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ABSTRACT

Electric field control of perpendicular magnetic anisotropy (PMA) can enable low power consumption for perpendicular magnetic random
access memory devices. However, the tuning of PMA by the electric field in ferromagnetic metal thin films is less efficient and limited to the
interface due to the screening effect. Alternatively, the magnetoionic effect can control PMA efficiently, which utilizes ion migrations over
the surface of the ferromagnetic metal by interfacing it with the charge reservoir of oxygen ions like GdO,. In this paper, we report the
reversibly controlled magnetic domains of PMA Co in the Pt/Co/GdOy trilayer via the electric field at the nanoscale using conductive atomic
force microscopy and magnetic force microscopy (MFM). The magnetic domain phase values determined by MFM decrease and increase
when negative and positive bias voltages of magnitude 4 V are applied to the surface of GdO,, respectively. These results suggest a path
toward control of PMA materials at the nanoscale by the electric field for information storage devices.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5087964

The tunable magnetic anisotropy of magnetic metal ultrathin
films by static electric fields is of great interest to obtain low power
magnetic random access memory (MRAM) devices for information
storage applications.' * In particular, ferromagnetic metals with per-
pendicular magnetic anisotropy (PMA) are being investigated for per-
pendicular magnetic random access memory (p-MRAM) due to its
better scalability and shape uniformity in comparison with in-plane
MRAM.’ In this context, the stabilization of PMA in ferromagnetic
metal ultrathin films and its control by the electric field are promising
for efficient information storage devices. The PMA in ferromagnetic
metals can be stabilized via interfacial spin-orbit coupling between

heavy metal and ferromagnetic metal, leading to orbital ordering at
the interface, for example, Pt/Co/Pt trilayer.7 The electric field control
of such orbital ordering can lead to control of PMA such as electric
driven charge accumulation and strain at the interface.” 'Y However,
the electric field controlled charge tuning is limited to only the inter-
face due to the screening of free electrons in metals.'' Moreover, strain
tuning of ferromagnetic metal relies on the interface with complex
oxides.” Alternatively, the Pt/metal/oxide trilayer promising for thicker
and thermally stable magnetic electrodes for p-MRAM with tunable
magnetic anisotropy is possible by varying the oxidation time and
annealing temperature during the deposition of the oxide layer over
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the Pt/Co films.'”"'® Moreover, the amplitude of Pt/metal/oxide mag-
netic anisotropy is comparable to that of Pt/Co/Pt interfaces and
exhibits lower magnetization pinning in comparison with Pt/Co/Pt
interfaces, enabling it for high speed domain wall propagation for race-
track memories.'”

Recently, Pt/Co interfaced with an amorphous gadolinium oxide
(GdOy), which exhibits high oxygen mobility and acts as a reservoir of
oxygen ions under the electric field, was explored for voltage control of
PMA in all solid state devices.'"** In the Pt/Co/GdO, system, the
PMA can be switched reversibly in a nonvolatile fashion from out-of-
plane to in-plane by voltage controlled reversible interfacial oxidation
of the ultrathin Co film. The voltage-driven migration of oxygen in the
Pt/Co/GdO, system is able to dramatically modify the magnetic prop-
erties of the Co layer, changing the magnetic anisotropy energy at the
interface by 0.75 m]J m~2 at room temperature. Indeed, the electric
field control coefficient (/) of interfacial magnetocrystalline anisotropy
is >5000 J/(V m) in such systems, which is much higher than conven-
tional magnetoelectric systems.'”*” In this work, we report the evolu-
tion of the magnetic domain in the PMA Co film with the electric field
applied at the nanoscale by using scanning probe microscopy. The
voltage modulation across Co/GdO is facilitated by the local applica-
tion of the electric field by conductive atomic force microscopy (C-
AFM) over the ultrathin Pt (3 nm) top electrode at room temperature.
Subsequently, the effect of the electric field on stripe magnetic domains
of PMA was investigated by magnetic force microscopy (MFM).

The Pt/Co/GdO, films were deposited on the thermally oxidized
silicon substrate by dc magnetron sputtering at a base pressure of
5% 10 ®Torr. The continuous film structure is Si/SiO,/Pt(4 nm)/
Co(0.7 nm)/GdO,(5nm) as shown in Fig. 1(a), where the number
inside the parentheses is thickness in units of nanometer. A metal Gd
layer of ~1 nm thickness was first deposited before introducing oxygen
into the sputtering chamber, which is a common method to avoid oxi-
dation of under layers.”* After the oxidation of the Gd layer, the multi-
layers were vacuum annealed at 200 °C for 10 min to enhance PMA."”
The hysteresis loops were measured by using a Superconducting
Quantum Interference Device (SQUID). X-ray photoelectron spectra
were obtained using an Axis Ultra delay-line-detector X-ray photoelec-
tron spectrometer (XPS), using the Mg K, radiation source as the X-
ray source. An atomic force microscope was used to perform the MFM
and C-AFM measurements. The thickness of GdOy is fixed to 5nm to
ensure minimal loss of MFM signals during the MFM measurements
for the current study. Furthermore, the effect of toggling of oxygen
migration at the interface Co/GdOy on such a stable magnetic domain

0.1°
10} ()
0.5 —o- In Plane
" —o— Out of Plane
E 00f — = = === H— — = — — -
-0.5
[Coormm ]
....... L D —
o e —
1.0 |
30 20 -10 0 10 20 30 -0.1°

H (kO¢)

FIG. 1. (a) Normalized magnetic hysteresis loop along out-of-plane and in-plane
sample directions at room temperature. The inset shows the schematic of the Pt/
Co/GdOy trilayer sample system with the thickness of each layer indicated in paren-
theses. (b) MFM phase image.
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structure was driven by C-AFM, and subsequent magnetic changes
were measured by MFM.

Figure 1(a) shows hysteresis loops of a continuous film measured
by SQUID with magnetic fields applied along in-plane and perpendic-
ular-to-plane orientation at room temperature. The magnetic hystere-
sis loop exhibits out-of-plane anisotropy with an anisotropy constant
(K,) of about 7.56 x 10°Jm > and saturation magnetization M equal
to 1.2 x 10° Am™". The obtained M; value is less than that of the pure
Co film, which is equal to 1.43 x 10° Am™~'.” The decrease in the M,
value could be attributed to partial oxidation of the Co film across the
Co/GdOy interface. The contribution of surface magnetic anisotropy
(K) was calculated to understand the origin of anisotropy. It was cal-
culated from the following equation to understand the interfacial
effect:

:uO]VIs2 K

T (1)
The calculated effective K, value of 0.6 mJ m™? is obtained from Eq.
(1), where K, is the bulk anisotropy constant equal to 8.2 x 10°Jm >
(Ref. 25) and ¢ is the thickness of the Co film. The effective K value is
the sum of surface anisotropy contributions from Pt/Co and Co/GdOy
interfaces. The typical K, value for the Pt/Co interface varies in the
range of 0.6-1.4 mJ m 2" The value of K; is less than the previously
obtained value of 1.3 mJ m™? in a similar system.20 The reduction in
effective K; could be attributed to the reduction in the interfacial con-
tribution from Co/GdOy because hybridization between sp-oxygen
orbitals in GdO; and the d? Co orbital causes the origin of anisotropy
across the Co/GdO, interface.' "' This reduction could be mainly
attributed to the additional step of Co/GdO, annealing performed in
vacuum, which leads to the variation in the oxidation of the Co
surface from GdO,, and also evidenced by the decrease in the M;
value compared to the pure Co film. The typical stripe magnetic
domain structure of PMA thin films has also been observed [Fig.
1(b)].°**” This stripe domain structure occurs due to the minimiz-
ing demagnetization energy, which separates into up and down
magnetization stripes.””

The C-AFM and MFM investigations were carried out to under-
stand the effect of the electric field at the nanoscale across the Co/
GdOy interface. The C-AFM mobile probe can set bias independently
over the surface of GdO,.'* It provides a more efficient oxygen ion
transport process and has a great influence on magnetism. In order to
make sure that the same region of the pristine magnetic domain struc-
ture recorded was subjected to electric bias, the C-AFM measurements
were performed at room temperature to apply the local voltage bias to
toggle the possible oxygen migration at the interface of Co/GdO;.
After the C-AFM scan mode, we subsequently switch to the MFM
mode to measure the magnetic domain structure. However, the MFM
signal is sensitive to the surface conditions of the sample and suscepti-
ble to other disturbances such as van der Waals force and electrostatic
force.”® The surface charge aggregation on the GdO, film after C-
AFM scan has a high influence on the magnetic domain signal. To
reduce the impact of charge, we deposited the ultrathin Pt top layer of
thickness 3nm [Fig. 2(a)]. The thin Pt film has higher resistivity
(107*-107" Q m) than bulk Pt (10~7 Q m), such that upon application
of bias, the movement of charge carriers is limited, and the area of
application is only limited to the area of the C-AFM tip radius of
30 nm.”” So the set bias on the thin Pt film is also localized in a short

Ky =K,
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FIG. 2. (a) The schematic of the experimental setup to perform MFM/C-AFM over
the top ultrathin Pt layer over Pt/Co/GdO,. (b) MFM domain phase image in the
pristine state. (c) C-AFM tunable current image for a bias voltage of +4 V. (d) MFM
domain phase image after +-4 V bias voltage. (e) C-AFM tunable current image for
a bias voltage of —4 V. (f) MFM domain phase image after —4 V bias voltage. (g)
The plot of the average magnetic domain phase value starting from the pristine
state to alternative positive and negative bias voltage of magnitude 4 V. (h) The plot
of DCCR vs current intensities for positive voltage.

time during the C-AFM scan. The thin Pt top layer does not have an
influence on the magnetic contrast of the Co PMA layer because the
domain structure can be observed as shown in Fig. 2(b). Figure 2(c)
shows the region of current flow in bright white regions, and the bright
regions reveal upward current flow. The current flow can be mainly
attributed to the downward movement of negative oxygen anions
downward and positive holes upward. Subsequently, the magnetic
domain structure observed by MFM as shown in Fig. 2(d) exhibits a
decrease in the domain contrast over the region of current flow (oxy-
gen migration). In MFM, the magnetic probe detects only the sample
magnetic dipole with the magnetization direction perpendicular to the
sample surface, and any decrease in phase contrast could be attributed
to the decrease in the local anisotropy of magnetic domains. This
means that local anisotropy of the magnetic domains under positive
bias decreases due to the decrease in the measured phase value (stray
magnetic field) along out-of-plane, which is proportional to the mag-
netic moment (saturation magnetization) of the sample.”””" Further
application of negative bias can move back O*~ from the Co film to
the interface of the Co/GdO, surface. Indeed, the dark region that rep-
resents downward current flow with oxygen anions moves upward as
shown in Fig. 2(e). As a result, the oxygen anion moving upward leads
to revival of magnetic domain contrast in the out-of-plane direction
[Fig. 2(f)].

We also analyzed the magnetic and conductive domain structures
starting from the pristine state to subsequent bias voltages to under-
stand qualitatively the effect of oxygen migration on the nanoscale
PMA modulation. The phase value decreases after positive bias and
increases after negative bias in two cycles as shown in Fig. 2(g).

ARTICLE scitation.org/journal/apl

Moreover, the phase value after negative bias is little higher than the
pristine state. This could be attributed to the partial amount of Co film
oxidization in the pristine state during the deposition of GdOx.
Furthermore, we performed the analysis for randomly eight regions of
different current densities with the corresponding domain contrast
change ratio [DCCR = (initial domain phase value — domain phase
value after bias)/initial domain phase value] as shown in Fig. 2(h). It
follows a linear relationship with the increase in the current density,
leading to the increase in the DCCR. This implies that more oxygen
migrations take place with the increase in the current density, which
leads to enhanced DCCR. A similar trend was followed for negative
bias, indicating that electric driven oxygen migrations controlled mag-
netic domain changes.

Figures 3(a) and 3(b) show that the effect of C-AFM scan cycles
influences current flow and its effect on magnetic domain changes.
The continuous C-AFM scan cycles of set positive bias voltage 2V
result in more current intensity. This could be attributed to more
migration of oxygen ions due to vacancies as confirmed in the later
section by XPS, which results in the reduction of local magnetic anisot-
ropy as indicated by the decrease in the phase contrast with scan cycles
in Fig. 3(c)."® But the average phase value increased in the second
cycle, which reveals that there are more oxygen ions driven into the
Co surface, which increases the PMA locally.21 Indeed, the DCCR
increases with scan cycles, which indicates that more oxygen moves
into the Co film as shown in Fig. 3(d). The time at each pixel in the C-
AFM scan is ~6ms, which is calculated by using the scan rate of
0.5 Hz (for one sample scan line, it takes 1s). The time scale of mag-
netic changes seen at the nanoscale is shorter in comparison with the
prolonged voltage application time on the order of minutes to induce
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FIG. 3. (a) Images of C-AFM tunable current scan under a bias voltage of +2V
with repeatable scan, starting first scan from left to right with the increase in the
scan cycles. The dotted aqua blue circles indicate the same region from the first
to fourth scan. (b) The corresponding MFM domain phase region shown below
for (a) with the increase in scan cycles from left to right. (c) The plot of the
average magnetic domain phase value vs scan cycles. (d) The plot of DCCR vs
Current intensity.
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the magnetization reversal probably due to stabilization of large oxy-
gen vacancies in GdO, due to vacuum annealing.”* The value of power
involved for modulation of the stray field of the magnetic domain is
0.25 pW. The power is calculated from I°R, where I is the average cur-
rent value read from the C-AFM measurement (~50 pA) and R is the
sample resistance at 2V (~10% Q, R = dV/dI).

To further study the electric field induced oxygen migration
behavior of GdOy, Pt/Co/GdOy with a top thick Pt electrode diameter
of 100 um was fabricated [inset of Fig. 4(b)]. Figure 4(a) shows the
resistive switching behavior of GdOy by sweeping the applied voltage.
The forming voltage (Veorming) of the GdO film is about 5.8 V as indi-
cated with operation @, which initiates the low resistive state (LRS) in
the GdOy insulator. Furthermore, the reset voltage (Vieser) of 1.8 V and
set voltage (Vi) of 3V are determined for LRS to the high resistive
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FIG. 5. The schematic of the mechanism of nanoscale modulation of PMA by elec-
tric driven reversible toggling of oxygen migrations at the interface of Co/GdOs.
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state (HRS) and HRS to LRS, respectively. The operation sequence is
indicated with arrows 2 and 3 in Fig. 4(a) with a sudden decrease
(operation @) and increase (operation ®) in the current values
occurred at 1.8 V and 3V, respectively. Similarly, under negative bias,
the switching state changes to HRS from LRS in operation @ at -2.8 V
and reverses back to LRS from HRS in operation @ at -4 V. A similar
trend of switching back of HRS to LRS or vice versa is observed from
both positive and negative sides of bias voltages for many cycles as
shown in Fig. 4(b). With an increase in voltage from 0V, it can be
seen that a set process occurs at set voltage, which triggers an abrupt
change from HRS to LRS and vice versa for reset voltage. The resistan-
ces of the two states scatter in a certain range during 20 cycles, ensur-
ing that the switching between HRS and LRS is highly repeatable and
reliable.”” The time scale for full reversibility of resistive switching
states occurs on the order of few milliseconds. This result is similar to
the previous reports on the resistive switching characteristics exhibited
in the Ti/Gd,O;/Pt structure, and such resistive switching phenomena
are attributed to migration of oxygen ions.”” To examine the effect of
voltage bias on the oxidation of the Co film, we performed XPS as it
can detail the oxidation state of the Co film qualitatively and quantita-
tively.>'”** The XPS Co 2ps, core level spectra of Co films were
recorded in different states of Co films such as the pristine state, after
10 resistive switching cycles stopped in LRS and HRS as shown in
Figs. 4(c)-4(e). In all the states, Co 2ps,, core level spectra can be fitted
into two components; one is the metallic Co peak at 278 eV, and the
other is the oxidized (CoO) peak at 280 eV as indicated by red and
blue curves, respectively.34 In the pristine state, the ratio of CoO/Co
concentration is 0.33, which indicates that the as-deposited state is
partially oxidized. After LRS, the CoO/Co ratio increases to 2.2, which
indicates that under positive voltage bias, more oxygen ions migrate
toward the Co film, resulting in the increase in the CoO concentration,
while after HRS, the CoO/Co ratio decreases to 1.6 due to the decrease
in the CoO concentration. Thus, the resistive switching under posi-
tive/negative voltage bias could be attributed to oxygen ion migrations.
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Figure 5 depicts a schematic of the mechanism of nanoscale
modulation of magnetic domains measured by MFM under the elec-
tric field driven by C-AFM for reversible toggling of oxygen migrations
at the interface of Co/GdOy. When positive (negative) sample bias is
set, negatively charged oxygen ions (O®7) are attracted (repelled)
toward the positive pole, and O*~ moves close (far away) to the Co/
GdO; surface. It can be seen that the positive bias decreases the mag-
netic domain phase value, while the opposite is observed for negative
bias; when bias is applied for a prolonged time, oxygen could migrate
beyond the interface.” This indicates that the PMA of the Co film is
reduced under positive bias, while the PMA state returns to the origi-
nal state under negative bias.

In summary, in situ electric field control of magnetic domain
changes of Pt/Co/GdOy is achieved at room temperature. The mag-
netic domain phase values determined by MEM decrease (increase) in
the perpendicular to plane magnetic anisotropy when oxygen is driven
into (out of) the Co film via electrically induced migration of oxygen
ions from GdO, by C-AFM locally. These results suggest a path
toward control of PMA materials at the nanoscale based on the mag-
netoionic effect.
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