spin-spin correlation seems to be im-
portant to account for the tail of M(T) in the trilayers system.
Theoretical ~calculations has to be performed for
NiO/Fe;04(100) in order to confirm such a intrinsic effect
and exclude interface- and film-morphology effects.

We will now show that the magnetically disordered state
in the NiO film is obtained for T=Ty\=370 K. Starting from
low temperatures the AF/FM coupled Fe;04(001) substrate
shows a nanometer magnetic-domain pattern labeled G (gray
contrast). In Fe;0,(001), the domains present a continuous
rotation of the spin direction toward [100] during the tem-
perature increase, and are thus transformed into magnetic
domains labeled W (white contrast) as observed in Fig. 5(a).
Similar results are obtained by plotting the proportion of G
surfaces [right axis in Fig. 5(a)] and the magnetic contrast
between W and G [left axis in Fig. 5(a)]. The magnetic tran-
sition is found to occur at 7=370 K in the Fe;0,(001) FM
domains. The magnetic contrast of the superimposed nano-
meter domains in Fe;O4 changes with temperature in lock-
step with the AF contrast observed in NiO, indicating a mag-
netic exchange coupling at 7<<TYy.

Now, comparing the temperature variation in the FM and
AF layers, we can observe a coherent decrease in the signal
stemming from the W domains in NiO and in Fe;0,(001).
The W domains in NiO are defined by the spins parallel to
the orientation of the spins in FM Fe;0,(001), so that the
exchange interaction favors magnetic order along this direc-
tion. Moreover, a specific behavior is observed for the G
domains in NiO showing a faster decrease with temperature
than the W domains of NiO. The disordered magnetic state is
obtained simultaneously in both nanometer domains. In Fig.
5(b) we observe that, for the NiO film, less thermal activa-
tion energy is needed to disorder the spin structure in the G
domains with respect to the W domains. This difference can
be explained by supposing that the G domains in NiO show
locally a reduced exchange coupling with the Fe;04(001)
domains. We clearly observe in Fig. 5(b) that the local dif-
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FIG. 6. (Color online) Diagram where we plot schematically Ty
as a function of the NiO film thickness corresponding to the value
extracted from this work and converging toward the value of bulk
NiO. The film studied here is marked as a circle corresponding to
the thickness of 2 nm (5 ML) and which is now defined by a Néel
temperature 7y=373 K. The temperature range studied in our work
is indicated as vertical dots. The magnetic microstructures are rep-
resented as observed in our experiment, below and above Ty. The
transition from the single micrometer-sized domains to a twofold
degenerated nanometer domain configuration is possible as a func-
tion of the temperature or NiO film thickness.

ference consists in a modification of the slope of the mag-
netic order versus temperature in the NiO film (G domains)
whereas Ty is not affected.

Interestingly, the macroscopic average magnetic moment
measured at the FeL,; edges along the [100] direction
would show a lower value at 7<<Ty compared to the one at
T> Ty because of the presence of gray domains with tilted
spins. By the simple fact that magnetic coupling exists, the
microstructure of the magnetic domains produces a strong
reduction in the magnetic moment in Fe;O4(100). In coupled
NiO/Fe;0,(100) this happens without any chemical mixing
or uncompensated spins as often demonstrated at such
interfaces.?%-2027 Especially, the presence of a spinel NiFe,0,
at the interface has been interpreted as the unique factor re-
sponsible for reduced magnetic moments in multilayers or
thin films. The estimation of the reduction in the average
magnetic moment is provided by the proportion of spins par-
allel to 60° which amounts to 45% (Fig. 4). In a single mi-
crometer domain, the average magnetic moment along [100]
should thus be reduced by 25% at T<<Ty. Moreover, the
macroscopic magnetic moment measured in remanence
should also show the reduction in the moments at low tem-
peratures. This is qualitatively what is observed comparing
the hysteresis between clean Fe;04(100) and ultrathin
NiO/Fe;0,4(100) films grown in the same conditions and ob-
served by XMCD at the Fe L; edge at T=200 K.?

The consequence of the presence of such magnetic micro-
structures in coupled ultrathin NiO/Fe;04(001) is shown in
Fig. 6 where we schematically plot the evolution of Ty as a
function of the NiO film thickness. The film studied here is
marked by a circle corresponding to the thickness of 2 nm (5
ML) and to T=TN=373 K. The temperature range studied
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here is indicated by vertical dots. The magnetic microstruc-
tures observed in our experiment below and above Ty are
drawn as insets. Figure 6 shows clearly that, when measuring
at one single temperature, for instance at room temperature
(T=300 K), increasing NiO thicknesses must lead to a tran-
sition from the single micrometer-sized domains to a twofold
degenerated nanometer domain configuration resulting in a
lower macroscopic moment in Fe;0,(001). Hence, we can
conclude that the lowering of the magnetic moment could be
a simple consequence of the magnetically decoupled-coupled
transition of the NiO/Fe;0,(001) system. Thus, we can ten-
tatively explain the results obtained by XMCD-PEEM from
I. P. Krug et al.,”® for instance, where magnetic moments
where measured in the micrometer scale at room temperature
and for different NiO thicknesses. The NiO thickness thresh-
old where decreasing averaged magnetic moments where ob-
served, would be consistent with the appearance of AF order
in the NiO film (7Ty=300 K) inducing a degenerated mag-
netic configuration at the nanometer scale.

IV. DISCUSSION

The accurate analysis of the magnetic domains in the
NiO/Fe;04(001) bilayer below and above Ty provides a de-
tailed description of the micromagnetic configuration of
coupled FM/AF layers and allows to associate them with
specific coupling mechanism. We show that there are two
different length scales in Fe;0,(001) domains which are lo-
cated close to the interface. On the micrometer scale, large
domain configurations can be observed in Fe;04(001) above
Tx- These are supposed to spread over the entire magnetite
substrate connected to structure and defects in Fe;04(001)
but here we observe theme close to the interface (~1 nm)
due to the detection technique.

The training effects observed on the magnetic domains in
magnetite are observed after an excursion at the Néel tem-
perature of NiO. These link the effects to the presence of the
exchange-coupled AF NiO film rather than to defects in the
magnetite. As suggested by Binek,3® at the FM/AF interface,
the AF pinning layers can be considered as unstable, consid-
ering the magnetization. As the temperature increases the
magnetic configuration at the interface of NiO can reach a
new and more stable configuration, favored by total-energy
considerations. The switching of the magnetic defects in the
AF film at T> Ty has thus to be considered in combination
with the exchange coupling between Fe;0,(001) and NiO
(acting at T<<Ty) in order to explain the training effects
observed in the magnetite.

The nanometer domains observed at 7<<Ty originate di-
rectly from the magnetic exchange coupling at the AF/FM
interface as pointed out by their vanishing at 7> Ty. The
modification of the magnetic fine structure observed at T
=150 K after each excursion to 7> Ty suggests that the
configuration of the nanometer-sized domains is probably re-
lated mainly to exchange-coupling energy of the AF/FM in-
terface, rather than to the pinning of the magnetic domains
on the structural defects as suspected for the magnetite
micrometer-sized domains observed at 7> Ty.

We have shown that the angular deviation of 60° observed
below Ty is identical in both FM and AF layers. This sug-
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gests that the magnetic exchange coupling depth is almost as
large as the electron probing depth at the Fe L; edge. The
exact definition of the probing depth in magnetite led to
some controversy in the past few years. A primary study
given by S. Gota et al.> showed that the absorption spectra
of the magnetite, recorded in the total-electron yield mode,
exhibit strong saturation effects. They evaluated both the
probing depth of the electrons and the absorption length at
the Fel.; and Fel, edges for the iron oxide by fitting the
magnetite thickness dependent intensities at the Fel; and
FeL, edges. Comparing with the transition metals, where Na-
kajima et al.3° estimated the probing depth to 1.7 nm for Fe,
2.0 nm for Co, and 2.5 nm for Ni, the magnetite probing
depth of 4.5 nm was surprisingly high but coherent with the
low iron density in magnetite. Following works by Huang et
al*” and Pilard et al.?® showed both large spin and orbital
magnetic moments for magnetite using the previously de-
fined probing depth of 4.5 nm, in order to correct for satura-
tion effects present in the total-electron yield detection mode.
In opposite to this work, Goering et al. suggested a value of
Ne=1 nm (Ref. 31) for the probing depth. They have nor-
malized the XAS and XMCD data in order to correct for the
saturation effects using this smaller value. A large-spin mag-
netic moment and a quenched orbital magnetic moment were
thus extracted. More recently Kallmayer et al.3® published
experiments performed in the transmission detection mode
free from saturation effects and confirmed that the electron
probing depth indeed is close to 1 nm. Thus, the magnetic
exchange-coupling depth of the AF NiO thin film into the
60-nm-thick FM Fe;0,4(001) substrate is of almost 1 nm. We
give thus here a value for the exchange-coupling length into
magnetite found in the literature, since the exact value can-
not be directly extracted from our X-PEEM measurements.
In any case whatever the length is, it is largely below the
total magnetite thickness of 60 nm and ensures the localized
character of the interface magnetic exchange coupling.

In each nanometer domain we confirm a parallel orienta-
tion between the NiO and Fe;0,(001) spins coupled with the
interface compound formed at NiO/Fe;0,(001) favoring
parallel coupling as shown in our previous work.?’ The mag-
netic coupling at 7<<Ty favors the nanometer structuration
into a twofold degenerated domain pattern. Thus the parallel
coupling induces a configuration where alternating nano-
meter domains show spins aligned parallel to [100] and to
[210], probably resulting from the balance between the pre-
ferred spin orientation in Fe;0,(001)(I[100]) and the pre-
ferred spin directions in NiO(|[[210]). Macroscopically, the
existence of such a nanometer magnetic-domain pattern in
coupled AF/FM layers could be at the origin of the absence
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of any macroscopic exchange bias in this system. More pre-
cisely, the macroscopic magnetic measurements give gener-
ally means values over the degenerated spin configurations
in the nanometer range, characterized by different exchange-
coupling energies. The individual nanometer magnetic do-
mains therefore do not lead to a single and common energy
shift in the magnetization curve.

The micromagnetic configuration evidenced in this work
show that NiO spins can be oriented parallel to [210] or to
[100]. The inhomogenous spin orientation of the NiO films
show that the magnetocrystalline effect (arising from the
misfit strain in NiO, assumed homogenous) which was
claimed to explain a collinear coupling of the NiO spins with
the Fe;0,(001) spin direction (in-plane (100))* is not the
dominant factor governing the magnetic state. The results
rather show a more complex configuration where magneto-
elastic energy is associated with exchange contribution aris-
ing from each FM and AF layers reducing the local dipolar
moments in the Fe;0,(001) micrometer domains. This final
energy balance defining the micromagnetic domain struc-
tures should be NiO thickness dependent.

V. CONCLUSIONS

Using the X-PEEM technique we have been able to ex-
perimentally describe the magnetic-domain patterns at the
NiO/Fe;04(001) interface confirming a parallel coupling be-
tween the NiO and Fe;04(001) spins. We determine the Néel
temperature of Ty=375 K for the ultrathin 2 nm NiO film.
The magnetic coupling at 7<<Ty favors a magnetic configu-
ration in the nanometer scale where a twofold degenerated
domain pattern can be achieved in each micrometer magnetic
domain. Thus, the magnetic parallel coupling is character-
ized by alternating nanometer domains where the spins are
aligned parallel to [100] and to [210]. The micromagnetic
configuration shows that the NiO and Fe;04(001) bilayer
develops a complex configuration were magnetoelastic en-
ergy is associated with exchange contribution arising from
each FM and AF layers. This energy balance defining the
micromagnetic-domain structures should be NiO thickness
dependent.
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