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Fe/Co0O(001) and Fe/CoO(111) bilayers: Effect of crystal orientation on the exchange bias
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A comparative study of the structure and magnetism of Fe/CoO(111) and Fe/CoO(001) epitaxial bilayers was
performed to investigate the role of uncompensated spins in the exchange bias (EB) phenomenon. Low-energy
electron diffraction, x-ray photoelectron spectroscopy, conversion electron Mossbauer spectroscopy (CEMS),
and the magneto-optic Kerr effect were used to characterize the structural and magnetic properties of the bilayers.
Magnetically compensated and uncompensated CoO films were prepared using molecular beam epitaxy through
the evaporation of single Co atomic layers and their subsequent oxidation (layer-by-layer technique) on MgO
crystals with (001) and (111) orientations. Two-monolayer-thick " Fe probes located on top of the oxide films and
covered with °Fe allowed for an analysis of the interfacial chemical and magnetic structure using CEMS. For
both structures, submonolayer oxidation of the iron detected at the Fe/CoO interface was found to be accompanied
by the formation of a mixed FeCo region. The Fe layers showed fourfold magnetocrystalline anisotropy when
grown on CoO(001) and weak uniaxial anisotropy when grown on CoO(111). Although the structural quality and
composition of the two structures were comparable, they exhibited distinct EB properties. A hysteresis loop shift
as high as 354 Oe at 80 K was obtained for the Fe/CoO(111) bilayer, compared to only 37 Oe for the magnetically

compensated Fe/CoO(001).
DOI: 10.1103/PhysRevB.88.085442

I. INTRODUCTION

Ferromagnetic-antiferromagnetic- (FM-AFM) layered
structures have been extensively studied over the last
decades'? due to the effect of the exchange bias (EB), which
renders these structures technologically important®* and
interesting from the viewpoint of basic research.’ EB occurs
as a horizontal shift and broadening of the FM hysteresis loop.
One of the most discussed and still controversial aspects of
EB is the role of the interfacial spin structure. In the work of
Meiklejohn and Bean,® the AFM spins at the interface of the
FM layer were assumed to be magnetically uncompensated.
In that case, the net magnetic moment, which exists in the
AFM component of the interface, pins the magnetization
direction of the FM component due to a high AFM anisotropy
and produces a loop shift. However, the hysteresis loop
shifts calculated based on the model of Meiklejohn and Bean
are a few orders of magnitude larger than those observed
experimentally.® Furthermore, an EB was also observed for
nominally compensated AFM surfaces, such as CoO(001)’
and NiO(001).8 To explain this result, a different approach
is needed. The model of Malozemoff’ considered random
roughness at the interface, which produced uncompensated
areas for the nominally compensated AFM surface. Schulthess
and Butler'® also noted that for structures with a perfectly
compensated AFM order, additional factors, e.g., interfacial
defects, are necessary to produce a loop shift. Using element-
specific x-ray magnetic circular dichroism, Ohldag et al.!!
found uncompensated Ni spins at a nominally compensated
Co/NiO(001) interface, localized in the interfacial CoNiO,
layer, which was formed as a result of the oxidation-reduction
reactions. The presence of the uncompensated spins resulted in
increased coercivity; however, these spins were not sufficient
to produce an EB.!"' For the loop shift to be observed, some
of the uncompensated spins must be pinned; however, as little
as 4% of a monolayer (ML) is sufficient.'?
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Epitaxial FM-AFM bilayers, with CoO as the AFM layer,
are well suited for model investigations. CoO has an easily
accessible Néel temperature (7y = 293 K for bulk) and
a high magnetocrystalline anisotropy, which enhances the
EB effect.!»'% Furthermore, CoO has a NaCl-type crystal
structure to which the AFM order is closely related, which
is crucial for the present study. In bulk CoO, the magnetic
moments of the Co atoms in a (111) plane are aligned parallel,
while the adjacent planes are coupled antiparallel.’> As a
consequence, it is possible to access two different interfacial
spin configurations of CoO simply by using CoO(001)- or
CoO(111)-oriented layers [Figs. 1(a) and 1(b), respectively].
While CoO(001) atomic layers are compensated in terms of the
net magnetic moment, the CoO(111) surface is magnetically
uncompensated. In parallel, in contrast to the neutral (001)
surface, the (111) surface of the rocksalt oxides is polar,
due to the alternatively stacked anionic and cationic layers,
as shown in Figs. 1(e) and 1(f). The resulting divergence of
the electrostatic energy must be neutralized in such systems
to stabilize the surface. Deviations from the stoichiometry,
surface reconstructions, or the adsorption of foreign species
are possible stabilization mechanisms.'®

Direct comparisons between bilayer systems with com-
pensated and uncompensated CoO surfaces have been per-
formed; however, contradictory results have been obtained. For
CoO/Py epitaxial bilayers, Gokemeijer et al.!” showed that an
EB occurred only for the CoO(111) orientation, in contrast
to CoO(001). However, Ghadimi et al.'® reported a larger
EB effect for Co/Co;_,0(001) in comparison to Co/Co;_,0O
(111). For Fe304/CoO epitaxial bilayers, van der Zaag et al."®
found no significant differences in the EB between the (001)
and (111) orientations. Thus, it appears that not only the
orientation but also the degree of structural perfection plays
a role in these systems. To firmly establish the role of the
(un)compensation, care must be taken to compare systems that
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FIG. 1. (Color online) CoO(001) (a) and CoO(111) (b) planes
of the bulk NaCl crystal structure, marked by white balls. The red
and black balls mark the oxygen and cobalt atoms, respectively. The
corresponding arrangement of the magnetic moments (arrows) in the
Co0O(001) plane (c¢) and CoO(111) plane (d). Charge arrangement
perpendicular to the CoO(001) plane (e) and CoO(111) plane (f).
Along the [001] direction, each (001) bilayer is charge-compensated
(Q = 0) and has no dipole electric moment (1« = 0), while nonzero
dipole electric moments along the [111] direction lead to a diverging
electrostatic potential, which destabilizes the surface.

are similar with respect to the crystal quality, stoichiometry,
and chemical structure of the interfaces.

In the present work, to prepare cobalt oxide layers of
both orientations, we used a layer-by-layer method that was
previously shown to result in stable polar thin films of
FeO grown on MgO(111).° By growing bilayer CoO-Fe
structures based on magnetically compensated CoO(001)
and magnetically uncompensated CoO(111) under precisely
controlled conditions and by performing a thorough analysis
of the chemical structure of the CoO layers and the Fe/CoO
interfaces, we can investigate the relation between the occur-
rence and magnitude of the EB and the (un)compensation of
the AFM interface.

II. EXPERIMENTAL PROCEDURE

Fe/CoO bilayers were prepared in an ultrahigh vacuum
(UHV) system equipped with a molecular beam epitaxy fa-
cility, following standard surface characterization techniques.
Polished MgO(001) and MgO(111) single crystals were used
as the substrates. MgO has the same rock salt crystalline
structure as CoO, and the mismatch between the two materials
is approximately 1%.?! Metals (Co and Fe) were evaporated
from thermally heated BeO crucibles, and MgO layers, used
as buffer and capping layers, were evaporated from an MgO
piece using an electron beam evaporator. The thickness was
controlled by a precisely calibrated quartz crystal monitor.

The substrates were degassed under UHV conditions and
annealed at 600 °C for 30 min. Auger electron spectroscopy
(AES) was performed on the annealed substrates and showed
significant carbon contamination; therefore, a homoepitaxial
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MgO layer (30 A thick) was deposited onto the substrates
at 450 °C to obtain clean surfaces. The homoepitaxial buffer
layers were subsequently annealed at 600 °C for 30 min at
an oxygen background pressure of 5 x 10~° mbar. CoO
films were prepared via a layer-by-layer oxidation process of
metallic Co MLs. Single layers of metallic Co were deposited
at room temperature (RT). The thicknesses of the Co layers
corresponded to the Co amount in a single ML of CoO,
ie., 1.19 and 1.39 A for the (001) and (111) orientation,
respectively. The single metallic Co layers were oxidized by
exposure to 20 L of molecular oxygen at a partial pressure of
Po2 =5 x 1078 mbar at 270 °C, followed by UHV annealing
at 550 °C for 30 min. This procedure ensured a precise control
of the oxygen dose for a single metal layer. The crystalline
structure of the growing CoO layers was monitored using
low-energy electron diffraction (LEED) after each metallic
layer deposition and each UHV annealing step. The procedure
was repeated ten times for the (001) orientation and nine times
for the (111) orientation, resulting in 20-A-thick CoO films.

After preparation, the CoO layers were transferred to
another UHV system using a vacuum suitcase for x-ray
photoelectron spectroscopy (XPS) measurements. The XPS
spectra were measured using an Al Ko (1486.6 eV) x-ray
source and an SES R4000 hemispherical analyzer (Gammadata
Scienta). The spectra were calibrated using the C 1s line at a
binding energy of 285 eV. The spectral analysis was conducted
with commercial software.??

Next, 50-A-thick Fe layers were deposited onto the CoO
films at RT. To characterize the chemical and magnetic
structure of the Fe/CoO interface using conversion electron
Mossbauer spectroscopy (CEMYS), first, an ultrathin (2 ML =
2.86 A) *’Fe layer was evaporated on the CoO, followed
by 33 ML (47 A) of °Fe. The samples were capped with
approximately 70 A of MgO. A schematic representation of
the samples is shown in Fig. 2.

Magnetic characterization of the samples was performed
ex situ using the longitudinal magneto-optic Kerr effect
(MOKE). Measurements as a function of the azimuthal angle
¢ between the magnetic field and the characteristic in-plane
crystallographic directions were acquired at RT, enabling
an identification of the intrinsic magnetic anisotropies in
the Fe film. The Fe-CoO magnetic exchange coupling was
investigated using the field cooling (FC) procedure. During FC,
the samples were placed in a cryostat, where they were cooled
from RT passing through the Néel temperature of bulk CoO
(291 K) and reaching 80 K in the presence of a static magnetic

Fe/CoO(001)

Fe/CoO(111)

2 ML Fe*’
9 ML CoO(111)

2 ML Fe*’
10 ML CoO(001)}

MgO(001) MgO(111)

FIG. 2. Schematic representation of the samples.
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field of 4000 Oe, oriented along the easiest magnetization
direction. Then, the hysteresis loops were measured as a
function of temperature, up to 300 K. The exchange coupling
was described using the EB field Hgg = (|H¢1| — |Hc2|)/2 and
the coercive field Hc = (|Hc1l + |Hez|)/2, where Hey and
H¢, are the coercive fields of the ascending and descending
branches of the hysteresis loop, respectively.

To examine the chemical structure of the Fe/CoO interfaces,
CEMS measurements were performed ex situ using a standard
Mossbauer spectrometer equipped with a He/CHy flow pro-
portional detector and a 100-mCi 3’ Co/Rh source. The CEMS
spectra were collected under a normal incidence geometry.
Commercial software’> was used to fit the spectra using a
Voigt-line-based least-squares method, thus approximating the
distribution of the hyperfine magnetic field By at a given site
with a sum of Gaussian components.

III. RESULTS AND DISCUSSION

A. Chemical and structural characterization

The AES results for the MgO(001) and MgO(111) sub-
strates revealed significant contamination (Fig. 3), includ-
ing carbon and calcium. To reduce surface contamination,
homoepitaxial MgO buffer layers were deposited onto the
substrates prior to the preparation of the CoO films. The
decreased intensity of the AES C KLL (270 eV) and Ca KLL
(291 eV) lines with respect to the O KLL signal (503 eV)
indicate that the intrinsic MgO contaminants were covered by
the buffer layers.
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FIG. 3. (Color online) AES spectra of the MgO(001) (a) and
MgO(111) (b) substrates and the homoepitaxial buffer layers. The
spectra are normalized to the oxygen peak.
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FIG. 4. LEED patterns of the MgO(001) and MgO(111) sub-
strates [(a) and (c), respectively] and of the corresponding ho-
moepitaxial buffer layers deposited onto the substrates [(b) and (d),
respectively].

The LEED patterns observed for the substrates and buffers
of both orientations verified epitaxial growth of the buffer
layers (Fig. 4). As expected, the crystalline symmetry was
fourfold for MgO(001) and threefold for MgO(111). For
MgO(111), the LEED pattern for Ep = 375 eV is shown;
for the lower primary beam energies, the spots were faint and
the background was high due to charging effects.

LEED was also used to monitor the crystalline quality of
the CoO films grown on MgO(001) and MgO(111). The LEED
patterns were recorded after each preparation step. Selected
patterns are shown in Fig. 5. For both crystal orientations,
LEED observations were difficult due to charging effects. The
minimum primary beam energy (E,) for which the diffrac-
tion pattern was experimentally observable increased with
increasing CoO thickness, from 205 eV for 1 ML to 410 eV
for 10 ML for CoO grown on MgO(001) [Figs. 5(a) and
5(d)] and from 120 eV for 1 ML to approximately 370 eV
for 9 ML for CoO grown on MgO(111) [Figs. 5(e) and 5(h)].
The enhanced charging might be related to the different band
gaps of MgO and CoO, which equal 7.8 eV (Ref. 24) and
approximately 3 eV,” respectively. The patterns observed
throughout the entire growth of the CoO films reflect the
symmetry of the MgO substrates, and hence, the CoO films that
resulted from the layer-by-layer deposition onto the MgO(001)
and MgO(111) substrates were unambiguously identified as
Co0O(001) and CoO(111), respectively.

The diffraction spots observed for CoO(111) were more
diffused than those for CoO(001). However, in contrast to
CoO(001), where the spots were equally sharp for the metallic
and oxidic layers, the differences between the qualities of the
images were significant for the CoO(111) case. Due to the
enhanced conductivity of the metal surface, the background
was suppressed, and the diffraction spots became sharper and
brighter after deposition of the metallic Co layer. This finding
indicates that the wider and more diffused spots observed for
the oxidized layers are related to charging effects rather than
being caused by a lower structural quality. For both cases, after
each deposition of metallic Co, a LEED pattern was obtained
for an Ey, of approximately 100 eV.
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FIG. 5. LEED patterns recorded during CoO layer preparation
onto MgO(001) and MgO(111) [(a)—(d) and (e)—(h), respectively].

Charging of the samples influenced the LEED patterns
of the Fe films deposited onto CoO(001) and CoO(111).
Although the patterns were very weak, with the diffused spots
appearing only at high primary beam energies (larger than
300 eV; Fig. 6), the known epitaxial relation with CoO(001),
i.e., Fe(001)[110]]|CoO(001)[100],%° is evident [Fig. 6(a)]. Fe
grown on CoO(111) showed a diffused diffraction pattern, in
which a sixfold symmetry is clearly visible [Fig. 6(b)], corre-
sponding to the expected epitaxial growth.”” When Fe is grown

Fe/CoO(111)

330 eV

(a) [ 460 eV

FIG. 6. LEED patterns recorded at the surfaces of Fe grown on
Co0O(001) (a) and CoO(111) (b).
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FIG. 7. (Color online) Co 2p XPS lines measured for CoO(001)
(a) and CoO(111) (b) with & = 0° and 6 = 60°.

on CoO(111), (110)-oriented grains are formed, which, due to
their twofold symmetry, have different in-plane orientations
rotated by 120° (Ref. 27). The incoherent superposition of the
diffraction patterns from different epitaxial grains leads to the
observed pattern of the threefold symmetry, which may be
further blurred by charging effects.

XPS was employed to characterize the chemical structure of
the CoO films. The spectra recorded at the electron exit angle
6 = 0° (along the surface normal) and at & = 60° are presented
in Fig. 7. The Co 2 p lines showed a distinct satellite structure,
characteristic of Co0.2%" The spectra measured for both
Co0O(001) and CoO(111) were fitted with two doublets (A and
B), accompanied by the satellites (). All three components
contain Co 2p3/, and Co 2pj,, peaks, located at lower and
higher binding energies, respectively. The main parameters of
the fitted components are presented in Table 1.

A deconvolution of the Co 2p spectra showed dominat-
ing components at similar binding energies of 780.5 and
780.8 eV for CoO(001) and CoO(111), respectively. The value
of 780.5 eV is typical for Co0.2*3!-32 Other parameters, such
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TABLE I. The main parameters of the XPS components derived
from the Co 2p spectra. The binding energy of the Co 2p3, line and
the corresponding FWHM are listed in columns three and four. A
represents the spin-orbit splitting. The percent of the spectral area of
a given line is listed in column 6.

Sample Cp Eg Co2p;3; (eV) FWHM (eV) A (eV) Area (%)
CoO(001) A 778.9 1.9 15.5 17
0 =0° B 780.5 4.2 16.0 83
S 785.7 7.0 17.2 -
CoO(001) A 779.0 1.9 15.5 31
0 = 60° B 780.8 4.1 15.8 69
S 786.1 6.5 16.8 -
CoO(111) A 779.5 1.9 15.4 15
0 =0° B 780.8 4.2 15.8 85
S 786.3 7.0 16.8 -
CoO(111) A 779.2 2.0 15.5 26
0 = 60° B 780.8 3.9 15.9 74
S 786.1 6.5 16.9 -

as spin-orbit splitting, equal to 15.7 and 15.8 eV for CoO(001)
and CoO(111), respectively, and the separation between the
2p3/, main line (B) and the satellite (S) [5.2 and 5.5 eV
for CoO(001) and CoO(111), respectively], agree with the
values reported for CoO powder and differ significantly from
the values reported for C0304.%! In addition, the width of
component B, which equals 4.2 eV in both cases, is only
slightly larger than the full width at half-maximum (FWHM)
reported for CoO powder (3.7 eV). This slight broadening can
be easily understood by considering that the binding energy
of the cobalt core electrons may be slightly different at the
MgO/CoO interface, the CoO surface and the center of the
film. In addition to the main doublet B, additional components
at the lower binding energy were fitted (doublet A). Their
binding energies, equal to 778.9 and 779.4 eV for CoO(001)
and CoO(111), respectively, lie between the values expected
for metallic Co (778.2 eV) and Co304 (779.6-779.8 eV).3>3
The relative intensity of doublet A increases with the angle
0, suggesting that the species responsible for this component
are located in the surface region. We identified this compo-
nent as reduced cobalt oxide, based on the result that the
best fit was obtained using an asymmetric peak shape and
without additional satellite lines, both characteristic traits of
metallic species. In addition, the preparation conditions in our
experiment were reducing (each oxidation was followed by
annealing); thus, an oxygen deficiency in the surface region is
not surprising. In summary, the two CoO films were found to
have very similar chemical structures, with the stoichiometry
close to Co; 0Oy, and slightly reduced surface regions.

Having characterized the composition and crystalline struc-
ture of the CoO films, possible stabilization mechanisms of
the polar CoO(111) film should be discussed. One possible
mechanism is p(2 x 2) octopolar reconstruction, which leads
to the formation of {100} nanofacets.'® This mechanism cannot
be excluded due to the vague LEED patterns. The CoO(111)
surface might be also stabilized by adsorbed OH™ groups;
in that case, the surface is not reconstructed.* However, we
propose that the CoO(111) film is sufficiently stable due to the
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FIG. 8. (Color online) CEMS spectra (dotted line) measured for
%Fe/2 ML 3"Fe/CoO(001) (a) and *°Fe/2 ML Fe/CoO(111) (b)
together with the best fit (solid line), deconvoluted into components,
which are shifted along the y axis for clarity.

metallization of the CoO surface region, and in this case, no
additional stabilization mechanisms are needed.

To investigate the chemical structure of the Fe/CoO inter-
faces, CEMS spectra were recorded (Fig. 8). The hyperfine
parameters, which characterize each spectral component, are
given in Table II. Each of the components corresponds to a
different atomic site occupied by the 3"Fe atoms. Hyperfine
parameters are used to identify the chemical state and atomic
surroundings of given groups of atoms. The isomer shift
(IS), which changes with the density of s electrons at the
nucleus, provides information on the oxidation state of the
5TFe atoms, the hyperfine magnetic field (Byy) is related to
the magnetic moment of the 3’Fe probe atoms and its nearest
neighbors, and the quadrupole interaction (¢) is sensitive to the
electric field gradient and reflects the local symmetry of the
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TABLE II. Hyperfine parameters derived from numerical fits of
the CEMS spectra for the Fe/CoO(001) and Fe/CoO(111) interfaces.
IS is the average value of the IS with respect to «-Fe. Average
quadrupole interaction (e; sextets) or quadrupole splitting (QS;
doublets) are listed in column four. By is the average hyperfine
magnetic field and A By is the Gaussian width of the By distribution
for a given component. RW is the relative weight of the component.
The asterisks mark the parameters fixed during the fitting process.

IS 8/QS By A By¢ RW

Sample Site (mm/s) (mm/s) (T) (T) (%)
Fe/CoO(001) M_1 0.04(4) 0.00(2) 34.6(3) 1.2* 55(7)
M_2 0.12) -0.12) 32(2)  3(1) 2410)
O_1 03(1) 0.1(1) 37(1) 1.2(9) 15(8)
0_2 0.2(2) 0.8(3) - - 6(2)
Fe/CoO(111) M_1 0.02(1) 0.00(1) 34.6(1) 1.2 614)
M_2 0.04) 0.0(4) 26(3) 54) 13(7)
O_1 04(1) 0.0(1) 36.8(8) 3(1) 194)
0_2 0.44(7) 1.0(1) - - 7(2)

valence electron charge distribution.’® The spectra measured
for Fe/CoO(001) and Fe/CoO(111) are characterized by a
similar set of the components. Therefore, the interfacial model
proposed here applies to the bilayers of both orientations, with
small differences, which are highlighted below.

Knowing the thickness of the >’Fe probe, it is possible
to calculate the amount of 3’Fe atoms corresponding to
each component using its relative weight (RW). An easily
distinguishable component is a doublet (component O_2),
which in both spectra comes from a small amount of >’Fe
atoms (6-7% of the probe) that diffused into the CoO® and
which are magnetically decoupled from the rest of the Fe film.
The most intense component in both spectra (M _1) is charac-
terized by an IS, indicating its metallic character (IS = 0).
However, the hyperfine magnetic field, equal to 34.6 T
in both spectra, is larger than the typical value for a-Fe
(Bps = 33 T at RT).% Such an increased By is a result of the
proximity of Co atoms to Fe atoms at the Fe-CoO interface.
Because the XPS measurements indicated that the surfaces of
the CoO films were reduced, we interpret component M _1
as originating from the metallic intermixed Fe-Co interfacial
region. In iron-rich FeCo alloys, the hyperfine magnetic field
at the Fe nucleus increases almost linearly with the Co content,
reaching 35 T for 10 at.% of Co, i.e., FepCoy.>” Additional
CEMS measurements conducted with a thicker probe layer
(not shown) revealed that approximately 4 A of iron is mixed
with cobalt at the Fe/CoO interface.

Between the two remaining components in the spectra,
one has a metallic (M_2) and one has an (O_1) oxidic
character. The O_1 component, with a hyperfine magnetic
field of Bys = 37 T, is characterized by an IS = 0.3-0.4 mm/s,
which is typical for bulk iron in the Fe** oxidation state.
The oxidation of Fe atoms is a result of the CoO proximity
and often accompanies the formation of a metallic alloy
at the metal/oxide interface.® The hyperfine magnetic field
of the O_1 component is significantly lower than expected
for different Fe,O3 phases (approximately 50 T)% but is
close to the value of 38.4 T reported for a-FeOOH.*
However, the identification of the O_1 component in terms
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of stoichiometric bulk phases may not be relevant due to
the low-dimensional nature of the interfacial iron oxide.
Hence, we interpret the interfacial oxidation in the Fe/CoO
bilayers as the formation of iron-oxygen bonds, most likely
due to the incorporation of oxygen atoms in the hollow
sites of the bcc Fe structure, analogous to Fe/MgO.‘“’ The
metallic component M_2, identified by an IS close to zero,
exhibited a markedly different hyperfine magnetic field for the
(001) and (111) orientations: By = 32 T and By = 26 T,
respectively. In combination with the large width of the By
distribution, this finding indicates an interfacial origin of this
component. Apparently, at the Fe/CoO(001) interface, the co-
ordination of the Fe atoms to their metallic neighbors is differ-
ent than at the more defective Fe/CoO(111) interface. A similar
high sensitivity of the hyperfine magnetic field to the local
atomic coordination was recently demonstrated for the
Fe/MgO interface.*’ The amount of iron oxide formed at the
Fe/CoO interface corresponds to only a fraction of the ML.

If we assume that only components O_1 and M_2 come
from the interface, while the FeCo mixed region links this
interfacial layer with the interior of the Fe film, the quantitative
considerations lead to the conclusion that the 3’Fe grown on
CoO formed islands, which is in line with recent experimental
findings.*! Consequently, the amount of iron oxide was recal-
culated to 40% of the interfacial Fe ML for Fe/CoO(001) and
to 60% for Fe/CoO(111). This result is similar to the finding
of 0.3 ML of FeO based on x-ray absorption spectroscopy at
the interface with CoO in an Fe/CoO/Ag(001) structure.** The
small difference in the amount of the interfacial iron oxide
for Fe/CoO(001) and Fe/CoO(111) may be related to different
terminations of the CoO surfaces and thus different oxidation
conditions.

In summary, the Fe/CoO(001) and Fe/CoO(111) bilayers
were very similar in terms of the crystalline quality and
stoichiometry of the CoO films, as well as in the chemical
structure of the Fe/CoO interface.

B. Magnetic properties

The MOKE measured at RT for different azimuthal angles
¢ revealed the intrinsic magnetic anisotropies of the two struc-
tures. The angle ¢ was measured with respect to MgO[100] and
MgO[—110] for Fe/CoO/MgO(001) and Fe/CoO/MgO(111),
respectively. Representative hysteresis loops are shown in
Fig. 9(a), while Fig. 9(b) presents polar plots of the reduced
remanence. For both orientations, the coercivity measured
along the easiest anisotropy direction was equal to 12 Oe.
Significant differences appeared in the saturation field (Hy)
along the hardest anisotropy directions, which indicates differ-
ences in the effective magnetic anisotropies. For Fe/CoO(001),
Hs equals 500 Oe. Using the bulk magnetization for the
Fe layer, this value corresponds to an effective anisotropy
of 42 x 10° ergs/cm?, which is very close to the mag-
netocrystalline anisotropy of bulk Fe (4.8 x 10° ergs/cm?;
Ref. 43). Meanwhile, for Fe/CoO(111), Hg = 100 Oe, which
reflects a much smaller value for the effective anisotropy, i.e.,
0.84 x 10° ergs/cm’.

Fe grown on CoO(001) exhibited two orthogonal in-plane
easy axes, along the Fe[100] and Fe[010] directions, as ex-
pected for Fe(001) films. In contrast, the magnetic anisotropy
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FIG. 9. (Color online) (a) Hysteresis loops measured at RT
along the easiest and hardest anisotropy directions, corresponding to
¢ = 45° and ¢ = 0° for Fe/CoO(001) and ¢ = 90° and ¢ =
5° for Fe/CoO(111). The azimuthal angle is measured relative to
the MgO[100] and MgO[—110] directions for Fe/CoO(001) and
Fe/CoO(111), respectively. (b) Polar plots of the reduced remanence
showing the fourfold anisotropy of Fe/CoO(001) and the uniaxial
anisotropy of Fe/CoO(111).

of the Fe film grown on CoO(111) was uniaxial. Indeed, the
Fe(110) surface contains only one easy magnetocrystalline
anisotropy axis (Fe[100]), but the uniaxial magnetic anisotropy
(UMA) presently observed for Fe/CoO(111) cannot be of
magnetocrystalline origin because the Fe film is composed
of grains rotated by 120°. The uniaxial anisotropy contri-
butions may have diverse origins: interface anisotropy, as
in Fe/GaAs(100),** shape anisotropy,” or growth-induced
anisotropy, which originates from the shadowing effect.*%+/
Although the evaporator used in this study produced an Fe
flux at only 12° from the substrate normal, growth-induced
anisotropy*® was responsible for the UMA in the Fe/CoO(111)
sample. The easy magnetization direction was oriented perpen-
dicular to the projection of the Fe flux direction onto the sample
surface, which was also verified in analogous samples prepared
on substrates rotated relative to the evaporator. The UMA
contribution is not apparent for the Fe/CoO(001) sample; for
that case, the total magnetic anisotropy is dominated by the
magnetocrystalline term.

To investigate the AFM-FM magnetic exchange couplings
that are characteristic of Fe/CoO(001) and Fe/CoO(111), the
samples were field cooled to 80 K. The cooling magnetic field
was applied along the easiest magnetization directions because
the hysteresis loops before FC were very similar in this case. At
80 K, both systems showed a large coercivity, which increased
by factors of 60 (up to He = 740 Oe) and 100 (up to He =
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FIG. 10. (Color online) First and second hysteresis loops mea-
sured at 80 K after FC for Fe/CoO(001) (a) and Fe/CoO(111) (b).

1280 Oe) relative to RT for Fe/CoO(001) and Fe/CoO(111),
respectively (Fig. 10).

The coercivity in AFM-FM systems is known to follow
the number of uncompensated AFM interfacial spins,'' the
majority of which are rotatable.'"> However, Radu et al.
argued that the spins belonging to the AFM layer might
be rotatable only when the interfacial region has a lowered
AFM anisotropy.*® An interfacial region supplying AFM spins
that can rotate together with the FM might exist also for
nominally compensated systems as a result of roughness
or other structural defects.*® In our samples, the FM/AFM
interface contains mixed FeCo regions, which, for both
orientations, may be a source of magnetic moments that
increase the coercivity. However, the much larger coercivity
enhancement observed for the Fe/CoO(111) system suggests
a more complex phenomenon, which is also reflected in the
differences in the EB fields, which are clearly shown in Fig. 10.
For both configurations, the first hysteresis loop measured at
80 K (first loop) was shifted by Hgg = 37 Oe and Hgg =
354 Oe for Fe/CoO(001) and Fe/CoO(111), respectively, in
the direction opposite to the magnetic field applied during
FC. The value of Hgg = 354 Oe measured at 80 K is
much larger than previously reported values for other bilayer
systems based on CoO(111) and a metallic FM layer.!7:18:27:49
The occurrence of the training effect was verified through
a subsequent measurement of another hysteresis loop (second
loop), which was identical to the first loop for Fe/CoO(001) and
indicated a slightly (7%) decreased EB field (Hgg = 328 Oe)
for Fe/CoO(111). This weak training effect is related to the
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FIG. 11. (Color online) Temperature dependence of the coercive
field (Hc) and EB field (Hgg) for Fe/CoO(001) and Fe/CoO(111)
measured after a single FC procedure (procedure A, full symbols)
and measured after FC was performed for Fe/CoO(111) separately at
each temperature (procedure B, empty symbols). The inset presents a
rescaled Hgp temperature dependence for the Fe/CoO(001) sample.
For the Fe/CoO(111) sample, both parameters were fitted with a linear
temperature dependence. For Fe/CoO(001), the solid lines are guides
to the eye.

high structural quality of the bilayers, as this effect is usually
observed for polycrystalline samples.>*!

The EB effect in the Fe/CoO bilayers was studied as a
function of temperature. Hysteresis loops were measured for
temperatures ranging from 80 to 300 K after FC to 80 K (pro-
cedure A). To account for the slight training effect observed for
the Fe/CoO(111) system, measurements were also performed
in which the FC was performed to each temperature separately
(procedure B). The temperature dependence of Hc and Hgg
is presented in Fig. 11. Measurement procedures A and B led
to very similar results, as expected based on the very small
training effect observed for the Fe/CoO(111) sample. For both
samples, Hgg and H¢ decreased with temperature. However,
the temperature dependences of Hgg and H¢ for Fe/CoO(001)
and Fe/CoO(111) are different. For Fe/CoO(111), both quanti-
ties show a linear temperature dependence; however, a plateau
for intermediate temperatures is observed for Fe/CoO(001).
For both samples, the coercivity is larger at lower temperatures
due to the increased magnetocrystalline anisotropies of both
Fe and CoO. The coercivity enhancement is observed below
T =265 K, which is slightly lower than the Néel temperature
of bulk CoO, as expected.

The linear temperature dependence of Hgg found for
Fe/CoO(111) has been observed in many EB systems. #3253
According to the Malozemoff EB model,” Hgg is proportional
to the energy stored in the domain wall (oar), which is formed
in the antiferromagnet. Because oar o (Aapm K arm)'/?, where
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Aapm represents the exchange stiffness and K apy indicates the
anisotropy constant of the AFM component, the temperature
dependence of Hgp is governed by changes in K opy, assuming
that Aapm is temperature independent. For a cubic AFM
anisotropy, the linear temperature dependence of Hgg(T)
within the Malozzemoff model follows from the temper-
ature dependence of the anisotropy constant: Kapm(7) =
Karm(0)(1 — T /Ty)* (Refs. 9 and 52). Consequently, the
temperature dependence of Hgp for Fe/CoO(111) was fitted
with Hgg(T) o (1 — T /Tg), where Ty was replaced by the
blocking temperature T = 227 K. Ty is the temperature
above which the AFM domains become stable against the
exchange interactions with the FM layer,* and Hgp vanishes.
The blocking temperature found for the Fe/CoO(111) bilayer
is lower than the Néel temperature of bulk CoO. Such a
significant lowering of Tp with respect to Ty could be at-
tributed to the deviation from the Co; O, stoichiometry towards
Co30;4 (Ty(Co304) = 34 K)Tx.2” However, because the CoO
films prepared in the present study were reduced rather than
over-oxidized (Sec. III A), we propose that the lowered T is
due to the small thickness of the CoO films (20 A). Similarly
reduced values of Tp have been observed for diverse systems,
such as CoNiO/NiFe, NiO/NiFe,>* and Fe;0,4/Co0>3 bilayers
with AFM layers thinner than approximately 50 A. This effect
is related to the weakening of exchange interactions with
decreasing AFM layer thickness rather than a finite size effect
of the Ty reduction.’>

The EB field measured for Fe/CoO(001) was much smaller
compared to Fe/CoO(111) and presented a more complex
temperature dependence. Below 210 K, the hysteresis loop
was shifted in the direction opposite to the magnetic field
used for FC, which is a typical negative EB effect.’ After
the rapid low-temperature decrease, a plateau region occurred
between 120 and 160 K, followed by a linear decrease to 210 K.
A similar temperature dependence was reported for the EB
in polycrystalline Py/CoO layers, in which the EB followed
the thermoremanent magnetization of the CoO interfacial
uncompensated spins.’® The measurements between 220 and
240 K exhibited hysteresis loops slightly shifted along the FC
direction, indicating a small positive EB effect. Similar effects
near the blocking temperature have been previously reported
for polycrystalline Co/CoO>’ and textured CoO/Co(111)°8 bi-
layers. However, for our sample, this positive Hgg equals only
3 Oe, which is on the order of the experimental uncertainty;
hence, we find this value negligible. Thus, for the Fe/CoO(001)
sample, we consider 75 = 210 K as the temperature below
which a negative EB occurs. This value is similar to that of
Fe/CoO(111), which supports the interpretation of its relation
to the reduced thickness of the CoO films.

IV. SUMMARY AND CONCLUSIONS

In conclusion, we have investigated Fe/CoO(001) and
Fe/CoO(111) epitaxial bilayers with nominally compensated
and uncompensated FM-AFM interfaces through structural
and magnetic characterization. The layer-by-layer deposition
method employed in this work resulted in nearly stoichiometric
CoO films with reduced surfaces. A fraction of a ML of
Fe oxide was identified at the Fe/CoO interfaces for both
orientations. The Fe oxidation was accompanied by the
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formation of a mixed metallic Feg9Cog ; region. The Fe films
grown on CoO(001) exhibited the expected fourfold magnetic
anisotropy, while the Fe films deposited on CoO(111) were
uniaxial. FC resulted in a strong coercivity enhancement
for both samples, while the EB was drastically larger for
Fe/CoO(111) compared to Fe/CoO(001). The temperature
dependences of Hgg and He were similar within each system,
yet different for the two crystal orientations.

We attribute the EB bias and coercivity enhancement in the
Fe/CoO bilayers to the uncompensated pinned and rotatable
spins, respectively, present at the Fe/CoO interface. The
number of uncompensated spins is much larger for CoO(111)
than for nominally compensated CoO(001), where their only
source is the atomic level roughness. Furthermore, the intrinsic
magnetic anisotropy of the Fe film grown on CoO(111) is
much weaker than in the Fe/CoO(001) configuration; thus,

PHYSICAL REVIEW B 88, 085442 (2013)

the total anisotropy of the system is much more sensitive
to the unidirectional anisotropy introduced during FC. The
origin of the remarkably strong EB observed for Fe/CoO(111)
should be attributed to the combination of the uncompensated
spin structure of CoO(111) and the low intrinsic magnetic
anisotropy of the Fe film. Therefore, we provide direct
evidence of the dominant role of crystalline orientation in the
magnetic behavior of epitaxial systems.
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