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High critical current density (> 10° A/cmz) is one of major obstacles to realize practical applications of the current-
driven magnetization reversal devices. In this work, we successfully prepared Pd/CoZr(3.5 nm)/MgO thin films with large
perpendicular magnetic anisotropy and demonstrated a way of reducing the critical current density with a low out-of-plane
magnetic field in the Pd/CoZr/MgO stack. Under the assistance of an out-of-plane magnetic field, the magnetization can be
fully reversed with a current density of about 10* A/cm?. The magnetization reversal is attributed to the combined effect of
the out-of-plane magnetic field and the current-induced spin-orbital torque. It is found that the current-driven magnetization
reversal is highly relevant to the temperature owing to the varied spin-orbital torque, and the current-driven magnetization
reversal will be more efficient in low-temperature range, while the magnetic field is helpful for the magnetization reversal

in high-temperature range.
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1. Introduction

Magnetic random access memories (MRAMs) have at-
tracted much attention due to their characteristics of high
memory storage capacity, relatively low cost and stable infor-
mation storage. In 1996, Berger and Slonczewski proposed
that spontaneous magnetization precession could be driven
or magnetic moment could be reversed under a certain criti-
cal current density.[!-?) It is theoretically investigated that the
magnetic moment can be directly reversed through an electric
current by spin-transfer torques (STTs) or spin-orbital torques
(SOTs). In the current-driven cases, the energy consumption
is much lower than the case of being driven by a magnetic field
owing to the much lower current density. So far, the current-
induced magnetization reversal through STTs and SOTs is
widely investigated.>*! One of major purposes is of reduc-
ing the critical current density required to drive the magnetic
moment reversal by improving the efficiency of the SOTs. The
heavy metals with opposite signs of spin Hall angles are com-
bined and used in the heterojunction to enhance the SOT.P!
The spin mixing conductance was improved by inserting a
weak spin-orbital coupling material at the interface to enhance
the spin transfer efficiency.!®! The SOT efficiency can also be
enhanced by alloying Ni with Pt, which is favorable for lower-
ing the critical switching current.!”) However, the critical cur-
rent density of driving the magnetization reversal is still higher
than 10% A/cm?.18)

On the other hand, the heavy metal/ferromagnetic metal
(HM/FM) bilayer structure with perpendicular magnetic
anisotropy (PMA) exhibits potentially high efficiency of the
current-driven magnetization switching.[®-!!) The orbital hy-
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bridization between Co 3d and O 2p is also helpful for get-
ting the PMA.['2] CoZr possesses the merits of the high mag-
netocrystalline anisotropy, good corrosion resistance and ra-
diation resistance, '3 potentially presenting good hard mag-
netic properties and multi-mode resonance frequencies.!!4-16]
However, there are few studies on perpendicular magnetic
anisotropy and current-driven magnetization reversal of CoZr-
based alloys although these alloys could be potential ferro-
magnetic candidates in the spintronic devices.

In view of the development of the hybrid car and heat-
assisted recording, we may also develop a hybrid driving mode
for magnetization reversal. In fact, it was demonstrated that
an in-plane current could induce effective magnetic field to
assist the magnetization reversal and domain wall motion in
Pt/Co/Pt.l'7-181 In this work, we successfully fabricated the
perpendicular-magnetically anisotropic Pd/CoZr/MgO mag-
netic films. The in-plane current is applied to induce the SOT.
Under an assistance of the out-of-plane magnetic field, the crit-
ical current density can be significantly reduced. The depen-
dence of current-driven magnetization reversal on temperature
is also analyzed through measuring the variations of Hall re-
sistance at different temperatures.

2. Experimental

A series of films were deposited on Si/SiO, substrates
by a magnetron sputtering technique at room temperature.
The background vacuum was lower than 4x107> Pa. The
stacks of films were prepared as follows: Si/Ta (6 nm)/Pd
(1.8 nm)/CoZr (¢ nm)/MgO (1.5 nm)/Pd (1.5 nm) (¢t = 3.0-
4.0) (hereinafter refer to Pd/CoZr (+ nm)/MgO, and the top Pd
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layer was capped as a protective layer). The purity of Coj;Zr,
target was better than 99.95%. The metal Ta layer and Pd layer
were deposited under Ar pressure of 0.8 Pa with direct-current
(DC) power of 50 W and 25 W, respectively. The ferromag-
netic CoZr layer was deposited under Ar pressure of 1 Pa with
DC power of 35 W. The MgO layer was deposited under Ar
pressure of 0.8 Pa (10% oxygen) with radio frequency (RF)
power of 150 W. The films were all annealed at temperature of
325 °C for 30 min under a vacuum below 10~ Pa. The mag-
netic properties of the films were measured by the vibrating
sample magnetometer (VSM: Lakeshore 7404). The Hall re-
sistance of the magnetic multilayer films was measured (East
Changing Technologies, China, ET9000) with a sample size
of 6.5 mm long and 1 mm wide.

3. Results and discussion

Figure 1 shows the in-plane and out-of-plane hysteresis
loops of Pd/CoZr ( nm)/MgO films with different thicknesses
of ferromagnetic layers. As is shown, all films exhibit a feature
of PMA. With increasing the thickness of the ferromagnetic
layer, the Pd/CoZr (3.5 nm)/MgO film has a larger remanence
ratio around 0.96. The PMA can be induced by the interfa-
cial anisotropy, which usually requires a very thin magnetic
layer.!'”1 However, it is well known that the Gilbert damping
coefficient is related to the ferromagnetic layer thickness.?’]
Thick ferromagnetic layer is helpful for achieving a low
Gilbert damping coefficient, which is useful for realizing a
low current density of magnetic reversal.[>!! Here, PMA can
be achieved in a relatively thick CoZr layer, and the effec-
tive anisotropy constant K = 6.595 x 10° erg/cm3 (tcozr =
3.5 nm), which would be very promising for development of
advanced MRAMs.
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Fig. 1. The M-H loop of Pd/CoZr (t nm)/MgO film annealed: (a) 3.0 nm,
(b) 3.25 nm, (¢) 3.5 nm, (d) 4.0 nm.

Theoretically, thin films with PMA would be helpful for
reducing critical current density. Figure 1 gives that the stack

with 3.5 nm CoZr ferromagnetic layers presents the strongest
PMA. Thus, the Pd/CoZr (3.5 nm)/MgO multilayer was se-
lected to study the current-driven magnetization reversal. It is
known that Hall resistance can reflect the magnetic moment
orientation. The illustration in Fig. 2(a) shows a loop of Hall
resistance measured at 294 K, indicating the good PMA in
agreement with Fig. 1. Figure 2(a) exhibits the evolution of
Hall resistance with the magnetic field at different tempera-
tures. A critical magnetic field (Hsw) for magnetization re-
versal could be defined as the equivalent magnetic field when
the magnetic moment from the “up (down)” parallel state to
the “down (up)” parallel state, which is related to the co-
ercivity of magnetization reversal. Figure 2(b) presents the
relationship between Hsw and T. It can be seen that Hsw
gradually increases from 425 Oe to 3154 Oe with decreas-
ing the temperature, in agreement with the feature of magnetic
anisotropy enhancement when the temperature decreases, and
the reverse magnetic domain nucleation position and the rate
of domain wall motion also change significantly with decreas-

ing temperature.>!!
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Fig. 2. The Hall resistance measurements: (a) Hall resistance curves
measured at different temperatures, with inset showing the Hall resis-

tance loop under 1 mA current; (b) the dependence of critical magnetic
field on the temperature.

Regarding the analyses of the hybrid-driven magnetiza-
tion reversal, an in-plane direct-current (DC) is applied with
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an out-of-plane magnetic field as shown in the schematic dia-
gram of Fig. 3(a), and the magnetization reversal was jointly
driven by the applied magnetic field and current-induced SOT.
The effective SOT field (AHpy) can be defined as[??!

AHDLZhQSHJe/Zle‘MstFM (axm). €))

Here, m and o are the unit vectors of the magnetic moment
(M) and the spin vector, 7 is the Planck constant, Ogy is the
spin Hall angle, J, is the density of the charge current flow, e
is the amount of electron charge, fpy and Mg are the thickness
of the ferromagnetic layer and saturation magnetization. As
shown in Fig. 3(a), the current-induced AHpy, can be decom-
posed into a perpendicular component (AHY ) and a parallel
component (AHF ), where the AH{; can cause the rotation
of the magnetic moment M to move away from the z-axis, and
the AHY,, is like an equivalent magnetic field to drive the mag-
netic moment reversal. The magnitude of the current-induced
AHpy, will be increased with J., so do AHY; and AHF; . That
is why the magnetization can be fully reversed with increasing
the in-plane current, as presented in Fig. 3(b).

Figure 3(b) shows the Ry,—H, curves of the
Pd/CoZr/MgO thin films with different in-plane currents. It
can be seen that the Hgw is reduced with the increment of
current. As we know, the increment of current could generate
a high spin current, resulting in a large SOT. Owing to the

strong current-driven force, the magnetization can be reversed
at a low magnetic field, showing a low Hgw. It shows that the
Hgsw was reduced from 347 Oe to 248 Oe while the current
increased from 7 mA to 20 mA, corresponding to the current
density from 4.9x10* A/cm? to 1.4x10° A/cm?.
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Fig. 3. The Hall resistance measurements: (a) the schematic diagram

of the hybrid driven mode; (b) Hall resistance curves measured with
different currents at 294 K.
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Fig. 4. The Hall resistance evolutions with the current density (R—/ curves) at different temperatures.

As shown in Fig. 3, the magnetization reversal is highly
related to the electric current. Therefore, we further investi-
gated the behavior of the current-driven magnetic moment re-
versal at different temperatures. The measurement procedure
is as follows: firstly, a large positive magnetic field of 5 kOe

is applied to reach a positive saturation state, and then the Hall
resistance is measured from 0.01 mA to 20 mA under an oppo-
site magnetic field, which is slightly less than Hsw, in which
the sweeping rate of current is 0.125 mA/s. Figure 4 presents
the relationships of Hall resistance with the current at differ-
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ent temperatures under a varied magnetic field. It shows that
the Hall resistance slowly decreases from the positive maxi-
mum value as the current increases and tends to the negative
maximum value, indicating that magnetization could be fully
reversed under a critical current. The critical current density
is in the order of 10*~10° A/cm?, which is much lower than
the value of pure current-driven reversal. It exhibits that the
critical current is highly relevant to the applied magnetic field
and temperature.

Regarding the magnetization reversal at a certain temper-
ature, the insufficiency of driving force under the magnetic
field will be compensated through the current-induced SOT,
or vice versa. Thus, we could evaluate the equivalent correla-
tion between the magnetic field and the current-induced SOT,
as shown in Fig. 5. It is obvious that the equivalent correlation
is dependent on the temperature. There exists an increasing
tendency of equivalent current density for a certain magnetic
field except the equivalent correlation at the measuring tem-
perature of 5 K. One example was taken as shown in Fig. 5,
the equivalent current density (AJ) of 200 Oe (AH) increases
with temperature except the temperature of 50 K. As we know,
the current-induced SOT is proportional to the spin current.
The spin current generated by heavy metals can be evaluated
according to the formula

Js = (h/2e) Ospo x J., 2)

where J; is the spin current density; it can be seen that the
generation of spin current is also related to the spin vector o
and the spin Hall angle Osy. Generally, the spin vector de-
creases with increasing temperature. It is reported that the
Osy presents a parabolic variation with temperature, showing a
turning point of around 50 K.![>3! These mean that the J; gen-
erated from the J. shows increasing tendency with increasing
temperature in the range below 50 K and decreasing tendency
in the range above 50 K. This is why the equivalent correla-
tion is different at the temperature of 5 K. It is well known
that the magnetic anisotropy of film will be weakened with
increasing temperature, indicating that the magnetization re-
versal becomes easier.

The decreases of Osgyand o would weaken the conver-
sion of J. to Js at the higher temperature, indicating that the
current-induced equivalent magnetic field could be weakened
too. The Osy decreases with the decrease of temperature in
the range below 50 K; the SOT generated by the current could
have the same trend. Therefore, a larger current is needed to
drive the magnetization reversal with a fixed magnetic field.
Interestingly, Fig. 5 may show that the current-driven magne-
tization reversal will be more efficient at a low temperature
since the force originated from SOT is equivalent to a high
magnetic field; and applying magnetic field will be helpful for
magnetization reversal in a high temperature range because a

low magnetic field need be compensated for by a large current
density.
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Fig. 5. The equivalent correlation between the increments of the switch-
ing current and the magnetic field at different temperatures.

4. Conclusions

The large PMA has been realized in Pd/CoZr/MgO tri-
layer films with a relatively thick ferromagnetic layer, which
is favorable for achieving a low Gilbert damping coefficient.
Inspired by the hybrid electric car and heat-assisted magnetic
recording, we have demonstrated a hybrid driven mode of
magnetization reversal for Pd/CoZr/MgO perpendicular mag-
netic films, the joint driving reversal through the current-
induced spin-orbital torque and magnetic field at different tem-
peratures. The critical current density of magnetization rever-
sal can be reduced to the magnitude of 10*~10° A/cm? with
the hybrid driving way, which is much lower than the com-
mon value of > 10° A/cm? of pure current-driven mode. The
equivalent correlation between the current-induced torque and
magnetic field is evaluated, which exhibits an obvious depen-
dence on the temperature. It is found that the current-driven
magnetization reversal will be more efficient at low tempera-
ture, and magnetic field will be helpful for magnetic reversal
in high temperature range.
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