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Voltage control effects provide an energy-efficient means of tailoring material
properties, especially in highly integrated nanoscale devices. However, only insulating
and semiconducting systems can be controlled so far. In metallic systems, there is no
electric field due to electron screening effects and thus no such control effect exists. Here
we demonstrate that metallic systems can also be controlled electrically through ionic not
electronic effects. In a Pt/Co structure, the control of the metallic Pt/Co interface can lead
to unprecedented control effects on the magnetic properties of the entire structure.
Consequently, the magnetization and perpendicular magnetic anisotropy of the Co layer
can be independently manipulated to any desired state, the efficient spin toques can be
enhanced about 3.5 times, and the switching current can be reduced about one order of
magnitude. This ability to control a metallic system may be extended to control other
physical phenomena.



1. Introduction

The heavy-metal (HM)/ferromagnet (FM)/oxide structure is one of the most
important building blocks of spintronics, where both the HM/FM and FM/oxide
interfaces result in various emergent magnetic phenomena, such as tunnel
magnetoresistance (TMR) [1-4], perpendicular magnetic anisotropy (PMA) [1-8],
Rashba spin-orbit coupling (RSOC) [9-12], and the Dzyaloshinskii-Moriya interaction
(DMI) [13,14]. In particular, PMA is of great importance for future generations of high-
density memory and logic applications. It has been demonstrated that PMA can be
controlled by an electric field (EF) applied to the oxide layer [1,3,5,15,16], thereby
opening a potential way to achieve ultra-low energy magnetization switching with very
little Joule heating. Although both theoretical [6,17] and experimental [2,7,8] studies
indicate that both interfaces contribute to PMA simultaneously, all EF-control studies
only focus on control of the FM/oxide interface where EF can penetrate. The HM/FM
interface at which no EF exists has not been explored.

There are two types of EF-control effects. One is the voltage controlled magnetic
anisotropy (VCMA) effect with an electronic origin, where PMA can be modified by the
EF-induced redistribution of electron densities among different d orbitals in FMs [5,18—
20], or through an EF-modified RSOC/DMI [9,10]. In VCMA, the magnetic anisotropy
field of the FM layer can be effectively modified by an external EF [1,5,18,19,21,22],
which has been successfully employed to achieve efficient switching in magnetic tunnel
junctions [1,3], modulation of domain wall propagation [22], and control of the Curie
temperature [21] and skyrmion bubbles [23]. The second type is of ionic origin, where
the ionic motion of O* driven by an EF is exploited to control the interfacial oxidation
states of a FM [15,16,24-26]. Through this solid state electrochemical reaction at the
FM/oxide interface, the saturation magnetization (M) of the FM can also be controlled.
The ionic effect provides a much larger control over PMA, on the order of 10 pJ/Vm, as
opposed to a few hundreds of fJ/Vm with VCMA [15,16]. Moreover, unlike electrons,
ions can diffuse into a metallic system even without EFs, and thus the ionic effect may be
employed to control the metallic HM/FM interface. It is known that, in addition to PMA,
the HM/FM interface also determines spin-orbit torque (SOT) driven magnetic
dynamics [27,28] and DMI effects [13,14] in these structures. Therefore, it would be
highly advantageous if the HM/FM interface could also be controlled electrically, which
will pave a new path to control PMA and simultaneously modulate the interfacial
phenomena to improve the efficiency of SOT switching. However, the voltage controlled
HM/FM interface has yet to be demonstrated.

Here we demonstrate voltage control of the HM/FM interface in a Pt/Co/GdOx
structure for the first time. By combining independent control of the Co/GdOy interface,
we have reached an unprecedentedly effective manipulation of PMA in HM/FM/oxide
structures, greatly expanding the controllable magnetic states to those that cannot be
achieved by controlling only the FM/oxide interface in previous studies. Moreover, both
the PMA field (Hy) and M; can be controlled independently and the magnetism can be
configured to any possible state, in sharp contrast to previous studies where Mg and Hy
were always controlled together when only the FM/oxide interface was
modulated [15,16]. The efficiency of SOTs is also controlled by voltage and the critical
SOT switching current (1) is reduced by about one order of magnitude. These results
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highlight the unexplored voltage control of metallic HM/FM interfaces in electrical
control of magnetism, which may be extended to control other interfacial effects [29-31].

II. Methods and materials

Sample fabrication. Three batches of Pt/Co/GdOy samples with structures of Pt (10
nm)/Co (4 nm)/GdOy (50 nm), Pt (3 nm)/Co (0.9 nm)/GdOx (80 nm), and Pt (3 nm)/Co
(0.6 nm)/GdOy (80 nm) were deposited on silicon substrates with a 300 nm thermally
oxidized SiO, layer by magnetron sputtering at a base pressure of 2 x 10 torr. The Pt (10
nm)/Co (4 nm)/GdOy (50 nm) samples with thick Pt and Co layers were used for
observing EF-driven oxygen migration under Cross-sectional Scanning Transmission
Electron Microscopy (STEM). The Pt (3 nm)/Co (0.9 nm)/GdOy (80 nm) and Pt (3
nm)/Co (0.6 nm)/GdOy (80 nm) samples that show PMA in the as-deposited state with
much thinner Co layers were used for investigating EF-control of PMA and SOT
switching, respectively. All metallic layers were dc sputtered and GdOy was reactively
sputtered. The deposited continuous multilayers were then patterned into Hall bar
structures. The residual areas are protected by 100 nm SiO,. The top gate electrodes are
made of Ta (5 nm)/Ru (100 nm).

Electrical measurements. The magnetization and Hy were detected with the anomalous
Hall effect (AHE). All the Hall resistances (Ry) were detected by applying a 50 pA dc
current. For the SOT switching, a 1 ms current pulse with the desired amplitude was
applied to switch the magnetization, and then Ry was recorded. All electrical
measurements were performed after the samples cooled down to room temperature if
heated.

STEM measurements. Cross-section STEM samples were prepared using a Zeiss Auriga
focused ion beam (FIB) system. STEM imaging was performed on an FEI Titan with
CEOS probe aberration corrector operated at 200 kV with a probe convergence angle of
24.5 mrad, spatial resolution of 0.08 nm, and probe current of ~20 pA. The STEM
samples were loaded into the microscope immediately after the FIB sample preparation to
avoid possible oxidization of the Co in air.

I11. Results and discussion
A. STEM observation of voltage-driven oxygen migration in metallic systems

To directly observe EF-modulated metallic HM/FM interface through ionic
effects, we performed STEM and electron energy loss spectroscopy (EELS)
measurements in a 4 nm Co layer with the structure of Si/Si0, (300 nm)/Pt (10 nm)/Co (4
nm)/GdOy (50 nm). As shown in Fig. 1(a), the effective voltage control area was
patterned into a 200 x 200 pm? square. Figure 1(b) shows Ry; as a function of the applied
vertical magnetic field (H,) at different voltage control states. The as-deposited state
shows an in-plane anisotropy state (sample ¢ in Fig. 1(b)), which could be modified to a
PMA state (sample d and f) or a fully oxidized state (sample e) by applying a gate voltage
(Vo) [15]. For sample d and e, only Vg =-5 V was applied. For sample f,a Vg =-5V
was applied first until a fully oxidized state was achieved, and then a Vg =+5 V was
applied to rebuild PMA as shown in previous works [15]. Figure 1(c-f) show the depth
distribution of oxygen and Co near the Pt/Co interface. For the as-deposited state (Fig.



1(c)), oxygen ions (O”) only distribute near the Co/GdO, interface and the Pt/Co
interface is clean (no O” detected). After Vg = -5 V application, the Co and oxygen
curves have overlapped each other at the Pt/Co interface (Fig. 1(d)), but the electrical
measurement still shows a clear Ry signal from Co metal at this state (Fig. 1(b)),
indicating that the Co is only partially oxidized and O can penetrate the unoxidized Co
metal and reach the Pt/Co interface. Therefore, the combination of both STEM and
electrical measurement results can directly confirm that the EF-driven O* can diffuse into
the Co metal layer. For a fully oxidized state, the Co and oxygen curves (Fig. 1(e)) are
similar with Fig. 1(d), but there is no Ry signal detected (Fig. 1(b)), indicating a fully
oxidized Co layer.

Figure 1(f) shows the Co and oxygen distributions for sample f. As mentioned
above, this sample was fully oxidized first by applying Vg = -5 V and then was reduced
to a PMA state by applying Vg = +5 V. Although both sample d and f show a PMA state
with the same Ry, the oxygen signal sharply drops to almost zero before reaching the
Pt/Co interface in sample f, in contrast to sample d in which the oxygen signal drops
together with the Co signal at the Pt/Co interface. By comparing the oxygen distributions
in these two samples, we can conclude that sample f has a much cleaner Pt/Co interface
than sample d. Since the Pt/Co interface is only manipulated by applied Vg in both
samples, these results indicate that the metallic Pt/Co interface can be controlled through
EF-driven O* motion. A slight oxygen signal at z =~ 2 nm in Fig. 1(f) may be due to a
small amount of trapped oxygen [25] that cannot be removed under -Vg.
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FIG. 1. STEM EELS results at different EF-controlled states. (a) Top-view and typical STEM image of a
Pt/Co/GdO, sample. (b) The vertical field dependent Ry for samples ¢, as-deposited state, d, after Vg = -5
V application, e, fully oxidized state, and f, after Vg = -5 V and then Vg =+5 V applications. (d-f) The
corresponding Co and oxygen distribution from EELS line scan along z direction at the Pt/Co interface.

B. Schematic of voltage-controlled magnetic states at HM/FM interfaces

Voltage control of metallic HM/FM interfaces must be also accompanied by the
control of FM/oxide interfaces in HM/FM/oxide structures, and moreover, the alteration



of FM/oxide interfaces may dominate the overall control effects. Therefore, determining
the contribution from HM/FM interfaces during the control process becomes a critical
step in investigating the voltage control of HM/FM interfaces. A schematic of the voltage
control of metallic HM/FM interfaces is presented in Fig. 2. Here we assume that the
PMA originates from both the Co/GdOy interface [4,32,33] and Pt/Co interface [2,6-8,17]
in Pt/Co/GdOy structures. As observed in Fig. 1, 0% can penetrate the metallic Co layer
and reach the Pt/Co interface before the Co is fully oxidized. Figure 2(a-e) schematically
show the voltage gated O*” migration by considering O* diffusion. The expected
perpendicular component of magnetization (M) under both in-plane and vertical fields
are shown in Fig. 2(f-)), respectively. We classify the O in this system into two different
types, depending on the strength of the bonding energy between O> and metal atoms.
Type-I is the O* with a weak bond to metal atoms and can be moved along grain
boundaries through self-diffusion or be driven by an electric field [25,33-36]. Type-II is
the O strongly bonded to metal atoms, and the significant migration of this type of O*
may require a strong electric field and an elevated temperature [15,37].

As shown in Fig. 2(a), in the initial state, the Co layer is partially oxidized but the
Pt/Co interface is clean. This state usually shows a strong Hy because of the orbital
hybridization between Co and type-II O* at the top surface of the Co layer as well as the
clean Pt/Co interface. When applying a +Vg, the O is driven out of the Co/CoOy or
Co/GdOy interface as shown in Fig. 2(b), resulting in a decreasing Hy and an increasing
M; through the reduction of Co from CoOy [15]. With increasing +V duration, all the
O™ can be depleted at the Co/GdO, interface and the entire Co layer becomes fully
reduced to an in-plane anisotropic pure Co metal [15,37] (Fig. 2(c)). Then, when -V is
applied, the O™ is driven back to the Co/GdO, interface (Fig. 2(d)). Type-II O is formed
at the Co/GdOy interface and PMA is recovered. However, by considering the diffusion
of type-I O” through grain boundaries, the situations of Fig. 2(d) and Fig. 2(b) will be
different. It is expected that type-I O* can penetrate the Co layer, and thus the Pt/Co
interface in Fig. 2(d) will be contaminated by type-I O*. By considering oxygen
contamination at the Pt/Co interface and the contribution of the Pt/Co interface to the
PMA, the PMA of Fig. 2(d) will be much weaker than that in Fig. 2(b) with a clean Pt/Co
interface, even though the other conditions are exactly the same. Figure 1(d) and 1(f)
have directly confirmed the O* distribution in the two dramatically different situations,
and together with magnetic measurements below, these results will provide clear
evidence of electrical control of metallic Pt/Co interfaces that has not been explored
before. The Co layer can be fully oxidized for a longer -V application time (Fig. 2(e)). If
+V is then applied again, type-I O at the Pt/CoO, interface will be moved first, and
then the CoOy layer will be gradually reduced. Since type-I O* has been removed near
the Pt/CoOy interface before the reduction of Co, the sample returns to the state of Fig.
2(b). Because Mg mainly depends on the oxidization/reduction of the Co layer at the
Co/GdOy interface while Hy is determined by both the Pt/Co and Co/GdOx interfaces, M
and Hy can be controlled independently through Vg modulated O* distribution at the two
interfaces.

In experiments, we show that all these states in Fig. 2(a-e) can be reliably
controlled in the sequence ofa — b — ¢ — d — e — b, and the magnetism of the Co can
be manipulated to any possible state. Moreover, two regions with a constant Mg around



the pure metallic Co state (Fig. 2(c)) and a constant Hy during the -V application (Fig.
2(d)) are obtained. These two special regions are further used for investigating SOT
switching by altering either M; or Hy independently.
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FIG. 2. Schematic of the voltage control of magnetism through metallic Pt/Co interfaces. (a) The as-
deposited state showing PMA without Vg application. The Co layer has been partially oxidized and the
Pt/Co interface is clean. (b) Under +V application, the O at the Co/CoO, or Co/GdOy interface is driven
into GdOy layer. The CoOy is partially reduced to Co and the Pt/Co interface keeps clean. (c) The CoOy is
finally reduced to Co and the Co layer becomes in-plane anisotropic under the +V application. (d) After -
Vg application, the O is driven back to the Co/GdOj interface and further contaminates the Pt/Co interface
through diffusion. PMA is rebuilt and the Co layer is oxidized. Due to the contamination of the Pt/Co
interface, Hy becomes weaker compared to (b) even with the same other conditions. () The Co layer is
fully oxidized by -Vg application. The blue line texture in the Co/CoOy layer symbolically illustrates grain
boundary. (f-j) The schematic of expected vertical and in-plane field dependent M, at each state.

C. Experimental demonstration of voltage-controlled metallic Pt/Co interfaces

The samples for demonstrating the voltage control effects are the Si/SiO; (300
nm)/Pt (3 nm)/Co (0.9 nm)/GdOx (80 nm) samples, which were patterned into Hall bar
structures with a feature size of 2.5 um. A schematic of the sample structure is shown as
the inset of Fig. 3(d). Vg was applied at an elevated temperature between 200 - 260 °C
while the magnetic states were detected at room temperature. Figure 3(a) and (b) show
the typical vertical and in-plane field dependent Ry, respectively. In Fig. 3(b), the Hy was
tilted about 4° toward the z direction to get a coherent magnetization switching. The M
which is proportional to Ry [38] can be obtained from Fig. 3(a) and Hy can be evaluated
from Fig. 3(b) through the Stoner-Wohlfarth model [39]. We first confirmed that the
magnetism could be controlled by Vg and then extracted Ry and Hy as a function of Vg
application time as shown in Fig. 3(c), where Vg was applied at 260 °C. As shown in Fig.
3(c), from the as-deposited state (Ry=0.15 Q; Hx= 8.95 kOe), the sample was first set to
a fully oxidized state with almost zero Ryyand Hy under —Vg application (first violet area
on the left). Then, under +Vg application, Ry monotonically increases to a maximum
value of 0.48 Q while Hy first increases and then decreases. The monotonical increase of
Ry indicates that the CoOy is continuously reduced to Co. The increase of Hy at the initial
stage illustrates that the PMA is gradually established as O is removed from the CoO
film, and the subsequent decrease of Hy is due to a thicker Co layer that prefers in-plane
anisotropy [15]. Next, under -V application, the sample returns to the PMA state and
then to a fully oxidized state. The magnetic transition between the pure metallic state and
the fully oxidized state can be reliably repeated, and all of these results are consistent
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with previous reports [15]. Note the magnetic states near the fully oxidized state, with
zero Ry and Hy after —V application, which were attributed to in-plane anisotropic
states [16] probably correspond to superparamagnetic states [39].
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FIG. 3. The evolution of magnetism under Vg control. (a, b) Typical Ry curves under vertical (a) or in-
plane fields (b). The red lines in (b) are fitting results by using the Stoner-Wohlfarth model. (c) Typical
time dependences of Hy and Ry under Vg control. (d) The measured Hy as a function of Ry in a typical Vg
control cycle. The red arrows indicate the time evolution of the magnetism from state 1 to 8. Inset: the
sample geometry and the experimental configuration of Vg application.

We then inspected the detailed evolution of Hy and M with Vg applied at 200 °C.
The lower temperature allows a finer control of Hx and M, by voltage. In Fig. 3(d), we
plot the extracted Hy as a function of Ry at each state after Vg application. As indicated
by the red arrows, the Vg control cycle starts from an almost fully oxidized state (state 1)
goes to a pure metallic state (state 4) under +Vg application, and then back to another
almost fully oxidized state (state 8) under -V application. The remarkable feature of Fig.
3(d) is that the Hi-Ryy curve shows a hysteresis-like behavior, where Hy has different
values after +V and -V applications at the same Ry. Particularly, two regions are
distinctive: from state 4 to 6, Hx sharply increases from 0 to about 10 kOe while Ry keeps
almost the same; from state 6 to 7, Hx keeps almost constant over a broad range of Ry;.

The hysteresis-like Hi-Ry curve is significant because the same Ry, which
corresponds to the same oxidization level of the Co layer and thus the same Co/oxide
interface, should have the same Hy, if only the PMA at the Co/oxide interface is
controlled by voltage. To explain these results, the Pt/Co interface must also be modified
by the voltage through O* diffusion. According to Fig. 2, the states between 1-2 in Fig.
3(d) have a clean Pt/Co interface after +Vg application, corresponding to Fig. 2(b) with a
larger H, and the states between 7-8 have a contaminated Pt/Co interface after -V
application, corresponding to Fig. 2(d) with a weaker Hy. Different Hy values at the same
Ry can be well understood in this way. This explanation is also directly confirmed by the
STEM samples. The measured Hy of sample fin Fig. 1 is 4.3 kOe, larger than that of
sample d (Hi= 2.1 kOe), even with the same Ry as shown in Fig. 1(b). Compared to
sample d, sample f has a cleaner Pt/Co interface as shown in Fig. 1(d) and 1(f), well
consistent with this explanation that the origin of larger Hy at the same Ry arises from a



cleaner Pt/Co interface. Nevertheless, the Hi behaviors in the right minor loop 3-4-5-6
cannot be simply explained through Fig. 2(b) and Fig. 2(d). In this minor loop, Hx first
quickly increases from 4 to 6 after -V application and then reaches a saturation value
while Ry keeps almost constant. After that, Mg decreases while Hx maintains nearly
constant (6 to 7). Beyond 7, both M and Hy decrease when the Co film is gradually
returned to CoO by -V. Contrary to the left major loop, Hy after —V application in the
minor loop is larger than that after +V application at the same Ry.

To explain the minor loop, we consider the magnetic states starting from the
metallic Co state 4 in which all the O* has been driven into the GdO,. In the beginning of
-V application (4 to 5), the -V driven O moves toward the Co/GdOy interface and
bonds to the Co atoms to build PMA. Since the O* concentration is still very low at this
initial state, the Co layer has not been significantly oxidized, consistent with the fact that
Ry keeps almost constant and Hy increases as shown in Fig. 3(d). Additionally, the O*
has not diffused into the Co layer and the Pt/Co interface keeps clean. Compared to the
states between 3-4, the larger Hi between 4-5 are likely due to these O’ at the Co/GdO,
interface that contribute to the PMA but do not significantly oxidize the Co layer. For the
states between 3-4, at the final stage of +V application, all the O is depleted except
those with strong a bond to Co in unreduced CoO,, and thus there is no such O* only
contributing to the PMA (all the O strongly bonds to Co and contributes to the CoOy for
the states between 3-4) and Hy is smaller. From state 5 to 6, the increased rate of Hy
change starts to decrease although the Hy has not been saturated, and Ry begins to
decrease. These magnetic states indicate that the O* has diffused to the Pt/Co interface
and concentrated enough to start oxidizing the Co layer. The appearance of the minor
loop further confirms the O* diffusion and the contribution from both the Pt/Co and
Co/GdOy interfaces to the voltage control of PMA.

In principle, by controlling the O* at the both the Pt/Co and Co/GdOy interfaces,
all the possible magnetic states shown in the major and minor loops of Fig. 3(d) can be
achieved. Figure 4(a) shows the controlled magnetic states starting from the same initial
magnetic state with zero Ry and Hy, but the -V are applied from different states. The
controlled magnetic states where -V are applied from Ry= 0.33 Q, 0.37 Q, and 0.41 Q
are plotted in purple, red, and violet curves, respectively. The gray curve is from Fig. 3(d)
for comparison. This figure shows that the states within the major and minor loops can be
achieved by controlling the beginning of the -V application. Figure 4(b) presents the
magnetic states under +V application but starting from different initial states. These
initial states are obtained through —V applications. Thus, this plot presents the control
effects that the beginning of +Vg application leads to. It also shows that the controlled
magnetic states depend on the beginning state where the reversal Vg is applied. Moreover,
Fig. 4(b) shows a larger initial Ry value can result in a larger maximum Hy in the
following control process. These results indicate that the magnetism can be controlled to
any possible magnetic state by controlling the V¢ application process.
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FIG. 4. The effects of reversal Vg applications on the control effects. (a) Hy versus Ry curves when —Vg is

applied from Ry=0.33 Q (purple), 0.37 Q (red), and 0.41 Q (violet). (b) Hy versus Ry curves where +Vg is

applied from different initial magnetic states. The gray curve is from Fig. 3(d) for comparison. The arrows
in (a, b) indicate the time evolution of controlled magnetic states.

D. Voltage control of SOT switching

SOTs offer a very promising way to switch magnetization electrically [11,40].
However, many aspects of SOT switching are still under debate. For example, the origin
of SOTs can be spin Hall effects (SHEs) [40—42] or Rashba effects [11,43], and their
roles during the switching process are still not clear [11,41,42,44-46]. Generally, the
SOT switching starts from a reversal domain nucleation in a uniform magnetization state
and then the nucleated domains expand to the entire film [44,47,48]. Therefore, the
critical SOT switching current corresponds to the current for destabilizing the uniform
magnetization, which is attributed to damping-like [42,49] or field-like spin torques [45]
as well as additional thermal effects [50-52]. Extracting the intrinsic magnetic property
dependence of the SOT switching in the same sample will provide critical insights on the
switching mechanism. However, it cannot be realized through a conventional method
since the intrinsic properties are specified during the sample fabrication. As demonstrated
above, the M, Hy, as well as the oxidation level at both interfaces of the Pt/Co/GdOy
structures can be independently controlled by Vg, thereby offering a unique approach for
studying SOT effects.

The voltage controlled SOT switching was explored in samples with the structure
of Si/Si0; (300 nm)/Pt (3 nm)/Co (0.6 nm)/GdOx (80 nm) multilayers. The SOT
switching was measured in the same way as previous studies [44,46,51]. Figure 5(a)
shows typical current driven SOT switching curves under in-plane fields. The
magnetization switching direction depends on both the current and field directions, which
is consistent with previous reports [11,40,41,44,46—48,51]. We choose the current where
Ry begins to change as I, as marked in Fig. 5(a). As mentioned above, I corresponds to
the critical current for destabilizing a uniform magnetization, under which the reversal
domains start to nucleate. Figure 5(b) shows the switching curves after -V and then +Vg
applications. One can see that I, can be greatly decreased by -V together with the
reduced M;, and increased by +Vg in the opposite fashion.

Figure 5(c) shows the evolution of Hyx and Ry under the £V control. The Hi-Ry
curve exhibits a similar hysteretic behavior as in Fig. 3(d). During the application of -V,
Hi can be maintained nearly constant at 5 kOe over a large Ry region (0.15-0.35 €, states
between 6-7). A minor loop also exists near the pure Co state, where a large change of Hy
(from 2 kOe to 5 kOe) is accompanied by a small change of Ry (states between 4-5). 1. is
plotted against Ry in Fig 5d. Remarkably, I, can be reduced by more than 10 times with



the application of -V, demonstrating the advantage of controlling SOT switching by
ionic effects. The modulation of I, is much larger than that by using an ionic liquid
gate [53] in which only the FM/oxide interface was controlled. Particularly, in the two
special regions, it is clearly shown that I, is proportional to Ry (states 6-7) and also
strongly depends on Hy (states 4-5).
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FIG. 5. SOT switching under Vg control. (a) Typical current induced SOT switching under in-plane fields.
(b) The SOT switching curves under Vg control. (¢, d) The extracted Hy (c) and corresponding I (d) as a
function of Ry at each magnetic state controlled by V. The arrows indicate the time evolution of control

process. (e) L. is replotted as a function of Ry-Hy The solid lines are the liner fitting results.

To analyze the SOTs and their effects on the magnetization switching, we adopt a
simple magnetic switching model by only considering damping-like torque [42,50].
Although the field-like torques [45] and possible DMI [54] are not counted, this simple
model can explain several experimental observations [55,56] and thus may provide some
initial insights into our results. According to this model [42,50],

2e M t, H, H
I =— 1
c h 951_1 (2 \/E) ()

where Osy; is the effective spin Hall angle and #r is the thickness of ferromagnetic layer.
By considering R;; <Mt and H << H,

R, H
I, xg—k, 2)
SH

where the slope of I versus Ry-Hy represents the sy in this system. Figure 5(e) shows the
measured I as a function of RyHy by replotting Fig. 5(c) and (d), and the solid lines are
the linear fitting results. Note the data points obtained after the application of +Vg and —
Vg are plotted as up triangles and left triangles, respectively. Immediately two linear
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regions can be identified, generally confirming the validity of this simple model. The first
linear region is in the range of I, < 5.5 mA, in which the slopes of I, versus Ryy-Hy is
about 1.57x10” A cm™Q'kOe™'. Another linear region is within the range of 7.0 mA < I,
< 9.0 mA. This region corresponds to the states with a clean Pt/Co interface after +Vg
application. The slope in this region is about 0.47x10” A cm™Q'kOe™. This slope
corresponds to a 3.5 times larger sy than that after -V application, demonstrating that a
clean Pt/Co interface plays a critical role in the efficiency of SOTs. Note the Joule
heating induced thermal effects during the magnetization switching cannot explain the
larger sy after +V application [39].

IV. Conclusions

HM/FM interfaces play a critical role in many interfacial phenomena, such as spin
Seebeck effects [29], spin Hall magnetoresistance [30], and other magnetic proximity
effects [31]. We have demonstrated that the metallic HM/FM interface can also be
controlled electrically, providing new opportunities for electrical modulation of these
interfacial effects. Contrary to previous studies where only the FM/oxide interface was
controlled and the effect was limited to a few special states, the controlled HM/FM
interface strongly broadens the magnetic states in the field of voltage controlled
magnetism. In addition, M and Hy can be manipulated independently and the magnetism
can be set to any possible magnetic state. STEM and EELS results directly confirm the
controllable metallic interface and its effects on the control of Hy at the same Ry.

Recently, it has been shown that the PMA in a HM/FM/metal/Oxide structure
strongly depends on the thickness of the top capping metal layer [16,36,57]. The
speculated reasons focused only on the influence of the capping metal layer on the
FM/metal interface. This work indicates an alternative mechanism that the thickness of
the capping layer may alter the O distribution underneath at both the HM/FM and
FM/metal interface during the sputtering process. By considering the contributions to the
PMA from both interfaces, the change of the O distribution at the two interfaces may
result in the capping metal layer dependence on the PMA.

Furthermore, we show that the efficiency of SOTs can also be controlled and the
critical SOT switching current can be reduced about 10 times. Previous studies have
indicated that the efficiency of spin injection at the interface depends on the transparency
of this interface [27,28], but demonstrated in different samples that inevitably also alter
other conditions. Our results clearly show that the effective SOTs can be enhanced about
3.5 times with a clear HM/FM interface in the same sample. The unique voltage control
of magnetism may also be applied to investigate other magnetism-related effects by
modulating the M and Hy independently in the same sample, avoiding the influence of
the variation between different samples in conventional measurements.

Acknowledgements

This work was supported by C-SPIN, one of six centres of STARnet; a Semiconductor
Research Corporation programme, sponsored by MARCO and DARPA; and by the
National Science Foundation through ECCS-1554011.

11



[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

Y. Shiota, T. Nozaki, F. Bonell, S. Murakami, T. Shinjo, and Y. Suzuki, Induction
of coherent magnetization switching in a few atomic layers of FeCo using voltage
pulses, Nat. Mater. 11, 39 (2012).

W. Skowronski, T. Nozaki, D. D. Lam, Y. Shiota, K. Yakushiji, H. Kubota, A.
Fukushima, S. Yuasa, and Y. Suzuki, Underlayer material influence on electric-
field controlled perpendicular magnetic anisotropy in CoFeB/MgO magnetic
tunnel junctions, Phys. Rev. B 91, 184410 (2015).

W.-G. Wang, M. Li, S. Hageman, and C. L. Chien, Electric-field-assisted
switching in magnetic tunnel junctions, Nat. Mater. 11, 64 (2012).

S. Ikeda, K. Miura, H. Yamamoto, K. Mizunuma, H. D. Gan, M. Endo, S. Kanai, J.
Hayakawa, F. Matsukura, and H. Ohno, A perpendicular-anisotropy CoFeB-MgO
magnetic tunnel junction, Nat. Mater. 9, 721 (2010).

T. Maruyama, Y. Shiota, T. Nozaki, K. Ohta, N. Toda, M. Mizuguchi, A. A.
Tulapurkar, T. Shinjo, M. Shiraishi, S. Mizukami, et al., Large voltage-induced

magnetic anisotropy change in a few atomic layers of iron, Nat. Nanotechnol. 4,
158 (2009).

S. Peng, M. Wang, H. Yang, L. Zeng, J. Nan, J. Zhou, Y. Zhang, A. Hallal, M.
Chshiev, K. L. Wang, et al., Origin of interfacial perpendicular magnetic

anisotropy in MgO/CoFe/metallic capping layer structures, Sci. Rep. 5, 18173
(2015).

V. Sokalski, M. T. Moneck, E. Yang, and J.-G. Zhu, Optimization of Ta thickness
for perpendicular magnetic tunnel junction applications in the MgO-FeCoB-Ta
system, Appl. Phys. Lett. 101, 72411 (2012).

J. Sinha, M. Hayashi, A. J. Kellock, S. Fukami, M. Yamanouchi, H. Sato, S. Ikeda,
S. Mitani, S. Yang, S. S. P. Parkin, et al., Enhanced interface perpendicular
magnetic anisotropy in Ta|CoFeB[MgO using nitrogen doped Ta underlayers, Appl.
Phys. Lett. 102, 242405 (2013).

L. Xu, and S. Zhang, Electric field control of interface magnetic anisotropy, J.
Appl. Phys. 111, 07C501 (2012).

S. E. Barnes, J. Ieda, and S. Maekawa, Rashba spin-orbit anisotropy and the
electric field control of magnetism, Sci. Rep. 4, 4105 (2014).

I. M. Miron, K. Garello, G. Gaudin, P.-J. Zermatten, M. V Costache, S. Auffret, S.
Bandiera, B. Rodmacq, A. Schuhl, and P. Gambardella, Perpendicular switching of

a single ferromagnetic layer induced by in-plane current injection, Nature 476, 189
(2011).

I. M. Miron, G. Gaudin, S. Auffret, B. Rodmacq, A. Schuhl, S. Pizzini, J. Vogel,
and P. Gambardella, Current-driven spin torque induced by the Rashba effect in a
ferromagnetic metal layer, Nat. Mater. 9, 230 (2010).

K.-S. Ryu, L. Thomas, S.-H. Yang, and S. Parkin, Chiral spin torque at magnetic
domain walls, Nat. Nanotechnol. 8, 527 (2013).

K. Di, V. L. Zhang, H. S. Lim, S. C. Ng, M. H. Kuok, J. Yu, J. Yoon, X. Qiu, and
H. Yang, Direct observation of the Dzyaloshinskii-Moriya interaction in a

12



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Pt/Co/Ni film, Phys. Rev. Lett. 114, 47201 (2015).

C.Bi, Y. Liu, T. Newhouse-Illige, M. Xu, M. Rosales, J. W. Freeland, O. Mryasov,
S. Zhang, S. G. E. te Velthuis, and W. G. Wang, Reversible Control of Co
Magnetism by Voltage-Induced Oxidation, Phys. Rev. Lett. 113, 267202 (2014).

U. Bauer, L. Yao, A. Tan, P. Agrawal, S. Emori, H. L. Tuller, S. van Dijken, and
G. S. D. Beach, Magneto-ionic control of interfacial magnetism, Nat. Mater. 14,
174 (2015).

Y. Miura, M. Tsujikawa, and M. Shirai, A first-principles study on
magnetocrystalline anisotropy at interfaces of Fe with non-magnetic metals, J.
Appl. Phys. 113, 233908 (2013).

C.-G. Duan, J. P. Velev, R. F. Sabirianov, Z. Zhu, J. Chu, S. S. Jaswal, and E. Y.
Tsymbal, Surface Magnetoelectric Effect in Ferromagnetic Metal Films, Phys. Rev.
Lett. 101, 137201 (2008).

M. K. Niranjan, C.-G. Duan, S. S. Jaswal, and E. Y. Tsymbal, Electric field effect
on magnetization at the Fe/MgO(001) interface, Appl. Phys. Lett. 96, 222503
(2010).

K. Nakamura, R. Shimabukuro, Y. Fujiwara, T. Akiyama, T. Ito, and A. J.
Freeman, Giant Modification of the Magnetocrystalline Anisotropy in Transition-
Metal Monolayers by an External Electric Field, Phys. Rev. Lett. 102, 187201
(2009).

D. Chiba, S. Fukami, K. Shimamura, N. Ishiwata, K. Kobayashi, and T. Ono,

Electrical control of the ferromagnetic phase transition in cobalt at room
temperature, Nat. Mater. 10, 853 (2011).

A.J. Schellekens, A. van den Brink, J. H. Franken, H. J. M. Swagten, and B.
Koopmans, Electric-field control of domain wall motion in perpendicularly
magnetized materials, Nat. Commun. 3, 847 (2012).

M. Schott, A. Bernand-Mantel, L. Ranno, S. Pizzini, J. Vogel, H. Béa, C. Baraduc,
S. Auffret, G. Gaudin, and D. Givord, The Skyrmion Switch: Turning Magnetic
Skyrmion Bubbles on and off with an Electric Field, Nano Lett. 17, 3006 (2017).

D. A. Gilbert, J. Olamit, R. K. Dumas, B. J. Kirby, A. J. Grutter, B. B. Maranville,
E. Arenholz, J. A. Borchers, and K. Liu, Controllable positive exchange bias via
redox-driven oxygen migration, Nat. Commun. 7, 11050 (2016).

D. A. Gilbert, A. J. Grutter, E. Arenholz, K. Liu, B. J. Kirby, J. A. Borchers, and B.
B. Maranville, Structural and magnetic depth profiles of magneto-ionic
heterostructures beyond the interface limit, Nat. Commun. 7, 12264 (2016).

T. Newhouse-Illige, Y. Liu, M. Xu, D. R. Hickey, A. Kundu, H. Almasi, C. Bi, X.
Wang, J. W. Freeland, D. J. Keavney, et al., Voltage-controlled interlayer coupling

in perpendicularly magnetized magnetic tunnel junctions, Nat. Commun. 8, 15232
(2017).

W. Zhang, W. Han, X. Jiang, S.-H. Yang, and S. S. P. Parkin, Role of transparency
of platinum—ferromagnet interfaces in determining the intrinsic magnitude of the
spin Hall effect, Nat. Phys. 11, 496 (2015).

13



[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

C.-F. Pai, Y. Ou, L. H. Vilela-Ledo, D. C. Ralph, and R. A. Buhrman, Dependence
of the efficiency of spin Hall torque on the transparency of Pt/ferromagnetic layer
interfaces, Phys. Rev. B 92, 64426 (2015).

J. Xiao, G. E. W. Bauer, K. Uchida, E. Saitoh, and S. Maekawa, Theory of
magnon-driven spin Seebeck effect, Phys. Rev. B 81, 214418 (2010).

H. Nakayama, M. Althammer, Y.-T. Chen, K. Uchida, Y. Kajiwara, D. Kikuchi, T.
Ohtani, S. Geprégs, M. Opel, S. Takahashi, et al., Spin Hall Magnetoresistance
Induced by a Nonequilibrium Proximity Effect, Phys. Rev. Lett. 110, 206601
(2013).

S. Y. Huang, X. Fan, D. Qu, Y. P. Chen, W. G. Wang, J. Wu, T. Y. Chen, J. Q.
Xiao, and C. L. Chien, Transport Magnetic Proximity Effects in Platinum, Phys.
Rev. Lett. 109, 107204 (2012).

H. X. Yang, M. Chshiev, B. Dieny, J. H. Lee, A. Manchon, and K. H. Shin, First-
principles investigation of the very large perpendicular magnetic anisotropy at
FeMgO and Co|MgO interfaces, Phys. Rev. B 84, 54401 (2011).

B. Rodmacq, A. Manchon, C. Ducruet, S. Auffret, and B. Dieny, Influence of
thermal annealing on the perpendicular magnetic anisotropy of Pt/Co/AlOx
trilayers, Phys. Rev. B 79, 24423 (2009).

J. S. Bae, K. H. Shin, T. D. Lee, and H. M. Lee, Study of the effect of natural
oxidation and thermal annealing on microstructures of AlOx in the magnetic tunnel

junction by high-resolution transmission electron microscopy, Appl. Phys. Lett. 80,
1168 (2002).

Y. Ando, H. Kubota, M. Hayashi, M. Kamijo, K. Yaoita, A. C. C. Yu, X.-F. Han,
and T. Miyazaki, Annealing Effect on Low-Resistance Ferromagnetic Tunnel
Junctions, Jpn. J. Appl. Phys. 39, 5832 (2000).

S. Monso, B. Rodmacq, S. Auffret, G. Casali, F. Fettar, B. Gilles, B. Dieny, and P.
Boyer, Crossover from in-plane to perpendicular anisotropy in Pt/CoFe/AlOx

sandwiches as a function of Al oxidation: A very accurate control of the oxidation
of tunnel barriers, Appl. Phys. Lett. 80, 4157 (2002).

C. Bi, M. Xu, H. Almasi, M. Rosales, and W. G. Wang, Metal Based Nonvolatile
Field-Effect Transistors, Adv. Funct. Mater. 26, 3490 (2016).

N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, and N. P. Ong, Anomalous
Hall effect, Rev. Mod. Phys. 82, 1539 (2010).

See supplemental material at http://link.aps.org/supplemental/ for further
information on extracting PMA field through the stoner-wohlfarth model,
anisotropic magnetoresistance at each magnetism state, and thermal effects during
SOT switching.

L. Liu, C.-F. Pai, Y. Li, H. W. Tseng, D. C. Ralph, and R. A. Buhrman, Spin-
Torque Switching with the Giant Spin Hall Effect of Tantalum, Science 336, 555
(2012).

L. Liu, O. J. Lee, T. J. Gudmundsen, D. C. Ralph, and R. A. Buhrman, Current-
Induced Switching of Perpendicularly Magnetized Magnetic Layers Using Spin

14



[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Torque from the Spin Hall Effect, Phys. Rev. Lett. 109, 96602 (2012).

K.-S. Lee, S.-W. Lee, B.-C. Min, and K.-J. Lee, Threshold current for switching of
a perpendicular magnetic layer induced by spin Hall effect, Appl. Phys. Lett. 102,
112410 (2013).

K. Garello, I. M. Miron, C. O. Avci, F. Freimuth, Y. Mokrousov, S. Bliigel, S.
Auffret, O. Boulle, G. Gaudin, and P. Gambardella, Symmetry and magnitude of

spin-orbit torques in ferromagnetic heterostructures., Nat. Nanotechnol. 8, 587
(2013).

C. Bi, and M. Liu, Reversal-mechanism of perpendicular switching induced by an
in-plane current, J. Magn. Magn. Mater. 381, 258 (2015).

T. Taniguchi, S. Mitani, and M. Hayashi, Critical current destabilizing
perpendicular magnetization by the spin Hall effect, Phys. Rev. B 92, 24428
(2015).

C. Bi, H. Almasi, K. Price, T. Newhouse-Illige, M. Xu, S. R. Allen, X. Fan, and W.
Wang, Anomalous spin-orbit torque switching in synthetic antiferromagnets, Phys.
Rev. B 95, 104434 (2017).

O.J. Lee, L. Q. Liu, C. F. Pai, Y. Li, H. W. Tseng, P. G. Gowtham, J. P. Park, D.
C. Ralph, and R. A. Buhrman, Central role of domain wall depinning for
perpendicular magnetization switching driven by spin torque from the spin Hall
effect, Phys. Rev. B 89, 24418 (2014).

G. Yu, P. Upadhyaya, K. L. Wong, W. Jiang, J. G. Alzate, J. Tang, P. K. Amiri,
and K. L. Wang, Magnetization switching through spin-Hall-effect-induced chiral
domain wall propagation, Phys. Rev. B 89, 104421 (2014).

G. Finocchio, M. Carpentieri, E. Martinez, and B. Azzerboni, Switching of a single
ferromagnetic layer driven by spin Hall effect, Appl. Phys. Lett. 102, 212410
(2013).

K.-S. Lee, S.-W. Lee, B.-C. Min, and K.-J. Lee, Thermally activated switching of
perpendicular magnet by spin-orbit spin torque, Appl. Phys. Lett. 104, 72413
(2014).

C. Bi, L. Huang, S. Long, Q. Liu, Z. Yao, L. Li, Z. Huo, L. Pan, and M. Liu,
Thermally assisted magnetic switching of a single perpendicularly magnetized
layer induced by an in-plane current, Appl. Phys. Lett. 105, 22407 (2014).

R. Lo Conte, A. Hrabec, A. P. Mihai, T. Schulz, S.-J. Noh, C. H. Marrows, T. A.
Moore, and M. Klaui, Spin-orbit torque-driven magnetization switching and
thermal effects studied in Ta\CoFeB\MgO nanowires, Appl. Phys. Lett. 105,
122404 (2014).

Y. Yan, C. Wan, X. Zhou, G. Shi, B. Cui, J. Han, Y. Fan, X. Han, K. L. Wang, F.
Pan, et al., Strong Electrical Manipulation of Spin-Orbit Torque in Ferromagnetic
Heterostructures, Adv. Electron. Mater. 2, 1600219 (2016).

N. Perez, E. Martinez, L. Torres, S.-H. Woo, S. Emori, and G. S. D. Beach, Chiral
magnetization textures stabilized by the Dzyaloshinskii-Moriya interaction during
spin-orbit torque switching, Appl. Phys. Lett. 104, 92403 (2014).

15



[55]

[56]

[57]

C. Zhang, S. Fukami, H. Sato, F. Matsukura, and H. Ohno, Spin-orbit torque
induced magnetization switching in nano-scale Ta/CoFeB/MgO, Appl. Phys. Lett.
107, 12401 (2015).

K. Garello, C. O. Avci, I. M. Miron, M. Baumgartner, A. Ghosh, S. Auffret, O.
Boulle, G. Gaudin, and P. Gambardella, Ultrafast magnetization switching by spin-
orbit torques, Appl. Phys. Lett. 105, 212402 (2014).

Y. Dahmane, C. Arm, S. Auffret, U. Ebels, B. Rodmacq, and B. Dieny, Oscillatory
behavior of perpendicular magnetic anisotropy in Pt/Co/AlOy films as a function
of Al thickness, Appl. Phys. Lett. 95, 222514 (2009).

16



