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Pd/Co,MnSi (CMS)/Co/Pd multilayer films were designed based on the idea of combining highly spin-polarized
materials with strong perpendicular magnetic anisotropy (PMA) films. The PMA of Pd/CMS/Co/Pd multilayer films was
studied by optimizing the growth conditions and thickness of each film layer. The optimal structure of the multilayer films
was Pd(6 nm)/CMS(5 nm)/Co(2 nm)/Pd(1 nm). Its abnormal Hall resistance (Ryy)1), coercivity (H.) and effective magnetic
anisotropy constant (Kefr) are 0.08 €, 284 Oe and 1.36 Merg/cm?, respectively, which are 100%, 492%, and 183% higher
than the corresponding values (0.04 Q, 48 Oe, and 0.48 Merg/cm?) of the Pd(6 nm)/Co(1 nm)/Pd(3 nm) trilayer films. The
analysis shows that the increases of the above values are the result of the Pd/CMS interface effect and CMS/Co interface
ferromagnetic (FM) coupling, and that it is closely related to the thickness of each film layer in the multilayer films and the

growth conditions of the multilayer films.

Keywords: perpendicular magnetic anisotropy (PMA), Co,MnSi (CMS), Co, abnormal Hall resistance (Rya1),

coercivity (H,)
PACS: 75.30.Gw, 75.50.Gg, 75.70.-, 75.75.—
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1. Introduction

With the rapid development of magnetic storage tech-
nology, the requirements for memory capacity and storage
speed have increased. Spin transfer torque-magnetic random
access memory (STT-MRAM) based on perpendicular mag-
netic anisotropy (PMA) materials has great application po-
tential in high density magnetic recording media. This has
aroused great interest in research on PMA materials.!'~*! For
STT-MRAM, one of the current important research tasks is
to improve the magnetic storage density.>°! Therefore, large
PMA is required for the film.

Up to the present date, some relevant studies on PMA ma-
terials have focused on rare earth transition metal films,[7~19]
L10 ordered alloy films!!'~'#l and ferromagnetic (FM)/non-

15-18]1 However, these thin film

magnetic multilayer films.!
structures all suffer from the problem of low spin polar-
izability. Co,MnSi (CMS) has 100% spin polarization, a
low damping coefficient, high Curie temperature, and high
thermal stability.“9’23] However, PMA does not exhibit in
the single CMS alloy film. Relevant experiments report
that PMA emerges in FM/FM multilayer film structures due
to the exchange coupling effect between layers.[>*201 Co
itself has spin—orbit coupling and perpendicular magnetic
anisotropy. >’ The implementation of PMA in CMS/Co mul-
tilayer film structures has not been reported. In 2018, Haifeng
et al. reported that the interfacial spin flow transmission loss is
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almost O when strong spin—orbit coupled material Pd is com-
bined with FM materials Co and CoFe, etc. Interface reg-
ulation can effectively improve the efficiency of spintronics
devices.[628]

Therefore, in this paper, CMS alloy with high spin polar-
izability and Co thin film material with PMA are combined.
Pd is selected as the heavy metal (HM) bottom layer and top
protective layer, and the Pd/CMS/Co/Pd multilayer films are
systematically studied.

2. Experiment

In this experiment, Pd/CMS/Co/Pd multilayer films were
prepared. All samples were deposited on Corning glass sub-
strate by magnetron sputtering. The background vacuum of
the sputtering system is better than 1 x 1073 Pa before sputter-
ing the multilayer films. The substrate rotates at 15 rpm during
the sputtering process to ensure that the sputtered particles can
be uniformly sputtered onto the Corning glass substrate. Ex-
perimental variables for preparing multilayer films are shown
in Table 1 and sputtering parameters for each target are shown
in Table 2 (symbols or numbers in parentheses represent the
thickness of each layer of film, measured in nanometers). In
this experiment, the sputtering rates of Pd, CMS and Co targets
are measured by the mass weighing method.!?°! Their sputter-
ing rates are 0.18 nm/s, 0.22 nm/s and 0.022 nm/s, respec-
tively. The Hall effect of the multilayer films is measured by
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the four-probe method and the applied magnetic field is per-
pendicular to the film surface. The sample used to measure
the Hall effect is shaped as a Hall rod, and the measurement

is performed at room temperature with an injection current of
SmA. The hysteresis loops of multilayer films are measured
with an alternating gradient magnetometer (MicroMag 2900).

Table 1. Series of multilayer films and corresponding experimental variables.

Experimental structure

Experimental variables

PA(6)/Coltco)/PA(3)
PA(6)/CMS (tcms )/Co(2)/Pd(3)
Pd(6)/CMS(5)/Coltco)/PA(3)
Pd(6)/CMS(5)/Co(2)/Pd(tpq)
Pd(tpq)/CMS(5)/Co(2)/Pd(1)

Co layer thickness: tco, = 0.5, 1, 2, 3 nm

CMS layer thickness: tcms = 1, 2, 3,4, 5,6, 7 nm
Co layer thickness: tc, =0, 1, 2, 3,4, 5, 6 nm

Pd layer thickness: tpg = 1, 3, 5 nm

Pd layer thickness: tpg =4, 5, 6, 7 nm

Table 2. Sputtering parameters for all targets.

Target Power source (DC/RF) Pressure (Pa) Power (W) Gas flow (sccm) Substrate temperature (°C)
Pd DC 0.5 15 Ar 20 350

CMS DC 0.5 60 Ar 20 350
Co DC 0.5 10 Ar 20 300, 350, 400, 450

3. Results and discussion

The Hall effect of magnetic materials includes the ordi-
nary Hall effect (OHE) and anomalous Hall effect (AHE). The
relationship between Hall resistance (Ryay) and the perpendic-
ular applied magnetic field H is as follows:

Ryan = RoH +47RM | , )]

where R,H is the OHE and R, is the ordinary Hall coefficient;
4nRM | is the AHE portion, Ry is the anomalous Hall coef-
ficient, and M is the magnetization of the perpendicular film
surface. Typically, the AHE in magnetic materials is more
than an order of magnitude greater than the OHE, making the
Ry approximately proportional to the magnetization of the
perpendicular film surface.®"] Therefore, the magnetization
characteristics of the perpendicular magnetic structure can be
obtained from the relationship between Ry, and the applied
magnetic field H in the Hall curve. The abnormal Hall resis-
tance is Ry, at H = 0, which is marked RaqE.

3.1. Research on PMA of Pd/Co/Pd trilayer layer films

Since CMS and Co are both magnetic materials, the basic
structure of PdA/CMS/Pd and Pd/Co/Pd are first studied before
studying the PMA of Pd/CMS/Co/Pd multilayer films. In our
early research, the magnetic properties of Pd/CMS/Pd trilayer
films have been studied,!?*3!l so only the PMA of Pd/Co/Pd
trilayer films is studied in this section.

3.1.1. Effect of Co layer thickness on PMA

Boeglin et al. reported that the PMA of Pd/Co/Pd trilayer
films mainly comes from the destruction of interfacial sym-
metry and the orbital hybridization effect of the Pd 5d—Co 3d
electrons,3?! and the interface effect is related to the thick-
ness of the magnetic layer, so the Pd(6)/Co(tc,)/Pd(3) trilayer
films are made at 400 °C. The influence of the Co layer thick-
ness on the PMA characteristics of the trilayer films is inves-
tigated by measuring the Hall curve. Figure 1 shows the Hall

curve of Pd(6)/Co(tc,)/Pd(3) trilayer films with different Co
layer thicknesses. It can be found that the trilayer films show
PMA property in the range of 1-2 nm Co layer thickness and
no PMA property when ¢, < 0.5 nm and #c, > 3 nm. When
tco < 0.5 nm, because the Co layer is too thin to form a discon-
tinuous film, the interface effect is poor, so the trilayer films do
not show PMA. When 7c, > 1 nm, because a strong interface
interaction can be formed at the Pd/Co interface, the interface
magnetic anisotropy energy takes a larger proportion, and the
interface magnetic property is greater than the bulk anisotropy
energy, so the trilayer films show PMA.?°! When tc, = 1 nm,
the Hall curve has the best remanence ratio (the ratio of re-
manence M; to saturated magnetization M) and large Ry -
It indicates that the trilayer films have a strong PMA. With
the increase of the Co layer thickness, the bulk anisotropy en-
ergy of the Co film gradually increases, and the proportion of
the Pd/Co interface magnetic anisotropy energy gradually de-
creases. Therefore, the remanence ratio of the Hall curve of
the trilayer films gradually decreases, and the PMA of the tri-
layer films gradually weakens. When fc, > 3 nm, the bulk
magnetic anisotropy energy of the Co film is greater than the
Pd/Co interface magnetic anisotropy energy, so the PMA of
the trilayer films disappears.

Fig. 1. Hall curves of Pd(6)/Co(tc,)/Pd(3) trilayer films with different
Co layer thicknesses.
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3.1.2. Effect of substrate temperature on PMA

Figure 2 shows the Hall curves of Pd(6)/Co(1)/Pd(3) tri-
layer films with different Co substrate temperatures. Only the
substrate temperature of the Co layer is changed when prepar-
ing the Pd(6)/Co(1)/Pd(3) trilayer films. It can be observed
that the trilayer films behave as PMA when the substrate tem-
perature is between 350 °C and 400 °C. When the substrate
temperature is lower than 300 °C and higher than 450 °C, the
trilayer films do not show PMA properties. It is concluded that
an appropriate substrate temperature can improve the crystal
quality of the trilayer films, which makes the interface effect
more obvious, and facilitates the production of the PMA of
the trilayer films. When the substrate temperature is lower
than 350 °C, the trilayer films do not show PMA because of
the poor crystal quality and the weak interface quality. How-
ever, when the substrate temperature is too high, greater than
450 °C, the mutual diffusion of atoms at the adjacent interface
is serious. At the same time, the grain grows synchronically,
resulting in the increase of interface roughness and interface
defects. The interface structure is destroyed, and the PMA of
the trilayer films is weakened or even disappears.

RHall (10‘2 Q)

Fig. 2. Hall curves of Pd(6)/Co(1)/Pd(3) trilayer films with different Co
substrate temperatures.

3.2. Effect of each film layer thickness on the PMA of
Pd/CMS/Co/Pd multilayer films

3.2.1. Effect of Co layer thickness on PMA

The Hall curves of Pd(6)/CMS(5)/Co(tco)/Pd(3) multi-
layer films with different Co layer thicknesses are shown in
Fig. 3(a). The relationship between the abnormal Hall resis-
tance Ry (H = 0) and coercivity (H,) with the change of the
Co layer thickness is shown in Fig. 3(b) shows. It can be seen
from Fig. 3(a) that the multilayer films with Co layer thick-
ness in the range of 0-5 nm exhibit PMA. When ¢, > 6 nm,
the multilayer films do not exhibit PMA properties. When
fco < 2 nm, the Ry, of the multilayer films gradually in-
creases with the gradual increase of the Co layer thickness;
this is due to the gradual enhancement of CMS/Co interface
FM coupling, magnetocrystalline anisotropy and magnetoe-
lastic anisotropy.?633] Thus, the remanence ratio of the Hall

curve of multilayer films is improved. When 7c, = 2 nm, the
remanence ratio of the Hall curve of multilayer films is close
to 1 and has a large Ryyay, which indicates that the multilayer
films have a strong PMA. With the further increase of the Co
layer thickness, the bulk anisotropy energy of the Co layer
increases, resulting in a stepwise decreasing remanence ratio
and a gradual weakening PMA of the multilayer films. Un-
til ¢, > 6 nm, the bulk anisotropy energy is greater than the
interface magnetic anisotropy energy. Hence the PMA of the
multilayer films disappears. However, the H, of the multilayer
films first increases and then decreases during the thickening
of the Co layer. This is because the grain size grows synchron-
ically with the increase of the thickness of the Co layer, which
will increase the interface roughness, generating more defects.
The number and size of the formed pinning points are also in-
creased. Therefore the H, of the multilayer films increases. 34!
When the number of pinning points is higher than a certain
degree, the coupling between particles will be reduced, which
makes the H. weaken.?5! In addition, the thickness of the Co
layer in the optimal PMA multilayer films’ structure is 1 nm
higher than that in the Pd/Co/Pd trilayer films; this may be due
to the diffusion of Co atoms at the CMS/Co interface. The dif-
fusion of a certain amount of Co atoms to CMS increases the
proportion of Co atoms in CMS, further enhancing the PMA

of the multilayer films. 6]
| — 0 nm a
6 — 0.5 nm (=)
| —1nm
4 — 2 nm

| 3 nm
2 4 nm
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Fig. 3. (a) Hall curves of Pd(6)/CMS(5)/Co(tc,)/Pd(3) multilayer films
with different Co layer thicknesses. (b) The relationship between Ry
(black) and H. (red) of Pd(6)/CMS(5)/Col(tc,)/Pd(3) multilayer films
with the change of Co layer thickness.
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3.2.2. Effect of CMS layer thickness on PMA

The Hall curves of Pd(6)/CMS(tcms)/Co(2)/Pd(3) mul-
tilayer films with different CMS layer thicknesses are shown
in Fig. 4(a). The relationship between Ry, (H = 0) and H,
with the change of CMS layer thickness is shown in Fig. 4(b).
Figure 4(a) shows that the multilayer films exhibit PMA prop-
erties in the range of 2-6 nm CMS layer thickness. When
tcms < 1 nm and fcps > 7 nm, the multilayer films do not
show PMA properties. When fcms < 1 nm, because the
CMS layer is too thin, the film continuity is so poor that
an effective interface effect is not produced, so the multi-
layer films do not show PMA property. When the thickness
of the CMS layer is gradually increased, the film continu-
ity and film quality are enhanced, and the CMS/Co interface
FM coupling, magnetocrystalline anisotropy and magnetoe-
lastic anisotropy are correspondingly enhanced.?%33! The in-
terface magnetic anisotropy energy gradually dominates. As
a consequence, the PMA of the multilayer films appears and
gradually strengthens. When fcpms = 5 nm, the multilayer
films have a good remanence ratio and a large Ry, indicat-
ing that the multilayer films have a strong PMA. With the
CMS layer thickness increasing, the bulk anisotropy energy of
the multilayer films is increasingly enhanced while the mag-
netocrystalline anisotropy and magnetoelastic anisotropy de-
crease, which makes the PMA of the multilayer films weaken.

RHal] (10‘2 Q)

—6l
—1 0 1
H (kOe)
6 - 4.0
—= RAnE » (b)
st He 13.5
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S 4f — n
1 s 8
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= o
< 5| T
< 2 {1.5
A \: lio
ob— : : : 0.5
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Fig. 4. (a) Hall curves of Pd(6)/CMS(tcms)/Co(2)/Pd(3) multilayer
films with different CMS layer thicknesses. (b) The relationship be-
tween Ry (black) and H, (red) of Pd(6)/CMS(tcms )/Co(2)/Pd(3) mul-
tilayer films with the change of the CMS layer thickness.

When fcps > 7 nm, the bulk anisotropy energy of the mul-
tilayer films dominates, and the PMA of the multilayer films
disappears. The H; of the multilayer films also increases first
and then decreases during the thickening of the CMS layer,
and the mechanism is the same as that during the thickening
of the Co layer film.

Compared with the Pd(6)/Co(1)/Pd(3) trilayer films, the
Ryan of the Pd(6)/CMS(5)/Co(2)/Pd(3) multilayer films in-
creased from 0.04 Q to 0.058 Q, an increase of 45%;
the H. increased from 480e to 140 Oe, an increase
of 192%. The results detailed above show that the
Pd(6)/CMS(5)/Co(2)/Pd(3) multilayer films have a stronger
PMA than the Pd(6)/Co(1)/Pd(3) trilayer films. This is be-
cause the multilayer films have a variety of effects such as the
orbital hybridization effect of Pd 5d—Co 3d electrons between
the Pd/Co interfaces, FM coupling between the CMS/Co in-
terfaces, and a strong interface magnetic anisotropy energy.

3.2.3. Effect of top Pd layer thickness on the PMA

The PMA of magnetic multilayer films is related not
only to the interface magnetic anisotropy energy gener-
ated by interlayer coupling, but also to the thickness of the
top Pd layer.!'837 Figure 5(a) shows the Hall curve of the
Pd(6)/CMS(5)/Co(2)/Pd(tpq) multilayer films with different
top Pd layer thicknesses. Figure 5(b) shows the relationship

between Ry, (H = 0) and H, with the change of the top Pd

RHal] (10‘2 Q)

c o
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2y 2
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1 2 3 4 5
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Fig. 5. (a) Hall curves of Pd(6)/CMS(5)/Co(2)/Pd(tpq) multilayer films
with different top Pd layer thicknesses. (b) The relationship of Ry
(black) and H, (red) of Pd(6)/CMS(5)/Co(2)/Pd(tpq) multilayer films
with the change of the top Pd layer thickness.
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layer thickness. It can be seen from Fig. 5(a) that the rema-
nence ratio of the multilayer films gradually decreases with
the gradual increase of the top Pd layer thickness. This is at-
tributed to Pd itself being a good conductor; the thickening
of the top Pd layer will increase the shunt effect of the multi-
layer films, leading to the gradual decrease of the Ry,;. While
the H; of the multilayer films decreases increasingly with the
gradual increase of the thickness of the top Pd layer, the Pd
atom is heavier than the Co atom. The bond cooperation of Pd
is stronger than the Co atom. The Pd atom in the top protective

r.[18.37] Therefore, in a

layer is easier to diffuse into the Co laye
certain thickness range of the Pd layer, Co/Pd interface diffu-
sion is proportional to the Pd layer thickness, which weakens
the coupling effect between the Co layer and CMS layer, and
reduces the PMA of the multilayer films. When the thickness
of the top Pd layer is 1 nm, the multilayer films have a larger
Ruan and H, and a better remanence ratio. The thickness of

the top Pd layer is finally determined to be 1 nm.

3.2.4. Effect of bottom Pd layer thickness on PMA

The Hall curves of Pd(tpq)/CMS(5)/Co(2)/Pd(1) multi-
layer films with different bottom Pd layer thicknesses are
shown in Fig. 6(a). The relationship between Ry, (H = 0)
and H, with the change of bottom Pd layer thickness is shown
in Fig. 6(b). It can be seen from Fig. 6(a) that an appropriate
substrate thickness is conducive to PMA generation in multi-
layer films. When fpg < 6 nm, the remanence ratio, Ryay, He,
and PMA of the multilayer films all increase gradually with
the gradual increase of the bottom Pd layer thickness. This
is because the crystal quality and the texture of (111) (200)
of the Pd layer are both enhanced®®! when the bottom Pd
layer becomes thicker, which is conducive to the high quality
growth of the subsequently sputtering CMS layer and Co layer.
The interface quality of the multilayer films is also improved.
The PMA of the multilayer films therefore gradually increases.
When tpq = 6 nm, the multilayer films have better remanence
ratio and larger Ry and H., indicating that the multilayer
films have better PMA. When the thickness of the bottom Pd
layer continues to increase, the grain size increase proceeds
and the roughness and the defects are increased, which is ad-
verse to the interface quality. Meanwhile, a Pd layer that is
too thick will cause the interface magnetic anisotropy energy
of the multilayer films to weaken, and the interface magnetic
anisotropy energy to become less than the bulk anisotropy en-
ergy. The PMA of the multilayer films will therefore decrease.
In addition, during the process of increasing the thickness of
the bottom Pd layer in the multilayer films, the interfacial de-
fects will increase, and the number of pinning points formed
at the defects will increase. This will hinder the movement
of domain walls, that is, the external field energy required for
flipping the magnetic moment will increase, so the H. of the
multilayer films increases.**! Finally, the thickness of the bot-
tom Pd layer is determined to be 6 nm.

12

— 4 nm (a)
9r — 5 nm
| — 6 nm

RHall (10‘2 Q)
o
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— 2.5
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I 3
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4 5 6
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Fig. 6. (a) Hall curves of Pd(tpq)/CMS(5)/Co(2)/Pd(1) multilayer films
with different bottom Pd layer thicknesses. (b) The relationship of Ry
(black) and H. (red) of Pd(tpq)/CMS(5)/Co(2)/Pd(1) multilayer films
with the change of the bottom Pd layer thickness.

3.3. Effective PMA constant

To visually describe the strength of PMA in multilayer
films, we introduce the effective PMA constant (Ke); the Kegr
value can be estimated from the area difference between the
in-plane and out-of-plane magnetization curves, namely,

H
Kai= [ ML) dH,

where M| is the out-of-plane magnetization, M| is the in-plane
magnetization. In general, if the value of K¢ is positive, in-
dicating that the multilayer films have PMA, the opposite is
the in-plane magnetic anisotropy (IMA). The larger the K
value, the stronger the PMA of the multilayer films. Fig-
ure 7(a) shows the normalized in-plane and out-of-plane hys-
teresis loops of Pd(6)/CMS(5)/Co(2)/Pd(1) multilayer films. It
can be observed from Fig. 7(a) that the remanence ratio of the
out-of-plane hysteresis loops of the multilayer films is about
1, which is consistent with the results of the Hall curve. How-
ever the remanence ratio of the in-plane hysteresis loops is
zero, and the saturation field is about 6.5 kOe. Figure 7(b)
shows the unnormalized in-plane and out-of-plane hysteresis
loops of Pd(6)/CMS(5)/Co(2)/Pd(1) multilayer films. It can
be observed that the M value of the out-of-plane is about
784.2 emu/cm’® and the M; value of the in-plane is about
380.7 emu/cm?®. The K. value of Pd(6)CMS(5)/Co(2)/Pd(1)
multilayer films is calculated to be 1.36 Merg/cm?>.
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Fig. 7. (a) The normalized in-plane and out-of-plane hysteresis loops
of Pd(6)/CMS(5)/Co(2)/Pd(1) multilayer films. (b) The unnormalized
in-plane and out-of-plane hysteresis loops of Pd(6)/CMS(5)/Co(2)/Pd(1)
multilayer films.

4. Conclusion

In this paper, a series of Pd/Co/Pd trilayer films and
Pd/CMS/Co/Pd multilayer films are prepared by magnetron
sputtering; the optimal PMA is obtained by optimizing the
thickness of each layer and experimental parameters of the
multilayer films. The main conclusions are as follows.

The Pd(6)/Co(tco)/Pd(3) trilayer films can achieve PMA
property in the range of 1-2 nm Co layer thickness. When
fco = 1 nm and the substrate temperature is 400 °C, the
Pd(6)/Co(1)/Pd(3) trilayer film has the strongest PMA. Its
Ryan, He and Ko are 0.04 Q, 48 Oe and 0.48 Merg/cm3, re-
spectively. The PMA of trilayer films is mainly due to the de-
struction of interfacial symmetry and the orbital hybridization
effect of Pd 5d—Co 3d electrons.

The PMA of the PdA/CMS/Co/Pd multilayer films is stud-
ied by combining CMS film with high spin polarization and
Co film with high PMA. The PMA of the multilayer films
is greatly improved. The optimal structure of the multilayer
films is Pd(6 nm)/CMS(5 nm)/Co(2 nm)/Pd(1 nm). Its Ry,
H. and K are 0.08 Q, 284 Oe and 1.36 Merg/cm3, respec-
tively, which are 100%, 492%, and 183% higher than those of
the Pd (6 nm)/Co (1 nm)/Pd (3 nm) trilayer films.

The increase of the Ry, He and K values is the re-
sult of the Pd/CMS interface effect and CMS/Co interface FM
coupling, and it is closely related to the thickness of each film
layer in the multilayer films and the growth conditions of the
multilayer films.
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