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ABSTRACT: The magnetization direction of a ferromagnetic
(FM) film deposited onto a ferroelectric (FE) substrate undergoes
significant changes when it is subjected to applied electric fields.
These are mainly due to the strain-mediated magnetoelectric
effects associated with the FE switching behavior of the substrates.
Here, we report on the magnetoelectric response of the
magnetization direction at two different depths within the FM
film in an artificial multiferroic heterostructure consisting of a 5 nm
FM Fe film deposited onto a 0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3
(PMN-PT) FE single-crystal substrate. The overall magnetic
anisotropy of the Fe (5 nm)/PMN-PT system was studied by
using magneto-optic Kerr effect (MOKE) magnetometry. On the other hand, the isotope-specific nuclear forward scattering (NFS)
of synchrotron radiation was used to study the magnetization direction at two specific depths within the Fe film. Our results reveal
that magnetic anisotropy is significantly influenced by the Fe/PMN-PT interface. Additionally, the magnetoelectric response of the
easy magnetization direction when the layer is simultaneously subjected to electric and magnetic fields is different at (1st nm of Fe)
as compared to away (3rd nm of Fe) from the Fe/PMN-PT interface. At the interface, the magnetization direction is influenced by
the electric field-induced strain and charge effects originating in PMN-PT. Away from the interface, a weaker magnetoelectric
response of the magnetization direction consistent with previous reports is observed. These results provide insight in understanding
the magnetoelectric coupling behavior of such FM/PMN-PT heterostructures, which is crucial to recognize their potential in
developing (multi)functional devices based on such systems.
KEYWORDS: magnetoelectric, multiferroics, heterostructures, interfaces, nuclear resonant scattering, magnetization direction

■ INTRODUCTION
Electric-field control of magnetism is essential for achieving
high-density, fast-switching, nonvolatile, and low power-
consuming magnetic memory and spintronic devices.1−4

Therefore, research is conducted on materials that are capable
of controlling their coupled magnetic and electric properties,
i.e., magnetoelectric (ME) materials.3−9 Some compounds
(single-phase multiferroics) show ME coupling; however, this
coupling is most often rather weak and occurs at low ordering
temperatures, making them less suitable for immediate
practical applications.10,11 Nevertheless, these single-phase
multiferroics are still heavily researched due to their high
technological relevance for a novel, low power-consuming
magnetoelectric random access memory (MeRAM)12,13 and,
more recently, a novel magnetoelectric spin−orbit (MESO)9,14

logic device.4,15 To overcome the low ME coupling of single-
phase multiferroics at room temperature, artificial multiferroic

heterostructures that couple ferroelectric and magnetic
materials via an interface are widely studied.3,16−18 Such
magnetoelectric heterostructures are better suited for imme-
diate practical applications, e.g., as sensors, radio and high-
frequency devices, energy harvesters, etc.3,19−21

Specifically, in ferromagnetic (FM)/ferroelectric (FE)
artificial multiferroic heterostructures, the FM/FE interface is
a crucial component as it determines the different underlying
coupling mechanisms that govern the ME coupling in these
systems.3 Moreover, at an FM/FE interface, the strain and
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charge ME coupling mechanisms can coexist, which
complicates the understanding of the ME coupling in these
systems.22,23 For example, the charge- or carrier-mediated ME
mechanism involves electric field-induced modification of the
interfacial charge density, which is screened by the
accumulation/depletion of electrons in the FM layer.24

Additionally, in 3d metals, the charge effect can vary the
number of 3d electrons, which can in turn significantly alter the
magnetic anisotropy.3 However, although capable of inducing a
significant magnetic reconstruction, the charge-mediated effect
is confined to the close proximity of the FM/FE interface due
to the relatively short screening length of FM metals. On the
other hand, the strain-mediated mechanism involves the
transfer of the electric field-induced strain from the FE into
the FM via the interface, which in turn modifies magnetic
anisotropy via inverse piezoelectricity and magnetostriction.

To fabricate artificial ME heterostructures, relaxor ferro-
electrics like [Pb(Mg1/3Nb2/3)O3]1−x-[PbTiO3]x are very
suitable as FE substrates due to their large dielectric and
p i e zoe l e c t r i c coeffic i en t s . 2 5 , 2 6 Spec ifica l l y , Pb -
(Mg1/3Nb2/3)0.7Ti0.3O3 (hereafter, PMN-PT) exhibits superior
piezoelectric properties, making it the FE substrate of choice
for many ME investigations.27−39 Polarization in unpoled
rhombohedral PMN-PT lies along the ⟨111⟩ pseudocubic
body diagonals. An electrically driven out-of-plane polarization
change in PMN-PT can result in 71°, 180°, or 109° rotation of
the polarization vector, corresponding to the angles between
the different ⟨111⟩ pseudocubic directions. For (001)-oriented
PMN-PT, when an electric field is applied out of plane along
the [001]-direction, 71° or 180° polarization switching leads to
an in-plane butterfly-like strain response.25 Initially, the FE
undergoes a tensile strain due to polarization tilting out of
plane and reaches a maximum at the electric coercive field,
where polarization switches after which the strain decreases
and becomes compressive until the maximum applied electric
field value is attained. Ramping down the electric field reverts
the strain to zero, which implies that the in-plane butterfly
strain associated with 71° or 180° polarization switching is
volatile in nature. Since the volume change of the FE has to be
maintained under the application of the electric fields, when
the strain response is recorded along the out-of-plane
direction, a complementary butterfly strain, which is inverted

with respect to the in-plane butterfly strain, is observed.
Moreover, the volatile strain in turn has a volatile effect on the
in-plane magnetic anisotropy of the FM film in such FM/
PMN-PT heterostructures since the changes in anisotropy due
to the strain transfer revert to zero as the strain reverts to zero
upon removal of the applied electric field.25 In contrast, if
polarization switches by 109°, then the corresponding in-plane
effect is seen as a 90° rotation of the long diagonal, giving rise
to looplike behavior associated with the ferroelastic strain.28,34

The looplike strain associated with 109° polarization switching
is nonvolatile (two different strain states at a zero electric
field), which leads to the desirable nonvolatile ME effect
whereby the easy axis of magnetization of the FM rotates by
90° in-plane.28,32−37 A schematic representation of polarization
switching in (001)-oriented PMN-PT is depicted in Figure 1
a,b.3,28 It was recently reported40 for a Ni(10 nm)/(011)-
PMN0.68-PT0.32 system that although the in-plane global
magnetic easy axis rotates by the expected 90° via the strain-
induced ME effect, the magnetization direction on the surface
of the Ni (10 nm) film rotated between 62° and 84°. This sub-
90° rotation of surface magnetization was attributed to the
competing in-plane shear strain (∼0.14%) associated with
ferroelectric domain switching.40 Local Ni surface magnet-
ization was studied using X-ray magnetic circular dichroism−
photoemission electron spectroscopy (XMCD-PEEM) imag-
ing, which allows vector mapping of in-plane magnetization.
Using the same technique, it was reported35 for an Fe (4 nm)/
(001)-PMN0.6-PT0.4 system that the magnetization direction
on the surface of an Fe film also undergoes non-90° rotations,
which were mainly linked to the electrically induced
morphological changes (crack formation41) in the substrate.
Additionally, the electric field-induced rotation of the magnet-
ization direction was not uniform over the Fe film surface, and
it is expected to orient itself perpendicular to the propagation
direction of the electric field-induced cracks.35 These
reports35,40 discuss and suggest that the average/global
magnetoelectric response of the magnetic easy axis in FM/
PMN-PT heterostructures is different from that observed
microscopically on the surface of the FM film. Additionally,
these reports hint that the magnetoelectric response at the
FM/FE interface compared to a few nanometers away from it

Figure 1. Schematics of 71°/180° and 109° polarization switching in a pseudocubic unit cell of (001)-oriented PMN-PT: (a) 3D representation
and (b) in-plane projections of the corresponding polarization switching processes in the shaded (001)-surface plane. (c) Out-of-plane strain−
electric field (S−E) curve for the (001)-oriented PMN-PT substrate recorded along the PMN-PT [001] direction.
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within the FM film in such heterostructures might be different,
which has not yet been reported.

In this work, we investigate the behavior of the magnet-
ization direction at two different depths within the FM of an
FM/FE magnetoelectric heterostructure when subjected to
simultaneous application of in situ electric and magnetic fields.
We show that the interfacial region contributes significantly to
the total magnetic anisotropy of the FM/FE heterostructure.
We report on the room-temperature variation of the
magnetization direction resulting from the ME coupling effects
in an artificial multiferroic heterostructure composed of a 5 nm
Fe film deposited on a single-crystal (001)-oriented PMN-PT
substrate. We use magneto-optic Kerr effect (MOKE)
magnetometry to measure the initial (postgrowth) in-plane
magnetic anisotropy of the 5 nm Fe film. The electric-field
effect on the magnetization direction at specific depths within
the Fe film, i.e., at the first and third nm of Fe (referred to as at
and away from the Fe/PMN-PT interface, respectively, in the
remainder of this paper), was studied using the well-
established,42−48 isotope-sensitive nuclear resonant scattering
(NRS) of synchrotron radiation. Alongside previously
reported35,40 differences between the magnetoelectric re-
sponses of the global and surface magnetization directions,
our results demonstrate depth-specific behavior in such FM/
FE systems, which we investigate by inserting an isotopically
pure 57Fe probe layer at two different depths within the Fe film
(once at and once farther away from the FM/FE interface).

■ EXPERIMENTAL SECTION
Single-crystal relaxor FE (001)-oriented PMN(1−x)-PTx 10 × 10 × 0.5
mm3 in size with x = 0.3 (SurfaceNet GmbH, Rheine, Germany) was
selected as the substrate due to its strong piezoelectric properties
(longitudinal piezoelectric coefficient, d33 = 2200−2500 pC/N).25−27

At room temperature, in this composition, PMN-PT is located at the
morphotropic phase boundary and possesses a rhombohedral crystal
structure with lattice parameters of a = 4.017 Å and θ = 89.97°.26

Molecular beam epitaxy (MBE) was used to grow the FM Fe film as a
combination of an isotopically pure 57Fe probe layer (∼1 nm) and
natural Fe (natFe) layers (natural referring to the natural abundance of
all Fe isotopes), with a total Fe layer thickness of 5 nm. The 57Fe
probe layer combined with the isotope-specific nuclear resonant
scattering technique is crucial to probe the magnetic response locally
at specific depths within the Fe film�in particular at the buried Fe/
PMN-PT interface. To study the Fe/PMN-PT interface, Sample INT
was grown with Al (3 nm)/natFe (4 nm)/57Fe (1 nm)/PMN-PT, i.e.,
with the 57Fe probe layer at the interface (INT). To study the effects
further away from the interface, Sample MID was grown with Al (3
nm)/natFe (2 nm)/57Fe (1 nm)/natFe (2 nm)/PMN-PT where the
57Fe probe layer is deposited 2 nm away from the Fe/PMN-PT
interface, hence, in the middle (MID) of the Fe layer. The growth was
conducted at 50 °C with a base pressure < 10−9 mbar and was
monitored in situ using reflection high-energy electron diffraction
(RHEED). The samples were capped with 3 nm Al to prevent
oxidation of the Fe layers while also serving as the top electrode for
the application of electric fields. A Ti/Au bilayer was deposited at the
back of the PMN-PT substrate, which served as the bottom electrode.
A schematic of the sample structure is depicted in Figure 2.

The electric field-induced axial strain (S33) response (S−E curve)
of the bare PMN-PT substrate was measured at room temperature by
using linear differential variable transducers (LVDTs). Ti/Au
electrodes were deposited on the opposite [001] faces of the PMN-
PT substrate, which was mounted in a silicone oil bath. The LVDTs
measure displacement due to applied electric fields along the loading
direction, i.e., in this case, the [001]−PMN-PT direction. The
displacement was measured at a frequency of 0.1 Hz, generated with a
data acquisition card (National Instruments) and high-voltage

amplifier (Trek 20/20). The crystallinity of Sample INT and Sample
MID was characterized using transmission electron microscopy
(TEM). TEM cross-sectional lamellae (∼150 nm thick) of the
samples were prepared by a focused beam of Ga ions. Pt was
deposited on the samples for protection of microstructural features
during lamella fabrication. In-plane magnetic hysteresis loops
averaging over the 5 nm Fe thickness at E = 0 kV/cm were recorded
on Sample INT and Sample MID using a magneto-optic Kerr effect
(MOKE) magnetometer in the longitudinal configuration. The loops
were measured at 10° intervals of in-plane magnetic field orientation
with respect to the [100]−PMN-PT direction and were further
normalized to saturation magnetization. From the angular depend-
ence of the ratio of remnant magnetization (Mr) and saturation field
(Ms), derived from the hysteresis loops�also referred to as the
squareness ratio (Mr/Ms)�global in-plane magnetic anisotropy for
the Fe/PMN-PT system was deduced in the post-growth or
electrically pristine state, i.e., at E = 0 kV/cm.

The local variation of the in-plane magnetization direction at and
away from the Fe/PMN-PT interface was studied using nuclear
resonant scattering (NRS) of synchrotron radiation at the beamline
P01 at the Petra III synchrotron (DESY, Hamburg49) where we
benefit from the large photon flux of the brilliant synchrotron X-ray
beam and the possibility to simultaneously apply in situ electric and
magnetic fields. NRS, a well-established42−48 and unique tool for
studying magnetism in (ultra)thin films, is analogous to Mössbauer
spectroscopy�a nuclear spectroscopy technique where the spectro-
scopic pattern is highly sensitive to the magnetic and chemical states
of the probe nuclei under study50,51�and is sensitive to Mössbauer
nuclei only (in this case, 57Fe nuclei, but blind to the other Fe
isotopes).43,44,49 In this work, the NRS experiments were conducted
in grazing incidence geometry with an incidence angle of 3.6 mrad
and a beam spot size of 90 μm × 200 μm focused on the sample
surface. The grazing incidence mode allows for increased surface
sensitivity, which makes the NRS technique especially useful for
studying (ultra-)thin film systems that suffer from an inherent low
sample volume problem. The synchrotron X-ray beam was tuned to
14.4 keV to trigger the response from the 57Fe nuclei present in the
probe layer of the samples. This energy corresponds to the magnetic
dipole transition of the 57Fe nuclei from the ground state (Ig = 1/2) to
the excited state (Ie = 3/2), which has a natural lifetime of 141 ns.
The synchrotron source produces short and intense pulses of photons
that irradiate the sample periodically. The NRS measurements are
time-resolved, and hence, temporal spacing between the consecutive
synchrotron radiation pulses is a crucial experimental requirement. In
this work, the synchrotron was operated in 40-bunch mode with 192
ns bunch separation.49 Si avalanche photodiode detectors that have an
∼1 ns time resolution were used to register the scattered signal. It
consists of information about both the electronic and nuclear
reflectivity of the 57Fe probe layer that occurs in different time

Figure 2. Schematic of the samples analyzed using NFS, which is only
sensitive to the 57Fe probe nuclei and is blind to other isotopes of Fe
present in the natFe layers. In sample INT (Sample MID), the 57Fe
probe layer is present at (away from) the Fe/PMN-PT interface
(thicknesses are not to scale). Sample INT also shows the sample
environment in the NFS setup where the in-plane magnetic field is
applied perpendicular to the direction of propagation of the
synchrotron X-ray beam. The electric field is applied out of plane,
along the [001]-direction with respect to the PMN-PT substrate.
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ranges. The photons detected in the first 20 ns after the synchrotron
X-ray pulse correspond to prompt electronic scattering and are
therefore discarded, whereas the counts that follow, i.e., after 20 ns,
correspond to nuclear resonant scattering (NRS time spectra) from
the 57Fe probe nuclei. Nuclear scattering, i.e., the NRS response, is
delayed in time due to the finite lifetime of the excited state, which is
141 ns in the case of 57Fe. The recorded NRS spectra therefore
represent the decaying intensity of the excited 57Fe nuclei as a
function of time.44 It consists of oscillations that are referred to as a
quantum beating pattern associated with the strength of the hyperfine
splitting of 57Fe nuclear states, which depends on the orientation of
the magnetic moment with respect to the direction and polarization of
the synchrotron X-ray beam.42−44 Since these hyperfine interactions
are determined by the nearest-neighbor interactions, NRS allows
probing the magnetization locally. To deduce the hyperfine
parameters such as the magnetic hyperfine field (Bhf) and its
direction, the isomer shift, and quadrupole splitting from the 57Fe
probe layer at and away from the Fe/PMN-PT interface, the NRS
spectra were fitted using the CONUSS software package,52 which is a
forward simulator based on the theoretical description given in ref 53.
It should be stressed that since the NRS spectra originate from the
interference of transitions with slightly different energy, a direct visual
interpretation of (minute variations of) the spectra is basically
impossible, making it absolutely necessary to analyze the data in
conjunction with simulations and fittings. The 57Fe probe layer
strategy combined with the NRS of synchrotron radiation experi-
ments therefore allows one to locally probe nanoscale magnetism and
magnetoelectric phenomena at different depths within magnetic thin
films and artificial multiferroic heterostructures with (sub)nm
sensitivity, which cannot be achieved using volume- and surface-
sensitive magnetometry measurements.43,45−48

The NRS measurement configuration will henceforth be referred to
as NFS (nuclear forward scattering) due to the geometry of the
incident and reflected synchrotron X-ray beam, as depicted in Figure
2. In the NFS experiments, the electric field was applied out of plane,

along the [001]-direction with respect to the PMN-PT substrate. The
magnetic field (100 mT) was applied in-plane along the [010]-
direction of the PMN-PT substrate (magnetic hard axis), and it is
orthogonal to the direction of the synchrotron X-ray beam (Figure 2).
Starting from an electrically pristine state, the samples are first
subjected to negative electric poling to a maximum of −16 kV/cm,
which is well beyond the electric coercive field of the PMN-PT
substrate (Ec ≈ ±2 kV/cm34). Subsequently, the electric field is
decreased to the remanent polarization state (0−) and then the
samples are positively poled to a maximum of +16 kV/cm, followed
by decreasing the electric field to the final remanent polarization state
(0−+). At each applied electric field value and at both remanent
polarization states (0− and 0−+), two NFS spectra were recorded: one
in the magnetic field (100 mT) and another in magnetic remanence
(∼0 mT) after removing the applied magnetic field. No spectra were
recorded during the ramping down of the electric fields.

■ RESULTS AND DISCUSSION
Structural Characterization of Ultrathin Fe (5 nm)

Films. The TEM results of Sample INT and Sample MID are
listed in Figure 3. The bright-field (BF) TEM images of
Sample INT and Sample MID depict a continuous and
uniform Fe film with a clear film−substrate interface. As the
TEM electron beam was preliminary aligned along the PMN-
PT [010] zone axis, the contrast in this image allows for visual
identification of grains within the Fe film that are close to the
condition for Bragg diffraction. For Sample INT and Sample
MID, the Fe film in the BF-TEM images (Figure 3 a,b) depicts
both bright and dark regions, implying that it is mainly
polycrystalline with nanosized Fe grains.

Figure 3 c depicts the high-resolution TEM (HR-TEM) of
Sample INT. It highlights that the Al capping layer is
amorphous, while the Fe layers show contrast fringes, arranged

Figure 3. Transmission electron microscopy (TEM) of Sample INT and Sample MID. Bright-field TEM images of (a) Sample INT and (b)
Sample MID. (c) High-resolution TEM image of Sample INT. (d) Montage of two selected-area electron diffraction (SAED) patterns, acquired at
different exposures. The preferential orientation of the nanosized Fe grains is revealed by a faint arc of diffraction intensity from [110]Fe planes of
the Fe layer (red) that are symmetrically distributed around the [002]PMN‑PT diffraction spot. (e) Fourier transform of the HR-TEM image (c) of
Sample INT showing the preferential orientation of the Fe grains. The red and green spots come from the FFT of two regions of the Fe layer and
correspond to the [110]Fe spatial frequencies that are nearly aligned with that of the [200]PMN‑PT substrate. (f) Fourier transform from the HR-
TEM image of Sample MID showing a similar preferential orientation of the Fe grains: the red arrows mark the diffraction intensity arising from the
[110]Fe grains, which are symmetrically distributed around the [200]PMN‑PT diffraction spots.
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in patterns of parallel lines that visualize the ordered
arrangement of the Fe layer. The bottom of the HR-TEM
image showing the lattice planes of the underlying PMN-PT
substrate is a clear visualization of its single-crystalline
structure. Generally, for an Fe film (lattice parameter aFe =
2.866 Å) deposited on PMN-PT (aPMN‑PT = 4.017 Å), to
reduce the lattice mismatch, it is energetically favorable for Fe
to grow with its lattice azimuthally rotated in-plane by 45° with
respect to the substrate since a2 4.053Fe = Å.34,39 Therefore,
the expected relationship between the Fe film and the (001)-
oriented PMN-PT substrate is Fe [110]∥PMN-PT [100]. To
verify if such a preferred orientation exists in the polycrystalline
Fe films studied in this work, the HR-TEM image of Sample
INT (Figure 3 c) is further analyzed by electron diffraction.
Figure 3 d depicts the selected area electron diffraction
(SAED) pattern from the HR-TEM image of Sample INT
(Figure 3 c). A superposition of two SAED patterns acquired
at different exposures was derived to enhance the visibility of
the diffraction intensity arising from the ultrathin Fe film.
Indeed, a preferential orientation of the nanometric Fe grains
exists and is revealed by a faint arc of diffraction intensity
coming from [110]Fe planes, which are symmetrically
distributed around the [002]PMN‑PT diffraction spot.

A complementary approach to investigating the preferential
orientation of the Fe grains at the nanometer scale is to
generate the fast Fourier transformation (FFT) of the HR-
TEM image. The color-enhanced image in Figure 3 e is a
montage of three FFTs obtained from different areas of the
cross section. The gray image shows the FFT of the substrate
fringes. The red and green diffraction spots come from the
FFT spectra of two regions of the Fe layer. They correspond to
the [110]Fe spatial frequencies that are nearly aligned with that
of the [200]PMN‑PT substrate, giving rise to evidence of the
expected34,39 Fe [110]∥PMN-PT [100] relationship. These
results complement the SAED pattern in Figure 3 d and are
further evidence of the preferential orientation of the Fe film
with respect to the underlying PMN-PT substrate. Similarly,
the Fe [110]∥PMN-PT [100] orientation was also found in
Sample MID, as reported by the SAED pattern in Figure 3 f.
Magnetic Anisotropy of Fe (5 nm)/PMN-PT at E = 0

kV/cm. The dominance of the Fe [110]∥PMN-PT [100]

crystallographic relationship should give rise to a system where
the in-plane magnetic easy axes of Fe lie along 45° with respect
to the PMN-PT crystallographic [100] and [010] directions in
the post-growth, E = 0 kV/cm state.34,39 To verify this and
study the in-plane magnetic anisotropy of the Fe (5 nm)/
PMN-PT system in this work, Sample INT and Sample MID
were analyzed at E = 0 kV/cm using MOKE magnetometry.
Since MOKE is not an isotope-specific technique, it cannot
differentiate between the natFe and 57Fe layers and is therefore
only sensitive to the signal from the 5 nm film of Fe as a whole.
This further implies that the magnetic characterization of
Sample INT and Sample MID with the probe layer at and
away from the Fe/PMN-PT interface is expected to be
identical when analyzed using MOKE magnetometry.

Figure 4 a depicts examples of the magnetic hysteresis loops
recorded using longitudinal MOKE magnetometry for Sample
INT and Sample MID. As expected, the magnetic response of
the two samples analyzed using the non-isotope-specific
technique of MOKE is confirmed to be the same. The loops
recorded with the applied magnetic field oriented along 0°
(∥[100]−PMN-PT edge) show an asymmetric hysteresis loop.
This asymmetry is due to the intermixing of antisymmetric
transverse contributions with the symmetric longitudinal
magnetization component in the MOKE setup as a result of
quadratic magneto-optical effects.54,55 These effects are not
related to the inherent magnetic response of the sample.54,55

The polar plot of Mr/Ms depicting the in-plane magnetic
anisotropy of Sample INT and Sample MID at E = 0 kV/cm is
presented in Figure 4 b. It shows that the anisotropy of the Fe/
PMN-PT system follows the expected 4-fold magnetocrystal-
line anisotropy for body-centered cubic Fe. This further
implies that the Fe film shows a preferred orientation with the
PMN-PT substrate bearing the dominant Fe [110]∥PMN-PT
[100] crystallographic relationship. Additionally, it is clear that
the easy axes do not lie exactly along the in-plane PMN-PT
⟨110⟩ directions, i.e., they do not lie along the in-plane 45°
directions as expected from previous Fe/PMN-PT reports.34,39

Moreover, for a system with perfect 4-fold magnetic
anisotropy, the four minima in the Mr/Ms polar plot should
be equivalent. In contrast, we observe that the Mr/Ms values
along the PMN-PT ⟨010⟩ directions are somewhat larger than

Figure 4. Magnetic characterization of the 5 nm Fe film in Sample INT and Sample MID by longitudinal MOKE at E = 0 kV/cm. (a) Hysteresis
loops at different in-plane magnetic field orientations and (b) angular dependence of the squareness ratio (Mr/Ms) derived from the hysteresis
loops depicting the in-plane easy axes (green arrows) of magnetic anisotropy.
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those along the PMN-PT ⟨100⟩ direction (Figure 4 b). This
elongation of theMr/Ms polar plot is attributed to the presence

of an additional uniaxial magnetic anisotropy component
superimposed on the dominant 4-fold magnetocrystalline

Figure 5. NFS time spectra of Sample INT (Al (3 nm)/natFe (4 nm)/57Fe (1 nm)/PMN-PT) with the 57Fe probe layer at the interface: (a) under
simultaneous application of electric and 100 mT magnetic fields and (b) in magnetic remanence after applying 100 mT. The solid lines (red)
represent the fits to the data (black dots).

Figure 6. NFS time spectra of Sample MID (Al (3 nm)/natFe (2 nm)/57Fe (1 nm)/natFe (2 nm)/PMN-PT) with the 57Fe probe layer 2 nm away
from the interface: (a) under simultaneous application of electric and 100 mT magnetic fields and (b) in magnetic remanence after applying 100
mT. The solid lines (red) represent the fits to the data (black dots).
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anisotropy of Fe. A hint of this additional anisotropy
component is also seen in the presence of either one- or
two-step hysteresis loops depending on the orientation of the
applied magnetic field as depicted in Figure 4 a. These two
kinds of hysteresis loops imply that the anisotropy of the Fe
film is a superposition of intrinsic cubic anisotropy and
additional uniaxial anisotropy.56,57 As a result of the super-
imposed magnetic anisotropy, the in-plane easy axis of the Fe
(5 nm)/PMN-PT system does not lie exactly along the
expected 45° direction, but rather, it lies along ∼60 ± 2°. The
additional uniaxial anisotropy originates at the Fe/PMN-PT
interface, as discussed below.
Probing the Magnetization Direction at and away

from the Fe/PMN-PT Interface. To understand the effect of
an applied electric field on the magnetization direction of the
Fe/PMN-PT system and its depth dependence within the Fe
layer, the magnetic responses of Sample INT and Sample MID
were analyzed using NFS of synchrotron radiation. Figures 5
and 6 depict the fitted NFS spectra for Sample INT and MID
with the 57Fe probe layer at and away from the Fe/PMN-PT
interface, respectively, under the influence of the applied
electric and magnetic fields. From the NFS fits for both
samples, at all applied electric and magnetic field values
throughout the experiment, a hyperfine field, Bhf ∼ 33 T,
corresponding to the bulk Bhf value for ferromagnetic metallic
Fe (33.3 T58) was found. This implies that the Fe/PMN-PT
heterostructure, more specifically, the Fe/PMN-PT interface, is
electrochemically stable under relatively large values of applied
electric fields irrespective of the polarity and no electrically
induced magnetic dead layers are formed (as was observed in
other material systems).45,46,59 Since the Bhf direction is
antiparallel to the net magnetic moment of the 57Fe nuclei,60

the Bhf direction of the 57Fe probe layers derived from the NFS
fits provides direct information on the local magnetization
direction at and away from the Fe/PMN-PT interface. For the
geometry of the NFS measurements depicted in Figure 2, the
Bhf direction is defined with respect to the synchrotron X-ray

beam direction. For example, for a system possessing in-plane
magnetization, if the fit (using CONUSS52) of the NFS
spectrum gives Bhf direction = 0° (90°), then the magnet-
ization lies parallel (perpendicular) to the direction of
propagation of the synchrotron X-ray beam. For the Fe/
PMN-PT samples investigated in this work with the
experimental conditions depicted in Figure 2, this further
implies that when the Bhf direction = 0°, magnetization lies
perpendicular to the direction of the applied magnetic field.
On the other hand, when the Bhf direction = 90°, magnet-
ization lies parallel to and therefore aligned along the direction
of the applied magnetic field.

Figure 7 depicts the variation of the in-plane magnetization
direction of the probe layer at and away from the Fe/PMN-PT
interface under the application of in situ electric and/or
magnetic fields, as determined from the fits of the NFS time
spectra. The order of measurements and, hence, electric field
history of the samples are indicated with numbers in Figure 7
a: starting from the electrically pristine state at (1) E = 0 kV/
cm, the electric field is increased in the negative direction, and
NFS spectra (in 100 mT and at remanence) are recorded at
each electric field step up to (2) E = −16 kV/cm. From (2),
the electric field is decreased to zero at (3) 0− and no NFS
spectra are recorded in this branch, except at the negative
polarization remanent state of 0−. The electric field is then
increased in the positive direction with the NFS spectra being
recorded at each electric field step up to (4) E = +16 kV/cm.
From (4), the electric field is decreased to zero at (5) 0−+ and,
again, no NFS spectra are recorded in this branch, except at the
final remanent polarization state of 0−+. This order has been
followed for both Sample INT and Sample MID. The
magnetization direction at the starting electrically pristine
state, (1) E = 0 kV/cm state, is marked with a blue square to
make it visually more differentiable from the (3) 0− and (5)
0−+ states.

Local Magnetization Direction at E = 0 kV/cm. At (1) E =
0 kV/cm, the azimuthal magnetization direction of the

Figure 7. Behavior of the in-plane magnetization direction for (a) Sample INT (Al (3 nm)/natFe (4 nm)/57Fe (1 nm)/PMN-PT) and (b) Sample
MID (Al (3 nm)/natFe (2 nm)/57Fe (1 nm)/natFe (2 nm)/PMN-PT) under simultaneous application of in situ electric and magnetic fields. The
black dashed arrows depict the ramping down of the electric field from −16 and +16 kV/cm to the respective remanent polarization states (0− and
0−+). The red and green shaded regions depict the error bar on the respective data sets. The blue curve in panel (b) is a guide to the eye. The
numbers (1) to (5) depict the electric field history of the samples, and the blue squares represent the electrically pristine state (1). For clarity, the
numbers (1) to (5) are depicted only on one curve, but all measurements follow the same sequence.
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interfacial 57Fe probe layer in magnetic remanence (green data
set of Figure 7 a) is 58.0 ± 1.1°. This result is consistent with
the ∼60 ± 2° direction of the magnetic easy axis for the Fe (5
nm) film as observed in the MOKE measurements (Figure 4
b) at E = 0 kV/cm. In contrast, the magnetization direction of
the 57Fe probe layer 2 nm away from the interface in magnetic
remanence (green data set of Figure 7 b) is 47.4 ± 0.9°, which
is consistent with the direction of the 45° expected bulk easy
axis for pure cubic magnetocrystalline anisotropy dominant
systems, as mentioned previously. This further implies that
magnetic anisotropy for the Fe (5 nm) film (as observed in
MOKE) is highly influenced by the Fe/PMN-PT interface.

The origin of the uniaxial anisotropy contribution can be
linked to the lattice mismatch between the Fe film and the
PMN-PT substrate and/or to the local microscopic irregu-
larities on the PMN-PT surface. The latter is due to the fact
that any crystal surface with intrinsic 4-fold symmetry consists
of an arrangement of steps even if it appears to be
macroscopically flat. These steps can locally break the expected
4-fold symmetry to uniaxial symmetry.61 It is therefore possible
that the interfacial Fe layers are subjected to such local
irregularities on the surface of the PMN-PT substrate, causing
elongation of the Fe grains, which can further give rise to
additional uniaxial anisotropy.
Local Magnetization Direction under Simultaneous

Application of Electric and Magnetic Fields. Under the
simultaneous application of electric and magnetic fields, a
significant difference can be observed in the behavior of the in-
plane magnetization direction at and away from the Fe/PMN-
PT interface. The behavior of the interfacial 57Fe probe layer
(Sample INT) under simultaneous application of in situ
electric and magnetic fields is depicted in Figure 7 a. It can be
seen that in an applied 100 mT magnetic field (red data set of
Figure 7 a), the magnetization direction does not fully align
with the direction of the applied magnetic field (90°). Initially,
at E = 0 kV/cm, the magnetization direction lies at 82.4 ± 1.7°.
Upon applying negative electric fields, the magnetization
direction rotates to a maximum value of 84.0 ± 2.1° at E =
−2.5 kV/cm, which is close to the electric coercive field of the
PMN-PT substrate (|EC| = 2.3 ± 0.2 kV/cm from the S−E
response of the PMN-PT substrate depicted in Figure 1 c)
where ferroelectric polarization rotates in-plane. Increasing the
electric field to E = −10 kV/cm gradually rotates the
magnetization direction further away from the direction of
the applied magnetic field (90°) to 75.6 ± 1.1°. Further
increasing the electric field shows no additional significant
changes in the magnetization direction with a final value of
75.7 ± 1.1° recorded at E = −16 kV/cm. After the electric field
is ramped down to 0−, the magnetization direction lies at 84.0
± 1.1°. Upon switching the polarity and increasing the electric
field from 0− to +16 kV/cm, a peak at E = +0.2 kV/cm is
observed where the magnetization direction lies at 86.8 ± 3.1°.
This value of electric field is far from the EC of PMN-PT, and
hence, such sharp changes in the magnetization direction are
not expected from the electric field-induced strain effects of the
substrate. Upon increasing the electric field, the magnetization
direction gradually rotates away from the direction of the
applied magnetic field (90°) to a maximum value of 77.0 ±
1.2° at E = +3.5 kV/cm. This is close to the EC of PMN-PT
and, although inverted, can still be related to the in-plane
ferroelectric polarization rotation, which is sensed by the
interfacial 57Fe probe layer. Further increasing the electric field
from E = +5 kV/cm leads to negligible variation in the

magnetization direction with a final value of 80.4 ± 1.4° at E =
+16 kV/cm. After ramping down the electric field to the
remanent polarization state 0−+, the magnetization direction
lies at 82.7 ± 1.1°. Hence, the magnetization direction of the
57Fe probe layer at the interface under simultaneous
application of electric and magnetic fields shows the strongest
variation around the EC of the PMN-PT substrate and is
therefore reminiscent of its electric field-induced butterfly-like
strain behavior (Figure 1 c).25,34 For a pure butterfly strain-
mediated response, the behavior of the magnetization direction
as a function of the applied electric fields should also follow the
strain response and, therefore, be volatile at E = 0− and 0−+

(Figure 1 c).25,62 However, when the magnetic field is turned
off and the magnetization direction is no longer influenced by
the Zeeman energy of the applied magnetic field, depending on
the polarization state of PMN-PT (at E = 0− and 0−+

corresponding to points (3) and (5) in the green data set of
Figure 7 a), two clear and distinct magnetization directions are
observed. This behavior of the magnetization direction is less
significant under the influence of the applied magnetic field
(84.0 ± 1.1° and 82.7 ± 1.1° recorded at E = 0− and 0−+,
respectively, in the red data set of Figure 7 a) where it is
strongly influenced by the Zeeman energy. Hence, in addition
to strain, the Fe/PMN-PT interface is also subjected to
remanent polarization-induced charge, which modifies the
magnetization direction via the charge screening effect.22

These results suggest that a coexistence of strain and charge
effects stemming from the electric-field effect on the PMN-PT
substrate governs the magnetization direction of the ∼1 nm
57Fe interfacial probe layer via magnetoelectroelastic ef-
fects.22−24 For the charge effect to be negligible, the probe
layer would have to be placed farther away from the Fe/PMN-
PT interface to overcome the Thomas−Fermi screening length
for Fe, which is ∼1−2 unit cells or ∼0.3−0.6 nm.59,63

Therefore, under simultaneous application of in situ electric
and magnetic fields, the magnetization direction of the Fe/
PMN-PT interface is dominated by electric field-induced strain
and charge effects originating in the PMN-PT substrate, which
overcomes the Zeeman energy of the applied magnetic field.

When the magnetic field is turned off, i.e., in magnetic
remanence (note that the electric field is always on in the
experiment), the magnetization direction at the interface
relaxes away from the applied magnetic field direction (90°) as
depicted in the green data set of Figure 7 a. Interestingly, it
retains a similar variation to that observed under simultaneous
application of electric and magnetic fields (red data set of
Figure 7 a) only in the negative electric field regime wherein
the sample is subjected to applied electric fields for the first
time. Another interesting observation is that for the first few
negative electric fields, the magnetization direction rotates
from 58.0 ± 1.1° at E = 0 kV/cm to 54.1 ± 1.2° at E = −2.5
kV/cm, which is in the vicinity of the EC of the PMN-PT
substrate. With a further increase in the electric field, the
magnetization direction rotates to 47.5 ± 1.1° at E = −10 kV/
cm, which is close to the expected magnetic easy axis direction
(45°) for the Fe/PMN-PT system. Further increasing the
electric field shows no additional significant changes in the
magnetization direction with a final value of 47.2 ± 1.1°
recorded at E = +16 kV/cm. After the electric field is ramped
down to 0−, the magnetization direction lies at 43.3 ± 1.3°.
This is different from the direction observed at E = 0 kV/cm
(58.0 ± 1.1°) and is close to the expected magnetic easy axis
for the system. Therefore, the application of the large negative
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electric fields (∼ E ≥ −10 kV/cm) suppresses the post-growth
uniaxial contribution to the total magnetic anisotropy. Upon
switching the polarity and applying electric fields from 0− to E
= +7.5 kV/cm, the magnetization direction is observed to
gradually rotate from 43.3 ± 1.3° to 47.4 ± 1.2°, respectively.
Further increasing the electric field shows no significant
changes in the magnetization direction with a final value of
48.7 ± 1.2° recorded at E = +16 kV/cm. After the electric field
was ramped down to 0−+, the magnetization direction was
observed to lie at 47.6 ± 1.2°. Therefore, depending on the
polarization state of PMN-PT, i.e., either E = 0− or 0−+, two
clear and distinct magnetization directions are observed (43.3
± 1.3° and 47.6 ± 1.2°, respectively). Additionally, it must be
noted that (i) the decrease in the magnetization direction upon
application of the first (in this case, negative) electric fields and
(ii) a significant difference in the magnetoelectric response of
the magnetization direction in negative and positive electric
fields were only observed when the interfacial probe layer was
analyzed in magnetic remanence after application of 100 mT
magnetic field. Interestingly, this behavior can be attributed to
the turning “on” and “off” of the applied magnetic field in the
experiment. For similar (001)-oriented PMN-28PT single-
crystal substrates, it was shown (Figure 4a in ref 64) that the
interplanar spacing (d) and, hence, strain response derived
from it in the electric remanent state of every applied electric
field underwent an initial decrease up to a critical electric field
value that was close to EC. This was attributed to FE domain
motion in the PMN-28PT substrate arising due to
reorientation of the initial polarization such that a more stable
configuration is attained with respect to the direction of the
first applied electric fields.64 After such reorientation, the
electric field-induced strain did not undergo significant
changes, even when critical points of change (±EC) were
encountered. Our results of the interfacial 57Fe probe layer’s
magnetization direction show similar behavior when measured
in magnetic remanence after application of 100 mT magnetic
field, i.e., when the magnetic field was turned “on” and “off”
(green data set of Figure 7 a). Moreover, it is known that the
in-plane lattice parameter in regions that are close to the
surface (outside) is larger than in the bulk (inside) region in
PMN-30PT substrates, which is due to relaxation of internal
stresses in the latter region.65 Now, under the influence of
simultaneously applied electric and magnetic fields, the Fe film
is subjected to in-plane magnetostrictive strain directly from
the applied magnetic field and indirectly via the strain-
mediated converse magnetoelectric effects due to the applied
electric field. Turning “off” the magnetic field relaxes the
former, which further has the potential to modify the
interplanar spacing, hence, the lattice parameter and,
ultimately, the strain in the near-surface region of the PMN-
PT substrate, which is in contact with the Fe film. Therefore,
turning “on” and “off” the magnetic field in this work can be
seen to have a similar effect on the electric field-induced strain
in the near-surface region of the PMN-PT substrate, which is
in turn sensed by the interfacial 57Fe probe layer.

The in-plane magnetization orientation of the 57Fe probe
layer away from the Fe/PMN-PT interface in the 100 mT
applied magnetic field as a function of the electric field is
depicted in the red data set of Figure 7 b. It can be seen that
magnetization does not align completely with the applied
magnetic field, but it is closer to the 90° orientation as
compared to the 57Fe probe layer at the Fe/PMN-PT interface
(red data set of Figure 7 a). Throughout the application of

both polarities of the electric field, it can be seen that the
magnetization direction of the 57Fe probe layer away from the
Fe/PMN-PT interface shows no significant variation and has a
peak value of 85.0 ± 1.6° at E = −0.5 kV/cm. This value of the
electric field is far smaller than the EC of PMN-PT and hence
cannot be related to effects due to in-plane ferroelectric
polarization. For the remainder of the negative and positive
electric fields, the magnetization direction can be averaged to
lie at ∼82°. Therefore, 2 nm away from the Fe/PMN-PT
interface, under simultaneous application of electric and
magnetic fields, the Zeeman energy due to the latter dominates
the behavior of the magnetization direction.

In magnetic remanence, the magnetization direction relaxes
to ∼45° (Figure 7 b), which is consistent with the expected
easy axis for the Fe/PMN-PT system. Moreover, it shows a
minor variation with the applied electric field that is
antisymmetric about E = 0 kV/cm (the blue line is a guide
to the eye). Up to ±5 kV/cm, the behavior of the
magnetization direction varies almost proportional to the
applied electric field. After that, in negative (positive) electric
fields, the magnetization direction gradually increases
(decreases). The reason behind such clear and distinct
differences in the magnetization direction behavior at (Figure
7 a) and away (Figure 7 b) from the Fe/PMN-PT interface is
not straightforward. Moreover, the small variation of the
magnetization direction in the region away from the interface
is striking but, at the same time, not completely unexpected. It
was recently shown that the magnetic response observed via
magnetometry measurements can be quite different from the
magnetic response on the surface of the FM film in FM/PMN-
PT systems due to additional contributions of in-plane shear
strains and electric field-induced cracks of the substrate.35,40

During the polarization switching process of a Ni/(011)-
PMN0.68-PT0.32 system, it was shown40 that an in-plane shear
strain (∼0.14%) competed significantly with the normal
macroscopic strain (∼0.2%) associated with non-180° ferro-
electric domain switching, which causes the in-plane magnet-
ization direction on the surface of the Ni film to deviate from
the expected 90° rotation and rotate by ± 62°, a sub-90°
rotation. Additionally, non-90° rotation of magnetic domain
directions with a wide distribution of angles was observed on
the surface of an Fe/(001)-PMN0.6-PT0.4 system,35 which was
mainly linked to changes in the morphology of the Fe surface
due to electric field-induced crack formations originating in the
substrate. Moreover, the largest distribution of magnetization
rotation with angles ≤ 10° was observed upon polarization
switching for a particular position on the Fe surface (50 μm
field of view), which was devoid of any electric field-induced
cracks.35 These reports suggest that the effect of an electric
field on the magnetization direction is quite complex on the
surface of the FM film in contact with such PMN-PT
substrates, i.e., in the region away from the FM/PMN-PT
interface. The behavior of the magnetization direction 2 nm
away from the Fe/PMN-PT interface reported in this work
provides added evidence of the unexpected yet consistent35

minor (≤ 10°) variation as a function of the applied electric
fields irrespective of polarization switching (green data set of
Figure 7 b). Hence, our results show that the magnetoelectric
response of the magnetization direction in FM/PMN-PT
heterostructures depicts a variation within the depth of the FM
and the global/volume-averaged magnetic/magnetoelectric
response of these systems is highly influenced by the FM/
PMN-PT interface.
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■ CONCLUSIONS
In summary, the global and local magnetic properties of Fe/
PMN-PT heterostructures were studied using magneto-optic
Kerr effect (MOKE) magnetometry and nuclear forward
scattering (NFS) of synchrotron radiation, respectively. In the
electrically pristine state, the MOKE results show that the in-
plane magnetic anisotropy of the Fe (5 nm)/PMN-PT system
is composed of dominant 4-fold magnetocrystalline anisotropy
superimposed by a uniaxial magnetic anisotropy component.
The NFS results reveal that uniaxial anisotropy stems from the
Fe/PMN-PT interface. The global anisotropy of the Fe (5
nm)/PMN-PT system observed in MOKE is, therefore, highly
influenced by the Fe/PMN-PT interface.

Further, although Sample INT and Sample MID are
structurally and magnetically identical, the NFS results show
that the magnetization direction behaves differently at vs away
from the Fe/PMN-PT interface. At the Fe/PMN-PT interface,
the magnetization direction is strongly influenced by strain-
and charge-mediated effects originating from PMN-PT.
However, only 2 nm away from the Fe/PMN-PT interface,
the magnetization direction shows a minor variation with the
applied electric field, which is consistent with previous reports.
Therefore, the magnetoelectric response of the magnetization
direction shows depth-specific behavior even for this ultrathin
5 nm Fe layer.

These results take the current understanding of the electric-
field control of magnetism in such FM/PMN-PT hetero-
structures a major step further by establishing that alongside
previously reported lateral variations of the magnetization
direction on the surface of the FM, it also displays a variation
through the thickness of the film. Therefore, these results
provide further insight and atomic-level information toward a
deeper understanding of the electric-field control of magnetism
in FM/FE heterostructures.
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(50) Wertheim, G. K. Mössbauer Effect: Principles and Applications;

New York: Academic Press Inc., 1964. doi: DOI: 10.1016/C2013-0-
12103-4.
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Morphology-Induced Oscillations of the Magnetic Anisotropy in
Ultrathin Co Films. Phys. Rev. Lett. 1996, 76 (11), 1940−1943.
(62) Park, S. E.; Shrout, T. R. Ultrahigh Strain and Piezoelectric

Behavior in Relaxor Based Ferroelectric Single Crystals. J. Appl. Phys.
1997, 82 (4), 1804−1811.

(63) Maruyama, T.; Shiota, Y.; Nozaki, T.; Ohta, K.; Toda, N.;
Mizuguchi, M.; Tulapurkar, A. A.; Shinjo, T.; Shiraishi, M.; Mizukami,
S.; Ando, Y.; Suzuki, Y. Large Voltage-Induced Magnetic Anisotropy
Change in a Few Atomic Layers of Iron. Nat. Nanotechnol. 2009, 4
(3), 158−161.
(64) Levin, A. A.; Thiele, C.; Paufler, P.; Meyer, D. C. In-Situ X-Ray

Investigation of a PbMg1/3Nb2/3O 3−28%PbTiO3 Single-Crystal
Plate in an External Electric Field. Appl. Phys. A Mater. Sci. Process.
2006, 84 (1−2), 37−45.
(65) Bai, F.; Wang, N.; Li, J.; Viehland, D.; Gehring, P. M.; Xu, G.;

Shirane, G. X-Ray and Neutron Diffraction Investigations of the
Structural Phase Transformation Sequence under Electric Field in
0.7Pb(Mg 1/3Nb 2/3)-0.3PbTiO 3 Crystal. J. Appl. Phys. 2004, 96
(3), 1620−1627.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.3c01800
ACS Appl. Electron. Mater. 2024, 6, 2289−2300

2300

https://doi.org/10.1016/j.elspec.2013.02.005
https://doi.org/10.1016/j.elspec.2013.02.005
https://doi.org/10.1016/j.elspec.2013.02.005
https://doi.org/10.1007/b86125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201301160
https://doi.org/10.1002/adfm.201301160
https://doi.org/10.1002/admi.201500433
https://doi.org/10.1002/admi.201500433
https://doi.org/10.1103/PhysRevB.82.104421
https://doi.org/10.1063/1.4913444
https://doi.org/10.1063/1.4913444
https://doi.org/10.1063/1.4913444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1742-6596/217/1/012008
https://doi.org/10.1088/1742-6596/217/1/012008
https://doi.org/10.1016/C2013-0-12103-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/C2013-0-12103-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/met10080992
https://doi.org/10.1023/A:1012681503686
https://doi.org/10.1023/A:1012681503686
https://doi.org/10.1103/PhysRevB.49.9285
https://doi.org/10.1103/PhysRevB.49.9285
https://doi.org/10.1557/PROC-384-491
https://doi.org/10.1557/PROC-384-491
https://doi.org/10.1016/S0304-8853(97)00098-X
https://doi.org/10.1016/S0304-8853(97)00098-X
https://doi.org/10.1016/S0304-8853(97)00098-X
https://doi.org/10.1063/1.360431
https://doi.org/10.1063/1.360431
https://doi.org/10.1063/1.2789396
https://doi.org/10.1063/1.2789396
https://doi.org/10.1063/1.2789396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.4.177
https://doi.org/10.1103/PhysRevLett.4.177
https://doi.org/10.1038/ncomms4404
https://doi.org/10.1038/ncomms4404
https://doi.org/10.1103/PhysRevLett.4.513
https://doi.org/10.1103/PhysRevLett.4.513
https://doi.org/10.1103/PhysRevLett.76.1940
https://doi.org/10.1103/PhysRevLett.76.1940
https://doi.org/10.1063/1.365983
https://doi.org/10.1063/1.365983
https://doi.org/10.1038/nnano.2008.406
https://doi.org/10.1038/nnano.2008.406
https://doi.org/10.1007/s00339-006-3576-2
https://doi.org/10.1007/s00339-006-3576-2
https://doi.org/10.1007/s00339-006-3576-2
https://doi.org/10.1063/1.1766087
https://doi.org/10.1063/1.1766087
https://doi.org/10.1063/1.1766087
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.3c01800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

