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Magnetic multilayers with a separating insulating layer are used in a multitude of functional devices.
Controlling the magnetic properties of such devices with an electric field has the potential to vastly enhance
their performance. Nevertheless, experimental methods to study the origin of electric-field-induced effects
on buried interfaces remain elusive. By using element selective x-ray resonant magnetic reflectometry we
are able to gain access to changes in the electronic structure of interfacial atoms caused by an electric field.
With this method it is possible to probe interfacial states at the Fermi energy. In a multilayer stack with a
Ni/SiO, interface, we find that the electric field slightly shifts the Ni L;-edge in energy, which indicates a
change of the oxidation state of interfacial Ni atoms. Further analysis of the strength of the effect reveals
that only about 30% of the electrons moved by the electric field end up in interfacial Ni states.
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In order to understand and engineer electric-field-related
effects at interfaces in buried systems such as spintronic
tunnel junctions, MOSFETs, capacitors, and multilayered
systems including an insulating layer in general, field-
induced changes to the electronic structure have to be known.
Exploiting electric-field-induced effects such as the voltage
control of magnetic anisotropy has the potential to signifi-
cantly enhance the functionality of spintronic devices [1-4].
Theoretical studies to unravel the underlying physics of the
magnetic anisotropy effect are numerous [5-9], with the
Bruno model leading the way [10].

However, experimental evidence for those theoretical
models still remains mostly elusive, since reliable experi-
mental techniques to study electric-field-induced effects at
buried interfaces are rare. First attempts to directly measure
electric-field-induced changes to the x-ray absorption spec-
troscopy (XAS) and x-ray magnetic circular dichroism
(XMCD) signal of Fe at the L-edges were carried out by
Miwa et al. in 2015 [11]. They successfully measured
voltage-induced changes to the amplitude of the XMCD
signal in Ni, Co, Fe, and Pt thin films at the L-edges of those
materials [ 12—16]. Complete spectra of electric-field-induced
changes for 3d transition metals, however, are still lacking.

X-ray reflectometry and x-ray resonant magnetic reflec-
tometry (XRMR) are excellent tools to measure interfacial
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properties of buried layers [17,18]. X-ray reflectometry and
XRMR have been successfully used to retrieve spatially
resolved electronic structures and depth dependent orbital
polarization profiles of superlattices [19-22], to study
pinned magnetic moments [23,24], or to investigate mag-
netic proximity effects [25-30]. More recently, time de-
pendent measurements have enabled depth dependent
magnetization dynamics [31] and depth dependent ultrafast
demagnetization measurements [32].

In this Letter we introduce lock-in based voltage x-ray
reflectometry (VXRR). This method allows for element
specific investigations of electric-field-induced changes in
the electronic structure at interfaces in thin layered systems.
Hence, this method allows to probe interfacial states at the
Fermi energy. For this study, we used a 5 x5 mm? Si
substrate with a 59.3 nm thick thermally grown SiO, coating
and subsequently sputtered 2.2. nm Ni, 1.4 nm Cr, and
8.6 nm Au on top. The SiO, acts as an insulating layer so that
the applied electric field accumulates charges at the Ni/SiO,
interface. A sketch of the sample design with the sign of the
applied electric field and the measurement geometry is
shown in Fig. 1. A sinusoidal alternating electric field is
applied across a multilayer system and the induced change
of the resonant reflected x-ray intensity is measured via a
lock-in technique. The change of the local electronic
structure is then retrieved by fitting the measured reflectivity
data with ReMagX [17,18,33].

Reflectivity measurements were carried out with the
three-axis ultra-high-vacuum reflectometer ERNSt [34]
operated at the UE56-2 PGM-2 beamline at the BESSY
I synchrotron in Berlin, Germany. Off-resonant ©-20
scans at multiple energies and resonant scans at the
Ni L;-edge were used to determine the exact chemical
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FIG. 1. Sketch of the sample design and measurement geom-
etry. The incoming and reflected x rays are depicted in red with
wave vector k; and k,, respectively; the momentum transfer ¢, is
defined as the difference between k: and kj The enlargement
depicts a positive applied voltage, where holes accumulate at the
Ni/SiO, and electrons at the SiO,/Si interface.

and magnetic depth profile of the sputtered sample (see
Supplemental Material [35], Sec. II). The corresponding
structural and magnetic details are presented in Fig. 2. The
magnetic depth profile shows that Ni has a slightly reduced
bulk magnetization, a strong magnetization reduction at
the Cr interface, and an almost full magnetization at the
SiO, interface. All measurements were performed at room
temperature while an in-plane field of 117 mT was applied
to saturate the Ni film. Circularly polarized x rays
were used to disentangle charge and magnetic contribu-
tions from the voltage dependent signal by means of the
XMCD effect.

The alternating electric field pushes (pulls) electrons to
(from) the interfaces that populate (depopulate) Ni states
close to the Fermi energy, respectively. This slightly
changes the x-ray optical properties of the Ni interface
for energies around the Ni L-edges, resulting in reflected
x-ray intensity changes. The intensity variations are in
the subpermille range, hence the lock-in technique is
necessary. Two measurement modes were used: constant
energy and constant g, scans [17,18]. In constant energy
mode, the photon energy is kept fixed and the momentum
transfer g, is swept. In constant g, mode, the energy
and the angle © are varied in order to keep the mo-
mentum transfer g, constant. The alternating electric field
is applied with a frequency of 59 Hz, which was
determined to be the optimal frequency for this particular
experimental setup (see Supplemental Material [35],
Fig. S1, for details on how the optimal frequency was
determined). In our setup a positive (negative) voltage
accumulates holes (electrons) at the Ni/SiO, interface,
respectively. The resulting voltage asymmetry ratio Ay is
calculated via
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FIG. 2. Elemental and magnetic depth profile of the studied
sample. The depth dependent magnetization profile of the Nilayeris
shown with the dashed line. Details on how those profiles are
determined can be found in the Supplemental Material [35], Sec. II.
The layer thatis affected by the applied electric field is shown inred.
Details about the relation between chemical depth profile and
scattering length density can be found in the Supplemental
Material [35], Sec. VL.

where Iy ., and Iy_ are the reflected x-ray intensities with
positive and negative applied voltage, respectively. The
difference of these two intensities is the measured lock-in
signal I)yy.i, and their sum is the same as 2 times the
averaged measured reflected intensity /. The simulation
software ReMagX is then used to vary the x-ray optical
parameters at the interface in such a way that the
simulation matches the measured voltage asymmetry ratio.

In the present study, an ac voltage of 12 V ,, is applied
across the layer stack. This results in an effective electric field
strength of £, = 0.2024 (V/nm). The relative permittivity
€, of the insulating SiO, layer can be derived from the
measured capacitance C = (5.21 £ 0.08) nF of the sample
and was found to be €, = 3.9 £ 0.1, which is in perfect
agreement with literature values [37]. With that, the effective
displacement field applied to the layer stack can be calculated
to be Dy = €,60E =0.007 (C/m?) =4.36 x 10'° (e~ /m?).

Constant energy measurements of the voltage asymme-
try were performed at two different energies around the Ni
Ls-edge and with the sample magnetization and photon
helicity parallel and antiparallel, respectively. Results
measured at 849.8 eV, which is just at the onset of the
Ni L;-edge, are presented in Fig. 3, while measurements at
850.5 eV, which is at the maximum of the Ni L;-edge, are
shown in Fig. 4 (see Supplemental Material, Sec. IV, for
detail on how the error bars are determined [35]). The
amplitude of the voltage asymmetry ratio is smaller than
0.5%0 within the measurement range. The actual measured
photocurrent difference I, —Iy_ is below 0.5 pA for
small g, and decreases quickly with increasing g, (for
details see Supplemental Material [35], Fig. S3). However,
the voltage asymmetry ratio increases with g, because the
total reflected intensity / decreases faster with ¢, than the
intensity difference. This behavior is similar to magnetic
asymmetries measured with XRMR [see, for example,
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FIG.3. Voltage asymmetry ratio measured at the onset of the Ni
L;-edge at 849.8 eV with antiparallel (blue) and parallel (green)
configuration of sample magnetization and photon helicity and
the corresponding ReMagX fits (black). The dashed line denotes
the g, value where the constant g, scans were measured.

Figs. S2(b) and 2(c) in the Supplemental Material [35] or
[18]]). The voltage asymmetry ratio is higher for the
measurement at the onset of the Ni L;-edge (see Fig. 3),
when compared to the measurement at the maximum of the
Ni L;-edge (see Fig. 4). In Fig. 5, constant g, scans over the
Ni Ly-edge at ¢, = 0.106 A~! with parallel and antiparallel
configuration are presented. The value of g, = 0.106 A~!
was selected since the lock-in measured photocurrent
difference is highest at this point (see Fig. S3 in the
Supplemental Material [35]). The voltage asymmetry ratio
shows a sharp edge for both configurations between
849.0 and 849.8 eV where it increases from zero to
—0.05%o. At higher energies, the voltage asymmetry ratio
decreases continuously until it returns to zero at 855.0 eV.
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FIG. 4. Voltage asymmetry ratio measured at the maximum of
the Ni L;-edge at 850.5 eV with antiparallel (blue) and parallel
(green) configuration of sample magnetization and photon helicity
and the corresponding ReMagx fits (black). The dashed line
denotes the g, value where the constant g, scans were measured.

The maximum of the measured signal is at 849.8 eV, which is
at the onset of the Ni L;-edge. Measurements on the voltage
dependence of the signal are presented in the Supplemental
Material [35], Sec. V, and show a linear response.

In order to extract valuable data from the presented
voltage asymmetry ratios, reflectivity simulations are
necessary. The corresponding resonant x-ray optical prop-
erties were therefore retrieved from XAS and XMCD
measurements, as shown in Fig. 6 in blue and green
[and in Figs. 2(d) and 2(e) in the Supplemental Material
[35]]. For further simulation of the voltage asymmetry
ratios (both, the g, and constant ¢, scans), an artificial layer
at the Ni/SiO, interface is introduced in ReMagX, which
reflects the position of the moved charges induced by the
voltage. Similar to the method used for the simulation of
magnetic depth profiles [18], the artificial layer only carries
the optical properties modified by voltage. The resulting
fits, also shown in Figs. 3-5, are in almost perfect agree-
ment with the experimental data. In Fig. 2, the chemical and
magnetic depth profiles of the sample are shown. The
artificial layer that represents the Ni atoms influenced by
the voltage is plotted in red. The position of the layer
strongly affects the periodicity of the fit in Figs. 3 and 4,
which is why the position can be determined with 0.3 nm
accuracy (see Fig. S4 in the Supplemental Material [35]).
The resulting position of the voltage layer suggests that
only Ni atoms closest to the Si substrate are affected by the
electric field, as the electric field is highest for those Ni
atoms, especially at peak positions. For a quantitative
analysis the product of width and density of the layer,
which represents the number of Ni atoms per area affected
by the electric field Ny;, is chosen to match the area density
of an effective Ni monolayer (see below). For a constant
width-density product and a voltage layer roughness below
the chemical interface roughness the fit does not change
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FIG. 5. Constant g, scan over the Ni L;-edge at a g, value of
q. = 0.106 A" with antiparallel (blue) and parallel (green)
configuration of sample magnetization and photon helicity and
the corresponding ReMagX fits (black). The dashed lines indicate
at which energies constant energy scans were performed.
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FIG. 6. Imaginary part of the atomic scattering factor f,
including the magnetic component of Ni at the L;-edge (blue
and green) and Af, y, which corresponds to the XAS difference
between positive and negative applied voltage (red).

significantly when changing the width, the density, or the
roughness of the voltage layer.

In order to simulate the constant g, voltage asymmetries
voltage x-ray optical properties are introduced, namely
Af,y and Af, y. Those are the voltage dependent analogs
of the magnetic components of the x-ray optical properties
and are modeled with a superposition of 3 Lorentzian
functions. These are added to the atomic scattering factors.
Af,y and Af, are analytically connected via Kramers-
Kronig relations. The shape and position of the energy
dependent voltage x-ray optical properties are varied until
the measurements shown in Figs. 3-5 are reproduced by
ReMagX fits. The simulation results are shown as black lines,
all based on the same voltage x-ray optical properties Af y
and Af,y. In Fig. 6, the imaginary component Af, is
shown in red, while the real component Af y is retrieved
via Kramers-Kronig relations and can be seen in Fig. S7 in
the Supplemental Material [35]. The atomic scattering
factors f, for parallel and antiparallel configuration around
the Ni L;-edge, retrieved from XMCD measurements, are
shown in blue and green. The voltage optical spectrum is
comparable to an XMCD spectrum but instead of having a
difference in absorption between parallel and antiparallel
orientation of magnetization and photon helicity there is a
difference in absorption when applying either a positive or
a negative voltage. Af, , has a maximal negative signal at
the onset of the Ni L;-edge at 849.9 eV. This means that a
positive voltage essentially shifts the L;-edge to slightly
higher energies. A positive voltage in the present exper-
imental setup corresponds to an accumulation of holes at
the Ni/SiO, interface. For the Ni atoms, this means that on
average they have a slightly higher oxidation number when
a positive voltage is applied. Comparison to Ni L;-edge
spectra with different oxidation states shown in [38—40]
reveals that the L;-edge shifts to higher energies for
increasing oxidation states of Ni. Hence, the present results
show that applying a voltage across the Ni/SiO, interface
leads to a change of the oxidation state of the interfacial

Ni atoms. The difference between a NiO and Ni spectrum is
shown in Fig. S8 of the Supplemental Material [35],
showing a similar shape as Af, y. This supports the finding
of a changed oxidation state due to the applied electric field.

The measurements presented in Figs. 3—5 do not show a
significant difference between parallel and antiparallel
configuration of magnetization and photon helicity (less
than 10%). To obtain good fit results, the same optical
properties for parallel and antiparallel configurations are
needed; instead, the same values for Af , and Af, , result
in good fits for all measurements. This suggests that the
states at the Fermi energy populated and depopulated by the
applied voltage are either not magnetic or the magnetic
component of the voltage optical properties is smaller than
the noise level. In other words, the spin polarization at the
Fermi energy is rather low at the Ni/SiO, interface.

Since the resonant intensity of the nonmagnetic [.;-edge
I(f,) is proportional to the number of 3d holes n, [41,42],
the intensity of the voltage x-ray optical property I(Af,y)
could be correlated to the change of 3d holes. In the case of
Ni, the number of 3d holes is n; = 1.66 in bulk [43].
Hence, the ratio of I(Af,y) to I(f,) multiplied with n,
represents the measured change of number of holes per Ni
atom An, induced by the applied electric field. We can
estimate the intensities /(f5) and I(Af,y) either from the
maximum peak heights or by integrating over the spectra,
yielding values of An, = 1.14 x 10~ and 1.05 x 1073,
respectively, resulting in a final value of (1.10 4 0.05) x
1073, This directly corresponds to an averaged interfacial
Ni oxidation state change of (1.10 & 0.05) x 103, The
maximum possible change in number of holes per Ni atom
Ang . can be calculated with the ratio of electrons per
area moved by the applied electric field N,- to the number
of interfacial Ni atoms per area affected by the electric field
Npyi- N,- can be calculated from the previously derived
effective displacement field D,,,, which has a value of
N, = Dy, = 4.36 x 10'® (e~ /m?) is obtained. The value
for Ny; is given by the product of voltage layer width and
density. In our simulation, we assumed it to be a Ni
monolayer and with the lattice parameter of fcc Ni
(ap= 3524 pm [44]) we get a value of Ny; = 1.61 x
10" (Ni/m?). With this, the maximum possible change
in number of holes per Ni atom An, ., takes a value of
2.7 x 1073 (e~ /Ni). This is almost 3 times larger than the
ratio of I1(Af,y) to I(f,) obtained above, which suggests
that only about 30% of the moving electrons (de-)populate
Ni states, and therefore 70% of the electrons have to
populate (depopulate) oxygen and silicon states. This
conclusion holds up for any choice of Ny; (for details,
see Sec. VII, Supplemental Material [35]).

The method of voltage x-ray reflectometry proposed in
this study offers exciting new insight into electric field
effects at interfaces. This highly sensitive method allows to
measure the electric-field-induced variation of reflected
x-ray intensity. From those measurements we retrieve a
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spectrum of the electric-field-induced changes to the
resonant x-ray optical properties at the Ni L;-edge, which
is directly related to the electronic structure. Our results
show that the electric field changes the average oxidation
state of the interfacial Ni atoms by (1.1 £ 0.05) x 1073
Furthermore, we were able to determine that only a thin
layer of Ni atoms very close to SiO, layer is affected by the
applied electric field and determine the position with an
accuracy of £0.3 nm. Since the x-ray energy can be tuned
to various resonant energies this method is not limited to Ni
but can be used to study element selective electric-field-
induced changes of the electronic structure of interfacial
atoms and thus probe states at the Fermi energy. VXRR is a
tool that enables quantitative, element specific, and mag-
netic analysis of buried metal/insulator interfaces and their
conduction electrons. This is interesting for the design of
spintronic devices, MOSFETs, or capacitors. VXRR could
also be used to study ferroelectric systems.
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