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Thanks to the strong perpendicular magnetic anisotropy (PMA), excellent processing compatibility as well as novel
spintronic phenomenon, Co/Pt multilayers have been attracting massive attention and widely used in magnetic storage.
However, reversed magnetic domains come into being with the increasing layer repetition ‘N’ to reduce magneto-static
energy, resulting in the remarkable diminishment of the remanent magnetization (M;). As a result, the product of M; and
thickness (i.e., the remanent moment-thickness product, M;t), a key parameter in magnetic recording for reliable data storing
and reading, also decreases dramatically. To overcome this issue, we deposit an ultra-thick granular [Co/Pt]gy multilayer
with a total thickness of 68 nm on granular SiN, buffer layer. The M;t value, M; to saturation magnetization (M) ratio as
well as out of plane (OOP) coercivity (Hcoop) are high up to 2.97 memu/cm?, 67%, and 1940 Oe (1 Oe=179.5775 A~m*1),
respectively, which is remarkably improved compared with that of continuous [Co/Pt]gg multilayers. That is because large
amounts of grain boundaries in the granular multilayers can efficiently impede the propagation and expansion of reversed
magnetic domains, which is verified by experimental investigations and micromagnetic simulation results. The simulation
results also indicate that the value of Mz, M; /Mj ratio, and Heoop can be further improved through optimizing the granule
size, which can be experimentally realized by manipulating the process parameter of SiN, buffer layer. This work provides
an alternative solution for achieving high M;t value in ultra-thick Co/Pt multilayers, which is of unneglectable potential in
applications of high-density magnetic recording.
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1. Introduction

Co/Pt multilayers have been attracting large amounts of
attentions because of its great interest in fundamental physics,
such as spin—orbit torque effect, magnetic skyrmions and syn-
thetic antiferromagnetic structure, as well as its great appli-
cation potential in magnetic recording and magnetic random-
access memories (MRAM).!!-!1]' The strong perpendicular
magnetic anisotropy (PMA) and excellent processing compat-
ibility of Co/Pt multilayers are urgently desired by the appli-
cation of high-density magnetic recording medium. However,
the out of plane (OOP) magnetic hysteresis (M—H) loop of
Co/Pt multilayers transforms from a rectangular shape to a
bowknot shape with the increasing repetition number, lead-
ing to the remarkable reduction of remanent magnetization
(M;). Note that, the product of M; and thickness (i.e., the
remanent moment-thickness product, M) is a key parame-
ter in magnetic recording for high signal-to-noise data reading
and high-density information storage, which also decreases
dramatically with the increasing repetition number.!'?! This
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is because that the magneto-static energy increases linearly
with the increasing repetition number of Co/Pt multilayers, re-
versed magnetic domains come into being, and the M;t value
is normally restricted to lower than 0.5 memu/cm?. Therefore,
there is always a contradiction point between the Mt value
and the repetition number of Co/Pt multilayers, which hin-
ders its further practical applications in high-density magnetic
recording. 13161

Recently, many researches focus on improving the mag-
netic performance of Co/Pt multilayers for magnetic record-
ing. For example, patterned microstructures and nanoporous
substrates are utilized for fabricating Co/Pt multilayers,
whose coercivity is enhanced by optimizing the size of dot
or nanopore.!!”18] Meanwhile, interface-degradation-induced
irreversible PMA loss of Co/Pt multilayers during high-
temperature annealing are investigated.!!'”! Moreover, the op-
timization of PMA in Co/Pt multilayers is studied to improve
their thermal stability. For instance, Co/Pt multilayers with
strong PMA can be achieved by the strategy of exchange bi-
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ased structure, or by optimizing interface quality.!?>>!1 How-
ever, the magnetic performance of Co/Pt multilayers with high
total thickness is seldom studied.

In this work, high repetition [Co/Pt]gg multilayers with
total thickness of 68 nm are deposited on granular SiN, buffer
layer by magnetron sputtering technology. As a result, the
magnetic parameters, such as Mz, OOP coercivity (Heoop),
and M; to saturation magnetization (Ms) ratio, are signifi-
cantly improved compared with that of a continuous mul-
tilayer on smooth substrate. The magnetic domain charac-
terization and micromagnetic simulation indicate that granu-
lar microstructure brings large amounts of grain boundaries,
which can efficiently impede the expansion and propagation
of reversed magnetic domains to improve the magnetic per-
formance. Moreover, the magnetic performance of granular
[Co/Pt]gy multilayers can be further improved through tun-
ing the granular microstructure of SiN, buffer layer, which
can be realized by controlling the deposition parameters. This
work implements excellent magnetic performance in high rep-
etition Co/Pt multilayers, which can promote the development
of high-density magnetic recording mediums.

2. Methods
2.1. Film preparation

The 100-nm SiN, buffer layer is deposited on silicon
wafer at 350 °C by ULVAC CC-200Cz PECVD system. The
flow ratio of SiH4 and NHj3 is set as 4:5, and the deposition
pressure of the SiN, layer is 1 Torr (1 Torr = 1.33322x 10? Pa),
which introduces a granular surface structure.!??!
Ta(2.0 nm)/Pt(1.5 nm)/[Co(0.5 nm)/Pt(0.35 nm)]y multilay-
ers are then deposited on granular Si/SiN, substrates at room
temperature by Singulus ROTARIS sputtering system with
a base pressure of 5x10~% Torr. Comparison samples with
coordinating film structure are deposited on smooth Si/SiO,
substrates. The deposition rate is 0.87 A/s for Co and 1.21 A/s

for Pt, respectively.

2.2. Structural and magnetic characterizations

The magnetic hysteresis (M—H) loops are measured by
a vibration sample magnetometer (VSM) from Lake Shore
company. The Bruker Dimension Icon atomic force micro-
scope (AFM) and Zeiss Sigma 300 scanning electron micro-
scope (SEM) are used to analyze the surface morphology. The
magnetic force microscope (MFM) measurement for magnetic
structure characterization is accomplished by Bruker Dimen-
sion Icon. All the characterizations are operated at room tem-

perature.

3. Results and discussion

3.1. Improved magnetic properties in granular [Co/Pt]y
multilayers

Figures 1(a) and 1(b) exhibits the OOP M-H loops of
[Co/Pt]y multilayers. Obviously, the OOP M—H loops of gran-
ular and continuous [Co/Pt]y multilayers respectively exhibit
rectangular and bowknot shape. As aresult, the values of Heoop
and M, /Mj ratio for granular [Co/Pt]y multilayers are remark-
ably improved compared with that of continuous [Co/Pt]y
multilayers. For example, the value of Heoop and M, /M ratio
are improved from 204 Oe and 17.0% to 1780 Oe and 69.4%
for N = 60. Similarly, the value of Heoop and M, /M ratio are
improved from 216 Oe and 14.6% to 1940 Oe and 67.0% for
N =80.

Figures 1(c) and 1(d) show the MFM images of granular
and continuous [Co/Pt]gp multilayers, respectively. The speci-
mens are OOP saturated by electromagnet and investigated at
remanent magnetization state. The bright and dark pixels rep-
resent the positive and negative magnetized regions. The cor-
responding AFM results, i.e., the surface structure of the mea-
sured area, can be found in inserts. The MFM results are inde-
pendent of the surface morphology, so the disturbance of the
surface structure in the MFM results can be excluded. Maze
domains can be clearly observed in the continuous [Co/Pt]gg
multilayers, and a weak remanent magnetization state is deter-
mined by the unconstrained domain nucleation and propaga-
tion. For the granular [Co/Pt]gg multilayers, the nonuniform
deposition at the grain boundaries induces soft magnet phase,
resulting in a reduced exchange stiffness A¢, saturation mag-
netization M, and perpendicular magnetic anisotropy con-
stant K,.[17-23-241 Meanwhile, the critical domain wall propaga-
tion field is in negative relationship with the above-mentioned
parameters.[?>! Therefore, the critical domain wall propaga-
tion field is enlarged. That means the propagation and expan-
sion of reversed magnetic domains are impeded by the grain
boundaries and a higher M; /M ratio is achieved. Moreover,
because of the pinning effect of grain boundaries, a higher ex-
ternal magnetic field will be essential to expand the reversed
magnetic domains, and a stronger Heoop can be expected.

Furthermore, the tendency of M; /M ratio, Heoop and Mt
varying with the repetition number N from 10 to 80 are sys-
tematically investigated, as shown in Figs. 2(a)-2(c). For
continuous Co/Pt multilayers, the Hcoop experiences a linear
augment with increasing N, which is attributed to the slower
domain propagation under a higher total film thickness.!!3]
The M;/M; ratio can reach about 100% when N = 10 and
30, and a maximum M, is observed as 1.695 memu/cm? for
N = 30. However, a sharp decline occurs when N exceeds
30, which can be clearly observed in the OOP M-H loops
shown in Fig. 2(d). This phenomenon can be attributed to
the increased magneto-static energy (Emag—sta) With uniform
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magnetization !>

H demag * M

5 =2nM2t, 1)

Emag—sta = -

where Hgemag, M, and t refer to the demagnetization field,
With the
increasing thickness, the magneto-static energy Emag—sta in-

magnetization, and layer thickness, respectively.

creases dramatically if the multilayers sustain a saturation
magnetization state. As a result, the strong demagnetization
field Hyemag force the premature nucleation of reversed mag-
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netic domain, i.e., the irreversible magnetization switching, re-
sulting in the reduced M,. For the granular multilayers, the
M, /M ratio and M,z for N = 10 and 30 are similar to those of
continuous multilayers, while their Heoop slightly increase due
to the granule structure. Excitingly, for N = 60 and 80, it can
be extracted that M, /M; ratio, Heoop, and M;t are remarkably
enhanced. It is worth noting that M;t value in this work is ob-
served as high as 2.97 memu/cm? for granular multilayer with
N = 80, which is a new record in Co/Pt multilayer systems to
our knowledge.
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Fig. 1. (a) and (b) OOP M-H loops of the granular and continuous [Co/Pt]y multilayers with N = 60 and 80. The data of the granular and
continuous multilayers are marked as red and black, respectively. (c) and (d) MFM image of granular and continuous [Co/Pt]gy multilayers
under zero external field after a saturate magnetization, i.e., the remanent magnetization state. The corresponding AFM graphs are inserted at

the upper-right corner of the images.
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Fig. 2. The relationship of repetition number N versus (a) M;/Ms, (b) Heoop, and (c) Myt of the granular and continuous Co/Pt multilayers.
(d) OOP M-H loops of continuous Co/Pt multilayers with different repetition numbers. The inserted picture exhibits the zoomed graph of

continuous Co/Pt multilayers with N = 10 and 30.
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3.2. Surface morphology of granular SiN, layer and
[Co/Pt]y multilayers

To well understand the origin of granular structure, we in-
vestigate the surface morphology of granular SiN, buffer layer
and [Co/Pt]y multilayers. As exhibited in Fig. 3(a), granu-
lar morphology is formed on the SiN, layer by PECVD pro-
cess. The [Co/Pt]gp multilayers are then deposited on the
granules. In this case, the granular morphology is trans-
ferred from the SiN, buffer layer to the [Co/Pt]y multilay-
ers as shown in Fig. 3(b). The surface roughness (i.e., R,)
of granular SiNy layer and Co/Pt multilayers are 5.59 nm and
5.88 nm, respectively. As a contrast, the surface roughness of
smooth SiO; buffer layer and continuous [Co/Pt]gy multilay-
ers are only about 0.11 nm and 0.50 nm, as shown in Fig. 3(c).
Here, the consistent roughness of SiN, buffer layer and gran-
ular [Co/Pt]go multilayers indicate the layer-by-layer deposi-
tion mode and high depositing quality of the magnetic lay-
ers. Therefore, PMA in our granular Co/Pt multilayers can
be attributed to the Co/Pt interfacial orbital hybridization. >}
Meanwhile, the bulk PMA originating from magnetocrys-
talline anisotropy can be excluded in this work because that
the multilayers do not go through any hightemperature treat-
ment, which is essential for the formation of PMA CoPt alloys
with specific crystalline structure. 282!

The granule size distributions of granular substrate and
[Co/Pt]gp multilayers are illustrated in Figs. 3(d) and 3(e), that
is measured as average dimension d = 105.7 nm and 103.9 nm
with a standard deviation of 14.7% and 22.2%, respectively.

Granular SiN, R,=5.59 nm Granular
(b) [Co/Pt]so

The granule size here is defined by the average of Feret’s di-
ameter, and is retained after the deposition of the Co/Pt multi-
layer while a remarkable increase of the standard deviation is
confirmed. The reason of this phenomenon can be attributed
to the flattening effect of Co/Pt multilayers. During the de-
position process, the magnetic film is formed on both the sur-
face and the gap of granules. The irregular film formation on
the granular surface changes the uniformity of the magnetic
layers, and meanwhile builds a barrier for impeding the do-
main propagation and expansion during the reversal of mag-
netic moment. Moreover, the surface structure of granular
[Co/Pt]gp multilayer is also studied by SEM with 45° inci-
dent electron beam to the film normal. The granular [Co/Pt]gg
multilayer with SiN, buffer layer are clearly observed on the
smooth Si substrate. The height of the granules can be esti-
mated as 160 nm, which is accordance with the total thickness
of SiN, and [Co/Pt]go layers. Something should be noted that,
the surface structure of the SiN, buffer layer including sur-
face roughness, granule size, and distribution can be further
manipulated by adjusting the process parameters. As can be
easily understood, high deposition rate of the SiN, film leads
to a limited film condition and high granule size, which can be
achieved by high RF power, depositing chamber pressure, and
SiH4 proportion. On the contrary, lower granule size can be
achieved by decreasing the aforesaid parameters.?*3!! There-
fore, the magnetic performance of granular [Co/Pt]y multilay-

ers can be further optimized technically.
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Fig. 3. (a) and (b) Surface structure of granular SiNy buffer layer and granular [Co/Pt]gp multilayer. (c¢) AFM image of smooth SiO, buffer layer and
continuous [Co/Pt]gp multilayer, respectively. (d) and (e) The granule size distribution of granular SiN, buffer layer and granular [Co/Pt]gyp multilayer.
(f) The SEM image of granular [Co/Pt]gy multilayer measured with 45° incident electron beam to the film normal.

3.3. Micromagnetic simulation and theoretical analyses

To further clarify the relationship between the granule
size and the magnetic properties of granular [Co/Pt]y multi-
layers, a micromagnetic model is established and simulated by
Object Oriented MicroMagnetic Framework (OOMMF). 3]
The simulation region is set as 500 nmx 500 nmx 68 nm with
a cell size of 2 nm, and the parameters of exchange coeffi-

cient Aqx, saturation magnetization Mg, damping coefficient
a, and simulation temperature T are set to be 1x10~11 J/m,
6.5x10° A/m, 1, and 300 K, respectively. The granular struc-
ture is imitated by gridded hexagonal units with their boundary
of a lower M, i.e., one-tenth of the normal value. It should be
mentioned that the granule size here is defined as the average

of the long axis and short axis of hexagonal units. The ex-
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change coupling at the boundary is thus restricted and the do-
main propagation and expansion is hindered by this granular
boundary.

The simulated M—H loops of continuous and granular
[Co/Pt]y multilayers are exhibited in Fig. 4(a), which are con-
sistent with the experimental observations. The continuous
film experience lowest M;/M, and Hcoop, that are typical in
Co/Pt multilayers with high repetition N.I'433] The aforesaid
parameters are enhanced from 6.7% and 413 Oe to 60% and
667 Oe, respectively in simulated granular films with granular
size of 80 nm. In this case, the value of M;t is improved si-
multaneously with M, /Mj ratio because that the value of # and
M stays constant. For further investigation of the relationship
between granule size and magnetic performances, magnetic
reversals with different granular sizes, i.e., the hexagon size,
are studied. A rectangular M—H loops with 100% M, /M ratio
and 5500-Oe Hcqop is achieved for the granular [Co/Pt]y mul-
tilayers with granule size 20 nm. As illustrated in Figs. 4(b)
and 4(c), the value of Heoop and M; /M decline with the in-
crease of the granule size. These simulation results indicate
that the magnetic property of granular [Co/Pt]y multilayers

—
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can be further improved through reducing the granule size.

To study the dynamic process of the magnetic reversal in
granular [Co/Pt]y multilayers, the reversed domain nucleation
and propagation processes are schematically studied, as shown
in Figs. 4(d)-4(i). For the state of points 1 and « in Fig. 4(a),
the reversed magnetic domains nucleate and expand, and a
multi-domain state is established under zero external field, i.e.,
the remanent magnetization state. The reversed domain prop-
agation is restrained by the grain boundary in granular film
and an improved remanent magnetization is observed. Sub-
sequently, a negative OOP field is applied at points 2 and b,
and the total magnetization along z axis becomes zero, i.e., the
coercivity field state. A stronger external field is essential to
achieve a zero perpendicular magnetization due to the inhibi-
tion of reversed domain propagation and expansion, and the
coercivity is enhanced. For a stronger negative OOP field at
points 3 and c, the positive domain starts to shrink and anni-
hilate, and the magnetization state approaches reversed satu-
ration state. A smoother shrinking process can be observed in
the granular multilayer, which is due to the reduced exchange

coupling at the grain boundaries.

N

He = —3200 Oe

oint ¢

Fig. 4. (a) The simulated OOP M-H loops of Co/Pt multilayers with different surface structures. (b) and (c) The tendency of Heoop and M, /M with
increasing granule size. The blue dotted line represents the data extracted from continuous Co/Pt multilayers. (d)—(f) The magnetic domain reversal
dynamics in Co/Pt multilayers with a granule size of 80 nm. (g)—(i) The magnetic domain reversal dynamics in continuous Co/Pt multilayers. The
corresponding states are illustrated in panel (a) as points 1-3 for granular film and points a—c for continuous film. The red and blue areas refer to the

spin-up and spin-down states, respectively.

026803-5



Chin. Phys. B 32, 026803 (2023)

4. Conclusion and perspectives

High repetition [Co/Pt]y multilayers with PMA are ex-
perimentally fabricated, in which the key magnetic perfor-
mance such as M;t, M;/Mjs ratio, and Hoop are remarkably
improved benefiting from the granular structure. The corre-
sponding simulation results indicate that the magnetic param-
eters can be optimized by modifying the granule size. This
research gives a new method to optimize the magnetic perfor-
mance of Co/Pt multilayers with high total thickness, which
exhibits strong potential in the application of high-density
magnetic recording.
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