Angular dependence of hysteresis shift in oblique deposited
ferromagnetic/antiferromagnetic coupled bilayers

A. B. Oliveira, R. L. Rodriguez-Suarez, S. Michea, H. Vega, A. Azevedo, S. M. Rezende, C. Aliaga, and J.
Denardin

Citation: Journal of Applied Physics 116, 033910 (2014); doi: 10.1063/1.4890457

View online: http://dx.doi.org/10.1063/1.4890457

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/116/3?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Antiparallel interface coupling evidenced by negative rotatable anisotropy in IrMn/NiFe bilayers
J. Appl. Phys. 117, 215301 (2015); 10.1063/1.4921863

Tuning the direction of exchange bias in ferromagnetic/antiferromagnetic bilayer by angular-dependent spin-
polarized current
J. Appl. Phys. 112, 073916 (2012); 10.1063/1.4757906

Effect of the exchange bias coupling strength on the magnetoimpedance of IrMn/NiFe films
J. Appl. Phys. 109, 07D735 (2011); 10.1063/1.3565405

Angular dependence of magnetization reversal process in exchange coupled ferromagnetic/antiferromagnetic
bilayers
J. Appl. Phys. 93, 3422 (2003); 10.1063/1.1554760

Rotational hysteresis of torque curves in polycrystalline ferro/antiferromagnetic systems
J. Appl. Phys. 89, 7546 (2001); 10.1063/1.1358833

The new SR865 2 MHz Lock-In Amplifier ... 57950 IR

6.748° -6.358

Chart recording FFT displays Trend analysis

- Intuitive front-panel operation -1 mHz to 2 MHz

2@ uroio!

-Touchscreen data display - 2.5 nV/yHz input noise

- Save data & screen shots to USB flash drive - 1 ps to 30 ks time constants
-Embedded web server and iOS app - 1.25 MHz data streaming rate
- Synch multiple SR865s via 10 MHz timebase I/O - Sine out with DC offset

SRS Stanford Research Systems -View results on a TV or monitor (HDMI output) - GPIB, RS-232, Ethernet & USB
www.thinkSRS.com - Tel: (408)744-9040 .



http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/845180275/x01/AIP-PT/SRS_JAPArticleDL_051116/SR865_Journal_2.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=A.+B.+Oliveira&option1=author
http://scitation.aip.org/search?value1=R.+L.+Rodriguez-Suarez&option1=author
http://scitation.aip.org/search?value1=S.+Michea&option1=author
http://scitation.aip.org/search?value1=H.+Vega&option1=author
http://scitation.aip.org/search?value1=A.+Azevedo&option1=author
http://scitation.aip.org/search?value1=S.+M.+Rezende&option1=author
http://scitation.aip.org/search?value1=C.+Aliaga&option1=author
http://scitation.aip.org/search?value1=J.+Denardin&option1=author
http://scitation.aip.org/search?value1=J.+Denardin&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.4890457
http://scitation.aip.org/content/aip/journal/jap/116/3?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/117/21/10.1063/1.4921863?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/112/7/10.1063/1.4757906?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/112/7/10.1063/1.4757906?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/109/7/10.1063/1.3565405?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/93/6/10.1063/1.1554760?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/93/6/10.1063/1.1554760?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/89/11/10.1063/1.1358833?ver=pdfcov

JOURNAL OF APPLIED PHYSICS 116, 033910 (2014)

@ CrossMark
& chckcfor updates

Angular dependence of hysteresis shift in oblique deposited ferromagnetic/

antiferromagnetic coupled bilayers

A. B. Oliveira,"? R. L. Rodriguez-Suarez,® S. Michea,® H. Vega,® A. Azevedo,*

S. M. Rezende,* C. Aliaga,>® and J. Denardin®’

1Departamento de Fisica Teorica e Experimental, Univ. Fed. Rio Grande do Norte, BR-59072970 Natal,
RN, Brazil

2Escola de Ciéncias & Tecnologia Univ. Fed. Rio Grande do Norte, BR-59072970 Natal, RN, Brazil
3Facultad de Fisica, Pontificia Universidad Catdélica de Chile, Av. Vicuna Mackenna 4860 Casilla 306,
Santiago, Chile

“Departamento de Fisica, Universidade Federal de Pernambuco, 50670-901, Recife, Pernambuco, Brazil
SCenter for the Development of Nanoscience and Nanotechnology (CEDENNA), Avda. Ecuador 3493,
9170124 Santiago, Chile

SFacultad de Quimica y Biologia, Universidad de Santiago de Chile, Casilla 40, Correo 33, Santiago, Chile
7Departament0 de Fisica, Universidad de Santiago de Chile (USACH), Avda. Ecuador 3493,

917-0124 Santiago, Chile

(Received 2 June 2014; accepted 5 July 2014; published online 17 July 2014)

The angular dependence of the hysteresis shift has been investigated in ferromagnetic/antiferromagnetic
(NiFe/IrMn) bilayers grown by oblique deposition under the influence of a static magnetic field applied
perpendicular to the uniaxial anisotropy direction induced during the growth process. It was found that
at low oblique deposition angles, the unidirectional anisotropy field is much greater than the uniaxial
anisotropy field and the corresponding anisotropies directions are noncollinear. In these conditions, the
angular dependence of the hysteresis loop shift exhibits the well know cosine like shape but demanding
a phase shift. Contrary to this, at high oblique deposition angle (70°), the uniaxial anisotropy plays the
fundamental role and the anisotropies directions are collinear. In this case, the exchange bias displays a
jump phenomenon. The numerical calculations are consistent with the experimental data obtained from

magneto-optical Kerr effect and ferromagnetic resonance. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4890457]

I. INTRODUCTION

Fabrication of magnetic thin films by oblique deposition
can enhance a wide variety of physical properties, such as
magnetic anisotropy, magnetic coercivity fields, magnetic
domain shape, resistivity, magnetostriction, and optical
polarization.'™” This enhancement is explained by modifica-
tion of the film microstructure due to the growing conditions.
During oblique deposition, columnar grains are growth tilted
toward the source of particles. In addition, the grains are
elongated perpendicular to the plane of incidence of particles
and parallel to the plane of substrate. This phenomenon
known as shadowing effect® explains why magnetic thin
films grown under this conditions exhibit a strong in-plane
uniaxial anisotropy, with its easy axis perpendicular to the
plane of incidence of sputtered atoms. On the other hand, the
in-situ magnetic field, applied parallel to the substrate during
sputtering deposition, can be used to break the magnetic
symmetry, while the magnetic atoms are being deposited.
Then, a magnetic anisotropy axis will be created parallel to
the in-situ field. In this manner, deposition of magnetic thin
films by oblique deposition under the influence of an in-
plane magnetic field can be used as a suitable procedure to
investigate the role of induced anisotropies on the magnetic
properties of the magnetic thin films and multilayers.

The samples studied in this work are essentially bilayer
of antiferromagnetic (AF)/ferromagnetic (FM) materials that
were grown at different oblique angles of deposition with an
applied magnetic field perpendicular to the easy axis created
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by the shadowing effect (see Fig. 1(a)). Using this scheme,
we can create a competition between the anisotropy induced
by the applied magnetic field (H,,,) during deposition of
the ferromagnetic layer and the anisotropy induced by the
shadowing at oblique angles, giving rise to a difference in
strength and direction between the exchange bias and uniax-
ial anisotropy field.

Il. EXPERIMENT

The samples investigated in this work have the same
multilayer structure  Cu(3 nm)/Ir,oMngy(5 nm)/Py(12 nm)/
Cu(6 nm)/Substrate, and were deposited on commercial

Flux of incident atoms

(@) (b) %

FIG. 1. (a) Illustration of sputtering oblique deposition set-up used to fabri-
cate our samples. The magnetic field applied during growth is along the sub-
strate plane. (b) Coordinate system used to write the free energy as a
function of the in-plane angles.

© 2014 AIP Publishing LLC
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available Si(001) substrate by dc magnetron sputtering tech-
nique. A magnetic field (Hgoy,) of approximately 150 Oe
was applied along the plane of the film during the deposition.
Each sample was grown at different oblique angle (o =20°,
30°, 40°, 50°, and 70°), as illustrated in Fig. 1(a). The base
pressure was about 2.2 x 10~ Torr, and the working pres-
sure was established introducing Ar gas inside the sputtering
chamber until achieving 3.0 mTorr.

The magnetic properties of the samples was studied by
the magneto-optical Kerr effect (MOKE) and ferromagnetic
resonance (FMR). The MOKE measurements were carried out
on a home-made set up. The intensity of a He-Ne (632.8 nm)
laser beam (10 mW) was modulated by a chopper apparatus
working at 1000 Hz. The magnetic field was applied parallel
to the film surface and the in-plane dependence of magnetiza-
tion curves were measured using the MOKE longitudinal con-
figuration. The FMR measurements were carried out on a
Bruker EMX-1572 spectrometer (9.8 GHz) at room tempera-
ture using a microwave cavity operating at 100 kHz magnetic
field modulation frequency. The sample was mounted on the
tip of an external manual goniometer and placed at the center
of the cavity so that the static magnetic field was perpendicu-
lar to the rf one and both parallel to the film surface. Such set
up allows us to rotate the sample and obtain the in-plane angle
dependence of resonance field determined by fitting the deriv-
ative of the absorption spectrum.

lll. MODEL

Our theoretical approach is based on a phenomenologi-
cal model that takes into account the relevant magnetic free
energy terms. Considering the static and non perturbative
behavior of the in-plane magnetization in longitudinal
MOKE measurements, we can write the relevant free energy
terms per unit area as

. 2
Mpy - upy Mpy - My
c=—|H-M K| ———= \tryy —Jp———,
e l FM + < Mo )1/?/\4 EMFM'MAF

e))

where the first and second term are the Zeeman and uniaxial
anisotropy energies of the FM layer, with uniaxial anisotropy
constant K,, and thickness #,,. The last term in Eq. (1) repre-
sents the interfacial coupling energy of FM-AF bilayer, with
exchange coupling constant Jz > 0. Figure 1(b) shows the
coordinate system used to represent the vectors of Eq. (1),
where H, Mr;;, and M, are the applied magnetic field, the
magnetization of the FM layer, and the magnetization of the
AF sublattice in atomic contact with FM, respectively. The
unit vectors #yy and @,y represents the FM uniaxial anisot-
ropy direction and AF pinning direction, respectively. We did
not consider contributions from rotatable anisotropy because
they can only be detected by means of perturbative techniques
that are sensitive to the curvature of free energy.”'® Here, we
assumed a rigid planar domain wall in the AF so that My is
parallel to the pinning direction (Mar=Martt4r) and the AF
domain wall energy does not contribute to our model.

In order to interpret the hysteresis loop data, obtained by
means of the MOKE technique, Eq. (1) was solved by using
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the following energy minimization procedure. When magnetic
field direction (¢,) is set in a fixed direction and its strength
is varied, the equilibrium position of the FM magnetization
(db,(f,,) can be obtained from the first derivative condition

(8) — Hsin (Y — ¢u) + Hesin (6 — ¢)
6¢M d)M:‘f)(/:/l

+Hegin[2(6, — 0,)] = 0 @

where H, Hp = rmj1&m’ and H, = A%IIF(L are the applied mag-
netic field strength, exchange coupling field, and uniaxial an-
isotropy field, respectively. The angles in Eq. (2) are shown

in Fig. 1(b). In addition to the condition give in Eq. (2), we

also considered that 8—25 > 0, where d)g,, represents
09w =y

the angle that minimizes Eq. (1).

In the process of films deposition, the FM layer was
always deposited first than the AF one. As a result, the uniax-
ial anisotropy easy axis induced in FM layer is given by a
combination of two mechanisms: (i) grain formation mecha-
nism due to the oblique deposition and (ii) the application of
the in-situ magnetic field during deposition. Both mecha-
nisms have different microscopic contribution for the result-
ant FM layer anisotropy and they compete against each other
as o varies from 20° to 70° (see Fig. 1(a)). As the AF atoms
are being deposited on the FM layer, they are submitted to
combined effects that control the resultant direction of the
AF lattice magnetizations: (i) microscopic textures built on
the FM surface due to the elongated grains; (ii) the superpo-
sition of the local field created by FM grains with the applied
in-situ field; and (iii) the oblique deposition that itself might
induces microstructrures characteristics of the IrMn.
Therefore, we must to ¢, # ¢ consider in Eq. (2).

Figure 2 shows hard axis hysteresis loops for samples
grown at different oblique angles o =20°, 40°, 50°, and 70°.
Observe that in the low field regime M depends linearly with H,
and crosses the origin with negligible coercivity. As one can see,
the dependence of the hard axis direction as a function of the
oblique deposition angle is not straightforward. However, it is
clear that there will be always a direction, let it be ¢ = ¢}, in
which hysteresis loops show a typical hard axis behavior. Using
Eq. (2), for ¢}, and considering the equilibrium position of the
magnetization vector when H=0 (M cos (¢}, — ¢;;) = 0 and
H=0= ¢y, = ¢;;= ), we obtain

H, .
H cos (¢, — ¢p) — — sin 2(¢y — )] =0. 3

Equation (3) can be used to find out combinations of H,
H,, ¢p, and ¢, to adjust the angular dependence of hystere-
sis loops shift measured by MOKE. However, we concluded
that this procedure presents many possibilities resulting in
good fits, but with no realistic values of the physical parame-
ters. In order to accurate and realistic physical parameters
from the data by using in Eq. (3), we incorporated results
extracted from FMR measurements. Using a similar
approach, but taking into account the dynamic behavior of
the FM magnetization in FMR, it is also possible to extract
H,, Hg, ¢,, and ¢ values as shown in Ref. 11. It is well

us
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known that FM/AF exchange coupling field values (Hg)
depend on the measurement technique used to investigate
the phenomenon.”'*™" In order to obtain the HYKE value,
we used H,, ¢,, and ¢ values close to those obtained by
FMR in Eq. (3), then we compared the theoretical angular
dependence of hysteresis loops shift to the experimental one.

IV. RESULTS AND DISCUSSION

Figure 3 shows the angular dependence of hysteresis loops
shift (as an example, see the hysteresis loop in the inset) for dif-
ferent oblique deposition angles (). The zero value of the in-

plane angle corresponds to the case in which the magnetic field
is applied parallel to & defined in Fig. 1(a). In order to obtain
the theoretical hysteresis loops shift, we numerically solved Eq.
(2) taking into account the magnetic history of energy mini-
mum and obtained a simulated hysteresis loop for each applied
magnetic field direction (¢). The shift is defined as
(He1 + He)/2, where H,y and H,, are the switching fields at
the descending and ascending branches of the hysteresis loop,
respectively. As we can see, for o =20°, 30°, 40°, and 50° in-
dependently of the misalignment between the uniaxial and uni-
directional axes, the unidirectional anisotropy is dominant over
the uniaxial anisotropy (6.6 < HMOKE /HMOKE < 6.9). In this
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FIG. 4. Comparative results between
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and (d) AF pinning direction.
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case, the system will be in a monostable state in which, when the
applied field is absent, only one energy minimum together with
one energy maxima are presented in the dependence of the nor-
malized energy 5g=— on the FM magnetization orientation
¢y In such state, H,, and H,, change continuously in the
whole angular range 0° < ¢, < 360° and consequently there
are no jumps in the angular variation of the hysteresis loops shift
exhibiting its well-known cosine like shape, but demanding a
phase shift. For o= 70°, where HYOKE /HMOKE > (.3, the uni-
axial anisotropy is dominant and the system will be in a bistable
state, in which two stable magnetization-equilibrium orienta-
tions exist and both H,.; and H ., are no more continuous in the
angular range 0° < ¢, < 360°. This explains the jump in the
angular dependence of the exchange bias showed in Fig. 3, for
o =70°.""""® The magnetic parameter values used for fitting ex-
perimental results in Fig. 3 are shown in Fig. 4 as a function of
oblique angle, as well as the values obtained from the FMR data.

Values of the uniaxial anisotropy field (H,) obtained
from FMR and MOKE as a function of the oblique deposi-
tion angle o are shown in Figure 4(a). The dependence of H,,
with the oblique angle deposition shows a strong variation
for « > 50° reaching a maximum value of 280 Oe at o =70°.
This expected behavior is a result of the change in film
microstructure as far as o increases.'”° In addition, data
from both MOKE and FMR show that H, presents a small
hump for o around 40°.

Fig. 4(b) shows the dependence of the exchange field
strength (Hg) measured by MOKE and FMR on the oblique
angle deposition. As expected Hg values depend on measure-
ment techniques and confirms that HYOKE > HEMR a5 previ-
ously reported.”'*™'> The fact that H; measured by MOKE
is higher than the one measured by FMR can be explained in
terms of the rotatable anisotropy.”'® In FMR technique,
applied magnetic field of the order of kOe is strong enough
to saturate the magnetization and to rotate the antiferromag-
netic spins of the low energy AF grains, creating an effective
magnetic field named rotatable field. These rotated grains are
called unstable grains. As a consequence, only non rotated

grains (stable grains) will contribute for AF pinning direction
and so for the Hg strength. In the MOKE technique, Hg mea-
surement is based on field shift of hysteresis loops, where
applied magnetic field is lower than the saturated one. In this
case, the AF grains distribution is partially modified because
the applied field strength is not capable to rotate all low
energy AF grains pinning direction. These low energy and
non rotated AF grains are equally responsible for FM/AF
interfacial exchange coupling as the AF stable grains.
Therefore, contributions for AF pinning direction in MOKE
experiment come from stable and some unstable AF grains
(that were not rotated by the low applied field). As a conse-
quence, Hgp strength has higher value in MOKE than in
FMR. The inset of Fig. 4(b) shows difference between Hp
measured by MOKE and FMR, AHy = HYOKE — EMR a5 2
function of the oblique angle deposition. It can assume per-
centage values that vary from 9% up to 48% in the
20° <a < 70° range. The difference in Hg strength for the
different angles showed in Fig. 4(b) reveals that the size dis-
tribution of AF grains is strongly affected by the oblique
deposition technique. We might conclude that around
o =40°, the film texture created by oblique deposition com-
bined with the in-situ applied field favored the formation of
AF stable grains resulting in a higher H value and a lower
AHg. As we note, for MOKE and FMR techniques, Hg value
does not exhibit the same overshoot as H, at high angle
(¢=70°). This is an expected result since at high angles the
same shadowing effect responsible for the increase of H,
increases the roughness® and as a direct consequence, Hp
decreases.

Regarding to the uniaxial anisotropy easy axis direction
(¢,), shown in Fig. 4(c), we observed a small fluctuation plus
a monotonic decreasing as o increases. As expected, for high
values of o more relevant and critical is the shadowing effect,
causing the alignment of H,, with X, as shown in Fig. 1.

Fig. 4(d) shows the dependence of the AF pinning direc-
tion (¢y) as a function of the oblique angle deposition. It
exhibits a similar behavior as ¢,, for high o values the

u»
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effective field due to the grain texture created in FM film is
more relevant than the externally applied field, H g;oy.

V. CONCLUSIONS

In summary, we have studied the angular dependence of
the hysteresis loop shift in oblique deposited FM/AF coupled
bilayers in presence of an applied field H,,,,, perpendicular
to the easy axis created by the shadowing effect. Under this
scheme, we can induce a competition between the anisotropy
created by H,,,,, and the shape anisotropy created by the
shadowing effect. This competition gives rise to a difference
in the strength and direction between the uniaxial and unidir-
ectional anisotropies. We found that when the deposition
angle is less than 50°, the unidirectional anisotropy is domi-
nant over the uniaxial one, the system is in a monostable
state, and the angular dependence of the hysteresis loop shift
exhibits the well know cosine like shape but demanding a
phase shift. On the other hand, when the deposition angle is
high, the uniaxial anisotropy is dominant and the bilayer is
in the bistable state. In this condition, the exchange bias field
displays the jump phenomenon. We also propose that at in-
termediate angles, «~40°, the film texture created by
oblique deposition can favored the formation of AF stable
grains resulting in a higher Hg. Furthermore, we found that
for high o values the grain texture created in FM film is more
relevant than H ., and the AF pinning direction (¢;) and
uniaxial anisotropy easy axis direction (¢,) are aligned.
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