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To improve power efficiency and endurance of magnetic memory technologies, a voltage-controlled mech-
anism is desirable. The voltage control of magnetic anisotropy (VCMA) effect in MgO stacks is a promising
option, however, its strength is too low for memory applications. Replacing the standard MgO layer by an oxide
with a higher permittivity κ may help improve the VCMA strength. We demonstrate a VCMA effect up to ξ = 75
fJ/Vm at room temperature in a Co�Pt bilayer grown on atomic layer deposited (ALD) high-κ SrTiO3 (STO).
After treating the STO surface with isopropanol, a thin CoOx interfacial layer is observed, enabling VCMA.
Upon cooling down from room temperature to 200 K, the VCMA effect strength increases by a factor of two.
This increase is incompatible with the expected Arrhenius temperature dependence for an ionic effect and thus
we argue that the observed VCMA effect is electronic. Electronic VCMA is desirable for adequate memory
endurance, and hence the approach proposed here has great potential for applications.
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I. INTRODUCTION

Voltage control of the magnetic anisotropy (VCMA) of
ferromagnetic metals can enable the next generation of low
power magnetic random access memory (MRAM) technolo-
gies. Using a voltage-based switching scheme, the MRAM
switching energy can be decreased from 100 fJ/bit [1] down
to 6 fJ/bit [2,3]. The VCMA effect [4,5] may be used in the
next generation of MRAM devices to decrease the energy
barrier for information retention and hence strongly reduce the
switching energy. In order to completely remove this energy
barrier, a VCMA effect with a strength of ξ = 1000 fJ/Vm
[6,7] is desirable.

In VCMA [4], an electric field is applied across a
dielectric/ferromagnet interface. Charge accumulation at this
interface leads to a modulation of interfacial orbital mag-
netic moments [5,8] and interfacial electric quadrupoles [5,9].
Both mechanisms lead to a modification of the interfacial
anisotropy energy [5]. VCMA is mostly obtained using MgO
as a dielectric, and MRAM-compatible ferromagnetic layers
such as Fe [4,9–12], FeCo [13], CoxFeyB [14–17], and Co
[18–23]. The deposition method has a decisive impact on the
VCMA effect strength. Currently, a room temperature VCMA
modulation coefficient ξ = 100 fJ/Vm has been reported
in Ta�CoFeB�Mg�MgO sputter-deposited on thermally ox-
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idized Si [24]; and up to ξ = 370 fJ/Vm on molecular beam
epitaxy (MBE)-grown MgO(001)�MgO�Cr�Fe�MgO [11].
Unfortunately, experimental results using MgO rarely exceed
ξ = 50 fJ/Vm. A method which substantially increases the
strength of the VCMA effect is therefore needed.

Considering the charge-based nature of the VCMA effect
[5], it is desirable to maximize the amount of accumulated in-
terfacial charge. Replacing the MgO dielectric (with a relative
permittivity κ = 9.8) with a high-κ dielectric increases the
interfacial charge �Q per applied volt and may increase ξ :

ξ ∝ �Q

A
= ε0κE (1)

with �Q the charge, A the area of the capacitor, ε0 the
permittivity of vacuum and E the electric field across the
oxide. Although this has been theoretically proposed before
[15,17,21,25–27], there is little experimental work exploiting
this concept. So far, a large VCMA effect of 230 fJ/Vm at
room temperature on a high-κ dielectric has been reported
using Pt�Co�CoOx�HfO2 [28].

High-κ dielectrics like SrTiO3 can nowadays be grown on a
large scale using atomic layer deposition (ALD). ALD growth
is compatible with modern electronics applications, and it
allows to grow STO with good (110) surface crystallinity
[29,30], low leakage currents [30], and a dielectric constant
up to 80 [29].

However, in ALD-grown high-κ layers such as STO, oxy-
gen vacancies have been shown to impact the dielectric
properties (such as permittivity) of the layer [31], and can
contribute to the conductivity if they are mobile [32,33].
Large modulations of the magnetic anisotropy energy have
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been achieved using oxygen ion migration in high-κ GdOx,
with a strength up to 11.6 pJ/Vm [34–36]. Even though the
modulation coefficient on GdOx is particularly large, the ionic
effect is slow and offers poor long term stability for memory
applications. For electronics applications, a purely electronic
effect is desired, and it is crucial to ascertain that oxygen
vacancies play no role in the VCMA effect measured in this
work.

One method for differentiating the contribution of oxygen
vacancies from electronic effects is to measure the temper-
ature dependence of the VCMA effect. Indeed, the mobility
of oxygen vacancies follows an Arrhenius law [32]. The
kinetics of an ion-mediated effect freezes out at decreasing
temperatures, which suppresses the modulation altogether. On
the other hand, in STO single crystals�Co�Pt, the VCMA
strength is claimed to increase exponentially from 1.3 pJ/Vm
at 150 to 23.1 pJ/Vm at 2 K [21]. The authors ascribe the
increase of the VCMA coefficient to the strong increase of the
permittivity of single crystal STO [37]. However, the effect of
thermal expansion coefficient mismatch (which is important
in epitaxial stacks on single crystals, and has been shown to
impact VCMA [38,39]) and the temperature effect on the fer-
romagnet band structure were not taken into account. Finally,
single-crystal substrates other than silicon are not compatible
with microelectronics applications.

In our recent work, we have shown that perpendicular mag-
netic anisotropy (PMA) can be obtained in a ferromagnetic
film deposited on ALD-grown oxides like amorphous (a-
)HfO2 [40,41]. However, no VCMA was detected. The lack of
VCMA was ascribed to the thick magnetic dead layer (MDL,
tMDL = 0.53 nm [40]) at the a-HfO2�ferromagnet interface. To
improve the quality of the oxide�ferromagnet interface and
minimize tMDL, the aim of this paper is to investigate crys-
talline SrTiO3, and to apply surface cleaning treatments prior
to the deposition of the ferromagnetic layer. Here, a VCMA
effect in STO�Co(Pt)�Pt is reported with a strength up to ξ =
75 fJ/Vm. Furthermore, from the temperature dependence of
the VCMA effect, we conclude that it is highly unlikely that
a mechanism based on oxygen vacancies, oxygen ions, redox
reactions or other chemical processes is at play. Instead, the
VCMA effect in this system is electronic.

II. MATERIALS BULK AND INTERFACIAL PROPERTIES

In this section, we discuss the material properties of the
STO�Co(Pt)�Pt samples. First, the structural properties are
investigated with transmission electron microscopy (TEM).
Second, we mention the importance of the thin CoOx layer
at the STO�Co interface (the characterization of the interface
is discussed at length in the supplementary information [42]).
Finally, the magnetic properties of the samples are discussed.

A. Structural properties and layer thicknesses

The thickness and crystallinity of the layers is investigated
using transmission electron microscopy [TEM, see Fig. 1(a)].
The ALD STO layer is 10.1 ± 0.5 nm thick, and it consists of
crystalline grains with the thickness of the layer. The underly-
ing TiN template layer has a thickness of 9.1 ± 0.5 nm. The
Pt and Co layers have a combined thickness of 4.9 ± 0.5 nm;

FIG. 1. (a) Transmission electron microscopy (TEM) image
of a sample on the Co thickness wedge location with tCo =
0.8 nm. The layer thickness in nm is indicated between parentheses.
(b) Energy-dispersive x-ray spectroscopy (EDS) image shows the
Co/Pt interdiffusion.

they cannot be distinguished due to interdiffusion [40,43].
This interdiffusion is clearly visible in the energy-dispersive
x-ray spectroscopy (EDS) measurement of Fig. 1(b). Given
the Co-Pt interdiffusion during anneal, the magnetic stack
consists of a CoPt�Pt bilayer rather than the as-deposited
Co�Pt bilayer. Besides leading to the interdiffusion of Co and
Pt, the annealing treatment also leads to recrystallization of
the Co layer into the fcc (111) phase [40,43].

Finally, the cobalt layer is deposited with a thickness
wedge along the diameter of the wafer, ranging from tCo

= 0.6 to 2.4 nm (measured using Rutherford backscattering
spectroscopy).

B. STO�Co interfacial oxidation

To improve the quality of the STO�Co interface and pro-
mote VCMA, a thin CoOx layer is desirable. The thin CoOx

interface layer is formed after an STO surface treatment using
isopropanol. The interfacial CoOx layer promotes uniform
magnetization switching, which results in a square hysteresis
loop with full remanence [see Fig. 2(a)] and is necessary for
observing VCMA [44]. The motivation for obtaining a CoOx

layer and the characterization of the STO�Co interface with x-
ray photoelectron spectroscopy (XPS) are explained at length
in Secs. SI.a through SI.e of Ref. [42] and Refs. [45–53].
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FIG. 2. (a) The out-of-plane (OOP) magnetic hysteresis loop
measured with the anomalous Hall effect for both samples. (b) The
magnetic moment MS V and (c) the effective anisotropy energy
Keff tCo vs cobalt thickness tCo for 8 × 8 mm2 samples cleaned in IPA
and samples with Ar+ ion milling + 350 ◦C UHV anneal.

In the next section, the magnetic properties of samples with
CoOx and without CoOx interface layer are discussed. They
are obtained using the following two surface treatments: (1)
IPA (CoOx interlayer): an isopropanol (IPA) clean; and (2)
Ar-Ann (no CoOx): Ar+ ion milling followed by an in situ
UHV anneal at 350 ◦C.

C. Magnetic properties

The magnetic properties of samples Ar-Ann and IPA are
investigated using VSM. The magnetic moment MS V (with
V the volume of the ferromagnetic layer) and the effec-
tive anisotropy energy Keff tCo are measured as a function of
the cobalt thickness tCo and the STO surface treatment (see
Fig. 2). From MS.V and Keff · tCo the magnetization MS , the
thickness of the magnetic dead layer tMDL, the interfacial

TABLE I. The magnetic properties of samples Ar-Ann and IPA.

Parameter Ar-Ann IPA Clean

MS (MA/m) 1.28 ± 0.06 1.50 ± 0.14
tMDL (nm) 0.19 ± 0.05 0.25 ± 0.11
Ki (mJ/m2) 0.33 ± 0.03 0.86 ± 0.04
−KV (MJ/m3)* 0.35 0.89

*The standard deviation is below 0.0001.

anisotropy energy Ki and the volume anisotropy energy KV

are calculated (see Table I).
The magnetic dead layer is thicker in the sample cleaned

with IPA (tMDL = 0.25 ± 0.11 nm) than in the ion-milled
+ annealed sample (tMDL = 0.19 ± 0.05 nm), although the
difference is within the error margin. The layer of CoOx is
expected to consume some interfacial cobalt atoms [54]. CoOx

is not ferromagnetic, and is not expected to contribute to the
magnetic moment, hence the thicker MDL.

In previous work [40,41], we argued for reducing the
magnetic dead layer thickness to allow a measurable VCMA
effect. The thickness of an atomic monolayer of Co fcc (111),
for example, is 0.205 nm [55]. Given that tMDL is of the order
of the thickness of a single atom layer, the small difference
between samples Ar-Ann and IPA is likely ascribed to a
slightly increased roughness of the MDL. Furthermore, the
MDL thickness is in both cases well below the value reported
on amorphous HfO2 (where tMDL = 0.53 nm [40]). The in-
terfacial anisotropy energy Ki is more than double for the
IPA-cleaned sample (see Table I). The additional oxygen at
the interface is indeed expected to improve the PMA through
hybridization with the Co 3d orbitals [56,57]. Interfacial PMA
can reach a maximum as a function of the degree of oxidation
of the interface [54,58]. Here, it seems that for the IPA-cleaned
sample with a Ki = 0.86 ± 0.04 mJ/m2, the STO�Co interface
contributes strongly to the anisotropy. The contribution of the
STO�Co surface is around 0.3 ± 0.05 mJ/m2; it corresponds
to the difference between the measured Ki and the expected
contribution of the Co�Pt interface (0.55 mJ/m2 [55,59,60]).

The magnetization is larger for the IPA-cleaned sample
as well, which may indicate that there is a larger degree of
interdiffusion-driven proximity-induced magnetization of the
Pt layer [40,61,62]. The volume anisotropy −KV originates
from three contributions, the dipolar anisotropy KD, the
magnetocrystalline anisotropy Kmc and the strain anisotropy

Kms. The dipolar anisotropy is equal to KD = −μ0M2
S

2 . So an
increase of the magnetization of 17% can account for a 37%
larger KV through the increase in KD. However, the KV is 2.5
times larger for the sample cleaned with IPA, which has to
be due to the higher Kmc or Kms. It is likely that the lower
KV of the Ar+ ion milled sample is due to the same reason
as the lower MS , i.e., the damaged, amorphized surface of
STO leads to a Co(Pt) layer with degraded crystallinity. The
magnetization suffers from this lower crystallinity and so
does the magnetocrystalline contribution to KV .

In summary, inspite of the thicker MDL present at the
STO�Co interface following the IPA Clean treatment, those
samples show higher magnetization, interfacial and volume
anisotropy. Furthermore and most importantly, the IPA Clean
treatment promotes uniform magnetization switching.
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FIG. 3. The VCMA effect in STO�Co(Pt)�Pt for IPA cleaned samples with tCo = 0.66 nm with θH = 82◦. (a) AHE measurement as a
function of the in-plane field. The upper left inset shows the sequence of gate voltages. (b) The calculated in-plane component of the magnetic
moment. The dependence of (c) BK0 and (d) BK2 on VGate across STO. (e) The dependence of BK0 on VGate when BK2 is held constant at
BK2(VGate = 0V). (f) The amplitude of the VCMA effect (with BK2 fixed) in samples with tCo = 0.66 nm. The arrow indicates the sample shown
in (a)–(e). The sign of VCMA is defined as positive when accumulation of electrons in the ferromagnetic layer leads to an increase in the
anisotropy energy.

III. VCMA IN STO�Co(Pt)�Pt

This section and the remainder of this publication describe
the VCMA effect in sample IPA, with uniform magnetization
switching. The Co thickness tCo = 0.66 nm. Sample Ar-Ann
also shows a modulation of the hysteresis loop as a function
of the gate voltage VGate, however, it is discussed in Sec. SII
in Ref. [42]. Quantifying VCMA using AHE measurements
is not as straightforward as one would expect. In Sec. SIII
[42] and Refs. [23,63–71], we first discuss our measurement
methodology, and a commonly used model for analyzing the
data (the Ellipse Model, see Sec. SIII.A), which arises from
a basic understanding of magnetic anisotropy. This model is
used to quantify VCMA in our samples (see Sec. SIII.B), but
contains several fundamental shortcomings (see Sec. SIII.C)
and ultimately is not reliable for quantifying VCMA. Instead,
we quantify the VCMA effect using the Sucksmith-Thompson
(ST) model [72] (derived in Sec. SIII.D). The ST model
describes the path of the magnetic moment in function of
the applied magnetic field and the anisotropy fields, and is
expressed as follows:

BK0 + BK2 sin2 θM = μ0 ‖Hext‖
(

cos θH

cos θM
− sin θH

sin θM

)
(2)

where BK0,K2 represent the zeroth, respectively second order
anisotropy fields, θM = acos(VHall/VHall, Sat ) is the angle of the
magnetic moment, θH is the angle of the field, and μ0‖Hext‖

is the applied magnetic field. Hence, from the magnetic-field
dependence of θM , the anisotropy fields can be derived. The
ST model is a valuable tool to separate the zeroth-order
anisotropy field BK0 from the second order anisotropy field
BK2 [73].

The effect of the gating voltage on the AHE measurement
is shown in Figs. 3(a) and 3(b). The zeroth and second order
magnetic anisotropy fields BK0,K2 from Eq. (2) are shown in
Figs. 3(c) and 3(d). Before quantifying the VCMA effect
in this sample [from BK0, see Figs. 3(c)], the gate voltage-
dependence of BK2 [see Fig. 3(d)] is investigated. The second
order magnetic anisotropy is not impacted by the gate voltage,
whereas the zeroth order anisotropy is strongly impacted. BK2

likely originates from the remaining impurities that have not
been removed by the IPA clean (see Sec. SIII.E [42]). One
could hypothesize that the magnetic properties of these impu-
rities may be impacted by the gating voltage, and lead to an
effect on the magnetic properties of the Co(Pt) related to these
impurities i.e. BK2. However, there is no modulation of BK2 in
this sample. The modulation of BK2 has been demonstrated
using piezoelectric strain [74], but in publications that attempt
to measure the modulation of BK2 through VCMA, no voltage
control of BK2 is observed [75–77].

Since BK2 is not modulated by VG, instead of fitting the
ST model (2) with both BK0 and BK2 function of VG, BK2

is fixed at the value of BK2 for VGate = 0V. The result with
this simplified fitting algorithm is shown in Fig. 3(e). Using
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TABLE II. Comparison of the VCMA effect models using a
dataset for tCo = 0.66 nm.

Model VCBK0 (mT/V) BK0 (mT)

Sucksmith-Thompson (ST) 22.3 ± 2.5 340.9 ± 0.8
ST (BK2 fixed) 22.2 ± 1.4 340.9 ± 0.5

the fitting procedure with fixed BK2 improves the linearity
of the fitting. Both BK0 and its voltage modulation VCBK0

remain the same (see Table II). However, the standard devi-
ation for both parameters decreases by 40%. The fact that the
fitting linearity improves when a parameter is held constant
is counter intuitive, and is an indication that BK0 and BK2

are correlated to some extent. This correlation stems from
the fact that, in samples with some nonuniformities, BK2 is
not to be interpreted as an anisotropy field but is related to
the remaining nonuniformities in the samples (see earlier and
Sec. SIII.E [42]). This shortcoming of the ST model illustrates
the challenges of measuring the VCMA effect using trans-
port measurement methods, and the importance of achieving
uniform magnetization switching for measuring VCMA. The
amplitude of the VCMA effect ξ in Fig. 3(f) is calculated from
VCBK0 as follows:

ξ

[
J

V m

]
= 1

2
VCBK0 MS (tCo − tMDL)tSTO, (3)

where MS is the magnetization, tCo, tMDL and tSTO the cobalt,
MDL and STO thicknesses respectively (from Table I). The
VCMA effect in STO�Co(Pt)�Pt with tCo = 0.66 nm mea-
sured on different devices ranges from 50 ± 6 to 75 ± 8
fJ/Vm. The average VCMA effect strength is 65 ± 6.5 fJ/Vm
[see distribution in Fig. 3(f)].

The VCMA effect strength reported for cobalt ranges from
negative 147 fJ/Vm to positive 230 fJ/Vm (see Table III
for an overview of the literature). Positive (negative) VCMA
refers to an increase (decrease) of the effective anisotropy en-
ergy upon accumulation of electrons at the oxide/ferromagnet
interface. Small differences in the strain state or interfacial
contamination have a dramatic effect on the amplitude and
even sign of VCMA. Recently, VCMA with a strength of
230 fJ/Vm was reported in Pt�Co�CoOx�HfO2 layers [28].
The authors show that the VCMA effect is stronger when
a CoOx layer is added at the Co�HfO2 interface, which

TABLE III. The VCMA effect in cobalt in literature.

Material ξ (fJ/V m) Reference Year

MgO�Co�Pt +32* [18] 2013
V�Fe�Co�MgO −82 [19] 2017
Pt�Co�MgO −147 [20] 2017
Pt�Co�MgO 2.5 [22] 2018
Pt�Co�CoOx�HfO2 +230 [28] 2018
Ta�Pt�Co�MgO −40* [23] 2019
Ta�Pt�Co�Pt�Co�MgO −77* [23] 2019

*The VCMA effect is not explicitly quantified, the number reported
here is calculated based on numerical data/graphs available in the
publication.

had already been shown before for voltage control of the
coercivity [78]. Together with the results presented in this
work, the importance of a proper degree of oxidation of
the oxide/ferromagnet interface becomes clear. Interfacial
oxygen has a strong impact on the interfacial anisotropy
[56,57,79], the uniformity of the magnetic properties of the
ferromagnet, and now, even the amplitude of the VCMA effect
[78,80].

IV. CRYOGENIC TEMPERATURE DEPENDENCE OF THE
VCMA EFFECT

Finally, the temperature dependence of the VCMA effect is
characterized down to 5 K, to investigate whether the VCMA
effect in STO may be related to ionic motion or oxygen
vacancies. In case of an ionic, or redox VCMA effect, the tem-
perature dependence should show an Arrhenius-law behavior
and decrease with decreasing temperature.

A. VCMA measurements

From the shape of the in-plane magnetization loops [see
Fig. 4(a)] and BK0,K2 [see Fig. 4(b)], it appears that the
anisotropy increases significantly with decreasing tempera-
ture (for out-of-plane magnetization loops see Supplementary
Section SIV [42] and references [81–90]). For bulk cobalt,
the magnetocrystalline anisotropy constants (both uniaxial K0

and K2) increase with decreasing temperature [91]. In Co/Pt
thin films, the uniaxial anisotropy energy Keff also increases
with decreasing temperature [18,92,93]. This is likely due to
the increase in magnetocrystalline interfacial anisotropy Ki.
Here, the anisotropy field increases from 355 mT (Keff =
0.11 mJ/m2) at room temperature to 656 mT at 5 K (Keff =
0.34 mJ/m2).

In ALD-grown oxides, charge trapping in defects leads to
an additional, temperature-dependent capacitance signal [31].
The defects are gradually deactivated as the temperature de-
creases and the capture and emission times become larger. So
at lower temperatures, the measured capacitance (and there-
fore permittivity κ) is closer to the real permittivity of the
ALD oxide layer [31].

The temperature dependence of the anisotropy field modu-
lation VCBK0 (with BK2 fixed) is unmistakably different from
that of the permittivity [see Fig. 4(d)]. Whereas the measured
κ of STO slowly decreases with decreasing temperature, the
room temperature VC BK0 = 19.6 ± 1.4 mT/V increases to
29.9 ± 2.5 mT/V at 200 K. Between 200 and 100 K, the
VC BK,0 gradually drops to 1 ± 2.1 mT/V, effectively zero.
(Below 100 K, the magnetic field range and step size of the
VCMA measurement is doubled, therefore the error on the
VC BK0 and VCMA effect appears larger; it is due to the fewer
datapoints for fitting the ST model).

The VCMA effect amplitude is calculated from the VCBK0

amplitude using Eq. (3) with the temperature dependent
magnetization MS (T ) [Fig. 4(c)]. The temperature-dependent
VCMA effect strength is shown in Fig. 4(d).

B. Origin of the temperature dependence

To investigate the origin of the temperature dependence,
the permittivity κ of STO is measured [see Fig. 4(e)]. For
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FIG. 4. The VCMA effect in STO�CoPt�Pt at cryogenic temperatures. (a) The AHE curves at different temperatures for θH = 82◦. (b) The
temperature dependence of the coercivity Hc, the zeroth and second order anisotropy fields BK0,K2. (c) The temperature dependence of the
magnetization MS . (d) The amplitude of the VCMA effect ξ and the voltage control of BK0 as a function of temperature. The trend line of the
permittivity κ is added for comparison. The discrepancy between VCBK0 and ξ is due to the temperature dependence of the magnetization M.
(e) The capacitance of a square capacitor as a function of temperature, and corresponding permittivity κ . (f) Temperature dependence of the
mobility of oxygen vacancies μVOx from Ref. [33] (dots) and Arrhenius extrapolation using Eq. (4) (line).

decreasing temperature, the permittivity decreases from 42
at 300 K to 40.5 at 78 K. This is in contrast with single-
crystal STO, where κ increases from 330 at room temperature
to 24 123 at 4.2 K [37] (but also strongly decreases with
increasing electric field). Single crystal STO is an incipient
ferroelectric [94,95]: it has a ferroelectric Curie temperature
TC very close to 0 K and is paraelectric at room temperature.
In STO single crystals, the VCMA effect was reported to in-
crease with decreasing temperature following the same trend
as the permittivity [21]. However, in ALD-grown STO layers,
the temperature dependence of the permittivity alone does not
explain the behavior of the VCMA effect coefficient.

One potential explanation is that the VCMA effect in ALD-
grown STO layers is due to the motion of oxygen vacancies
or ionic species. Certainly, ionic VCMA would account for
the sharp drop in the amplitude of the VCMA effect that takes
place from 200 to 100 K [see Fig. 4(d)] since it is thermally
activated [34,36,96]. However, the hypothesis of ionic VCMA
based on oxygen vacancies cannot explain the sharp increase
from room temperature down to 200 K. Indeed, the mobility
of oxygen vacancies μVOx obeys the following Arrhenius law
[32]:

μVOx = A

T
exp

(−E0

kBT

)
(4)

where A is a constant, T is the temperature, kB is the Boltz-
mann constant and E0 is the activation energy. In our ALD

STO layers, the activation energy is around E0 = 0.6 eV
[33]. From Eq. (4), the mobility of oxygen vacancies should
decrease with five orders of magnitude from 300 to 200 K
[see Fig. 4(f)]. The VCMA effect, on the other hand, doubles
in that temperature range.

The mobility of oxygen vacancies determines the kinetics
of the VCMA effect rather than its strength. If the characteris-
tic timescale of oxygen vacancy (or ion) motion is much faster
than that of the measurement, a dramatic drop of the mobility
may not suppress the VCMA effect. At room temperature,
the characteristic timescale of oxygen vacancy motion in a
10-nm-thick STO layer at VGate = 0.5 V is of the order of
3000 sec (τpeak calculated from reference [33]). This time-
frame is just barely longer than that of the measurement, and
therefore a room temperature analysis alone does not allow
to exclude an ionic contribution to VCMA in these samples.
(Ideally, the room temperature effect should be investigated
with high-frequency measurements to distinguish between
ionic and electronic VCMA.) The same ionic effect at 200 K,
on the other hand, takes place within a time frame of 3 × 108

seconds or 10 years. In summary, this provides evidence that
the temperature dependence of the VCMA effect in ALD-STO
cannot be ascribed to an ionic effect.

Purely electronic VCMA should be interpreted in the con-
text of the theoretical framework developed by Suzuki and
Miwa [5]. Considering the interdiffused nature of the Co�Pt
bilayer, both the orbital mechanism dominant in Co [44] and
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the quadrupole mechanism dominant in Pt [97] are likely to
play a role. The nonmonotonous temperature dependence is
hence possibly due to a change in the relative strength of
both contributions. In order to quantitatively understand the
temperature dependence of the VCMA effect, the contribution
of both the orbital and quadrupole mechanisms should be
investigated, using, e.g., x-ray magnetic circular dichroism
(XMCD). These measurements, combined with ab initio sim-
ulations would prove valuable in understanding the nature of
VCMA in ALD-grown STO�Co(Pt)�Pt multilayers.

V. CONCLUSION

Three conclusions can be drawn. First, surface engineering
of the STO layer is the key to a Co(Pt) magnetic layer with
uniform magnetization switching. It appears that a simple
IPA clean prior to deposition of the metal layers is sufficient.
The IPA clean promotes the formation of a CoOx layer at
the STO�Co(Pt) interface. We propose as an explanation
that the CoOx interlayer suppresses crystalline and chemical
defects, which otherwise act as domain wall pinning sites
and lead to nonuniform magnetization switching. Second, in
a STO�Co(Pt)�Pt stack with uniform switching, the VCMA
effect has a strength between ξ = 50 and 75 fJ/Vm. Third,
the VCMA effect strength in STO�Co(Pt)�Pt doubles as the
temperature is decreased from 300 to 200 K, and then drops
to zero as the temperature decreases to 100 K and below.
This temperature dependence contradicts the possibility that
the VCMA effect would be of ionic origin. To investigate
this in more detail, characterization such as high-frequency
and XMCD measurements and potentially simulations are
interesting.

VI. METHODS

The samples are fabricated on Si wafers after an O3 based
clean leaving 1 nm of amorphous SiO2. A forming gas anneal
at 420 ◦C for 20 min is applied to passivate dangling bonds,
after which 10 nm of TiN is sputter deposited. A 10-nm-thick
amorphous Sr-rich ALD SrTiO3 (STO) layer is deposited at
350 ◦C in an ASM Polygon 8300 reactor (the process is
described in Ref. [29]). The SrTiO3 layer is annealed at 600 ◦C

for 60 sec in N2 to promote cubic (110) crystallinity. The sam-
ples are then transferred through air to a Canon Anelva PVD
reactor. Before the metal deposition, the samples undergo a
surface treatment discussed in Ref. [42]. Subsequently, a Co
wedge with thickness ranging from 0.6 to 2.4 nm is sputter-
deposited, follewed by 4 nm of Pt and 5 nm of Ru. Samples
are finally annealed at a temperature of 300 ◦C at atmospheric
pressure for 10 min in N2 ambient. TEM and energy disper-
sive x-ray spectroscopy (EDS) specimens are prepared using
conventional ion milling and imaged in a FEI Titan at 300kV.
Rutherford backscattering spectra (RBS) were obtained using
a He+ beam with an energy of 1.523 MeV, at a scattering
angle of 170◦ and sample tilt angle of 11◦. RBS is used to
measure the thickness of Co layers at different locations on
300 mm wafers, with an accuracy of 5%. Vibrating sample
magnetometry (VSM) measurements were performed using
a Microsense EV11 tool at room temperature on 8 × 8 mm2

samples. The anomalous Hall effect measurements are per-
formed in a home-built electrical probing tool equipped with
water-cooled AML 4H2-45 magnet. The samples are affixed
to a small PCB using silver paste, and attached to a vertical rod
rotating in the magnetic field. The cryo VCMA measurement
are performed using a physical property measurement system
(PPMS) made by Quantum Design.
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