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Spin Orientation Manipulation by Electric Fields and X-ray Irradiation

Mariia Filianina,>® Weiliang Gan,® Tetsuya Hajiri,Y Michael Le,» Tatiana Savchenko,® Sergio Valencia,f
Mohamad-Assaad Mawass,! Florian Kronast,! Samridh Jaiswal,»# Gerhard Jakob,? and Mathias Kl:iui®!

¢School of Physical and Mathematical Sciences, Nanyang Technological University, 639798 Singapore

“Institute of Physics, Johannes Gutenberg University, 55128 Mainz, Germany
bGraduate School of Excellence Material Science in Mainz, 55128 Mainz, Germany

dDepartment of Materials Physics, Nagoya University, 464-8603 Nagoya, Japan
¢Swiss Light Source, Paul Scherrer Institute, 5232 Villigen PSI, Switzerland
THelmholtz-Zentrum Berlin fiir Materialien und Energie, 12489 Berlin, Germany
8Singulus Technology AG, 63796 Kahl am Main, Germany

Received 20.04.2020, accepted 01.09.2020, published 31.10.2020

Electric field-induced strain engineering of the magnetic anisotropy offers a highly
attractive perspective for designing future generations of energy-efficient information
technologies. In this work, we show using x-ray magnetic imaging and magneto-
optic Kerr effect that the applicability of this approach is limited to systems with
comparably low magnetic anisotropies or sufficiently large magnetostrictive effect.
Furthermore, we find that long x-ray exposure leads to an irreversible change of the
magnetic anisotropy in thin ferromagnetic CoFeB films so caution needs to be ex-
ercised when analyzing anisotropies. While this change of the anisotropy is shown
to be beneficial for the strain-induced manipulation of the magnetic structure, the
mechanisms underlying the observed x-ray induced transformation remain an open
question. Finally, by directly imaging the magnetic domain structure with gradually
varying anisotropy from out-of-plane to in-plane, we observe the impact of strain

across the spin-reorientation transition.

1 Introduction

Energy-efficient control of the magnetization state at the
nanoscale is fundamental for the future generation of spin-
tronic devices. Conventionally, the magnetization direc-
tion of ferromagnetic (FM) elements can be manipulated
by electrical currents, required to generate large magnetic
fields or spin torques switching the magnetization direc-
tion.['"* These approaches, however, suffer from signifi-
cant energy dissipation due to Joule heating. Recently, the
use of electric fields to manipulate the magnetic properties
has emerged as a promising alternative as it avoids the need
for electrical currents.

Although the direct effect of electric fields, e.g. by charge
doping, on the magnetic state is often relatively weak,®!
this approach can be mediated by mechanical strain, as
it is commonly realized in piezoelectric/FM heterostruc-
tures. " In such systems, an electric field applied across
the piezoelectric generates strain, which in turn is trans-
ferred onto an adjacent FM. The elastic deformations of the
lattice in the FM layer result in the change of its magnetic
anisotropy, which is known as the magnetoelastic (ME) ef-

e-mail: klaeui @uni-mainz.de

JUnQ, 10, 2, 24-34, 2020 24

fect, due to the ME coupling.!'! The resulting changes of
the magnetic anisotropy of the material due to the strain-
induced ME anisotropy can be formally expressed as fol-
lows: [11]
3

I(ME = —5)\5Y6, (1)
where Kye (J m™3) is the ME anisotropy coefficient, \,
and Y are the magnetostriction constant and the Young’s
modulus of the material, respectively, and ¢ is the induced
strain.
It is known that the strain-induced ME anisotropy in the or-
der of 10 — 100 kJ m~3 can be achieved for moderate strain
magnitudes of 0.1 — 1% 2! for some magnetostrictive ma-
terials, such as Ni, CoFeB, Ga,Fe;_, films.!'!! Thus, for
the systems, where other anisotropy contributions are small,
the strain effect can be sufficient to modify their magnetic
state: for example, to switch the magnetization between
an in-plane (IP) and out-of-plane (OOP) orientation under
isotropic biaxial strain,!'3!4 or rotate within the film plane
under uniaxial in-plane strain. 3!
Moreover, the strain-induced changes of magnetic
anisotropy result in changes of magnetic structures such
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as spin structures of domain walls,['® vortices,"!” and
skyrmions.['8] The dynamic strain can not only drive the
magnetic vortex and domain motion,!"”! but also modify
the mobility of a domain wall driven by conventional mag-
netic fields and electrical currents. 1229 Thus, the electric
field-induced strain control of magnetic anisotropy is a
pathway towards low power tailoring of the magnetic prop-
erties of FM thin films and has potential advantages for
future generation of magnetic devices.

However, as the strain-induced anisotropy is limited by
the magnitude of the generated strain, its impact on the
magnetization in the systems with large intrinsic magnetic
anisotropies can be insignificant, which, in turn, hinders its
observation.

In this work, we first study the effect of piezoelectric strain
on the magnetic properties of a W/CoFeB/MgO thin film
with a perpendicular magnetic anisotropy (PMA) deposited
on a piezoelectric substrate, in the text referred to as “PMA
sample” (see Methods for the details on the sample com-
position). We analyze the magnetization switching behav-
ior by means of magneto-optical Kerr effect (MOKE) and
perform direct imaging of the magnetic domain structure
as affected by the piezoelectric strain with photoemission

electron microscopy combined with x-ray magnetic circular
dichroism (XMCD-PEEM). We observe that while the mag-
netic domain structure of the PMA sample changes locally
with a non-deterministic magnetic switching, the macro-
scopic perpendicular magnetic hysteresis loop of the film,
measured with MOKE does not show a large dependence
on the applied strain.

We report that during the experiments studying the lo-
cal spin structure changes using x-ray-based microscopy,
an additional mechanism for change of the domain struc-
ture was observed: x-ray irradiation induces an irreversible
change of the magnetic anisotropy. By comparing the ob-
servations on the PMA sample with another PMA system
MgO/CoFeB/Ta, grown on a similar piezoelectric substrate
(see Methods), initially exhibiting different magnetic prop-
erties but demonstrating the same behavior under irradia-
tion, we propose possible mechanisms of the x-ray induced
anisotropy change.

Finally, making use of the x-ray induced anisotropy changes
we demonstrate the electric field induced strain control of
the magnetic domain structure across the region of varying
magnetic anisotropy in the samples close to the spin reori-
entation transition (SRT).
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Figure 1: Schematics of the structure of (a) PMN-PT(011)/W(5)/CozgFesoB2p(0.8)/MgO(2)/Ta(3) (“PMA sample”).
Thickness in parentheses is given in nm. (b) Polar-MOKE hysteresis loops of the PMA sample measured at
0 kV m~1! (black) and 440 kV m~*. The MOKE signal was collected from the area defined by the laser beam
spot size when focused on the sample surface in a dot of ca. 300 um in diameter. Note, that the PMN-PT
substrate was poled before the measurements, ensuring the linear response of the generated strain to the applied
electric field. The inset shows zoomed-in regions of the loops in the vicinity of the coercive fields. (c) In-plane
hysteresis loop measured by SQUID for the PMA sample at 0 kV m~*.

2 Electric field induced strain
manipulation of the
magnetization in PMA sample

To generate the mechanical strain a commercial piezo-
electric substrate [Pb(MgO'33NbQA6603)]0_68-[PbTi3]0'32
(PMN-PT) was used.?!! Uniaxial in-plane strain was gen-
erated by application of an OOP DC electric field across
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the piezoelectric PMN-PT(011) substrate. When an electric
field is applied along the [011] direction, the compressive
and tensile strain along the in-plane [100] and [011] crystal-
lographic directions of the PMN-PT substrate, respectively,
are generated. 223

The strain response of PMN-PT (011) to the applied electric
field generally exhibits a hysteretic behavior with a large
strain jump in the vicinity of the electric coercive field of
the crystal (ca. 200 kV m~1).[22) However, a linear regime
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with smaller but electrically controllable piezoelectric strain
can be used.!”! To promote the linear regime the substrate
is poled in one direction, by an electric field larger than the
coercive field (> 200 kV m™1), and the linear response re-
mains until the substrate is poled in the opposite direction,
i.e. as long as the electric field does not exceed the reverse
coercive field (< —200 kV m~1). 22l Therefore, prior to the
experiments the PMN-PT substrate was electrically poled
by applying 400 kV m~! and the measurements were per-
formed using the electric field in the range from —100 kV
m~! to 420 kV m~!. From the literature ?>2* it is known
that in the linear regime, the piezoelectric coefficients along
the [100] and the [011] directions of the PMN-PT substrate
are approximately —890 pC N1 and 290 pC N—1, respec-
tively. Furthermore, a finite OOP tensile strain, i.e. along
the [011] direction, can be expected based on the volume
conservation, 2! which is consistent with the direct mea-
surements by a strain gauge. 123

The schematic structure of the PMA sample consisting of
continuous film of W/CoyoFegyB2o/MgO/Ta on a PMN-
PT (011) substrate (see Methods) is depicted in Fig. 1 (a).
Black markers in Fig. 1 (b) show an OOP magnetic hystere-
sis loop for the PMA sample measured by polar-MOKE.
The analyzed area for the MOKE measurements was ap-
proximately 300 pm, set by the laser beam spot focused on
the sample surface. The hysteresis loop in red was mea-
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sured under the electric field of 400 kV m~! applied to the
PMN-PT (011) substrate. One can see that the shape of the
macroscopic hysteresis loop does not qualitatively change
upon the application of strain. A slight increase of the co-
ercive field by ca. 0.3 mT, i.e. only 3 % change, upon
increasing the electric field can be observed as shown in the
inset in Fig. 1 (b). This observation is consistent with the
generation of small tensile strain in the OOP direction by
application of an electric field as discussed above, which
makes the OOP direction more energetically favorable for
the magnetization of the CoFeB film with a positive mag-
netostriction coefficient according to Eq. 1.12!

The anisotropy constant K.y = 0.277 MJ m™2 of the
PMA sample was estimated as K = %, where the
anisotropy field poHyx = 0.5 T and the saturation magne-
tization M, = 1.11 - 105 A m~! were extracted from the
IP magnetic field sweep shown in Fig. 1 (c) measured by a
superconducting quantum interference device (SQUID). It
is typical, that for the system with intrinsically large mag-
netic anisotropies, such as perpendicularly magnetized thin
films, the strain needs to be of a much higher magnitude to
induce a sizeable relative change in the anisotropy. Typi-
cally, strains of a few percent are required, which can only
be achieved for example by mechanically bending the sub-
strates. 24!

0kVm’
it

ﬁx ”

-100 kV m™
S @
o f-i

e

Figure 2: XMCD-PEEM images of the magnetic domain structure of the PMA sample measured at different magnitudes
of the applied electric field within the linear regime of the strain response. All images were acquired at zero

applied magnetic field. The red circles highlight some areas of the domain structure that switch upon changing

the electric field.

However, this does not exclude that local changes of the
magnetization can be generated, as previously demon-
strated. %! Figure 2 shows a series of XMCD-PEEM im-
ages of the magnetic domain structure of the CoFeB film
under an applied electric field of different magnitude and at
zero magnetic field. The sample was demagnetized ex situ
prior to imaging, which led to formation of the OOP stripe
domains pattern.

One can see that upon poling the domain structure remains
largely unchanged, with only a small fraction of the mag-
netic domains switching highlighted by red circles in Fig. 2.

It is clear by comparing the images in Figs. 2 (a) and (b)
that the switching from up to down as well as from down to
up domains occurs when the electric field is increased from
0kV m~! to 400 kV m~!. In Fig. 2 (d) we can also see
that some parts of the domain structure switch reversibly,
but the overall domain structure does not reverse to what it
was before poling in Fig. 2 (a).

We also note that the application of an electric field
induced-strain does not lead to a reorientation of the magne-
tization from OOP to IP or vice versa, which would result
in an additional black/white contrast level in the XMCD-

2Similar behavior was observed for a few other points on this sample as well as for other PMA films on PMN-PT substrates, e.g. PMN-
PT(011)/W/CoFeB(0.7)/MgO/Ta, PMN-PT(011)/Pt/Co/Pt, PMN-PT(011)/Pt/Ta/Pt/MgO/CoFeB(1.1)/Ta.
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PEEM images. Thus, the direct imaging results? suggest
that most of the observed local changes are random and pos-
sibly occur due to strain-induced modification of the energy
landscape. On the other hand, a small change in the co-
ercive field seen in MOKE agrees with the observation of
some local and reversible changes of the magnetic domain
structure. 261

3 X-ray induced anisotropy
change

X-ray induced anisotropy change of the PMA sam-
ple As mentioned earlier, the electric field induced strain
has a negligible effect on the macroscopic magnetization
of the PMA film. However, after several hours of XMCD-
PEEM imaging of the PMA sample, we observed that the
domain structure started to change, and eventually the OOP
domains transformed into a completely different domain
structure with a different contrast level. Figure 3 (a) shows
a zoomed-out XMCD-PEEM image acquired using a larger
field of view (FOV) after this transition. The yellow dashed
line indicates the approximate edge of the area exposed by
the x-rays during the previous measurement in the FOV 10
pm, for which a high spatial resolution was required (e.g.
those shown in Fig. 2). For that the x-ray beam size was re-
duced by the exit slit of the beamline, so that the footprint of
the beam on the sample surface was approximately 10 x 20
4um set by the instrument. 7]
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Figure 3: (a) XMCD-PEEM image using FOV of 50 ym af-
ter several hours of imaging in FOV of 10 pym
showing the domains structure at 0 kV m~! ap-
plied across the PMN-PT substrate and at zero
applied magnetic field. (b) XMCD signal pro-
files along the black and red lines, showing that
IP and OOP domains yield XMCD contrast of
different magnitudes. The crystallographic direc-
tions of the PMN-PT substrate setting the tensile
([011]) and compressive ([100]) strain directions
are indicated.

Thus, the area within the yellow line was exposed by the x-
ray beam, and the outer area of the sample was not exposed.
We see, that the unexposed region exhibits the same stripe
domain structure, while the domain structure of the exposed
area is dramatically different. Therefore, we can conclude
that the observed local change of the domain structure was
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caused by the long (ca. 10 hours) exposure by the x-ray
beam.

Moreover, the switched area has a noticeably differ-
ent XMCD contrast level (with a much brighter/darker
white/black domains) as compared to that of the OOP stripe
domains. This indicates that the domains within the ex-
posed area are more in-plane magnetized, because the low
angle of incidence of the x-ray beam leads to a stronger con-
trast for the IP orientated magnetization. Unfortunately, the
additional images corresponding to the different azimuthal
angles necessary to extract the angular dependence of the
XMCD contrast for these domains could not be acquired,
thus we cannot conclude about the exact magnetization di-
rection, which could be tilted between OOP and IP.

On the other hand there is a good agreement with the con-
clusion that the exposed area has IP magnetized domains
from the quantitative comparison of the two XMCD con-
trast levels measured on the exposed and unexposed regions
[see Fig. 3 (b)]. Because the angle of incidence of the x-ray
beam is 16° from the surface plane the XMCD signal from
the OOP domains should be a factor of tan 16° ~ 0.29
smaller than that from the IP domains, when having the
same amount of the spin moment to contribute. >3/ We cal-
culate the average maximum XMCD values for the black
and red profiles in Fig. 3 (b) and obtain the I}’&% ranging
from ~ 0.27 to ~ 0.38. While the former value is approxi-
mately equal to tan 16°, which makes the assumption, that
the IP magnetization in the irradiated area is along the x-
ray direction and in the non-irradiated area it is fully OOP,
reasonable, the latter value suggests that the magnetization
does not fully lie in-plane. Alternatively, the in-plane mag-
netization direction may not be strictly along the x-ray beam
direction, which would also result in the larger values of
% Nonetheless, from this analysis we can conclude
that the magnetization in the irradiated area is tilted from
the OOP direction and is close to the in-plane direction.

Another interesting observation is the behavior of the stripe
domains close to the exposed area. As seen from Fig. 3
(a), the average stripe domain size gradually decreases ap-
proaching the exposed area, where the magnetization lies
in-plane. Similar patterns are known for thin wedge sys-
tems with a gradient thickness of the FM layer. For such
systems the average domain width decreases in the vicinity
of a SRT which is attributed to the the variation of the mag-
netic anisotropy across the thickness.?*32 As the effective
magnetic anisotropy Kes decreases with increasing thick-
ness, formation of domain walls becomes more favorable,
because the domain wall energy scales with the anisotropy
opw ~  AK.g, where A is the exchange constant, which
leads to the increasing number of domains of a smaller
width, (2932

Based on the observed domain size behavior, we can con-
clude that in our system spatial variation of the mag-
netic anisotropy takes place. However, here, the FM layer
thickness is homogeneous, therefore a different mechanism
needs to be considered, which clearly is induced by the x-
ray irradiation.

JUnQ, 10, 2, 24-34, 2020
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X-ray induced anisotropy change of the inverted
sample Before we go into discussion of the possible ori-
gins of the observed behavior, we check if the x-ray in-
duced anisotropy change is limited to this stack or occurs
more widely. To this end we study a different material
stack, namely Pt/Ta/Pt/MgO/CoyoFegoB2op/Ta, deposited on
the PMN-PT(011) substrate (see Methods). The schematic
structure of this sample is shown in Fig. 4 (a). Note that
the order of the layers is inverted as compared to that of the

(a)

“inverted sample”

(b)

polar MOKE loops
“inverted sample”

previously discussed PMA system, thus we term this sam-
ple in the description below as “inverted”. Here we also find
a similar x-ray induced anisotropy change.

MOKE and SQUID magnetometry results, presented in
Figs. 4 (b) and (c), respectively, show that in the inverted
sample the PMA (K ~ 0.1 MJ m~3) is reduced as com-
pared to the Ta-based stacks with a conventional order of
the layers®3 and the PMA sample discussed above, thus, it
is already close to the SRT before the x-ray exposure.

(c)  SQUID in-plane loops

“inverted sample”
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Figure 4: (a) Schematics of the structure of PMN-PT(011)/Pt(5)/Ta(5)/Pt(5)/MgO(15)/CosoFegoBog(1)/Ta(3) (“inverted
sample”). Thickness in parentheses is given in nm. (b) Polar-MOKE hysteresis loops of the inverted sample
measured at 0 kV m~!. The MOKE signal was collected from ca. 300 pm of the sample surface, that is the
laser beam spot size when focused on the sample surface. (c) In-plane hysteresis loop measured by SQUID for

the inverted sample at 0 kV m~1.

Prior to XMCD-PEEM imaging the inverted sample was de-
magnetized ex situ and the magnetic field was set to zero
during the measurements. The domain structure of the in-
verted sample is shown in Fig. 5 (a), and resembles a reg-
ular stripe domain structure with an average domain size
of 300 — 400 nm. With the x-ray exposure, the domain
pattern disappears following the noticeable reduction of the
stripe domain width. This suggests that the domains be-
come smaller than the accessible resolution of the instru-
ment (ca. 60 nm in XMCD mode using 10 pm FOV).

The stripe domains disappear completely after ca. 20 s of
the x-ray exposure, and after ca. 200 s the new domain
structure, exhibiting a stronger XMCD contrast, starts to
propagate from one edge of the FOV [Fig. 5 (b)]. Note
that the x-ray beam was intentionally put off the center of
the FOV, thus, leading to a photon flux gradient. Switch-
ing off the x-rays for some time did not lead to recovery
of the initial stripe domain phase, suggesting the same irre-
versible character of the x-ray induced changes of the mag-
netic properties, as discussed above for the PMA sample
studied first.

JUnQ, 10, 2, 24-34, 2020
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In Fig. 5 (b) it is also possible to see that the new domains
start propagating from one side of the image, i.e. from the
maximum of the x-ray beam intensity. This suggests that
the x-ray flux indeed governs the process. The switching
occurs more readily at higher intensity of x-rays and then
propagates to the edges of the beam, where the flux drops
strongly.

We also note, that in this case the resulting domain struc-
ture formed with the time of the x-ray exposure clearly
resembles the ferroelectric domain structure of the PMN-
PT substrate known from the literature.??! Also, similarly
to the PMA system, the XMCD contrast of the stripe do-
mains [Fig. 5 (a)] is a factor of 3 smaller than that after the
irradiation-induced switching [Fig. 5 (c)], which suggests
that the newly formed domains are more in-plane magne-
tized. Moreover, the new domains here appear only bright
or dark, with no noticeable contribution of gray domains
(with the magnetization perpendicular to the x-rays propa-
gation direction). Thus, the switched area exhibits an easy
axis along the x-ray direction or along one of the crystallo-
graphic axes of the cubic PMN-PT substrate.
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Figure 5: Snapshots of XMCD-PEEM imaging of domain structure of the inverted sample, acquired after different x-ray
exposure times tey, at 0 kV m~! applied across the PMN-PT substrate and at zero applied magnetic field. Note
that the black/white contrast in (a) is enhanced on purpose for better visibility of the domains.

4 Possible origins of x-ray
induced anisotropy modification

It is known, that x-ray irradiation can alter the charge and
orbital states of strongly correlated systems 336! and per-
turb the bonds of soft materials.?”) However, the materials
studied here are expected to be neither of these. On the
other hand, it is also known from the literature that high-
energy x-rays and secondary electrons generated due to the
photoeffect have a strong effect on insulating materials, 8!
which compose a significant part of the systems discussed
in this work (PMN-PT substrates and MgO layers are insu-
lating). The processes which are expected to be responsible
for the x-ray induced damage, can be classified as follows:
(i) the ones which occur during the transport of the exited
electrons in the material and (ii) those, due to the electrons
emission into the vacuum.

For the former, it was shown that the core electrons/holes
excited by x-rays can scatter with ions in the insulating
oxide-containing layer, which leads to breaking the bonds
and subsequent creation of structural defects, especially
oxygen vacancies.?*! The latter leads to local charging
of the irradiated area, because many electrons are emit-
ted into vacuum. While in conductive materials, the lack
of electrons is compensated within a few picoseconds, ["!
in the case of insulating materials the recombination rate
is strongly suppressed. Thus, the resulting uncompensated
electric field can drive the migration of the mobile ions in
the sample. *3*!] Moreover, the ion desorption cannot be
neglected when the electric field strength is large and the
electrons coming from the surroundings cannot compensate
for the emission of the electrons in order to reach a stable
electrostatic equilibrium.™ On top of this, according to
previous studies, also the local heating due to the deposited
energy by x-rays leads to an enhanced drift and diffusion of
oxygen within the system.*?! The diffusion of interstitial
ions was shown in the literature to take place even at room
temperature, which can lead to their aggregation into clus-
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ters, which become more stable with the size of the clusters,
resulting in long-lived local structural deformations. *3!

The aforementioned processes could be relevant for our sys-
tems because the magnetic anisotropy in these stacks, orig-
inating from both interfaces of the magnetic CoFeB layer,
is determined by the surrounding of the magnetic atoms.
The origin of the interfacial PMA in the FM/MgO inter-
face is partially attributed to the interfacial symmetry break-
ing and the hybridization between Fe(Co) 3d and O 2p or-
bitals.#**51 On the other hand, the contribution from the
heavy metal to the PMA is due to hybridization of both d
and p orbitals at the interface via spin-orbit coupling. [4647]

From these arguments it becomes clear that any struc-
tural modification of the interface will affect the interface-
induced magnetic anisotropy. For example, it was shown
that the PMA in Co/Pt systems can be altered by irradia-
tion of the samples with He™ or Ga™ ions with the energies
of several tens keV.!*-5% The observed behavior was at-
tributed to the irradiation-induced short-range displacement
of recoil atoms and their relaxation to new positions with lo-
cal surroundings differing from their initial one,!*! which
in the case of interfacial atoms, resulted in a change of the
PMA in Co/Pt systems. Furthermore, ion irradiation was
also shown to cause intermixing between Co and Pt in such
systems, which, in turn, can result in an in-plane lattice ex-
pansion and the anisotropy change via the ME effect. "]
While on our experiment no ion irradiation was employed,
x-ray irradiation-induced processes leading to local struc-
tural deformations of the MgO layer and its interface with
CoFeB, could still take place, as discussed above. There-
fore, we can apply similar arguments to explain the change
of the magnetic anisotropy in our system.

Alternatively, recent studies report voltage control magnetic
anisotropy (VCMA), which is realized when a voltage is
applied across an thin oxide/FM interface.®!) This leads
to a charge redistribution between the OOP and IP orbital
of the FM, resulting in the change of the surface magnetic
anisotropy. 4

JUnQ, 10, 2, 24-34, 2020
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(a) WI/CFB/MgO/Ta (b) Pt/Ta/Pt/MgO/CFB/Ta
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Figure 6: (a) X-ray absorption spectra (XAS) correspond-

ing to the Fe L3 absorption edge measured on the
damaged area for the PMA sample before and af-
ter the x-ray induced SRT. (b) XAS for Fe and Co
measured for the inverted sample after the expo-
sure that leads to the reorientation of the magneti-
zation in to the plane.

Thus, taking these facts into account we can expect that
any structural or electronic change in the vicinity of the
two CoFeB interfaces due to the x-ray exposure can alter
the magnetic anisotropy of the system, which results in a
change of the domain structure. Now we can go through
the arguments, that allow us to rule out certain scenarios
seemingly responsible for the observed behavior of our sys-
tems.

(i) Based on the shapes of the Fe and Co absorption peaks
shown in Fig. 6, which were measured on the exposed area
after its OOP-IP transition, we can exclude significant oxy-
gen implantation into the CoFeB layer. In the case of Fe or
Co oxidation a typical oxide shoulder feature would appear
in the corresponding peaks. However, the spectra in Fig. 6
(a) do not indicate any formation of an iron oxide peak in
the PMA system. Only a slight change in the intensity is ob-
served, which can be attributed to the carbon deposition due
to x-ray induced contamination.?! Presented in Fig. 6 (b)
Fe and Co absorption edges of the inverted system, corre-
sponding to the switched area,? also do not exhibit oxide
features.

(i) As a result of the irradiation-induced ion migration,
oxygen ions could also leave the MgO layer and diffuse
into the adjacent non-magnetic metallic layer (for example,
Ta for the PMA sample).* It is important to point out that a
nominally similar stack as that used for the inverted sample,
grown on a conductive Si substrate with only a thin natural
Si04 layer, did not show any x-ray induced damage/change
within a few days of exposure with similar photon flux. This
suggests that an insulating PMN-PT substrate which also
has plenty of oxygen indeed plays a role in the irradiation
damage. On the other hand, this scenario could explain the
local change of the anisotropy in the PMA sample.

(@) It is important to keep in mind that during PEEM
imaging, the sample surface is always electrically grounded
[Fig. 1 (a) and (b)]. To ensure a good electrical contact the

multilayer stack, containing a thick insulating MgO layer,
was scratched at the sides and a drop of conducting sil-
ver paste is used to attach the sample to the sample holder
body (local ground of the microscope). Therefore, all of the
metallic layers on top of PMN-PT are expected to be on the
same (ground) potential. Thus, the excess of positive charge
due to emission of secondary electrons, can potentially be
easily compensated by the conduction electrons from the
metallic layers.

Below we summarize the observations discussed above,
which, however, did not bring us to a conclusive under-
standing of the mechanisms underlying the x-ray induced
OOP to IP SRT:

* The x-ray induced anisotropy modulation starts from
the area with a higher photon flux;

» The anisotropy change occurs on different time scales
for the PMA sample (with higher PMA, ca. 10% s)
and for the inverted sample (with canted magnetiza-
tion, ca. 200 s) for a comparable photon flux;

* Induced IP domains have a magnetic easy axis along
x-rays or crystallographic directions of the PMN-PT
substrate. Note that circularly polarized light was
used, i.e. no defined electric field direction could be
imposed on the domain structure;

* A gradual change of the domain structure is observed
indicating a gradual change of the anisotropy;

e The sample surface is always electrically grounded
providing a source of electrons to prevent charging;

* Fe, Co peaks do not have features typical for oxides
within the resolution;

* Demagnetization of the samples by cycling an ex-
ternal magnetic field does not help to recover the
stripe domain phase, signifying a permanent struc-
tural character of the x-ray induced changes;

» For inverted stack grown on Si/SiO4 substrate the x-
ray induced SRT does not occur within (at least) 3
days of exposure.

Despite the argument that the sample surface is always
grounded, the most plausible mechanism of the x-ray in-
duced SRT in our system relies on local charging due to the
lack of the electrons and inability of thin conductive layer
as compared to an insulating bulk to compensate for this.
This charging, leading either to the displacement of ions
as well as local charge redistribution on the orbitals at the
CoFeB interface which determine the magnetic anisotropy
of the systems, results in the decrease of the PMA and the
associated OOP to IP transition.

3The SRT occurs much faster (ca. 20 s) than the time necessary to acquire one XAS (ca. 5 min).

4The absorption peak of Mg after the SRT was not measured.

JUnQ, 10, 2, 24-34, 2020



Atrticles

Articles

JUn[é}

5 Strain induced changes of the
domain structure close to the
SRT

In this section, we consider again the PMA sample, where
we can take advantage of the modified magnetic anisotropy
by the x-ray exposure to be sensitive to small strain-induced
anisotropy change. The irradiated areas allow us to simul-
taneously investigate the impact of strain on the domain
structure at the regions with different magnetic anisotropies,
from IP to OOP. As discussed above, the electric field in-
duced strain does not influence the OOP domain struc-
ture. However, as in the region close to the SRT, the mag-
netization is canted from the OOP direction, a larger ef-
fect of strain on the domain structure can be expected. It
is important to note that while the absolute strain-induced
anisotropy change is the same, close to the SRT, where the

0Okvm’

400 kV m”

[01-1]

oOkvm’

anisotropy is suppressed, the relative effect on the magneti-
zation alignment is larger.

Figure 7 shows a series of XMCD-PEEM images of the area
close to the SRT, including the OOP and IP magnetized re-
gions. We can see that the entire IP region changes contrast
from black/white to gray, while the OOP region remains
the same. The observed change is mostly reversible and
volatile, i.e. when the electric field is removed, the domain
structure changes again, but with a new distribution of the
domains. While the individual domains do not switch to the
original state after removing the electric field, the magnetic
anisotropy favoring black and white IP domain recovers.
We also note that the border between the IP and the OOP
magnetized regions at 0 kV m~?! shifts by a few um after
the first electric field cycle (0-400-0 kV m~1). But it stays
nearly at the same place after the second field cycle (0-500-
0 kV m~"). However, it is not straightforward to conclude
whether this is induced by strain or by the x-ray exposure.

500 kV m™ oOkvm’

Figure 7: Set of XMCD-PEEM figures of the domain structure of the PMA sample, where part of the FOV underwent a
SRT due to the x-ray exposure, acquired at different magnitudes of the applied electric field across the PMN-
PT substrate. All images were acquired at zero applied magnetic field. The crystallographic directions of the
PMN-PT substrate setting the tensile ([011]) and compressive ([100]) strain directions are indicated.

To analyze in more detail the character of the strain induced
switching observed in the IP region, we quantitatively con-
sider the change of the XMCD contrast of the individual do-
mains in the images in Fig. 7. The results are summarized
in Fig. 8 (a), where the XMCD contrast as a function of the
cycling electric field is plotted for several areas. All ana-
lyzed areas are indicated in Fig. 8 (b) and Fig. 8 (c) shows
zoomed-in regions of the considered domains. The value
of the XMCD contrast was calculated as the average over a
selected area corresponding to one domain at all values of
the electric field.>

Here we can see that at least five distinct states can be dif-
ferentiated from the contrast, which are shown shaded in
Fig. 8 (a), i.e. IP-white, IP-black, OOP-bright, OOP-dark
and IP-gray. The latter corresponds to the domains with the
magnetization perpendicular to the x-ray direction, which
yields zero XMCD contrast.

In Fig. 8 we can observe random switching of the IP do-
mains to OOP (corresponding to IP-white to OOP-bright
switching events) or 90° rotation of the IP domains (corre-
sponding to IP-white to IP-gray switching events) in the re-

gions in the vicinity of the domain walls. On the other hand,
it can be seen that the magnetization in the middle of a do-
main at 0 kV m~! (e.g. region “3”), is likely to remain not
switched upon application of strain. This may be an indi-
cation of the inhomogeneities within the irradiated area, i.e.
local pinning sites or the induced strain inhomogeneities, )
leading to locally varying magnetic anisotropy. Thus, for
some domains the generated ME anisotropy is enough to
alter the magnetization state, while it is not for the others.
For comparison, we also plot the XMCD contrast evaluated
for non-irradiated areas “6”” and ““7”, which do not show any
variation with the electric field strength and provide a refer-
ence for the OOP-bright and OOP-dark levels indicated in
Fig. 8 (a).

Moreover, the global behavior of the domain structure
within the irradiated area, i.e. where the PMA is strongly
suppressed, is consistent with that governed by the ME ef-
fect. As the initial state at zero strain (i.e. 0 kV m™1) is
mostly IP magnetized, the generation of strain (compres-
sive along the [100] and tensile along the [011] and [011]
directions) upon increasing the electric field leads to cant-

SWithin these areas the mean deviations were not larger than 10%, thus ensuring the pixels belong to the same domain at each electric field value.
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ing of the magnetization of the CoFeB layer with a positive
magnetostriction coefficient to the OOP direction (or its 90°
rotation in-plane towards the tensile direction). Thus, the
domain structure at 400 kV m~! and 550 kV m~! [Figs. 7
(b) and (d)] looks mostly gray with either small OOP do-
mains or IP domains with the magnetization perpendicular
to the x-ray direction.

- ROI4

| «— IP-bright

| <«—— OOP-bright
TR oy

“ RO ¢ 0OP-dark

We also note that unfortunately due to small size of the irra-
diated area demonstrating the SRT, we could not find the
same spot in MOKE to study directly the impact of the
strain on the magnetic anisotropy by corresponding mag-
netometry measurements.

P

Figure 8: (a) XMCD contrast of the selected regions entailed by the magnetic domains of the PMA sample, showing the
strain induced switching between five possible magnetization directions. (b) The same as in Fig. 7 (¢) XMCD-
PEEM image showing all analyzed in (a) regions. (c) The same as in Fig. 7 zoomed-in XMCD-PEEM images

showing in detail the analyzed in (a) regions.
6 Conclusions

In conclusion, while the small impact of strain on the
macroscopic perpendicular magnetic state of the PMA sam-
ple measured by the hysteresis loop did not come as a
surprise, the x-ray induced modulation of the magnetic

JUnQ, 10, 2, 24-34, 2020

anisotropy observed for both the PMA sample and the in-
verted sample, is unexpected. As a result of this irreversible
effect of the x-ray exposure, the domain structure of the ir-
radiated region of the PMA sample indicates that the effec-
tive magnetic anisotropy of the system is gradually chang-
ing from an easy perpendicular axis to an easy in-plane
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anisotropytowards the region exposed with the highest pho-
ton flux. On the contrary, the magnetic anisotropy of the
unexposed area did not change. The attempt to explain
this spatially inhomogeneous magnetic anisotropy varia-
tion, which clearly was induced by the x-ray irradiation,
did not allow us to conclude on a clear mechanism. How-
ever, the resulting gradient of the magnetic anisotropy on
such a small length scale allowed us to observe the effect
of the strain induced ME anisotropy on the magnetic do-
main structure, where the strain-induced Ky comparable
to the effective anisotropy of the film was able to alter its
magnetization state.

7 Methods

W(5)/CoypFegpB2p(0.8)/MgO(2)/Ta(5) continuous films,
referred to as PMA sample, and Pt(5)/Ta(5)/Pt(5)/MgO(15)/
CoggFegoBaoo(1)/Ta(3), referred to as inverted sample, were
sputter-deposited on top of a bare unpoled two-sides pol-
ished piezoelectric PMN-PT(011) substrate. Here and be-
low the thickness in parentheses is in nm.The bottom con-
tact of Cr(5)/Au(50) was deposited by DC sputtering in Ar
atmosphere. Before the XMCD-PEEM and MOKE mea-
surements the PMN-PT substrates with already deposited
films were electrically poled by applying 400 kV m™" across
the substrate to promote the linear response regime of the
generated strain. During the experiments the electric field
was ranging from —100 kV m™! to 420 kV m™!, thus not
exceeding the opposite electric coercive field.

Part of the experiments were carried out at SIM beamline of
Swiss Light Source (SLS) as well as at UE49-PGM beam-
line of Helmholtz-Zentrum Berlin (Bessy). The samples
were illuminated by circularly polarized x-ray beam at 16°
angle of incidence. For XMCD-PEEM imaging the pho-
ton energy was set to 708 eV and 710 eV corresponding to
the Fe L3 absorption peak for the PMA sample and the in-
verted sample, respectively. The secondary electrons were
detected by a commercial PEEM/LEEM setup. XMCD-
PEEM images were obtained using the formula for the
asymmetry %, which is proportional to cos o, where
« is the angle between the directions of the incident circu-
larly polarized x-rays and the film magnetization. I (_y are
the images acquired with circular positive (negative) polar-
ization of the x-rays. All XMCD-PEEM images were ac-
quired at zero magnetic field.

XMCD-PEEM imaging of the PMA sample was carried out
at Bessy with a nominal x-rays beam flux at 1 keV of ap-
proximately 5 x 10'3 photons/s/100mA.">3 The inverted
sample was imaged at SLS with a flux of approximately
2.5 x 10'* photons/s/100mA. 54!

Prior to XMCD-PEEM imaging of the PMA sample the Ta
capping layer was partially removed in situ by Ar™ sputter-
ing at the Ar pressure inside the chamber of 5 x 10~ and
the energy of 1 kV for 30 minutes. Based on the sputtering
rate calibrations, ca. 2 nm of Ta were removed, which was
sufficient to probe the underlying CoFeB layer without al-
tering its magnetic properties. For the inverted sample this
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procedure was not necessary, as the Fe absorption edge was
sufficiently intense (ca. 30%) to obtain a reasonable XMCD
contrast.
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