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Electric field stimulation setup for photoemission electron microscopes
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Manipulating magnetisation by the application of an electric field in magnetoelectric multiferroics
represents a timely issue due to the potential applications in low power electronics and the novel
physics involved. Thanks to its element sensitivity and high spatial resolution, X-ray photoemis-
sion electron microscopy is a uniquely suited technique for the investigation of magnetoelectric
coupling in multiferroic materials. In this work, we present a setup that allows for the applica-
tion of in situ electric and magnetic fields while the sample is analysed in the microscope. As an
example of the performances of the setup, we present measurements on Ni/Pb(Mgg ¢6Nbg 33)O3-
PbTiO3 and Lag 7Srg sMnO3/PMN-PT artificial multiferroic nanostructures. © 2015 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4927825]

. INTRODUCTION

Magnetoelectric multiferroics exhibit the coexistence of
two primary ferroic orders: ferromagnetism and ferroelec-
tricity. Thanks to the presence of a magnetoelectric coupling
in these materials, it is possible to manipulate the magnetic
properties by the sole application of an electric field, with low
power dissipation.! This last ability is of great interest for the
development of new devices that meet the requirements for
high speed and low energy consumption. While it is difficult to
fulfil device-suitable operating conditions using single phase
multiferroics, it is possible to overcome this problem by coupl-
ing two different ferroic materials to induce a magnetoelectric
coupling at the interface.”™ In this context, magnetisation re-
orientations’*® and displacement of magnetic domain walls®'°
with the application of electric fields have been demonstrated
at ambient temperature.

Traditionally, magnetoelectric coupling is investigated
by spatially averaging techniques such as dielectric measure-
ments,'! magneto-transport measurements,’ superconducting
quantum interference device magnetometry,'>!3 and magneto-
optic Kerr effect.'*!> Recently, the use of spatially resolved
techniques capable of imaging single ferroic domains was
proven to be crucial to achieve a more detailed understanding
of the mechanisms at the origin of magnetoelectric coupling
in complex multiferroic systems.!®!” Scanning probe tech-
niques such as magnetic force microscopy and piezoresponse
force microscopy are nowadays employed in the study of
multiferroics materials. However, they have intrinsic short-
comings, especially when employed in the investigation of
artificial multiferroics. Piezoresponse force microscopy is reli-
able only for ferroelectric layers having an exposed, uncoated
surface.'® However, due to growth constraints, especially in
the case of epitaxial artificial multiferroic heterostructures,
it is not always possible to arrange the layer stack to meet
this requirement. Second, contrast in magnetic force micros-
copy can be affected by the presence of modulations in the
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surface potential. The presence of adjacent ferroelectric do-
mains with polarisation pointing in different directions can
cause such modulations and give rise to artefacts in the mag-
netic image.

X-ray photoemission electron microscopy (X-PEEM) al-
lows for simultaneous imaging of ferroelectric and ferromag-
netic domains down to 50 nm spatial resolution. In this case,
the contrast mechanism for ferroic domains relies on the x-
ray magnetic circular dichroism (XMCD) effect for ferromag-
netic domains'® and x-ray linear dichroism (XLD) effect for
ferroelectric domains.?*! By purposely tuning the incoming
photon energy to the appropriate absorption edge and selecting
the correct x-ray polarisation, one can investigate ferroelectric
and ferromagnetic domains independently. Moreover, despite
being well known for its surface sensitivity, X-PEEM has prob-
ing depths of 5 nm and 10 nm that allow for the investigation
of buried layers.

Recently, the capabilities of X-PEEM have been extended
in order to transform it from an instrument mainly oriented
to solve surface science problems to a tool that takes full
advantage of synchrotron radiation to investigate the effect
of in situ stimuli in complex materials. Several reports focus
on the instrumentation for applying magnetic fields, current
pulses, and ultrashort laser pulses during X-PEEM imag-
ing,>?" in order to study the response of ferromagnetic mate-
rials to these excitations. In this work, we report a novel
development in X-PEEM that allows for the application of
in situ electric field stimuli during imaging. This new oppor-
tunity further extends the capabilities of X-PEEM to the
investigation of magnetoelectric coupling in multiferroics
and, more generally, to the study of electrostatic field ef-
fect phenomena at functional interfaces. Our setup allows
for the application of voltages as high as 1 kV, enabling
the investigation of a wide variety of multiferroic systems.
It is designed to be integrated with the ELMITEC PEEM
microscope, which is available in multiple synchrotron light
sources as a user facility, but thanks to its modularity, our setup
can be easily adapted to different photoemission microscopes.
At last, we illustrate the capabilities of our experimental
device by investigating an electric field-induced magnetisation
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reorientation in Ni/Pb(Mg 33Nbg ¢6)O3-PbTiO3 (PMN-PT)
and Lag 7Srg s3MnO3; (LSMO)/PMN-PT artificial multiferroic
nanostructures.

Il. INSTRUMENTATION DESIGN
A. Intrinsic requirements

During X-PEEM imaging, the sample under investigation
is illuminated by x-ray photons. Upon absorption of the incom-
ing photons, electrons with a kinetic energy greater than the
work function of the sample are photoemitted and collected
by the objective lens of the microscope. A full-field magnified
image of the illuminated area is then formed on the detector
by means of a set of electron lenses. In order to make this
possible, the photo-emitted electrons are accelerated by a con-
stant acceleration voltage of typically —10kV to —20kV which
is applied between the objective lens of the microscope and the
sample.”®

In the ELMITEC PEEM microscope, the objective lens
is connected to earth ground and the accelerating voltage is
directly applied to the sample. An additional bias identified
as start voltage is also applied in order to define the centre
energy of the photo-emitted electrons accepted by the energy
analyser. As a result, the sample ground is biased with respect
to earth ground by both the accelerating and the start volt-
ages (Fig. 1). All equipment that for experimental reasons are
electrically connected to the sample has to be referenced to
the sample ground. To ease this task, the microscope control
rack is equipped with an isolated 19 in. rack identified as
high voltage rack which is biased to the accelerating voltage
and that houses the start voltage power supply as well as the

Energy Analyser

Sample

Ground
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Start Controller B
Voltage
(0-1kV)
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Voltage g High Voltage Rack
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FIG. 1. Simplified schematic of the ELMITEC PEEM microscope, high-
lighting the bias voltages necessary for the operation of the microscope.
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sample heating, LEEM, and energy analyser controllers. The
six electrical connections to the sample are terminated in this
rack.

When a new instrument is integrated in the high voltage
rack, two main aspects have to be considered. (i) The exchange
of data for instrument control and/or data acquisition purposes
has to happen via optical links to maintain the required electri-
cal isolation. (ii) Due to the high electric field (10 kV mm™")
present between the sample and the PEEM objective lens,
arcing may occur, creating a risk of damage for all the instru-
mentation electrically connected to the sample if appropriate
safety measures are not taken. To fulfil these requirements,
one needs to develop fully customised solutions or to carefully
integrate commercial instruments with adequate protection.

To achieve our goal of applying in situ electric field stimuli
during PEEM measurements, we have introduced the follow-
ing modifications to the ELMITEC PEEM microscope.

o A sample holder that allows for electrical connections
to the sample.

e A computer controlled unit that can generate analog
control voltages for driving commercial instruments.

o Integrated a commercial high voltage amplifier in the
high voltage rack with adequate protection.

B. Sample mounting and sample holder

When studying how the magnetic domain configuration in
magnetoelectric multiferroics is affected by the application of
an electric field, it is important to take particular care in avoid-
ing the presence of stray electric fields at the sample surface
that may cause image aberrations. The standard ELMITEC
sample holder clamps the sample against the metallic body
of the sample holder using a round clip. While this type of
sample holder is optimised for surface science experiments
involving sample preparations at high temperature, it is not
suitable for the application of electric and magnetic fields. We
adopted a stainless steel sample holder with four electrical
contacts as shown in Figure 2(a). All of the contacts can be
used to provide a constant bias voltage to the sample in order to
generate an in situ electric field. The sample holder also allows
for the installation of a small electromagnet that can generate
magnetic fields up to 15 mT.>* When the electromagnet is
installed, only two contacts are available to apply bias voltages
to the sample.

Artificial multiferroic samples based on single crystal
ferroelectrics such as schematically shown in Figure 2(b) are
mounted directly on the top cover of the sample holder using
four small drops of silver glue. This mounting technique en-
sures that the sample is held to the top cover with minimum
residual stress and, at the same time, that the top electrode is
connected to the sample ground. A Kapton™ insulated copper
wire is then glued using silver epoxy to the back electrode and
then connected to one of the free electrical contacts on the
sample holder. In this way, the electric field across the sample
is generated by applying a bias potential on the back electrode
while keeping the top electrode at sample ground in order to
avoid spurious electric fields that may cause image distortions.
The top cover is fixed to the main body of the sample holder
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FIG. 2. (a) Overall view of the sample holder used for PEEM measurements with in situ applied electric and magnetic fields. (b) Typical structure for artificial
multiferroic samples based on single crystal piezoelectrics. (c) Typical structure for thin film artificial multiferroics. Both the ferromagnetic and ferroelectric
constituents are in the form of thin films. (d) Mounting procedure for artificial multiferroic samples based on single crystal piezoelectrics. (e) Mounting procedure
for thin film artificial multiferroic heterostructures. All the pictures are taken using millimeter paper as a background.

using four screws. A distance of ~1 mm between the sample
back electrode and the top part of the sample holder is kept
by means of a combination of four spacers and four spring
washers that allow to null the sample tilt prior to transferring
the sample in vacuum. A side and top view of the fully assem-
bled sample holder is shown in Figure 2(d).

In the case of thin film artificial multiferroics, the ferro-
electric and ferromagnetic layers are both in the form of
thin layers deposited on an insulating substrate as shown in
Figure 2(c). The connections to the electrodes for applying an
electric field to the ferroelectric layer are achieved either via
wire-bonding or by gluing thin gold wires with silver glue to
the connection pads defined lithographically on the sample.
The connecting wires are then terminated on a circuit board
carrier (Fig. 2(e)) that is installed directly on the sample holder.
The circuit board carrier is manufactured using a PTFE based
laminate (Rogers RO-3003) characterised by a low outgassing
rate under ultra high vacuum. The sample carrier board can
then be connected to one of the free contacts of the sample
holder. The top cover is put in place using spacers to maintain
a gap of <0.3 mm with respect to the sample surface. It is
important to make sure that the top cover shadows all the
bonding wires to the sample to avoid field emission effects
that would lead to the destruction of the sample. Figure 2(e)
shows a sample mounted using this method.

C. Control Unit

The reference ground for all the instruments electrically
connected to the sample is the sample ground. It differs from
the high voltage rack ground by the start voltage as shown in

Figure 1. As most commercial instruments are not designed
to withstand a voltage difference between their chassis ground
and the input or output terminals of more than few hundreds
volts, we have prepared an isolated 19 in. shelf that can be
installed in the high voltage rack and connected to sample
ground. In order to maintain the required electrical isolation,
the instruments installed in this isolated shelf are powered by
a 100 VA toroidal isolation transformer.

Figure 3 shows a block diagram of the setup. All the
components are controlled by a home built control unit based
on an Atmel ATmega 2560 micro-controller. All the required
functions can be controlled by sending SCPI commands via a
serial link on optical fibre. To generate the voltage required
to apply electric fields at the sample position, the unit sets
a £10 V analog output which is connected to a bipolar high
voltage amplifier (Trek 2210) that can supply up to £1 kV. A
small relay box built using high voltage reed relays routes the
output of the high voltage amplifier to the correct contact on
the sample holder.

To prevent damage of the output stage of the high voltage
amplifier in the event of a discharge between the sample and
the PEEM objective lens, we designed a surge protection cir-
cuit. We found that the best solution for a reliable protection
circuit is to connect a combination of a 1 kV transient suppres-
sor diode and a gas discharge tube to each output terminal of
the high voltage amplifier. Figure 4 shows a detailed schematic
of how the surge protection circuit is implemented.

The electromagnetic coil installed in the sample holder
is driven using the constant current source integrated in the
ELMITEC sample heater controller and a low voltage relay
box allows for reversing the polarity of the magnetic field or
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FIG. 3. Block diagram of the setup. The energy analyser and electron gun
controller which are normally present in the microscope high voltage rack
are not shown for sake of simplicity. A fiber-optic link ensures the communi-
cation between the microcontroller and an external computer.

through a home-built bipolar, +3 A current amplifier. Typi-
cally, during an experiment, the magnetic state of the sample
is initialised using the electromagnet and then the electric field
is swept in steps while acquiring images at each step to study
how the application of the electric field affects the magnetic
domain configuration.

lll. PROOF-OF-PRINCIPLE MEASUREMENTS

To demonstrate the capabilities of the present setup, we
report on X-PEEM measurements in applied electric fields
of the ferromagnetic domain configuration of lithographically
defined Ni and Laj 7Sryp.sMnO;3 nanostructures deposited on
PMN-PT (011) ferroelectric single crystals.

To image the ferromagnetic domain configuration of the
samples, we employ the XMCD effect by tuning the incoming
photon energy to the Ni-L3; edge (=852 eV) and Mn-L; edge

From HV Amplifer To HV Relay Box

L
y

1KE480
1KE480

CG31.3
CG31.3

1KE480
1KE480

FIG. 4. Schematic diagram for the surge protection circuit integrated in the
high voltage switch box.
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FIG. 5. (a) Sketch of the Ni/PMN—PT sample structure. (b) Sequence of
successive XMCD images acquired at the Ni-L3 edge for different applied
electric fields without applied magnetic field. Islands showing a 90° magneti-
sation reorientation are highlighted with red circles. Each XMCD image is
the result of the averaging of 10 single XMCD images acquired with a total
exposure time of 8 s. Reproduced with permission from Buzzi et al., Phys.
Rev. Lett. 111, 027204 (2013). Copyright (2013) by the American Physical
Society.

(=641 eV) and acquiring images with opposite light helicities
(c; and c_). By calculating the asymmetry (c; — c-)/(c+ + c-),
one isolates the magnetic contrast, which is proportional to
M (GE k, where £ is the propagation vector of the incoming
x-rays.?’ For clarity, the XMCD image shows black or white
contrast in areas where magnetic moments have a component
parallel or antiparallel to k. The experiments presented here
were carried out at the Surface/Interface Microscopy (SIM)
beamline of the Swiss Light Source.?

Figure 5(a) shows a sketch of the Ni/PMN-PT sample
structure; details about the sample fabrication are reported
elsewhere.!” The electric field is applied to the ferroelectric by
applying a bias voltage between the Pt and the Cu electrodes.
Figure 5(b) shows a series of XMCD images of a 5 X 5 array
of 200 x 100 nm? Ni islands having their long axis parallel to
the [011] direction of the PMN-PT crystal. Prior to imaging,
we initialised the magnetic and ferroelectric configurations of
the sample following an AC demagnetisation protocol and by
poling the ferroelectric with an electric field of —0.4 MV m™!,
The XMCD series was then acquired with no applied magnetic
field and sweeping the electric field in steps from 0 MV m™!
to 0.27 MV m~!. We observe that in the initial configuration
at 0 MV m™!, all the islands show a uniform contrast indicat-
ing that they are uniformly magnetised in a direction parallel
(black) or anti-parallel (white) to x-ray propagation direction.
No changes are observed until the electric field is increased
up to the ferroelectric coercive field E ~ E. = 0.15 MV m™..
At this point, the contrast of the eight islands highlighted with
red circles changes from white or black to grey showing that
the magnetisation is now aligned perpendicular to the x-ray
propagation direction. No further changes are observed for
larger electric fields.
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Here, we focus only on the highlighted islands. A more
complete model that accounts for the behaviour of all the
islands is published elsewhere.!” The observed 90° mag-
netisation reorientation can be explained in the scenario of
strain-mediated magnetoelectric coupling. At the ferroelectric
coercive field, E., PMN-PT induces a strong tensile strain
along the [011] direction and a smaller compressive strain
along the orthogonal [100] direction. The strain applied to the
polycrystalline Ni islands is responsible for an additional mag-
netoelastic anisotropy term. It can be modelled using a uniaxial
magnetic anisotropy term as Upe = —(3/2)1,Y (€017 — €100)
08?07, where 1, =-3.4x 107> is the magnetostriction
coeflicient of polycrystalline Ni, ¥ =220 GPais the Ni Young’s
modulus, and (gy;7 — €100) is the strain applied to the Ni
by the PMN-PT. For islands with their long axis parallel
to the [011] direction of the PMN-PT, positive values of
(017 — €100) generate a positive magnetoelastic contribution
that acts against the magnetostatic term (shape anisotropy) and
favours a reorientation of the magnetisation to the short axis
of the island. The magnetostatic energy barrier to overcome
to keep the magnetisation parallel to the island short axis
can be estimated using an analytical model for ferromagnetic
prisms*” and is approximately 10 kJ m~3. At the ferroelectric
coercive field, (g7 — €100) is approximately 1300 ppm and
the magnetoelastic contribution is ~15 kJ m~3 making the long
axis of the islands a hard magnetisation direction and inducing
a 90° reorientation to the island short axis.

Figure 6(a) shows a sketch of a patterned LSMO/PMN—
PT epitaxial heterostructure; details about the growth and
patterning of the LSMO layer are reported elsewhere.?'3? The
thickness of the LSMO layer is 17 nm and the electric field is
applied to the PMN-PT by applying a bias voltage between the
Cu back electrode and the top LSMO amorphous matrix that
has a low enough resistance to effectively allow one to apply a
static electric field across the ferroelectric. Figure 6(b) shows
a series of XMCD images for different applied electric fields
of an epitaxial LSMO 45° zig-zag wire of 1 um width. The
wire extends 45° off the [100] direction meaning that each of

a) LSMO epitaxial 1 um width wires

«—— LSMO amorphous matrix
«—— PMN-PT (011) substrate

«— Cubottom electrode

— ‘;)
Sum g
Wire 2 S
Orientation 9NV

FIG. 6. (a) Sketch of the sample structure. (b) Sequence of successive
XMCD images of a 1 pum width 45° zig-zag wire acquired at the Mn-L3
edge for different electric fields and without applied magnetic field.
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its segments extends alternatively along the [100] or the [011]
direction as indicated in the sketch in Figure 6(b). The XMCD
sequence was recorded with no applied magnetic field after
poling the ferroelectric at —0.5 MV m™! and applying a 15 mT
magnetic field pulse along the x-ray propagation direction.
Analysing the first XMCD image acquired at 0 MV m~!, we
observe that both the segments along the [100] and [011]
directions show a uniform dark grey contrast indicating that
they are uniformly magnetised and suggesting that in this state,
the magnetic anisotropy is fourfold. When the electric field is
increased to the ferroelectric coercive field E. =0.15MV m™!,
we observe that the contrast for the segments oriented along the
[011] direction decreases suggesting that the [011] direction
is now a less favourable direction for the magnetisation and
the magnetic anisotropy in this configuration is twofold. No
further changes are observed for larger electric fields.

IV. CONCLUSIONS

In conclusion, we have presented an experimental device
for X-PEEM that enables the stimulation of the sample under
investigation with both electric and magnetic fields. We have
demonstrated the capabilities of the setup by investigating
magnetoelectric coupling in Ni/PMN-PT and LSMO/PMN-
PT heterostructures. The observed behaviour reveals the pres-
ence of a strain induced magnetoelectric coupling which is at
the origin of the electric field assisted magnetisation reorien-
tations we have observed.

Finally, the flexibility of our setup enables the use of X-
PEEM for the investigation of electric field-induced effects in a
large variety of complex oxides and functional interfaces such
as bi-dimensional electron gas systems, insulating antiferro-
magnets, topological insulators, and magnetic molecules.
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