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Interfaces between antiferromagnetic CoO and ferromagnetic Fe are typically characterized by the develop-
ment of Fe oxides. Recently, it was shown that the use of a proper ultratthin Co buffer layer prevents the

formation of Fe oxides [A. Brambilla, A. Picone, D. Giannotti, M. Riva, G.
M. Finazzi, F. Ciccacci, L. Duo, Appl. Surf. Sci. 362, 374 (2016)].
magnetic properties of such an interface and we find evidence for an

ssetti, G. Berti, A. Calloni,
'E?} presént work we investigate the
-plane uniaxial magnetic anisotropy,
1 hysteresis loops. X-ray photoe-

which is characterized by a multijump reversal behavior in the magnetizatio:
mission spectroscopy and element-sensitive hysteresis loops rev Lt)ha 1e occurrence of such an anisotropy

is a phenomenon developing at the very interface.

Interfaces between ferromagnetic metals (FM) and
oxide (O) films are ubiquitous in fields such as
spintronics,™? electronics,® and multiferroics.*® The
smaller the physical structures get, the more relevant in-
terfaces become in determining their properties. This

ing a major role, and now are keys to obtaining

T~

—
charagterized by
00 thicknesses above a few monolayers (ML),

well-ordered mesa mound morphol-

ogy for
curring count of stress relaxation through the for-
tion ‘Uia network of misfit dislocations.?>?6 In this
etter, wé explore the magnetic properties of such an
"fa'(%' and we report on the occurrence of a uniaxial

ic hysteresis loops. By exploiting an existing rever-

is true also for magnetic systems, where interface ph in’
nomena, such as exchange bias, have always been pm tic anisotropy that gives rise to multijump mag-
a
8

atomic-scale engineering of relevant magnetic feat
In the case of O/FM, several recent observations demon-
strated how the interface chemical interaction
influence the magnetic properties by, for i
ducing uncompensated magnetic momentsy
the coupling effects,'® or even by creating
in unexpected ways, like the case of
exchange biased MgO/Fe interface.!!

15

bject'ef a great number
] investigations.!216
the growth order,
are of great importance t stand and control their
magnetic properties.”{f partieular; the CoO/Fe(001)
interface has been a workbench for*many investigations
related to AF/FM systems withaeactive interfaces, rang-

ing from the exchamge Pias mechanism,'*!® to the in-
stoichiometry on the magnetic

00/Fe(001) interface characterized
of‘any Fe oxide,?™?2 which is a quite
unique featuregwith respect to the common experimental
i 5. 10,1923 This result has been accomplished by
iting ultra~-thin Co buffer layer with a bct cu-
tructuge.?>24 In that case, the CoO films were also
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sal model, we estimate the value of such an anisotropy
and discuss about its possible physical origin. While the
latter appears difficult to address, it is noticeable that,
by following the correct preparation procedure, one can
reproducibly obtain a magnetic anisotropy that may be
used for settling a reference direction in the magnetic
system, without exploiting exchange bias.

Ultra-thin films of CoO were grown on Fe(001) after
deposition of a 5 ML of bet Co (1 bet Co ML = 0.140
nm)2” onto the oxygen-saturated Fe(001)-p(1 x 1)O sur-
face of a 500 nm-thick Fe film, as described in Ref. 21.
Subsequent annealing at 470 K for 5 minutes produces
the Co(001)-p(1 x 1)O surface,?* characterized by a sin-
gle atomic layer of chemisorbed oxygen, while iron at the
interface remains free of oxygen. Reactive deposition of
Co0, with a thickness tcoo up to about 25 ML (1 CoO
ML = 0.213 nm), was performed with the sample kept
at 470 K by evaporating metallic Co in a pure Os atmo-
sphere with partial pressure po, = 1- 1074 Pa.?!

Magnetic hysteresis loops were acquired at room tem-
perature on samples characterized by tcoo = 25 ML with
the Magneto-Optical Kerr Effect (MOKE) apparatus de-
scribed in Ref. 28 and are reported in Fig. 1, together with
a sketch of the experimental layout. Making reference to
the latter, H was the applied magnetic field and ¢ was the
angle between H and the [100] direction of the Fe(001)
substrate. During measurements, the direction of H was
kept constant, while the sample was rotated in-plane by
¢. The hysteresis loops shown in Fig.1 are related to
the M| and M components of the total in-plane mag-
netization M, which are either parallel or perpendicular,
respectively, to the direction of H.
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FIG. 1. MOKE hysteresis loops of the in-plane magnetizatio
components either parallel (||) or perpendicular (L)
applied field H, taken for different azimuthal angles ¢. Hollew
and full symbols correspond to either decreasing ori asin
loop branches. The sketch describes the experimental, la;

where the continuous lines represent the samplé easy axes and
the dashed lines the hard axes. The measurement e taken
on a sample with tcoo = 25 ML. \

Bare Fe(001) films are characteft y two equivalent
easy magnetization axes, each iliidgg} with the two
in-plane equivalent [100] a iregtions. Typical
hysteresis loops acquired o 1)O substrates
owndor ¢ = 0° ([100] //

(not shown) are like, e.g. £hos
H) in Fig. 1. We under n% mall M|, component
00]

here observed is duesio a small misalignment (less than

5°) between H and{the direction of Fe.

film with tcoo = 25 ML, the two

no longer equivalent. In par-

20);5 reported for ¢ = 90° ([010] //
“jump switching behavior of the

ifferent coercive fields, that are

rther rotations of the ¢ angle reveal a change in
sal behavior when crossing the hard axes. In
ar, for angles 0° < ¢ < 45° and 135° < ¢ < 180°
the magnetization reversal follows a 1-jump 180° switch-
ing (not shown). For angles 45° < ¢ < 135° (excluding
¢ = 90°), the reversal is instead characterized by a 3-
jump switching route, better visible in the M| loops, as

shown for some cases (¢ = 50°,60°, and 80°) in Fig. 1.
This reversal behavior is therefore symmetric with re-
spect to the harder easy axis. It is interesting to notice
that, in the 3-jump loops, the transition occurring first
(i.e. the one for which the lower energy barrier has to be
overcome) is always seen before the field switches sign.
This can be observed in Fig. 1 by considering separately
the decreasing and increasing loop branches, which are
represented by either hollow or full symbols, respectively.
In all measured 3—ju?rzloops, such a transition is better
evidenced in the M [« co
stantially the sa d, i
0.8 Oe (average

onent and it occurs at sub-
endently of ¢, of about

urn et al.?? in Ag/Fe/Ag(001)
layers (0 to 13 ML range) and
the“same authors, on the basis of a model

configuragion. S The latter were calculated in a coher-
ﬁota‘cion proach by superimposing a weak uniaxial
ani tro? term K, to the fourfold in-plane cubic mag-
etic %1_1— otropy term K;.30 The reversal then occurs by
DW displacement, in which the DW are allowed to prop-
agat@ freely once the corresponding pinning energy (egp
90° DW, €150 for a 180° DW) is overcome. In par-

Mcular, the condition K,, > €gg has to be fulfilled in order

to observe 3-jump loops. In the present case, a value of
€180/M = 20QOe, where M is the saturation magnetiza-
tion, can be retrieved by measuring the coercive field H,
in the standard loops with either ¢ = 0° or ¢ = 180°.
From such a value one obtains egg/M = 1 QOe, following
the relation €189 = 2€g9g discussed in Ref.29. Finally,
these values can be used, together with the values of the
lowest coercive field measured in each 3-jump loop, to
obtain an estimation of the uniaxial anisotropy, yield-
ing K, /ego = 1.7 £ 0.6. This result, which describes a
very small anisotropy, compares well with that obtained
by Cowburn et al. (K,/ego = 1.3 £ 0.1), even if our
Fe films are two orders of magnitude thicker than those
considered in the reference work, thus showing with even
greater emphasis how big the influence of such a small
anisotropy can be on the reversal behavior of a FM film.

Multijump magnetization reversal behaviors were
only seldom observed, mainly on systems prepared
on purpose by exploiting, e.g., vicinal surfaces,?' ion
bombardment,3?33 oblique evaporation.?* On the other
hand, it was recognized that the development of a uni-
axial anisotropy in Fe films and the mechanism of DW
formation and propagation are effects related to the
interface.?>3% We underline that the magnetization loops
reported in Fig.1 are strongly dependent on the sam-
ple preparation recipe. Preparation approaches differ-
ent from that described in Ref.21 (in particular differ-
ent growth temperatures), produced samples that did not
show multijump magnetic hysteresis loops.

To go into further details about the role of the interface
chemistry, we report in Fig. 2 X-ray Photoemission Spec-
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FIG. 2. XPS spectra taken at either normal (left panel) or
grazing (60° off-normal, right panel) emission. From bottom
to top the spectra correspond to increasing CoO thickness,
from Co-p(1 x 1)O (no CoO, metal lineshape reference) to
tcoo = 25.6 ML (oxide reference).

troscopy (XPS)3” measurements, taken at either n wal

or grazing (60° off-normal) emission, on the
level region, as a function of ¢tc,o. The referenc
mental spectra are taken on the Co(001)-p(l.x 1)
strate (bottom row, green line) and on a fi \%

= 25.6 ML (upper row, in blue), fordwhich “he “signal
from the substrate can not be detected a mm;by XPS
and that perfectly agrees with literature.? e spectra
with intermediate tc,0 values wefe 1 deconvoluted as
a combination of metallic and oxide components. Con-

the /Co buffer layer
ickness tcoo =

ble in the spectra. S e latter appears to
be greater for the grazi Mﬂ spectra (right panel)
than for the normél emision es. Such an observa-

tion might be e by considering the presence of

ilar to that of metallic Co.38
when considering the peculiar

Ty si

rder to ermine if the residual metallic Co
influenge on the magnetic anisotropy landscape
leS, we performed element-dependent hys-

by using X-ray Magnetic Circular Dichro-
M%D at the APE beamline of the Elettra
synchragron. 39 In particular, x-ray absorption spectra
were acquired at both Fe and Co Ly 3 absorption edges.
The energy of the photon beam was fixed, first at the
maximum value of the respective XMCD spectrum of
either Fe or Co, then at the corresponding pre-edges

.

(for the sake of signal normalization), and the absorp-
tion signal was collected, for both photon helicities, while
varying the external applied field H. Fig. 3 reports the
element-dependent hysteresis loops obtained at different
tcoo values and also for the Co(001)-p(1 x 1)O substrate.
Here, H was oriented along one of the easy magnetiza-
tion axes of the sample and both field and sample were
jointly rotated to be either in the incidence plane of the
x-ray beam, or perpendicular to it. The obtained com-
ponents of the magne zation vector can thus be labeled

as M (parallel to H M, (perpendicular to H) with
the same labehng< ted inFig. 1.
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FIG. 3. XMCD hysteresis loops acquired at either Fe or Co
absorption edges for different CoO thicknesses. The parallel
and perpendicular components of the in-plane magnetization
M are referred to the external field H.

In the Co(001)-p(1 x 1)O case, we observe that the re-
versal behavior of Co spins is totally equivalent to that
of Fe spins, suggesting a strong parallel coupling between
the two layers. A substantially equivalent reversal be-
havior of Fe and Co is retrieved also for tc,o = 0.8 ML.
Moreover, a FM behavior of Co is observed also at larger
coverages, even for tcoo as high as 25.6 ML. The lat-
ter observation also demonstrates that a small fraction
of metallic Co remains at the interface upon growth of a
thick CoO layer, indicating that the process of the buffer
layer oxidation stops at some coverage, before being com-
plete. As reported in the bottom of Fig.3, the XMCD
spectrum at the Co edge for tcoo = 25.6 ML had to be
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‘ s kppli d by 6 in order to be comparable to the other
spectra. This suggests that most of the magnetically ac-

PUbI|‘§'I:U Ug racted Co is located close to the interface.

1he XMCD loops of CoO/Fe samples clearly show the
reversal through formation of 90° domains, as evidenced
by the M} component in the loops and by the clear 2-
jump behavior visible in both magnetization components.
This means that the configuration reported in Fig.3 is
analogous to the case ¢ = 90° of Fig.1. Most unex-
pectedly, the same 2-jump behavior is observed also for
tcoo as low as 0.8 ML. It is worth noticing that XMCD
loops had to be taken at different times for Fe and Co,
which explains the differences in the shape of correspond-
ing loops.

The above observations demonstrates that the uniax-
ial anisotropy is present since the early stages of CoO
growth, fostering the conclusion that neither the initial
metastable Co layer nor the residual Co species observed
at higher tco0 are at its source. Moreover, the observa-
tion of reversal through formation of 90° domains even
before a complete CoO layer is formed suggests that the
onset of an AF order is also not at the origin of K.

Further considerations can be made about a possible
role of the misfit dislocation network that rapidly for
upon CoO deposition, as shown by scanning tunneling
microscopy (STM).2! Even in this case, STM demon®
strated that the dislocations develop only after t
CoQO layer is formed, while they were not obgerved
sub-monolayer coverages, thus pointing towar E&ud—
ing them as the origin of the anisotropic magnetic avee
ior. Similarly, other topographic features, and'in pa
lar the terrace-steps distribution of the surfacey deseribed
in Ref. 40, were observed to be substa anlent
when the samples were prepared either with or without

the Co buffer layer, implying thatt

terface characterized by th abs?ce
i¢ anisgtropy that is any-
né fourfold magnetic

change bias effect.
species in the Co s shown to have no influence on
such an anisotrdpy, whieh appear to be a clear interface
phenomenon. Fhis Work demonstrates that a fine control
of the oxidation/r cti;ﬁl processes occurring at a reac-
tive AF/FM interface'may be the key for the control of
its large sc mag%tic properties. We believe therefore
that qgur syste ay be exploited in properly designed
nanos 'uctureSwith very small dimensions.
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