N
N

N

Magnetism of CoFe__

HAL

open science

20 4 ultrathin films on

MgAl 20_ 4 driven by epitaxial strain
Christophe Gatel, Bénédicte Warot-Fonrose, S. Matzen, J.-B. Moussy

» To cite this version:

Christophe Gatel, Bénédicte Warot-Fonrose, S. Matzen, J.-B. Moussy. Magnetism of CoFe_20_ 4 ul-
trathin films on MgAl 20 _ 4 driven by epitaxial strain. Applied Physics Letters, 2013, 103, pp.092405.

10.1063/1.4819178 . cea-01481038

HAL Id: cea-01481038
https://cea.hal.science/cea-01481038
Submitted on 13 Feb 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://cea.hal.science/cea-01481038
https://hal.archives-ouvertes.fr

APPLIED PHYSICS LETTERS 103, 092405 (2013)

@CrossMark

Magnetism of CoFe,0, ultrathin films on MgAIl,O4 driven by epitaxial strain
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We report on the correlations between magnetic anisotropy and strain state in CoFe,O, ultrathin
films grown on MgAl,O4(100) and MgAl,O4(111) substrates. By local strain analysis using the
geometric phase method, a significant in-plane compressive strain is observed for the (001)
orientation while a full relaxation is detected for the (111) orientation. The relaxation process in
CoFe,04(111) layers induces interface dislocations and a large amount of antiphase boundaries
while a pseudomorphic growth is observed for the (001) direction, decreasing significantly the
density of antiphase boundaries. By comparing the magnetoelastic energy terms, the correlation
between strain state and resultant magnetization is discussed. © 2073 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4819178]

The relationship between strain and magnetism has
gained considerable interest with the study of multiferroic
materials, which present two coupled properties among fer-
romagnetism (or anti-ferromagnetism), ferroelectricity, and
ferroelasticity.! Very few materials are intrinsically multifer-
roic, the most studied being BiFeOj3, but extrinsic multifer-
roic materials have been proposed. They combine, for
example, a magnetostrictive material with a ferroelastic
one.” Magnetic oxides are of particular interest, especially
cobalt ferrite (CoFe,0,) that presents the highest magneto-
striction coefficient reported,*” offering the capability of
mastering the magnetization with strain.

Magnetic properties of spinel ferrites are often modified
when these oxides are deposited as thin films (decrease of
magnetization, Curie temperature, or coercive field). In order
to understand and optimize the magnetism in thin films, it is
particularly important to study the local defects (cationic
ordering, antiphase boundaries),®® the films strain state
(induced by a given substrate and growth mode), and their
effects on the magnetic properties. The magnetoelastic
effect, corresponding to the correlation between strain and
magnetism, has been studied in theoretical work,”'? where
the direction of the easy magnetic axis is shown to be tuned
by strain. If CoFe,O4 (cubic lattice parameter acope204
=0.8392nm) is under tensile strain, the magnetization will
remain out-of-plane whereas a compressive strain will lead
to an in-plane magnetization. Experimentally, the easiest
way of applying strain to a thin oxide film is to deposit the
film epitaxially on a suitable substrate.

Many groups have worked on the deposition of CoFe,O,
layers on different substrates as for example o-Al,Os,'
SITiOs,"*'® and mostly MgO."”>™ On SITiO; (agrrios
=0.3905 nm), the lattice mismatch between the film and the
perovskite substrate reaches +7.45% (substrate taken as refer-
ence), and this compressive strain induces an in-plane easy
axis.">*'* On the other hand, the small lattice mismatch of
—0.36% on a rocksalt MgO substrate (ayo=0.4212nm)
produces an out-of-plane magnetization due to tensile
strain.'® Few groups have deposited CoFe,0, layers on a
MgAl,O, spinel substrate (aygaros = 0.8083 nm) with strik-
ing results.*>'” On  this substrate, CoFe,O,4 films can be
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completely strained despite a lattice mismatch of 3.82%,
undergoing a high in-plane compression of 3.68%, compared
to CoFe,O, bulk parameter. Even if the reported results con-
firm in most cases the theoretical predictions, the influence of
the magnetoelastic effect is not straightforward due to the
complex crystallographic structure of CoFe,Oy,.

In this study, we present the epitaxial growth by
oxygen-assisted molecular beam epitaxy and the magnetic
properties of CoFe,O, ultrathin films (5nm-thick) on
MgAl,O, substrates for two different crystallographic orien-
tations ((001) and (111)). The parameters for the deposition,
detailed in a previous paper,'' were exactly the same for the
two kinds of orientations, allowing to keep the identical
inversion parameter for both layers, measured as 0.9
(Ref. 19) (respectively 0.84, data not shown) for (001)
(respectively (111)) oriented CoFe,0, films, in agreement
with the inverse spinel structure predicted by calculation.?
The strain state was determined locally using quantitative
high resolution transmission electron microscopy (HRTEM).
HRTEM observations were performed using a 200kV FEI
Tecnai microscope equipped with a field emission gun and a
Cs corrector which avoids delocalization effects at interfaces
(point resolution of 0.12nm). A significant portion allowing
for a detailed analysis representing the entirety of these sam-
ples has been observed. The geometric phase method”' has
been applied on different HRTEM micrographs to measure
the local displacements and strain fields in the ferrite layers
compared to the substrates. Thin samples were prepared in
cross-sectional geometry using the usual mechanical polish-
ing and a precision ion polishing system to achieve the elec-
tron transparency.

Figure 1(a) reports a HRTEM image of a CoFe,O, layer
on a MgAl,O4(001) substrate studied along the [100] zone
axis. This micrograph confirms the high quality of the epi-
taxial growth in the [001] direction as already observed in a
previous paper.'® The orientation relationships deduced
from our HRTEM experiments are CoFe,O4[100](001)//
MgAl,04[100](001). In addition, the interface appears per-
fectly flat without any noticeable interface phase at the
atomic scale. The HRTEM experiments performed on differ-
ent cross sections have revealed a sharp decrease of the

© 2013 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4819178
http://dx.doi.org/10.1063/1.4819178
http://dx.doi.org/10.1063/1.4819178
http://dx.doi.org/10.1063/1.4819178
http://dx.doi.org/10.1063/1.4819178
http://dx.doi.org/10.1063/1.4819178
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4819178&domain=pdf&date_stamp=2013-08-27

092405-2 Gatel et al.

: 7
6
5
4
3
2
1
0

(nm)

S = N W A N

[ . T8 642002
-8% 10% o)

FIG. 1. HRTEM image of a CoFe,04(001) film deposited on MgAl,04(001)
(a) with the corresponding geometrical phase analysis for the in-plane defor-
mation &, (b) and the out-of-plane deformation &,, (c). Profile of the defor-
mation in dashed rectangle is reported for each direction.

density of antiphase boundaries (APBs). In Figures 1(b) and
1(c) are reported the geometric phase analyses of the strain
field in the CoFe,04(001) layer based on the HRTEM image
on top. As the reference area is taken within the substrate far
from the interface, the measured deformation corresponds to
the variation of the interreticular distances with the
MgAl,O, ones. In the following, x designs the [010] in-plane
direction and y is the [001] out-of-plane direction or growth
direction. The colour map corresponding to the in-plane de-
formation (J,,) presents the same colour on the entire thick-
ness of the layer/substrate system, indicating a continuity
of the atomic planes between the layer and the substrate
(Fig. 1(b)). The profile of this deformation on the right hand
side proves the absence of deformation in the CoFe,O, layer
compared to the substrate (J,,=0%) indicating a full-
strained CoFe,0, layer.
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On the other hand, for the out-of-plane deformation
(6,y), the map reveals a sharp colour change at the interface
with a uniform yellowish area observed in the ferrite layer
(Fig. 1(c)). The measured deformation on this image gives a
value of é,,=6.7 + 0.3% with respect to the substrate. This
value has been found on all observed areas by the HRTEM
experiments. Furthermore, no interfacial dislocations are visi-
ble on all obtained images from HRTEM suggesting that no
plastic relaxation, even partial, occurs. Therefore it is clear
that the CoFe,Oy layer is strongly strained by the substrate.

It is then interesting to calculate the in-plane and out-of-
plane components of the strain expected for a completely
strained CoFe,0, layer. The values of the elastic coeffi-
cients, Cyy, C1, and Cyy are 273 GPa, 106 GPa, and 97 GPa,
respectively.” We assume no surface relaxation effects due
to the thinning along the direction of observation. In the hy-
pothesis of a layer biaxially stressed in the (001) plane
because of a lattice mismatch, the in-plane component of
strain (¢,,) and the out-of-plane component (&) are given by
the well-known relationships

AMgA204 — ACoFe204
(%) = = —3.68 1
£u( %) ACoFe204 ’ %
c
&y (%) = —zc—faﬂ = 2.86. )

Using &,,, the out-of-plane lattice parameter of CoFe,O,
is calculated to be 0.8632 nm.

The in-plane ., and out-of-plane J,, deformations of
the CoFe,O, layer compared to the substrate should thus
be 0% and 6.79%, respectively, for a perfect strained state
and equal both to 3.82% for a perfect relaxed state.
Consequently, the comparison between this analysis and our
experimental values undoubtedly shows that the CoFe,O,
layer is perfectly elastically strained on the MgAl,04(001)
substrate without notable relaxation. From the in-plane com-
pressive strain &, the in-plane stress component o, has
been calculated and presents a huge value

2

2C
Oy = <C11 + Cp — c112> e = —10.92GPa.  (3)
1

Results are completely different for CoFe,O, films
grown on MgAl,O4(111) (HRTEM image in Figure 2(a)),
where a significant modification of the strain state is
observed by changing the growth orientation. The HRTEM
image (Fig. 2(a)) reveals the high epitaxial quality of the
layer, and the strain maps (Figs. 2(b) and 2(c)) indicate a
relaxation of the CoFe,O4(111) layer in both [010] and [001]
directions as a 3.7% deformation is measured in both cases,
which is very close to the theoretical misfit between the fer-
rite layer and the substrate. This relaxation is accompanied
by the presence of a network of misfit dislocations (marked
as dashed circles) arranged between 7 and 8 nm (theoretical
value of 7.8 nm). The analysis of HRTEM micrographs also
shows the presence of APBs (parallel dashed lines in
Figure 2(a)). Each of these defects is linked to a dislocation,
but all dislocations do not generate an APB.

The different structural properties between the [001] and
[111] growth directions have a strong effect on the magnetic
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FIG. 2. HRTEM image of a CoFe,O4(111) film on MgAlL,O4(111) (a).
Dashed circles indicate dislocations, and the parallel dashed lines mark an
antiphase boundary. The geometrical phase analysis is shown for the in-
plane deformation &, (b) and the out-of-plane deformation &, (c). Profile of
the deformation in dashed rectangle is reported for each direction.
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properties. In-plane hysteresis loops obtained at 300K by
vibrating sample magnetometry (VSM) after subtraction of
the diamagnetic contribution of the substrate are clearly dif-
ferent. The hysteresis loop measured along the [010] in-
plane direction of the CoFe,04(001) films (Fig. 3(a)) shows
large values of both in-plane magnetization (415kA/m at
1.2T) and coercive field (uoH.~4700CQe), significantly
higher than the values obtained for relaxed thicker films''
and very close to the bulk values. For the [111] growth direc-
tion, the VSM hysteresis loop along the [-110] in-plane
direction presents a completely different behaviour which
looks like the one obtained generally for 5 nm-thick ferrite
layers, with a strong decrease of the saturation magnetization
(170kA/m at 1.2T) and the coercive field (yoH. ~ 200 Oe)
compared to the bulk values. Note that no in-plane anisot-
ropy is observed in both films (not shown). The absence of
in-plane anisotropy shows that others factors than the mag-
netocrystalline anisotropy have a strong effect on the mag-
netic properties of CoFe,O, thin films. Moreover, while
similar remanent magnetization values and close coercive
fields between perpendicular and parallel directions indicate
almost isotropic magnetic properties in the (111) films
(Fig. 3(c)), a really strong anisotropy between in-plane and
out-of-plane directions is observed in the (001) films
(Fig. 3(b)). The isotropic magnetic properties of the
CoFe,04(111) films with low magnetization and coercivity
values are consistent with the increased presence of numer-
ous APBs in thinner ferrite films as observed in Fe;Oy4
layers'”'® and confirmed by the HRTEM micrograph pre-
sented in Figure 2(a). On the contrary, the pseudomorphic
growth along the [001] direction has two effects on the films
magnetic properties: it prevents from the formation of APBs
allowing to restore bulk-like magnetic properties with high
magnetization and coercive field, and it also induces a strong
magnetic anisotropy (with magnetization purely in-plane)
resulting from the strong in-plane compressive strain.

A study of the different magnetic energies in
CoFe,04(001) thin films allows to understand the changes in
magnetic properties and the effect of strain. The demagnetiz-
ing energy has not to be considered as the magnetization lies
in the films plane. The magnetocrystalline energy (Eyic) can
be computed by the following expression:

— [ o1 A=
401 1 plane .w""';';;é O piane L .
—— (001) / 7 200 °L“'°f'°'}’ /
—o— (111) / 0 [ o=
200 - f pr—— /
(avasgt=—" -200 | j FIG. 3. (a) In-plane magnetic hystere-
’g T o0 bt f:_.;/ (b) sis loops at 300K of a CoFe>O, (5nm)
= i B . . | \ film grown on MgAl,O4(100) and
5 0 = 200 MgAlL,O4(111). In-plane and out-of-
g = (111) $==2""| plane hysteresis loops of the film on
agonode 100 L2 g;g_'gfn_zlane = MgAL,04(001) (b) and MgAL,O4(111)
| g——gicoe (c). In-plane hysteresis loops have
-200 - j 0 been obtained along the [010] direction
{.f for CoFe>04(001) and [-110] direction
o 00, for CoFe,O4(111).
400 L_/_Ji#"""‘“ (a) o g?’ (c)

1 1 1 1 _12
2 8 4 0 4 8 12
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Eyc = % (sin?20 — 1), @)

where K; is the magnetocrystalline constant (between
1x10°Jm™> and 4x10°JTm>)*** and 0 the angle
between the [100] direction and the magnetization. The max-
imum variation of Ey;c is then about 1 x 10°Jm >, when the
magnetization is along the [100] or [010] directions. The last
energy to take into account is the magnetoelastic energy
(Emg) due to the epitaxial strain, expressed as

3
Eye = — 3 2100010820, @)

where A;oo is the magnetostriction coefficient equal to
—590 x 10° for the [100] directions of CoFe,O4 (Refs. 5,
22, and 23) (note that the magnetostriction coefficient is of
the same order of magnitude for the [110] direction). Using
the in-plane stress o, value extracted from the geometrical
phase method, we found FE,;z=—9.66 x 10°Tm~> which
presents nearly 2 orders of magnitude of difference compared
to Eyc and is 10 times larger than the magnetoelastic energy
obtained from a CoFe,O, layer epitaxially grown on
MgO(001) or CoCr204(001).18‘22’24 From this analysis, we
demonstrate that the magnetic properties of CoFe,O4(001)
layers are strongly affected by the magnetoelastic energy, in
accordance with previous results on the effect of Eng. It is
worth noticing that this energy term is so strong that the 5 nm-
thick layer presents bulk-like properties in the film’s plane, on
the contrary to measurements on thicker relaxed films. The
difference in surface energy between (001) and (111) surfa-
ces, the terminal surface (purely anionic or cationic) and the
presence of specific defects of the MgAl,O4(111) surface
could explain why a non-pseudomorphic growth is observed
for the (111) orientation.

In conclusion, CoFe>04(001) and CoFe,O4(111) ultra-
thin films have been grown exactly in the same conditions on
MgAl,04(001) and MgAl,O4(111) substrates. Significant
differences have been observed in the magnetic hysteresis
loops for the two crystallographic orientations and explained
by the local strain analysis extracted from HRTEM micro-
graphs. The geometric phase method revealed a significant
in-plane compressive strain with an out-of-plane deformation
for the (001) orientation, while a full in-plane and out-of-
plane relaxation was observed for the (111) orientation. The
large compressive strain has a clear effect on the magnetic
properties of CoFe,04(001) thin films, by strongly increasing
the magnetoelastic energy. In addition, the pseudomorphic
growth for the (001) direction limits the appearance of
APBs, explaining the bulk-like magnetic properties
observed. On the contrary, CoFe,O4(111) films present a

Appl. Phys. Lett. 103, 092405 (2013)

large amount of APBs that are mostly linked to interface dis-
locations, indicating that the relaxation process occurs from
the first steps of the (111) growth. All these results underline
the importance of the MgAl,O4/CoFe,0, interface analysis
in order to understand the correlation between structure and
magnetic properties of ferrite layers.
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