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ABSTRACT

In our study, we investigate the influence of the proximity of an antiferromagnetic CoO layer on magnetic properties of ultrathin wiistite
(FeO) films. Comparative Mossbauer spectroscopy measurements for MgO/FeO/MgO(001) and MgO/FeO/CoO/MgO(001) show that the
neighboring CoO layer can significantly enhance the ordering temperature (Ty) of wiistite. Importantly, we find that the proximity of
antiferromagnetic CoO strongly influences the exchange interaction at the Fe/FeO interface in the Fe/FeO/CoO heterostructure. We observe
a 500% enhancement in the exchange bias field and a double increase in the blocking temperature compared to the Fe/FeO bilayer. Our
results show that the limitation of the low ordering temperature of a seemingly application-useless antiferromagnet can be overcome by anti-
ferromagnetic proximity.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0082729

Antiferromagnets (AFMs) are promising candidates for future
spintronic materials because of their unique properties. Unlike ferro-
magnets (FMs), AFMs are robust against magnetic perturbations and
do not create stray fields, which are beneficial for the ultimate down-
size scalability of magnetic memory devices.”” The possibility of
manipulating the antiferromagnetic Néel vector via field-like spin-
orbit torques in AFMs™* or spin-orbit torques in AFM/heavy metal
bilayers,” together with anisotropic and spin Hall magnetoresistance
(SMR) effects”” observed in AFMs, has revealed the feasibility of
using antiferromagnets as active elements in spintronics devices.
Unfortunately, a wide group of AFM materials seems to be useless for
applications because of the low ordering temperature (Néel tempera-
ture, Ty), above which the long-range antiferromagnetic order van-
ishes. The restriction of low Ty can be overcome using the magnetic
proximity effect (MPE).” The MPE is attributed to the interfacial inter-
action between magnetic layers that possess different ordering temper-
atures and/or different types of magnetic ordering. The consequence
of the MPE can be a change in the magnetic ordering temperature of
the adjacent layers and/or modulation of their spin configuration.
Previous experimental studies have confirmed the possibility of

modulating the magnetic properties of materials owing to the MPE.”
The MPE is responsible for the induction of the magnetic moment in
the PM in FM (AFM)/paramagnet (PM) bilayers.'”'* In FM (ferri-
magnet-FIM)/AFM bilayers, the proximity effects are responsible for a
change in the ordering temperature in the FM, FIM, and AFM
layers."”™'® Comparative studies of the magnetic properties of FM
nanoparticles embedded in PM and AFM matrices demonstrated an
impressive enhancement in the superparamagnetic blocking tempera-
ture of particles in contact with AFM."” Similarly, the thermal stabili-
zation of magnetization due to MPE has been proven for Co and
Fe;0, clusters within the ferromagnetic NiFe matrix.”””' A single
ordering temperature with a value between Ty’s of the sub-layers was
obtained for short-repeat-distance superlattices consisting of two
AFMs due to the MPE.”*** Additionally, Carey et al. showed that the
magnetocrystalline anisotropy of the Co and Ni monoxide layers
strongly depends on the interlayer coupling in the AFM multilayers.”*
There have been only a few studies on proximity effects in AFM/AFM
bilayers. Zhu et al. and Li et al. investigated the magnetic properties
of NiO/CoO/MgO(001) and CoO/NiO/MgO(001) structures using
x-ray magnetic linear dichroism (XMLD).”** They reported an
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enhancement in the Néel temperature of CoO due to the MPE and
showed that interfacial coupling could induce a spin reorientation
transition (SRT) in NiO. Yang ef al. examined how MPE-induced SRT
in NiO influences the magnetic anisotropy of the FM capping layer in
Py/NiO/CoO/MgO(001).”

In our previous study, we successfully grew thin wiistite (FeO)
films on MgO(001) and showed how a metallic overlayer modifies the
chemical and magnetic properties of the oxide.”*”” We noted an
exchange interaction between Fe and FeO in the Fe/FeO bilayer struc-
ture via observation of the exchange bias field in the hysteresis loops.
Despite promising results, the potential application of FeO is limited
owing to its low Ty.

This study explores the influence of the proximity of the CoO
layer on the magnetic properties of FeO in FeO/CoO heterostructures.
Both FeO and CoO insulating oxides crystallize in the rock salt struc-
ture. The lattice mismatch between the oxides is less than 1%, which
enables the epitaxial growth of the FeO/CoO stack. The ordering tem-
peratures of bulk wiistite and CoO differ significantly. FeO shows an
AFM order below 198K, while the Néel temperature of CoO is
291 K. We show that the ordering temperature of FeO can be greatly
enhanced owing to the proximity of CoO in the FeO/CoO bilayer.
This result confirms that the AFM proximity effect is an effective
method for modifying the magnetic properties of the AFM/AFM
bilayer without involvement of FMs. Furthermore, we prove that the
magnetic proximity of CoO is responsible for the enhancement of the
exchange interaction between Fe and FeO in the Fe/FeO/CoO
heterostructure.

The samples were prepared under ultra-high vacuum (UHV)
conditions using molecular beam epitaxy. A 1 x 10 x 10mm’ one-
side polished MgO(001) single crystal was used as the substrate. The
substrates were annealed at 775K for 1 h before the evaporation pro-
cess. First, a 5 nm-thick homoepitaxial MgO buffer layer was deposited
at 725 K using electron beam evaporation. An additional 20 nm-thick
Cr layer deposited at 475 K was used as a buffer for some samples. The
CoO layer was grown on the buffer layer by reactive deposition of Co
in a molecular oxygen atmosphere under a partial pressure of 1 x 10~°
mbar. Following CoO deposition, a FeO layer was prepared by evapo-
rating Fe in an oxygen atmosphere at 5x 10~ mbar. The *'Fe
Mossbauer active isotope was used for FeO deposition to enable con-
version electron Mossbauer spectroscopy (CEMS) measurements.
After the preparation of FeO, the sample was capped with a 3 nm-
thick MgO layer. A MgO/FeO/MgO(001) sample was prepared to
compare the magnetic properties of wiistite in the FeO/CoO bilayer
with a single FeO layer. Finally, a separate sample was grown with a
1 nm-thick Fe layer on top of FeO and capped with 3 nm-thick MgO
to examine the influence of the magnetic proximity of CoO on the
exchange interaction between Fe and FeO. The epitaxial growth of the
layers after each deposition step was confirmed via low-energy elec-
tron diffraction (LEED) (not shown).

The magnetic properties of FeO were studied using CEMS. CEMS
measurements were performed in a temperature-controlled cryostat
under UHV conditions using a channeltron detector, a standard
Médssbauer spectrometer, and a Co(Rh) source irradiating the sample
at normal incidence. Figures 1(a) and 1(b) show the temperature evolu-
tion of the CEMS spectra collected for MgO(3 nm)/*’FeO(1.7 nm)/
MgO(001) and MgO(3 nm)/*’FeO(1.7 nm)/CoO(2 nm)/MgO(001),
respectively. For the wiistite layer embedded between MgO, for
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FIG. 1. Temperature evolution of the conversion electron Mossbauer spectra of (a)
MgOr*7Fe0/MgO(001) and (b) MgO/*”FeO/Co0/MgO(001).

temperatures above Ty of FeO (198 K), we noted spectra characteristic
for the paramagnetic state. The exemplary spectrum measured at 200 K
can be fitted [Fig. 1(a), bottom, red] by two quadrupole doublets identi-
fied by their isomer shift (IS) values, describing two different Fe environ-
ments. The first site that constitutes 82% of the total spectrum intensity
was characterized by IS = 1.06 mm/s and quadrupole splitting (QS) of
0.82mm/s [Fig. 1(a), blue]; it describes octahedrally coordinated Fe?™
atoms in the regular rock salt type wiistite structure.”””" The second
component [Fig. 1(a), green] with IS = 0.4 mm/s, QS = 0.67 mm/s, and
18% contribution describes Fe*™ atoms in the neighborhood of defects.”'
For T = 180K, we registered a magnetically split spectrum; the magnetic
character of the spectra became more pronounced with a further
decrease in temperature [Fig. 1(a)]. The low-temperature spectra of FeO
are complex and similar to those reported previously;”' they consist of

Appl. Phys. Lett. 120, 072404 (2022); doi: 10.1063/5.0082729
© Author(s) 2022

120, 072404-2

1¥'S2'GL ¥20T UYdoten 80


https://scitation.org/journal/apl

3.5 _. [ ] —u— FeO
| -ﬂ. e FeO/CoO
3.0 \
25 i \ '\.
b 204 .\ \.
] . o
1.5
\
0.5 \ °
0 0 1 | | I\.

T T T T T T T T T
80 100 120 140 160 180 200 220 240 260 280 300
Temperature [K]

FIG. 2. Dependence of the second moment of the CEMS spectrum on temperature
for MgO/FeO/MgO(001) (black squares) and MgO/FeO/CoO/MgO(001) (red
circles).

overlapped magnetic sextets that describe regular octahedral and
defected/interstitial Fe ions.

Although, due to the complexity, the spectra cannot be unambig-
uously fitted, it is obvious that below 200 K wiistite undergoes a transi-
tion to the AFM phase. To estimate the Ty of the FeO layers, we
calculated the second moment (variance, ¢2) of the normalized spectra
and plotted its temperature evolution (Fig. 2, black squares). A simple
simulation showed that the effective width (given by its second
moment) of a complex Mossbauer spectrum with a hyperfine mag-
netic field (HF) distribution well approximates the average HF experi-
enced by the Fe nuclei below the ordering temperature. Therefore,
a?(T) reflects the temperature dependence of the average HF on the Fe
atoms in the FeO layer below Ty, following the temperature variation
of the Fe average magnetic moments. The spectra exhibit magnetic
character for T < 180 K; however, the o2 of the spectra remains almost
unchanged for T > 180 K with a small non-zero value resulting from
quadrupole splitting in the paramagnetic state. This means that the
ordering temperature of FeO in MgO/FeO/MgO is between 180 and
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200 K, which is close to the Ty of bulk FeO (i.e., 198 K). Importantly,
the magnetic character of the CEMS spectra for the wiistite layer
grown on 2 nm-thick CoO was maintained up to significantly higher
temperatures [Fig. 1(b)]. The ordering temperature of FeO in MgO/
FeO/CoO as determined from ¢*(T) dependence was estimated to be
between 280 and 300 K, which is close to the Ty of bulk CoO (i.e.,
291 K). This result provides direct proof that the proximity of the CoO
layer enhances the Néel temperature of FeO.

To determine the Ty of CoO in the FeO/CoO bilayer, we per-
formed x-ray magnetic linear dichroism (XMLD) measurements. X-
ray absorption spectra (XAS) were collected at the XAS beamline of
the National Synchrotron Radiation Center SOLARIS.”” The absorp-
tion Co Lj-edge spectra were measured as a function of temperature
with linearly polarized x rays for two incident angles (¢ =0° and
@ =60°) in the total electron yield (TEY) detection mode by measur-
ing the sample current. Figure 3(a) shows exemplary normalized XAS
spectra for a CoO thickness of 2 nm in FeO/CoO, collected under nor-
mal (¢ =0°) and ¢ = 60° x-ray incidence angles at 80 K. We used the
L; ratio (Ry,), defined as the intensity of the spectrum at 777.3eV
divided by the intensity at 779.9 eV, to quantify the XMLD effect in
CoO. The Ry, difference (AR ) calculated as ARLS:ROL3 - RGOLS,
where R’; and R’ represent the Ry ratios for incident angles of 0°
and 60°, respectively, is a measure of AFM ordering in CoO.”” We
noted positive AR;; values, which indicate the in-plane alignment of
CoO AFM spins in FeO/CoO/MgO, similarly to the previous results
for CoO/MgO(001), where the in-plane spins direction was attributed
to the compressive strain exerted by the substrate.”” With increasing
temperature, we observed a monotonic decrease in AR;3 up to 300K,
above which the Ry ; ratio was almost constant [Fig. 3(b)]. Hence, the
Neéel temperature of the 2 nm-thick CoO layer in the FeO/CoO bilayer
structure can be identified as approximately 300 K. Similar to previous
studies, we noted a non-zero AR; 5 value above the Ty, which indicates
the presence of dichroism effects that originate from crystal fields and
reveal weak dependence on temperature.””*

In parallel with the XMLD measurements on CoO, we performed
XAS measurements at the Fe L, and L; edges to examine the x-ray lin-
ear dichroism (XLD) effect in the FeO layer. Although we noted a
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FIG. 3. (a) Co L3 edge XAS spectra at ¢ =0° (black solid line) and ¢ =60° (red dashed line) obtained for FeO/CoO at 80K. Inset shows the measurement geometry. (b)

Temperature dependence of CoO L ratio difference (AR 3) for FeO/CoO (2 nm).
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difference in the shape of the XAS spectra for ¢ = 0° and ¢ = 60° (see
Fig. 1S in the supplementary material), we did not observe any depen-
dence of XLD on temperature, especially when passing Ty of FeO in
the FeO/CoO bilayer, as determined from CEMS measurements. This
indicates that the dichroism effects in the FeO layer are not related to
the exchange fields and magnetic moments but are influenced by the
local crystal field symmetry. Because the CEMS results unambiguously
show the magnetic character of the FeO layer below Ty, we conclude
that the lack of the XMLD is related either to its small amplitude,
masked by strong natural dichroism, or to the presence of small ran-
domly oriented antiferromagnetic domains in the FeO layer.
The correlation of CEMS and XMLD measurements on the FeO/
CoO bilayer indicates that the enhancement of the ordering tempera-
ture in FeO is a consequence of the magnetic proximity of CoO.
Modification of the magnetic properties of the FeO layer should influ-
ence the exchange interaction between the FM layer and FeO in the
FM/FeO/CoO multilayer stack. To elucidate this issue, a dedicated
sample was prepared with a Fe (1 nm)/FeO (1.7 nm) bilayer grown on
a the CoO layer. To study the influence of the CoO thickness on the
exchange interaction at the FM/FeO interface, a wedge-shaped CoO
layer with a CoO thickness ranging from 0 to 4 nm was prepared. The
magnetic properties of this heterostructure were investigated via the
magneto-optic Kerr effect (MOKE). The MOKE hysteresis loops were
measured in a longitudinal geometry (LMOKE) with an in-plane
external magnetic field applied along the [001] direction of the Fe
layer. Figure 4 shows exemplary LMOKE hysteresis loops recorded for
Fe/FeO (1.7 nm)/CoO (2 nm) (red circles) and Fe/FeO (1.7 nm) (black
squares) at 120 K. For the Fe/FeO bilayer grown on the CoO layer, we
observed a strong enhancement of the coercive fields [defined as
Hc=(Hc| 4+ [Hc)|)/2, where Hc, and Hc, represent the coercive
fields of the two branches of the hysteresis loop] and exchange bias,
which manifests as a horizontal shift of the hysteresis loop. We noted
an Hc of approximately 110 Oe and an exchange bias field [defined as
Hgg = (Hc, + Hc,)/2] of 25 Oe for Fe/FeO, whereas the H and Hgg
extracted for the loop collected for Fe/FeO/CoO were 800 and 190 Oe,
respectively. Figure 5 shows the dependence of Hgp on temperature
obtained from the LMOKE measurements performed for different
CoO thicknesses (dc,o) in the Fe/FeO/CoO heterostructure.
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FIG. 5. Evolution of the exchange bias field (Hgg) as a function of temperature for
FeO (1.7 nm)/CoO for different thicknesses of the CoO layer (indicated in the legend).

The proximity of the CoO layer causes a significant enhancement of
the exchange interaction at the Fe/FeO interface. At 80 K, the Hgp was
increased from 100 to 590 Oe when the Fe/FeO bilayer was deposited
on CoO as thin as 0.7 nm (Fig. 5, red).

As the exchange bias field is related to the surface density of the
interface energy: AE = MppHggtry, — Where Mgy and tpy; denote the
saturation magnetization and thickness of the FM layer, respectively,
the areal energy at the Fe/FeO interface in Fe/FeO/CoO was estimated
to be approximately 0.1 erg/cm® (assuming the bulk value of M for
Fe). For the Fe/FeO bilayer, we observed approximately linear temper-
ature dependence of the exchange bias field (Fig. 5, black squares) and
a blocking temperature Ty (defined as the temperature at which Hgp
vanishes) of 160 K. Linear Hgp(T) dependence was predicted for AFM
with cubic anisotropy by Malozemoff " and presented experimentally
for FM/CoO(NiO) bilayers.ls’“’ We observed a similar characteristic
of Hgp(T) for the Fe/FeO bilayer deposited on 0.7 nm-thick CoO
(Fig. 5, red circles); however, the corresponding value of Tp=220K
was significantly higher than that of the Fe/FeO bilayer. A further
increase in d¢,o resulted in a decrease in the Hgp at 80 K and a mono-
tonic increase in Tp. For the FeO layer deposited on CoO with
dcoo=2nm, for which we determined a Ty of approximately 300 K
in CEMS measurements, the Ty was approximately 270 K. This con-
firms that the Ty of ultrathin AFM can be slightly reduced compared
with its Néel temperature.'® Finally, the value of Ty = 300 K registered
for Fe/FeO/CoO(4 nm) was approximately twice that obtained for the
Fe/FeO bilayer. This indicates that in the studied CoO thickness range,
the magnetic properties of the CoO layer are thickness dependent,
which is reflected in the strength of the exchange coupling at the

Fe/FeO interface. Interestingly, we observed a change in the character
of Hgp(T) for dcyo > 0.7 nm. While at low temperatures, Hgp depends
only weakly on temperature, a steep Hgp(T) dependence is observed
above the kink. Temperatures at which we noted the kinks in Hgp(T)
dependence correspond to the blocking temperatures reported previ-
ously for the CoO/Fe bilayers.37 As Hgp ~ (KapmAapm)’?, where
Kapwm and A sgp are the magnetic anisotropy and exchange stiffness of
the AFM layer, respectively, the change in the slope of Hgp(T) is
related to a reduction in the anisotropy of the FeO layer above the Tp
of CoO.” For the thinnest CoO layer (tc,o=0.7nm), a significant
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reduction in the ordering temperature is expected,” and the coupling
between the CoO and FeO layers does not influence the temperature
dependence of the FeO anisotropy, despite the strong enhancement of Tp
in Fe/FeO/CoO (0.7 nm). Similar behavior was previously reported for
CoO/NiO/NiFe superlattices.”* Finally, for a given temperature, a non-
monotonic Hgp dependence on dc,o was observed for T > 140K, while
for temperatures lower than 140 K, a monotonic decrease with an increase
in dc,0 was noted up to dc,0 = 3 nm above which Hgp saturates (see Fig.
2§ in the supplementary material). Although the Hgp ~ 1/dagy depen-
dence, where d,py, refers to the thickness of the AFM layer, noted at low
temperatures was predicted by the random field model,”® Malozemoff's
theory does not predict the peak-like structure of Hgp Vs 4z, observed at
elevated temperatures. A non-monotonic Hgp(dapy) behavior was
reported for FM/CoO bilayers”*” and reproduced by Monte Carlo simu-
lations performed within the framework of the domain-state model of
exchange bias*’ and the generalized Meiklejohn-Bean model.*' This sug-
gests that at elevated temperatures, the Hgp(dc,0) dependence of Fe/FeO/
CoO mimics the behavior of the FM/CoO layer, while at lower tempera-
tures reflects the properties of Fe/FeO.

In summary, our study demonstrated that the proximity of CoO
strongly influences the magnetic properties of the FeO layer. For the
wiistite layers grown on 2 nm-thick CoO, the Néel temperature of FeO
was increased by 100K due to the magnetic proximity. This result
shows that the limitation of the low ordering temperature of this seem-
ingly application-useless antiferromagnet can be overcome by the anti-
ferromagnetic proximity. Importantly, modification of the magnetic
properties of the FeO layer results in the enhancement of the exchange
interaction at the Fe/FeO interface in the Fe/FeO/CoO heterostructure.
We measured a 500% increase in the exchange bias field for Fe/FeO
deposited on the CoO layer compared to Hgp in Fe/FeO. Moreover,
the blocking temperature for Fe/FeO/CoO (4 nm) was twice as high as
that obtained for the Fe/FeO bilayer.

See the supplementary material for XAS measurements of the Fe
L,, L; edge and exemplary exchange bias dependence on the CoO
thickness at 80 and 160 K.
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