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Electric-field control of perpendicular magnetic anisotropy (PMA) is a feasible way to manipulate perpendicular
magnetization, which is of great importance for realizing energy-efficient spintronics. Here, we propose a novel approach
to accomplish this task at room temperature by resistive switching (RS) via electrochemical metallization (ECM) in a device
with the stack of Si/SiO,/Ta/Pt/Ag/Mn-doped ZnO (MZO)/Pt/Co/Pt/ITO. By applying certain voltages, the device could
be set at high-resistance-state (HRS) and low-resistance-state (LRS), accompanied with a larger and a smaller coercivity
(Hc), respectively, which demonstrates a nonvolatile E-field control of PMA. Based on our previous studies and the present
control experiments, the electric modulation of PMA can be briefly explained as follows. At LRS, the Ag conductive
filaments form and pass through the entire MZO layer and finally reach the Pt/Co/Pt sandwich, leading to weakening of
PMA and reduction of Hc. In contrast, at HRS, most of the Ag filaments dissolve and leave away from the Pt/Co/Pt
sandwich, causing partial recovery of PMA and an increase of Hc. This work provides a new clue to designing low-power
spintronic devices based on PMA films.

Keywords: electric-field control, resistive switching, perpendicular magnetic anisotropy, electrochemical met-

allization, magnetoelectric random access memory

PACS: 75.70.-, 75.30.Gw, 75.75.—, 75.70.Cn

1. Introduction

Magnetic materials with significant perpendicular mag-
netic anisotropy (PMA) have practical applications in mag-
netic storage devices due to their abilities to enhance ther-
mal stability and achieve ultrahigh storage density.!'#! Elec-
tric control of PMA is a feasible way to manipulate perpendic-
ular magnetization, which is of great importance for develop-
ing high energy-efficiency spintronic devices. Besides tuning
PMA through electric current produced spin-transfer torque
(STT)-! or spin—orbit torque (SOT),!:8 in which the operat-
ing electrical current is power-dissipating and thus overheating
is still a major concern for further miniaturization of spintronic
devices, manipulating PMA by electric field (E-field) is con-
sidered as an alternative promising approach. !

In the past two decades, there have been many attempts
for E-field modulation of PMA by adopting different het-
erostructures. In ultrathin magnetic transition metal (e.g. Fe)
films, their intrinsic magnetic properties are expected to be al-
tered by changing the electron density at the Fermi level Ef in
the presence of E-field.!'>!!1 In 2007, the coercivity (Hc) of
perpendicularly magnetized FePt (or FePd) film was reported
to be modified by up to 4.5% after applying a large E-field
at the liquid-electrolyte/film interface.!!”! Subsequently, PMA
was modified by E-field in all-solid-state sample using a bcc
Fe (001)/MgO (001) junction.!'!l However, because the influ-

fCorresponding author. E-mail: jdu@nju.edu.cn
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ence of the E-field on the PMA in these electrostatic stud-
ies is effective only at the interface due to screening by the
free electrons without considering the magneto-ionic migra-
tion effect,!'>~14! the magnetic layer had to be composed of
only a few monatomic layers. In 2011, Wang et al.!' real-
ized considerable change of Hc of the magnetic layer and thus
demonstrated reversible resistance switching upon an assisted
E-field in the perpendicular magnetic tunnel junctions (MTJs)
with a key structure of CoFeB/MgO/CoFeB, in which the
PMA originates solely from the CoFeB/MgO interfaces. Note
that all these above E-field controls of PMA are volatile be-
cause the change of PMA vanishes when the E-field is turned
off. However, Bi et al.l'% reported that the PMA could be
controlled by E-fields in a nonvolatile fashion in the Co thin
films adjacent to Gd, O3 gate oxides, which can be understood
by a large interfacial E-field and the high O?>~ ion mobility in
Gd,03. Similar modulation of PMA could be accomplished in
the Pt/Co/GdO, " and Ni/Co/Pd/W!'8! multilayers through
H™ migration. Although these magneto-ionic modulations
of PMA are quite effective, they usually require a long re-
sponse time. Moreover, ferromagnetic/ferroelectric multifer-
roic heterostructures are also commonly used to achieve fast
E-field control of PMA, in which the E-field-induced strain
in ferroelectric layers transfers to ferromagnetic layers, thus
modifying the PMA, although it usually needs high operation
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voltage.[1%-2]

Recently, people have proposed a novel E-field control
method to manipulate the magnetism by virtue of resistive
switching (RS) effect.l?!=?*] They always used the magnetic
material to be the resistive layer and accomplished reversible
modulation of the saturation magnetization (M) and/or the
coercivity during the set and reset processes. However, the
only manipulation of My and/or Hc for the magnetic resis-
tive layer is quite limited for practical applications. Inspired
by their works, we proposed a novel approach to realize non-
volatile and reversible E-field control of unidirectional mag-
netic anisotropy (or exchange bias (EB)) at room temperature
via RS in the Pt/Co/NiO/Pt device.[>>) By applying certain
voltages, the device displays obvious EB in high-resistance-
state (HRS) while negligible EB in low-resistance-state (LRS).
Conductive filaments forming and rupturing near the Co-NiO
interface through thermal chemical mechanism (TCM) are re-
sponsible for the E-field control of EB. However, the efficiency
of this E-field modulation is not as expected due to difficulty
in forming high-density conductive filaments at LRS. There-
fore, it was improved by adopting electrochemical metalliza-
tion (ECM) mechanism of RS in the Ta/Pt/Ag/Mn-doped ZnO
(MZO)/Pt/FeMn/Co/ITO device, in which high-density of Ag
filaments could be easily formed and ruptured as clearly shown
by transmission electron microscopy (TEM) images. [*6! In this
work, we extend this study to the Ta/Pt/Ag/MZO/Pt/Co/Pt/ITO
device for exploring the E-field modulation of PMA. Note that
the magnetic section (Pt/Co/Pt) and the resistive layer (MZO)
are completely separated, having more choices for the resistive
material. The experimental results demonstrate that the PMA
of the Pt/Co/Pt sandwich can be modulated reversibly at room
temperature by an applied E-field in a nonvolatile fashion with
larger (smaller) Hc presented at HRS (LRS).

2. Experimental details

the de-
vice’s stacking and the measurement setup. The stack-
ing structures of Ta(5)/Pt(30)/Ag(25)/MZ0-1(20)/MZO-
2(40)/Pt(r)/Co(0.7)/Pt(2)/TTO(50) (thickness in unit nm) with
t=1,2,3, and 4 nm were deposited on Si (100) substrate with

Figure 1(a) schematically demonstrates

native oxide on the surface by magnetron sputtering at room
temperature. Note that all the thicknesses are nominal and
MZO denotes Mn(3%)—Zn0O(97%) and doping with Mn can
suppress the concentration of intrinsic donors in ZnO and thus
improve the RS performance./?®! The sputtering targets of Ta,
Pt, MZO, Ag, Co, and ITO were all purchased commercially
with purity larger than 99.9%. The base pressure was lower
than 5.0 x 10~® Pa before deposition, and the Ar pressure was
kept at 0.3 Pa during deposition. A 5-nm-thick Ta film and a
30-nm-thick Pt film were first deposited on the Si/SiO; sub-
strate as the bottom electrode (BE). After taking the substrate

out of the chamber and covering its one corner, a 25-nm-thick
Ag layer and two MZO layers were grown successively. The
first MZO layer (i.e. MZO-1) with its thickness of 20 nm was
deposited with pure Ar atmosphere to prevent the underly-
ing Ag layer from oxidation, while the second MZO layer
(i.e. MZ0O-2) with its thickness of 40 nm was deposited with
Po2:Par = 1:1 during deposition to ensure that the MZO layer
is insulating. Afterwards, the substrate was taken out of the
chamber again and covered with a shadow mask, which in-
cludes array of circular holes with a diameter of about 200 pm
for each of them. Finally, a thin Pt film with varied thickness
t, a 0.7-nm-thick Co film, a 2-nm-thick Pt film, and a 50-nm-
thick ITO film were deposited successively to serve as the top
electrode (TE).

(a)lLLasoE' ]
—r_%
MZO(2) ’
MZO(1)
K
Ta '
20 3IO 4IO 5IO 6IO 7I0 80

+ ITO «
* Substrate

Pt (111)

Ag (111)

ZnO (002)

(b)

Intensity (arb. units)

T Si@,
Fig. 1. Stacking, measurement setup and crystalline structure of the device.
(a) Schematic illustration of the stacking structure and the polar MOKE, /-
V curve measuring configurations. (b) Out-of-plane XRD pattern of the film
sample with # = 3 nm. (c) Cross-sectional TEM image of the film sample in
panel (b).

The RS behavior of the device was characterized by a
Keithley-2400 meter, which plays dual roles as a voltage
sourcemeter and an amperemeter. The positive bias is ap-
plied with the current flowing from the BE (Pt/Ag) to the
TE (Pt/Co/Pt/ITO), and the negative bias is applied in oppo-
site direction. The crystalline structure was studied by x-ray
diffraction (XRD, Bruker D8-Advance) with Cu K, radiation
(A =0.154 nm). Note that the XRD characterization was actu-
ally performed on the film sample that was prepared under the
same condition and with the same stack as those in the device.
The microstructure of this film sample was characterized by an
FEI Tecnai G2 F20 TEM equipment, working at 120-kV accel-
erating voltage. The out-of-plane magnetic hysteresis (M—H)
loops were measured by a Chinese startup QuantaX ™ focused
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magneto-optic Kerr effect (FMOKE) magnetometer with the
applied magnetic field perpendicular to the film plane. The
polarization angle sensitivity of FMOKE is better than 0.1 mil-
lidegree, and the size of the incident green light (A ~ 532 nm)
spot is about 6 pm, which is much smaller than the diameter
of the TE. All the measurements and characterizations were
performed at room temperature.

3. Results and discussion

Figure 1(b) shows the out-of-plane XRD pattern for the
film sample with # = 3 nm and similar results can be found
in other samples with different values of 7. This result un-
ambiguously indicates that the film is polycrystalline with a
(111)-preferred orientation along the film normal direction.
The absence of Co and Ta diffraction peaks is due to that
the former is too thin and the latter is amorphous to serve as
a seed layer. The bright-field low-resolution cross-sectional
TEM image of the film sample is shown in Fig. 1(c), which
demonstrates well-layered stacking structure and the thickness
for each layer agreeing well with the nominal one. In this
study, the Pt(t)/Co(0.7)/Pt(2) sandwich is always perpendicu-
larly magnetized due to strong PMA at the Pt—Co and Co-Pt
interfaces.

Figure 2(a) shows the current—voltage (I-V) characteris-
tic of the Ta/Pt/Ag/MZO/Pt/Co/Pt/ITO device (t = 3 nm) mea-
sured by a scanning voltage. As denoted by the arrows in
Fig. 2(a), the DC voltage passes through 0 V-3 V—-—1.2 V-
0V sequentially, and a bipolar resistance switching can be ob-
served, which means that the device switches from HRS (LRS)
to LRS (HRS) at a certain positive (negative) voltage. In stage
1, when the voltage is gradually increased to about 2 V, the
device switches from HRS to LRS, which is called the ‘set’
process. In this process, the current is limited not to exceed
the current compliance (CC) of 5 mA in order to protect the
device from being damaged by overloaded current. In con-
trast, when the voltage reaches about —1 V in stage 3, the
device switches from LRS to HRS, which is called the ‘reset’
process. In Fig. 2(b), we replot the /-V curve of stage 1 and
2 in log—log scale to further demonstrate the conduction and
switching mechanisms. As shown by the fitted line of LRS
with a slope of 0.98, the /-V curve exhibits an Ohmic conduc-
tion behavior obviously. At HRS, the fitted results can be con-
sidered as three parts with the corresponding slopes to be 1.18,
2.03, and 8.21, respectively. This indicates that the conduction
behavior at HRS matches well with the trap-controlled space
charge limited conduction (SCLC) mechanism, which consists
of three parts: the Ohmic region, the Child’s law region, and
the steep current increase region.>”) The distinct conduction
behavior of HRS and LRS indicates the formation of conduc-
tive filaments during the ‘set’ process. According to our previ-
ous studies on the much similar RS device with employing the

1,261 the aberration-corrected

same BE and the resistive laye:
scanning TEM images unambiguously show that the conduc-
tive filaments are composed of Ag atoms. More importantly,
ECM mechanism is responsible for the formation/rupture of
the Ag filaments because Ag is an electrochemically active

28.291 We believe that similar RS mecha-

electrode material.l
nism is applicable to the present device.

The reliability and retention performances of the device
were also investigated. Figure 2(c) shows the cycle number
dependences of the resistance at LRS and HRS, i.e. Ry rs and
Rurs. In a measurement cycle, first the device is set at LRS
(HRS) by applying a pulse voltage of 3 V (—1.2 V), and then
the Ry rs (Ryrs) is recorded by applying another pulse voltage
of 0.05 V. Note that the duration of the voltage pulse is set as
only 50 ms in order to prevent the device from electric break-
down during the cycling measurements. In contrast to insignif-
icant change of Ry Rs, the value of Ryrs decreases obviously
as the cycling continues, leading to the ratio of Ryrs/RLrs
decreased gradually with the cycle number. This is because
the conductive filaments formed in the MZO layer during the
‘set’ process can not be completely dissolved during the ‘re-
set’ process, and more and more the residual segments of the
filaments are accumulated in the MZO layer with increasing
the cycle number. It needs to be pointed out that the ratios of
Rurs/RiRrs are relatively low and there is a certain degree of
fluctuation for Ryrs, which are both caused by varied amounts
of conductive filament residues at different HRSs. Similar re-
sults are often observed in other RS devices working with the

(30311 Figure 2(d) displays the resistances at

ECM mechanism.
HRS and LRS against the measuring time at a biased DC volt-
age of 0.05 V. Both Ry rs and Ryrs change little within 104 s,
exhibiting a good retention performance. Similar results for
the cycling and retention characterizations can be seen in other
RS devices with# =4, 2, and 1 nm, as shown in Fig. S1 in sup-
plementary material.

The out-of-plane M—H loops at the original state (OS),
first LRS (LRS-1), first HRS (HRS-1) for the RS devices with
different ¢ are displayed in the left panels of Fig. 3. As shown
in Fig. 3(a) for the device with t = 3 nm, Hc is about 14.5 Oe
(1 Oe=79.5775 A~m’]) at OS, then decreases to 8.8 Oe at
LRS-1, and increases to 12.2 Oe at HRS-1. As the cycling
process continues, the value of Hc oscillates between LRS and
HRS, as shown in Fig. 3(b). Similar results could be also ob-
served in other devices, although the Hc value at OS and its
relative change are different, as shown in Figs. 3(c)-3(f). The
averaged relative change rate of Hc can be defined as

HHRS _ [JLRS
In the Pt/Co/Pt multilayer film, the perpendicular magnetiza-
tion reversal mechanism is dominated by the pinned domain
wall motion!*>-3! and the domain wall energy y = 4v/AK.s
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(where A is the exchange stiffness and K. is the perpendicular
magnetic anisotropy constant). 32! Therefore, the perpendicu-
lar magnetization reversal field, i.e., Hc of the out-of-plane
M-H loop, is positively correlated to K. and thus the pe-
riodic variation of Hc between different resistance states ac-
tually reflects a kind of nonvolatile E-field control of PMA.
As t is increased, Hc increases while 711 decreases monotoni-
cally. More specifically, the Hc value at OS is about 3.2 Oe,
8.6 Oe, and 14.5 Oe while 7 is about 286%, 46%, and 36% for
those three samples with # = 1 nm, 2 nm, and 3 nm, respec-
tively. As for the sample with t = 4 nm, the Hc value at OS
is about 22.2 Oe and its variation between LRS and HRS be-
comes nonobvious with a negligible 1, as shown in Fig. S2 in
supplementary material. The increase of Hc at OS can be un-
derstood by the enhancement of PMA for the Pt/Co interface
due to improved (111)-texture of the Pt layer with increasing
its thickness.[*®! As for the oscillation of Hc during the RS
cycling process, it can be explained by periodic formation and
dissolving of Ag filaments. When the device is set at LRS,

(a)

. 4.0F 9
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Cycle

since the Pt layer inserted between the Co and MZO layers is
very thin, most possibly the Ag filaments produced by elec-
trochemical metallization can reach the Pt—Co interface and
even enter into the Co layer after they pass through the entire
MZO layer, leading to reduction of PMA and decrease of Hc.
On the contrary, when the device is set at HRS, most of the
Ag filaments are dissolved, leading to enhancement of PMA
and increase of Hc consequently. However, there are some
Ag residues still resided at the Pt/Co interface and even in the
Co layer, the PMA can not be fully recovered, resulting in Hc
smaller than that of OS. Because the Ag residues differ from
different cycles, Hc may vary in a small range. As ¢ is in-
creased, it becomes more and more difficult for Ag filaments
to penetrate the intervening Pt layer and arrive at the Pt/Co in-
terface, leading to that the modulation of PMA becomes more
and more insignificant, i.e., 1] decreases. As for t = 4 nm, the
Ag filaments may not be able to penetrate such a thick inter-
vening Pt layer, leading to 1 close to zero.

Current (A)

0.1 1
Voltage (V)
(d)
1200 R
<
©
S 800} ]
3
s
2
8
x 400f 1
0 2 4 6 8 10

Time (10%s)

Fig. 2. Resistive switching performance characterizations. (a) /-V curve of the Si/SiO,/Ta/Pt/Ag/MZO/Pt/Co/Pt/ITO device in linear scale.
(b) The linear fitting of the log—log scale -V curve when the device is under positive voltage biased. (c) The cycle number dependence of
the device’s resistance at HRS (black) and LRS (red) measured by pulsed voltage. (d) The time dependence of the device’s resistance at HRS

(black) and LRS (red) under an applied voltage of 0.05 V.

In order to verify the above arguments about how the
Ag filaments affect perpendicular magnetic anisotropy, two
control experiments were carried out. First, we prepared a
series of Pt(2 nm)/Ag(ta¢)/Co(0.7 nm)/Pt(2 nm)/ITO(10 nm)
multilayer films on Si/SiO, substrates with the nominal Ag
thickness 7oy varied between O nm and 0.5 nm. As shown
by the out-of-plane and in-plane M—H loops in Fig. S3(a)

and Fig. S3(b) in supplementary material, the easy-axis can

be kept at the film normal direction until 7, is larger than
0.368 nm. As shown in Fig. S3(c) and Fig. S3(d) in sup-
plementary material, both the Hc for the out-of-plane M—
H loop and the effective perpendicular anisotropy field Heg
decrease with increasing 7o monotonically. Here, Hegr =
2K.fr/M; and it is approximately equal to the saturation mag-
netic field of the in-plane M—H loop.’>3 Therefore, these

results confirm that the variation of Hc for the out-of-plane
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M-—H loops can reflect the modulation of PMA in the present
work. Note that only 0.092-nm-thick Ag layer can reduce
the Hc by about 40%. These results unambiguously demon-
strate that introducing a small amount of Ag atoms between
the Pt and Co layers can significantly weaken and even de-
stroy the PMA of the Pt/Co/Pt sandwich. Then, we pre-
pared another series of multilayer films with the stack of
Pt;_+Ag,(2 nm)/Co(0.7 nm)/Pt(2 nm)/ITO(10 nm) on Si/SiO;

1}(a) o
——|LRS-1
HRS-
=
=
10 20
——LRS-1
HRS-1
10 20
T ..................
= 9
=
——LRS-1
................... 118 HRS-1
—1F | B |
—20 —10 0 10 20
H (Oe)

H¢ (Oe)

H¢ (Oe)

H¢ (Oe)

substrates, where the Ag doping ratio x varies from 0% to
41%. As shown in Fig. S4 in supplementary material, the
PMA strength (or Hc) does not decrease significantly until x
is increased up to 17.3%, implying that only doping Ag into
the underneath Pt layer is not easy to modify the PMA of the
Pt/Co/Pt sandwich. According to these above results, it can
be concluded that Ag doping at the Pt/Co interface is the main
reason for PMA reduction at LRS.

= (b) ]

12+

3
Switching cycle

HRS HRS

HRs HRS HRS

LRS

LRS

LRS 1,RS

3 4
Switching cycle

Fig. 3. E-field control of Hc at room temperature. The M—H loops of the device set at OS, the first LRS, and the first HRS when 7 = 3 nm (a),
2 nm (c), and 1 nm (e). The switching number dependence of Hc obtained by setting the device at different LRSs and HRSs when # = 3 nm

(b), 2 nm (d), and 1 nm (f).

Finally, for clearly understanding the formation and dis-
solution of Ag conductive filaments and their influences on
PMA, schematic illustration for the RS mechanism and the
correlated E-filed control of PMA is presented in Fig. 4. When
a positive voltage is applied, i.e., the electrochemically active
Ag layer is positively biased, oxidation reaction will occur at
the Ag layer and Ag™ ions can be generated as described by
Ag —+Ag" + e~ (see Fig. 4(a)). Then, the Ag* ions move
towards the cathode under the action of E-field. Because the
migration rate of Ag™ ions in MZO is very slow,”] the Ag*
ions will capture the incoming electrons from the cathode and

meantime reduce back to Ag atoms only after migrating a short
distance away from the Ag layer, as shown in Fig. 4(b). As this
oxidation-reduction process continues, the Ag atoms gradually
pile up and grow towards the cathode.

Eventually, they touch the cathode and form into Ag
conductive filaments, causing the device switched to LRS,
as shown in Fig. 4(c). Because the Pt layer adjacent to the
MZO(2) layer is very thin, a small part of the Ag filaments
will penetrate it and arrive at the Co layer, leading to reduc-
tion of PMA. When a negative voltage is applied with its value

increased gradually, the electrochemical dissolution of the Ag
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conductive filaments begin to proceed and finally all the fil-
aments are ruptured, causing the device switched to HRS, as
shown in Fig. 4(d). Meanwhile, although a majority portion of
the Ag filaments are dissolved, there are still a small amount

O Ag atom

® Agtion

of Ag atoms/clusters resided in the Pt/Co/Pt sandwich and/or
the MZO layer, which results in the perpendicular magnetic
anisotropy not completely recovered and the resistance a little
bit smaller than that of the OS.

(d)
(+)

°o

Y

(c)

(=)

e e

Fig. 4. The mechanism of resistive switching and the corresponding E-field control of PMA. (a) The electrochemical oxidation of Ag at BE.
(b) The migration and reduction of Ag™ ions under positive voltage in the MZO layer. (c) The Ag atoms eventually build up into conductive
filaments that connect BE and TE. The Ag conductive filaments can continue to migrate into the Pt/Co/Pt sandwich, leading to the LRS and
reduction of Hc. (d) When a negative voltage is applied, an electrochemical dissolution of Ag conductive filaments occurs, resulting in the

HRS and partial recovery of Hc.

4. Conclusions

In summary of the present study, the devices with the
stack of Si/SiO,/Ta/Pt/Ag/MZO/Pt/Co/Pt/ITO have been fab-
ricated by magnetron sputtering. Both the RS behavior and
PMA of the device can be controlled by E-filed at room tem-
perature via electrochemical metallization. When a positive
voltage is applied, Ag filaments grow from the Ag layer, pass
through the MZO layer and migrate into the Pt/Co/Pt sand-
wich, leading to the device switched to LRS and weakening
of the PMA, as reflected by reduction of Hc. When a neg-
ative voltage is applied, the Ag conductive filaments rupture
and dissolve, leading to the device switched to HRS and par-
tial recovery of the PMA, as reflected by a certain increase of
Hc with its value no more than that of the original state. This
work provides a new way to modulating PMA by E-field at
room temperature in a nonvolatile fashion, which is helpful
for the design of novel energy-efficient spintronic devices.
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