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Abstract

®

CrossMark

The influence of interface exchange coupling on magnetic anisotropy in the antiferromagnetic
oxide/Ni system is investigated. We show how interfacial exchange coupling can be employed
not only to pin the magnetization of the ferromagnetic layer but also to support magnetic
anisotropy to orient the easy magnetization axis perpendicular to the film plane. The fact that
this effect is only observed below the Néel temperature of all investigated antiferromagnetic
oxides with significantly different magnetocrystalline anisotropies gives evidence that
antiferromagnetic ordering is a source of the additional contribution to the perpendicular

effective magnetic anisotropy.
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1. Introduction

When antiferromagnetic/ferromagnetic (AFM/FM) bilayers
are cooled below the Néel temperature (7y) of the AFM in an
external magnetic field known as the field cooling (FC) pro-
cedure, the hysteresis loop of the FM layer exhibits enhanced
coercivity (Hc) and a shift along the field axis [1]. This last
phenomenon is called the exchange bias field (Hgg) and is
defined as the shift between the zero field and the center of the
displaced hysteresis loop. The enhanced Hc¢ and the presence
of Hgg occur when the AFM order is established in the pres-
ence of the ferromagnetism via the interfacial FM—AFM inter-
action described by the exchange coupling constant Jgg. To
explain this phenomenon, several basic models have been pro-
posed. The first is the ideal Meiklejohn—Bean (M&B) model,
which overestimates the magnitude of Hgg [1]. Later modifi-
cations of this model establish a more realistic M&B model,
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where it was shown that Hgp can exist only if KA™Mg, o > Jeg
(where KA™ and fppy are the anisotropy constant and the
thickness of the antiferromagnetic layer, respectively), how-
ever, without enhancement of H¢ [2]. It should be noted that
in this model it is assumed that the AFM with fsgym is in the
single-domain state. Because of that, the variation of Hgg
with variable zapv may not be well described, especially for
the polycrystalline layer, where tapv should be expressed by
V/IA (where V is the volume of the AFM grain with surface
area A) [3]. Microscopically, the shift is explained by random
field theory [4-6], in which the formation of AFM domains is
assumed to be due to interfacial roughness when FC is applied
to the FM/AFM system. Various models suggest that spin-flop
coupling resulting from the interfacial spins being frustrated
[7-9], and/or domain wall pinning resulting from defects
[10] at the FM/AFM interface, are the mechanisms respon-
sible for coercivity enhancement. Later on, it was shown that

© 2016 IOP Publishing Ltd  Printed in the UK
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not only does the interface play an important role in the EB
effect but so does the domain state of the granular AFM layer
[3, 11-13]. To overcome the interconnection between Hc and
Hgg, the spin glass (SG) model was introduced [14]. In this
model, the AFM interface is divided into two types of AFM
spins: frozen-in and rotatable. As a consequence, some inter-
facial disorder is assumed, described by the conversion factor
/. which merges this model with the realistic M&B model.
Existence of these two types of spins at the interface was
recently proven using the x-ray magnetic circular dichroism
(XMCD) technique [15].

The exchange bias effect has been widely investigated in
AFM/FM systems, presenting either in-plane or perpendicular
magnetic anisotropy (PMA) of the FM layer, because of their
potential application in spintronics. Very recent discoveries
make the interface exchange coupling even more fascinating
because this coupling can change the magnetic easy axis of
FM layers from the in-plane to the out-of-plane direction. This
change is attributed to the perpendicularly oriented unpinned
magnetic moments of the AFM layer at the AFM/FM inter-
face. These observations were made for Mn/Fe systems [16].
However, for the fully compensated AFM surface in AFM/
FM bilayers, theoretical work predicts orthogonal coupling
between AFM and FM spins [7], which can be a source of
uniaxial magnetic anisotropy, and Hgg is induced by interfa-
cial defects [9]. Recently, an in-plane spin-reorientation trans-
ition driven by perpendicular exchange coupling has been
observed experimentally for the ferromagnetic coupled layer
with a fully compensated surface of NiO(001). An example
of this is Fe/NiO bilayers grown on an Ag(00 1)-stepped sur-
face [17], where the Ni spins are aligned in the sample plane.
For another fully compensated surface, CoO(00 1), with the
in-plane orientation of Co spins, it was found that an L1y-
FePt/CoO bilayer with perpendicular magnetic anisotropy of
FePt presents robust orthogonal exchange coupling observed
up to room temperature (RT) [18]. Furthermore, we have pre-
viously demonstrated that such orthogonal exchange coupling
introduces a supplementary contribution term to the magn-
etic anisotropy that supports the perpendicular easy mag-
netization axis of CoO-coated Ni films [19]. This CoO/Ni/
Pd(001) system also presents perpendicular exchange bias.
Very recently, it was also found that PMA can be induced by
exchange coupling in a Co/NiO polycrystalline system [20].

In this paper, we investigate the influence of exchange
coupling on the magnetic anisotropy of Ni layers grown on
Pd(001) covered with different antiferromagnetic oxides
(AFOs) (e.g. CoO, NiO, and CoO/NiO bilayer). In uncovered
thin Ni/Pd(00 1) films, the perpendicular anisotropy is induced
by strong tetragonal distortion caused by the large lattice mis-
match between Ni(00 1) films and the Pd(00 1) substrate. This
strong tetragonal distortion is responsible for a large volume
contribution to the effective anisotropy [21], which is strong
enough to overcome the negative surface contribution and
the shape anisotropy of Ni films. Therefore, Ni films present
perpendicular anisotropy from 2 to 15 monolayers (MLs).
Above this thickness, the film structure is relaxed, and the
volume contribution favoring PMA of the Ni film is reduced.
As a consequence, the negative surface contribution and the

shape anisotropy become dominant and the magnetization
of the film is oriented in the sample plane. The magnetic
and structural properties of the these films are described in
detail in [22]. In the present work, it is demonstrated that the
perpendicular magnetic anisotropy of Ni/Pd(00 1) films can be
enhanced by exchange coupling with different antiferromagn-
etic cover layers. As an extension to our previous work on Ni/
Pd(001) films covered with CoO [19], we have explored in
more detail different combinations of CoO and NiO as the
AFM layer. We demonstrate that, at temperatures lower than
Ty of the AFOs, in an AFO/Ni system, the exchange coupling
favors perpendicular magnetization orientation of the Ni
film. This temperature-driven spin-reorientation transition is
directly related to the ordering temperature of the AFO layer,
which can be controlled by the proper choice of the AFO sub-
layer and its thickness. Hence, we discuss the role of the AFM
anisotropy constant on the perpendicular anisotropy induced
by the perpendicular exchange coupling.

2. Experiment

Samples were prepared in a multichamber ultrahigh vacuum
system with pressure below 2 x 107!° mbar during deposi-
tion. Pd(00 1) crystals were cleaned using cycles of 1keV Ar
ion sputtering and subsequent annealing at ~900 K. Ni wedge
samples were grown using molecular beam epitaxy at RT.
The uniform CoO layer was grown in two steps. First, the Ni
wedge was covered with a single layer of Co to protect the Ni
layer from oxidation. Then, the sample was heated to 380K
and exposed to oxygen for 200s at a pressure of 7.7 x 10~/
mbar. As a result, 1 ML of CoO was created. In the second
step, keeping same the substrate temperature, oxygen pres-
sure, and deposition rate of Co, the first CoO layer was cov-
ered with 2 ML of a CoO(00 1) overlayer, resulting in a total
of 3 ML of CoO. Exactly the same growth conditions were
applied to CoO grown directly on Pd(00 1) and then covered
with a Ni wedge. In addition, one other sample was grown
by exposing the Ni layer to oxygen for 200s at a pressure
of 7.7 x 1077 mbar, before the CoO layer was deposited by
applying the same previously mentioned growth procedure.

The epitaxial growth assures a single crystalline structure,
which is advantageous for comparison to the polycrystal-
line structure usually investigated in exchange bias systems.
Additionally, growing the film in wedge-shape samples guar-
antees the same conditions for substrate preparation and for
layer deposition, reducing the source of uncontrollable vari-
ables, when studying thickness-dependent effects.

The film structures were monitored by low-energy electron
diffraction (LEED) and reflection high-energy electron dif-
fraction (RHEED). The LEED patterns, presented in figure 1,
were collected using an electron energy of 80eV. The inci-
dent electron beam was oriented perpendicularly to the sur-
face plane. The RHEED patterns were taken along the [100]
direction of the Pd substrate. RHEED intensity oscillations
were used to calibrate the evaporation rates.

Magnetic properties were probed using the in sifu polar and
longitudinal magneto-optical Kerr effect (MOKE) with a laser
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Figure 1. LEED patterns of (a) bare Pd substrate, (b) 6 ML of Ni grown at RT on Pd(001), and (c) 3 ML of CoO grown at 380K on top of
6 ML of Ni on Pd(00 1). All patterns were measured at RT using an electron energy of 80eV.

diode (whose wavelength was 670 nm and whose beam diam-
eter was <0.2mm) at incidence angles of 69° and 30°, respec-
tively. MOKE measurements were performed by applying an
external magnetic field up to 0.6 tesla, in a wide temperature
range (from RT to T = 5 K). Note that MOKE probes the mag-
netization of the AFM/FM double-layer films via the loops
measured for the FM-Ni films, which are affected by the
AFM/FM interface coupling.

3. Results

We performed structural analysis of Ni films in the thickness
range between 0 and 28 ML grown on Pd(00 1) using LEED.
For a clean Pd substrate (figure 1(a)) and after deposition of Ni
films (figure 1(b)) the LEED patterns exhibited well-defined
spots with a cubic (1 x 1) ordered surface, confirming that the
Ni film grows epitaxially on the Pd(00 1) substrate. RHEED
and grazing incidence x-ray diffraction (GIXRD) experiments
revealed that the epitaxial Ni films are initially strongly tetrag-
onally distorted for thin film; however, it relaxes as the film
thickness increases [19]. For thicknesses >15 ML the Ni films
are almost completely relaxed, presenting the lattice param-
eters close to the Ni bulk values [22].

After deposition of 3 ML CoO on top of Ni, the LEED
patterns were used to monitor the quality and crystallographic
orientation of the CoO layer (figure 1(c)). The LEED diffrac-
tion spots from the CoO layer are strongly diffused compared
to the Ni spots (figure 1(b)). This probably is related to the
charging of the sample surface during the measurements,
rather than to the crystallinity of the layer [23]. However, the
position of the spots clearly indicates that CoO grows epitaxi-
ally with the (001) surface plane. Moreover, from our pre-
vious GIXRD measurements [19], we know that the CoO has
a rock-salt-like structure with an in-plane lattice constant of
4.152) A and, after covering the Ni layer with CoO, the lat-
tice parameters of the Ni films remain unchanged. When the
CoO is grown directly on the Pd(00 1) substrate, we expected
similar (00 1) growth to what was observed for CoO/Ir(00 1)
[24].

The description of the magnetic anisotropy of Ni films
grown on Pd(001) is an important starting point for under-
standing the magnetic interaction between Ni and AFOs in
the AFO/Ni bilayer. Ni films epitaxially grown on Pd(001)
exhibit a perpendicular easy magnetization axis from the
thickness of 2 ML (only at 5K) up to 15 ML (at RT) owing

1

Magnetic field [kOe]

Figure 2. PMOKE hysteresis loops for CoO/Ni(23 ML)/
Pd(00 1) measured at different temperatures after FC procedure
(at —3.8 kOe).

to tetragonal distortion [25]. Around this thickness, the Ni/
Pd(001) system undergoes a spin-reorientation transition
(SRT) and, for thicker layers, presents hysteresis loops char-
acteristic for in-plane anisotropy (as shown for a 23 ML-thick
Ni film at RT and at 5K in [19]). Its magnetic properties are
discussed and reported in more detail elsewhere [22].

In our previous investigation [19], we found that, after dep-
osition of 3 MLs of CoO on top of Ni/Pd(00 1) and after field
cooling (from 450 to 5K in H L = —3.8 kOe), the CoO drives
the Ni magnetization to be oriented perpendicularly to the
sample plane. This effect was only observed below the Néel
temperature of the CoO. In this paper, to understand the effect
of the covering CoO on magnetic anisotropy of the Ni film, we
focus on investigating the effect of exchange coupling and its
temperature dependence on one particular thickness (23 ML)
of Ni. When characterizing the CoO/Ni/Pd(001) system by
PMOKE, there are a few important parameters to be consid-
ered from the hysteresis loops (figure 2): squareness of the
hysteresis loop (Mgr/Ms), where Mg and My are the Kerr ellip-
ticity values at saturation and at remanence, respectively, the
exchange bias field (Hgp), and coercivity (Hc). Mr/Ms, Hgg,
and Hc as functions of the temperature determined by the polar
MOKE for CoO(3 ML)/Ni(23 ML)/Pd(001) are shown in
figures 3(a)—(c), respectively. Based on these results, four dis-
tinct ranges of temperature related to different magnetic prop-
erties of the Ni film covered with CoO can be distinguished:
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Figure 3. (a) Squareness of the PMOKE loops, (b) exchange bias
fields, and (c) coercivities plotted versus temperature for 23 ML

of Ni film covered with 3 ML of CoO, after FC (at —3.8 kOe). All
lines are guides to the eye. T and T denote the blocking and Néel
temperatures, respectively.

(i) T <200 K: Mr/Ms = 1, rectangular polar hysteresis loops
are measured, Ni is characterized by strong PMA with
almost constant Hgg = 100 Oe owing to orthogonal inter-
face exchange coupling [19].

(i1) 200 ST <250 K: Mgr/Ms =1, the Ni film has strong
PMA, but the exchange bias is strongly reduced.

(iii) 250 < T <300 K: Mr/Ms decreases, which indicates that
the Ni layer undergoes an SRT from perpendicular to in-
plane anisotropy, whereas Hgg =~ 0

(iv) T 2300 K: Mr/Ms< 1 hysteresis loops show that the
effective anisotropy of Ni film is in the sample plane.

To verify whether the temperature at which the perpend-
icular anisotropy starts to decrease is related to the antifer-
romagnetic state of CoO, we introduce to the CoO/Ni system
an additional NiO layer to change the Néel temperature of
the AFM layer. The Néel temperature of bulk CoO is 293K
[26] and can be even lower in CoO ultrathin films [26, 27].
To change Ty of the coupled AFM layer, the topmost atomic
layers of Ni were intentionally oxidized [28, 29] and then
covered with another 3 ML of CoO. Additionally, before
deposition of the CoO layer, PMOKE measurements were
also performed for NiO/Ni/Pd(00 1). The thickness of NiO is
estimated from the decrease of the Kerr signal at saturation to
be 2-3 ML. From figure 4(a), it is clearly seen that for CoO/
NiO/Ni/Pd(00 1) perpendicular magnetization of the Ni film
is restored in the Ni thickness range of 17-25 ML even at

RT. This is attributed to the antiferromagnetic state of CoO/
NiO, which is above RT. At RT, Hgg is close to zero (figure
4(b)) and the interface exchange coupling in this case is only
manifested by the enhanced Hc (figure 4(c)). In the NiO/Ni/
Pd(001) system, at RT, Ni has in-plane anisotropy and the
SRT was unchanged compared to an uncovered Ni film (figure
4(a)). Moreover, there is no enhancement of Hc and Hgg = 0
(figures 4(b) and (c)), indicating that Ty of the 2-3 ML NiO is
below RT. Note that 7y strongly depends on the thickness of
the NiO(00 1) layer. It was previously demonstrated, by x-ray
magnetic linear dichroism (XMLD) measurements, that the
ordering temperatures of 5, 10, and 20 ML of NiO are 300,
430, and 470K, respectively [30]. According to these data, we
expect that, for 2-3 ML of NiO, Ty is lower than RT. To verify
whether this NiO layer has AFM ordering at lower temper-
ature we have measured the hysteresis loops for this system
also at 5K. Based on the results for CoO and CoO/NiO, we
have expected an additional contribution, which induced PMA
of the Ni layer. Indeed, the SRT is shifted to a thicker Ni layer,
extending the thickness range, where PMA of the Ni film is
observed (figure 4(d)), similar to what was found for CoO/Ni
and CoO/NiO/Ni. Moreover, at this temperature, we observed
shifts of the hysteresis loops (figure 4(e)) and enhanced coer-
civity (figure 4(f)), which confirmed the AFM ordering of 2-3
ML of NiO.

To investigate the role of the interlayer coupling between
CoO and Ni, we reversed the sequence of the layer deposi-
tion of growing the Ni film on top of the CoO layer that was
first grown on Pd(00 1). This experiment has shown that at RT
the SRT occurs around a Ni layer thickness of 15-17 ML, as
identically observed in the CoO/Ni/Pd(00 1) system. After FC
with an applied magnetic field perpendicular to the sample
plane, at low temperature this system exhibits PMA behavior
similar to that of CoO/Ni/Pd(00 1) (figure 5(a)), however, with
a much higher Hgg (figure 5(b)). The detailed analysis for this
system was performed at 100K, because for low thicknesses
at 5K we expect a large coercivity. (Note that loops presenting
too large a coercivity could not be measured given the largest
magnetic field we can apply.) At 100K the measured hyster-
esis loops were rectangular (Mr/Ms = 1) for all thicknesses,
indicating that the Ni layer in this thickness range has strong
PMA. The loops are clearly shifted along the field axis by
perpendicular exchange coupling between Ni and CoO. The
value of Hgp is much higher than that for the CoO/Ni/Pd(00 1)
system, which is probably related to the higher roughness at
the AFM/FM interface. Therefore, for this sample we decided
to verify the role of the magnetization direction of Ni during
the field cooling procedure in inducing the PMA of this film.
We performed cooling with different magnetic field orienta-
tions: perpendicular (FC_L) and in plane (FC||) as well as zero-
field cooling (ZFC). At 100K the PMA of the Ni film is present
for all cooling procedures, indicating that the direction of the
Ni film during field cooling does not significantly influence
the effective anisotropy (figure 5(a)) nor coercivity of the Ni
layer (figure 5(c)). Only Hgp strongly depends on this cooling
procedure (figure 5(b)). For FC_L and ZFC, Hgp is reciprocally
proportional to the thickness of the FM film [31]. For a thick-
ness in which the Ni film has PMA without coupling (range *,
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Figure 4. ((a) and (d)) Squareness of the hysteresis loops, ((b) and (e)) exchange bias field, and ((c) and (f)) coercivity plotted versus Ni
film thickness, after oxidation (2-3 ML of NiO), and after additional covering with 3 ML of CoO. All cases are measured at ((a)—(c)) RT
and at ((d)—(f)) 5 K. Covering with CoO/NiO induces perpendicular magnetization of thick Ni films, even at RT. All lines are guides to the
eye. Insert in panel (f) presents the PMOKE hysteresis loop measured for the NiO/Ni(9 ML)/Pd(00 1) and CoO/NiO/Ni(14 ML)/Pd(00 1)

at S5K.

figure 5(b)), Hgp is exactly the same as for FC_L and ZFC. This
shows that for 10-14 ML of the Ni film FC_ is not needed to
induce the exchange bias field since the FM film is saturated
along the easy magnetization axis, which is equivalent to a
saturation magnetic field applied perpendicular to the sample
plane. However, a difference between FC_L and ZFC appears
for higher Ni thickness (range **), where for H = 0 the Ni film
has a nonzero in-plane magnetization component (figure 5(b)).
Thus, for FC_L the perpendicular field H = — 4000 Oe applied
during the FC aligned the Ni spins perpendicularly to the
sample plane. As a result, for ZFC Hgg is smaller than for FC_L.
Surprisingly, after FC|| is applied, almost no exchange field
was observed either for low or high Ni thickness (figure 5(b)),
while the PMA still exists.

4. Discussion

4.1. Orthogonal exchange coupling as a source of PMA of
the Ni layer in the AFO/Ni/Pd(001) system

The stepped deposition, described in the experiment sec-
tion, was used to achieve an in-plane-compressed CoO(001)
surface exhibiting in-plane orientation of the spin axis
[32]. Since the lattice mismatch between CoO and Ni/Pd is
large (~9.5%), the growth of 3 ML of CoO is not strictly

pseudomorphic to the Ni/Pd(001) substrate. Nevertheless,
there is still a residual, in-plane compressive strain and thus
a tetragonal distortion in the CoO overlayer. The tetragonal
distortion can lead to a modified electronic structure of CoO
and, in the case of compressive strain forces, in-plane orienta-
tion of the spin axis [32, 33]. Indeed, in our previous XMLD
experiments [19], we confirmed that in the CoO/Ni/Pd(001)
system, the CoO spin axis lies in the sample plane because
of the tetragonal distortion. Very recent XMLD experiments
on NiO/CoO grown on MgO(001) [34, 35] show that the
orientation of magnetic moments in very thin NiO films fol-
lows the CoO spins because of a strong exchange interaction
at the interface and the small magnetocrystalline anisotropy
constant of NiO, which for very thin NiO can be even smaller
[30]. Based on the results from [34], we assumed that, in our
CoO/NiO system, the spin axis lies in the sample plane, as
was found for CoO/Ni [19]. It should be noted that the pre-
ferred orientation of spins in NiO grown on Ag(100) is found
to be in the sample plane owing to compressive strain [36],
similarly as was found for CoO/Ag(001) [32].

The reported magneto-optical results for the covered
Ni-wedge/Pd(001) with AFOs (CoO, NiO, and CoO/NiO)
indicate that the Ni film exhibits a perpendicular easy mag-
netization axis in the thickness range of 17-25 ML for all
investigated systems, however, at different temperature ranges
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Figure 5. (a) Squareness of the hysteresis loops, (b) exchange bias fields, and (c) coercivity plotted versus thickness of Ni on top of 3 ML
of CoO on Pd(00 1) measured at RT and at 100K after different field cooling procedures. FC_L and FC|| indicate perpendicular and in-plane
orientation of the magnetic field, respectively. All lines are guides to the eye.

(figures 3(a) and 4(a) and (d)). In addition to the perpendicular
magnetic anisotropy of the Ni layer, this system also presents
large coercivity and an exchange bias effect (figures 4(e) and
(f)). This temperature-driven spin-reorientation transition
from the out-of-plane to in-plane direction is correlated with
the ordering temperature of AFO films. Since the interface
exchange coupling supports perpendicular magnetization of
the Ni film, and assuming that the spins of CoO, NiO, and
NiO/CoO lie in the sample plane, we postulate that, for all
investigated AFOs, orthogonal interface exchange coupling
exists.

4.2. Temperature investigations indicating the mechanism
responsible for PMA of the Ni fim sandwiched between
Pd(001) and AFO

In figure 3 we distinguish four distinct ranges of temperature,
where the Ni film in contact with CoO has different magnetic
properties. Because the exchange coupling energy, which favors
perpendicular anisotropy, is strong enough (J = 0.183 erg cm ™)
[19], the easy magnetization axis is oriented perpendicular to
the sample plane up to ~200K with almost constant Hgg = 100
Oe (range i). Above 200K (range ii), the exchange bias is
strongly reduced, surprisingly keeping the PMA of Ni layer.
When the temperature reaches 270K (range iii), Hgg becomes
zero, indicating that the blocking temperature (73 = 270 K) is

smaller than the ordering temperature of CoO (Ty = 293 K).
For very thin antiferromagnetic films, this difference between
T and Ty is well known [31] and is related to the reduced KAT™
[37]. In M&B and SG models it is assumed that, for a constant

tarm, the exchange bias can only exist above the critical value of

KAPM > g éﬁM, where K QEM is proportional to the exchange cou-

pling energy and conversion factor describing the fraction order
at the interface [31]. Because for AFOs such as CoO and NiO

[38] KA™M decreases with temperature as KAf™ oc (1 — T/Ty)%,

at a certain temperature T = Tg, the condition KAFM > gAFM

cannot be fulfilled and the AFM spins can follow the FM
spins during the reversal process [14, 31]. As a consequence,
Hgg = 0 and only enhancement of Hc is observed.

This explanation can be applied to our system, where
below 200K (range i) K<°© is high enough to induce both
the exchange bias effect and large Hc¢ (figures 3(b) and (c)).
However, approaching the blocking temperature (range ii and
iii), K©°© becomes weaker, causing strong reduction of Hgg.
Finally, at T = Tp, interface exchange coupling is manifested
only by the enhancement of Hc, whereas Hgg = 0 because
K©0 < KS,;’P . From data presented in figure 3 it is clear that,
at T, the additional contribution to magnetic anisotropy
favoring the PMA of the Ni film still exists (Mr/Ms = 0.75),
suggesting that the exchange bias effect and thus unidirec-
tional anisotropy induced by the AFM—FM interaction at the
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interface may not be responsible for perpendicular magneti-
zation of 23 ML of the Ni film. We found that the contrib-
ution favoring the PMA of the Ni film steadily decreases
with increasing temperature, from 250 to 300K (range iii),
because in this temperature range (between Tg and Ty of
our CoO layer) K0 < KS;;? , the Hgg = 0 and the interface
exchange coupling is indicated only by enhancement of Hc.
This suggest that, a certain contribution to the PMA of Ni
film exists, even for a significantly reduced value of K©°0,

which can be smaller than KS;;P Only above 7y when the

AFM layer is in the paramagnetic state (K°° = 0) (range iv)
is the magnetic anisotropy of Ni almost unchanged if com-
pared to uncovered Ni films grown on Pd(00 1).

To prove that the ordering temperature rather than KAt
plays an important role in establishing PMA of Ni film, exper-
iments with different AFO layers (NiO and CoO/NiO) were
performed. Note that KNO = 3.3 x 10? erg cm™3 is much
smaller than K€°© = 2 x 10° erg cm > [39]. However, this
huge difference in the anisotropy of CoO and NiO bilayers
does not affect the range of Ni thickness at 5 K, where PMA
of Ni was found (figure 4(d)), similarly as we found for a
CoO/NiO layer on top of Ni/Pd(001). Important is the fact
that, for these three AFOs, Ty changes drastically. Oxidation
before deposition of CoO results in remarkably increased Néel
temperature since the Néel temperature of thick NiO is equal
to 525K [40, 41]. Moreover, in [NiO/CoO]y superlattices, T
enhancement has been confirmed by neutron diffraction and
heat capacity measurements [39, 42]. Also, XMLD measure-
ments confirm that the exchange coupling between CoO and
NiO can enhance Ty of the CoO layer, which is much higher
than that of a CoO single layer. Because in our system the
thickness of NiO is estimated to be of 2-3 ML, we expect,
according to data from [30], that in the NiO/Ni/Pd(001)
system 7y is below RT. This difference of Ty of AFOs is well
correlated with temperatures where the coupling favors the
PMA of the Ni film in our experiments. Since the exchange
coupling is much stronger than the product of effective in-
plane anisotropy and the Ni film of the thickness just above
SRT, the magnetization of the AFO/Ni system follows the
coupling direction; i.e. it tends to be oriented perpendicular
to the sample plane. When temperature increases above Ty
of AFO, magnetization of the paramagnetic-AFO/Ni bilayer
rotates toward the sample plane as it was before covering
with AFO.

Therefore, in all three cases of CoO/NiO, CoO, and NiO
grown on Ni/Pd(001) the additional contribution to the
perpendicular anisotropy was present, however, at a different
temperature range. This temperature range was related to the
antiferromagnetic state of the particular layer but is not cor-
related to the range of temperature where Hgg was observed.
It is known that, in AFM/FM systems, exchange biasing is
strongly related to the anisotropy of the AFM layers, as was
demonstrated experimentally by the fact that higher bias fields
are obtained for higher anisotropy materials [39]. Indeed, the
exchange bias field at 5K for Ni/Pd(00 1) covered by NiO is
much smaller than for that covered by CoO/NiO (figure 4(e)),
which we correlated with the smaller anisotropy constant of

NiO, as was mentioned earlier. Despite very small Hgg, the
interface exchange coupling is manifested by the enhanced
Hc. Therefore, it seems that the ordering of the AFM state
plays the most important role in introducing the additional
perpendicular contribution to the effective anisotropy of Ni
film. Moreover, the obtained data for different FC procedures
reveal that, after FC|| is applied, almost no exchange field was
observed either for low or high Ni thickness (figure 5(b)).
Nevertheless, PMA of Ni was observed at 100K, as was simi-
larly shown for FC_L and ZFC, which supports the conclusion
that exchange biasing is not required to force FM spins to be
magnetized perpendicular to the sample plane.

5. Summary

In summary, we studied the impact of interface exchange
coupling on perpendicular magnetic anisotropy and perpend-
icular exchange bias in antiferromagnetic oxides (CoO, NiO,
and CoO/NiO bilayer)/ferromagnetic-Ni bilayers. We found
that the interlayer exchange coupling between investigated
antiferromagnetic oxides and ferromagnetic Ni films forces
the Ni film to be magnetized perpendicular to the sample
plane, however, only below the ordering temperature of anti-
ferromagnetic oxides. This temperature-driven magnetiza-
tion reorientation from perpendicular to in-plane direction
at well-defined temperature can be used as temperature sen-
sors in magnetoresistive spin valve systems. Moreover, the
temperature range where this effect occurs and the value of
the exchange bias can be tuned by proper choice of AFM
thickness or composition, making this phenomenon prom-
ising for future applications.
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