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Perpendicular synthetic-antiferromagnet (p-SAF) has broad applications in spin-transfer-torque magnetic random ac-
cess memory and magnetic sensors. In this study, the p-SAF films consisting of (Co/Ni)3]/Ir(#)/[(Ni/Co)s are fabricated
by magnetron sputtering technology. We study the domain structure and switching field distribution in p-SAF by changing
the thickness of the infrared space layer. The strongest exchange coupling field (Hcx) is observed when the thickness of
Ir layer (t;) is 0.7 nm and becoming weak according to the Ruderman—Kittel-Kasuya—Yosida-type coupling at 1.05 nm,
2.1 nm, 4.55 nm, and 4.9 nm in sequence. Furthermore, the domain switching process between the upper Co/Ni stack
and the bottom Co/Ni stack is different because of the antiferromagnet coupling. Compared with ferromagnet coupling
films, the antiferromagnet samples possess three irreversible reversal regions in the first-order reversal curve distribution.
With 7, increasing, these irreversible reversal regions become denser and smaller. The results from this study will help us
understand the details of the magnetization reversal process in the p-SAF.

Keywords: perpendicular synthetic antiferromagnet, first-order reversal curves, magnetization reversal pro-

cess, domain
PACS: 75.50.Ee, 75.70.Kw, 85.75.—d, 75.60.Jk

1. Introduction

Magnetic tunnel junctions (MTJs) based on perpendic-
ular magnetic anisotropy (PMA) have already been widely
used in spin-transfer-torque magnetic random access mem-
ory (STT-MRAM) and magnetic sensors because of its higher
magnetic storage density and good thermal stability.!'=] The
PMA and exchange bias field of the perpendicular synthetic-
antiferromagnet (p-SAF) layer as the pinned layer in MTJ can
be regulated more efficiently than traditional antiferromag-
netic materials.[*>! The interlayer exchange coupling (IEC)
of the p-SAF layer will be converted into a Ruderman-—
Kittel-Kasuya—Yosida (RKKY) type as a function of NM
thickness.[%7] The p-SAF layer is comprised of two ferromag-
netic (FM) layers that are spaced apart by a nonmagnetic (NM)
metal spacer. Therefore, FM/NM/FM system could be tog-
gled between the FM or AFM coupling by changing the thick-
ness of the spacer. Some PMA multilayer stacks can act as
FM layers in p-SAF systems, such as Co/Pt, 81 Co/Pd,®! and
Co/Ni.l'1 Among them, the significant PMA, which origi-
nates from 3d-5d spin—orbit coupling and damping coefficient
of Co/Pt or Co/Pd multilayers, creates a high switching current
density (J;) in the spintronic device.l'”) However, the PMA
of Co/Ni multilayer mainly originates from two reasons:!!!]
(i) only one valence electron difference at the interfaces of
an ultrathin dense stack of Co and Ni, and (ii) the spin—orbit
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coupling between dyy and d,>_» of Co/Ni interfaces. Further-
more, the main advantage of (Co/Ni) multilayers is that they
are non-heavy metals, leading to a low damping coefficient.
The magnetization precession at the interface of ferromagnetic
(FM)/non-magnetic (NM) metal multilayer will transfer spins
to the adjacent NM layers, which can also dissipate spin en-
ergy and therefore enhance the effective damping constant via
spin-pumping effect. But this phenomenon can be avoided in
(Co/Ni) multilayers.

Therefore, the (Co/Ni) multilayers possess the higher su-
periority in the application of the spintronic device. Subhi et
al. found the PMA of (Co/Ni)y multilayer is the most signifi-
cant when Co/Ni bilayer repetitions N = 48, and the (Co/Ni)
fcc(111) texture is improved and the magnetic domain size de-
creases exponentially with the increase of N.'?! According to
Chen et al., changing the thickness of the Ru spacer and the
composition of the ferromagnetic (FM) layer at the FM/Ru in-
terfaces can adjust the IEC of synthetic-antiferromagnet (SAF)
structure based on Co/Ni perpendicular multilayer.!'3! In Ir-
based SAF, Nisrit Pandey et al. discovered that the multilayer
design of the individual ferromagnetic layers can affect the
chirality of domain walls and the interfacial Dzyaloshinskii—
Moriya interaction.['*] However, there are few reports about
systematic research on the irreversible magnetic reversal and
switching field distribution caused by changing the NM thick-
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ness in SAF structure. First-order reversal curve (FORC) is
a powerful tool for analyzing the magnetization reversal pro-
cess of magnetic multilayer. FORC provides more information
about the details of magnetization reversal, the distribution of
the irreversible switching field, and the position of domain nu-
cleation and annihilation than major hysteresis loops.!!>! An
FORC is a magnetization curve measured between the lower
extreme value and the upper extreme value of an external driv-
ing field H. In the process of FORC measurement, the sample
is saturation-magnetized in the forward saturation field Hy.
The external area is reduced to a specific flipping field H;, and
the applied magnetic field H gradually increases to the satura-
tion field Hgy. The entire magnetization process is recorded,
and the magnetization corresponding to any magnetic field H
(H £ H,) can be expressed as M(H;,H) on an FORC curve
that is produced. A series of FORC curves M (H;,H) can be
obtained by measuring the FORC curves for different values of
H and repeating the above measurement process to sample the
entire area enclosed by the main hysteresis loop. The FORC
distribution is generally evaluated as the second derivative of

the magnetization (M) with respect to H and H; as follows: 6]

19°M (H,H) /My

p(HraH)zfz aHraH )

and then plotted as a counterplot in a rotated coordinate sys-
tem; H. = (H — H,)/2 and H, = (H + H;)/2 as coercive field
axis and interaction field axis, respectively.

In our previous work, we have characterized the magneti-
zation reversal processes of [Pt/Co(x)]y multilayers with only
FM coupling by FORC (DOI:10.1088/1361-6463/ab78d7).
Therefore, for comparison, a series of p-SAFs based on Co/Ni
stacks with varying thickness of Ir spacer layer are fabricated
in this work. According to test results of Kerr loops, domain
topology, and FORCs, we find that the magnetization reversal
process and SFD in AFM are different from those in the FM
coupling multilayer films.

2. Materials and methods

A series of p-SAF films consisting of Pt (8) buffer layer,
bottom and upper [Ni (0.5)/Co (0.3)]3 multilayers separated
by Ir spacer, and Ta (1.5) capping layer were deposited on
Si/Si0, substrates using a magnetron sputtering system (DC,
Ar flow rate: 20 sccm). The numbers in parenthesis are the
thicknesses of each layer in nm. Ir spacer’s thickness (tf;) var-
ied from 0.35 nm to 4.9 nm. Figure 1 shows the correspond-
ing structure schematics. The sample’s magnetization rever-
sal processes were identified by vibrating sample magnetome-
ters’ hysteresis loops and FORC (VSM, Lakeshore 8600). The
FORC was measured by first saturating the sample at a large
positive field, then decreasing the field to a reversal field H;,
and measuring the magnetization M as the applied field H is

increased back to saturation. A subsequent FORC is measured
after re-saturating the sample and then ramping the field to a
lower reversal field, H;. As the reversal fields are changed,
the interior of the main loop is filled with the FORCs. The
domain structure was characterized by magneto-optical Kerr
effect (MOKE) microscopy.

Ta (1.5)

Si/Si0,

Fig. 1. Schematic diagram of perpendicular synthetic antiferromagnet
sample composed of [Co/Ni]; stacks and Ir space layer with various
values of 1, with Pt layer and Ta layer used as seed layer and covering
layer, respectively, and numbers in parenthesis referring to the thick-
nesses of each layer in unit ns.

3. Results

As a demonstration, the out-of-plane Kerr loops of
[Pt/(Co/Ni)3 /Tr(#1;)/[(Ni/Co)3/Ta] p-SAF films, when #, var-
ied from 0.35 nm to 4.9 nm, are displayed in Fig. 2(a). It
can be seen that all the samples have obvious PMA. When
the ; = 0.35 nm, the hysteresis loops are approximately rect-
angular. However, a step-shape Kerr loop appears when the
f1y increases to 0.75 nm, which means that the AFM coupling
between the FM layers below and above the Ir spacer layer
and the saturation field substantially increase from 19 mT to
75 mT approximately. With the #, progressively increasing,
two types of hysteresis loops appear alternately, whereas the
Hex changes from 0 mT to the middle value of the first rever-
sal in Kerr loops.

The oscillatory variation of the Hy is presented as a func-
tion of #1; in Fig. 2(b). The strongest peak of Hey is observed
at t;, = 0.75 nm, and with the increase of fy;, the Hex becomes
weak according to RKKY-type coupling at 1.05 nm, 2.1 nm,
4.55 nm, and 4.9 nm in sequence. The samples with AFM cou-
pling are denoted as S1-S5 according to the increasing order

of #.
(a) = ) (b)
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Fig. 2. (a) Perpendicular Kerr loops for [Co (0.3)/Ni (0.5)]3/Ir/[Ni (0.5)/Co
(0.3)]3 with varying values of fy;, the thickness of each sample is displayed at
the vertical coordinates. (b) Measured Hex of all samples as a function of 7.

Hex (mT)
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The magnetic domain structure of S1 is displayed in
Fig. 3 to show the magnetization reversal process more intu-
itively. We mark a—f points for positive saturation, each inflec-
tion point, and negative saturation in the Kerr loops, respec-
tively, and the corresponding domain images are shown on the
right-hand side. When the magnetic field is 95 mT (point a),
the sample is of positive saturation, and all the moments spin
up. When the H decreases to 61.6 mT (point b), a slice domain
is reversed. The step at point b corresponds to the reversal of
the bottom (Co/Ni)3 stack, as resolved by depth-sensitive Kerr
measurements, and it is wholly flipped at ¢ point. With the H
inversely increasing to the d point, some bubble domains are
observed because of the nucleation of the upper layer (Ni/Co)3
stack. Noteworthily, the luminosity at e point is lighter than
that at ¢ point. This is because the Kerr signal is intensified,
which can be observed from the illustration. In our opinion,
that results from the high exchange coupling effect of AFM

structure. The spin state of Co/Ni stacks is displayed in each
corresponding stage, respectively. It can be found that the do-
main switching process of the upper Co/Ni stack and the bot-
tom Co/Ni stack are different due to the AFM coupling.

The domain nucleations in the upper Co/Ni stack and bot-
tom Co/Ni stack of S1-S5 are investigated as shown in Fig. 4.
In the case of the upper stack, the domain size of S1 is only ap-
proximately 6 pm, however, it rapidly increases to 600 pum in
S2. The domain size of S3 has a slight increase compared with
that of S2, however, it dramatically decreases to 5 pum when
fir = 1.05 nm. In the last sample, the domain size rises again to
approximately 60 um. For the bottom Co/Ni stack, the trans-
formation law is similar to the counterpart of the upper Co/Ni
stack: the domain size of S1 is slightly larger than that of S2
but much lower than that of S3. After increasing fy;, the do-
main size shrinks to about 6 pm monotonously.

o
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Magnetic field (mT)

200 pm

Fig. 3. Perpendicular Kerr loop of S1, with arrows representing the magnetization direction of upper [Co/Ni]3 stack and bottom [Co/Ni]s stack,
and domain morphology of each of feature points a—f shown on the the right-hand side.
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Fig. 4. Variations of domain size in nucleation field of upper Co/Ni stack (red curve) and bottom Co/Ni stack (green curve) from S1 to S5.

Additionally, we use FORCs, a more precise and thor-
ough method of characterizing the magnetization reversal of
magnetic multilayer film, to provide the degree of irreversible
switching and magnetostatic interaction distributions for in-

vestigating the behavior of the samples’ magnetization rever-

sal. A typical FORC is comprised of multi-minor loops whose
values of the reversal field, H;, are different. As shown in
Fig. 5, a family of FORCs when #1; = 0.35 nm in Fig. 5(a) and
0.7 nm in Fig. 5(c) are displayed. All the curves are fishbone-

shaped. Suppose that the magnetization on one FORC is
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defined as M(H,,H), where H is the applied magnetic field
and H; is the starting reversal field, then the FORC distribu-
tion will be determined by a mixed second-order derivative.
This second-order derivation eliminates the reversible magne-
tization process. Therefore, a plot of the FORC distribution
p(Hy,H) can be created to probe the details of the irreversible
magnetization reversal process.!!®! The FORC distribution of
FM sample is different from that of AFM sample. In the FM
coupling sample (#; = 0.35 nm), only a peak is observed from
—50 mT to —40.7 mT along the H; axis.

1.0 50
(a) N

M/ M,

~1.0 "
—200 —100 0 100
H (mT)
1.0
(c)
|
0.5[
SO
=
—0.5F
—-1.0
—200 0 200
H (mT)

Fig. 5. Series of out-of-plane FORCs of p-SAF films when 7, = 0.35 nm (a)
and 0.7 nm (c) and their corresponding irreversible reversal distributions (b)
and (d), with color scale representing p strength.

However, in addition to two peaks, a pair of peak—valley
is located in range from —60 mT to —88.6 mT in the AFM
coupling sample (f = 0.7 nm). Combined with the results
of MOKE, the FORC distributions in AFM coupling samples
could be divided into three areas:!'>!7 region I, region II, and
region III. Region I signifies the irreversible domain nucleation
process of the bottom layer. In this case, upper Co/Ni stack and
bottom Co/Ni stack manifest FM coupling and the moments
are all aligned in the same direction. Therefore, the system
only has an average value of positive interaction field distribu-
tion. Compared with the distribution of region I, the distribu-
tion of region II reveals a peak—valley pair. This phenomenon
can be attributed to the antiparallel alignment of magnetic mo-
ments between the upper Co/Ni stack and bottom Co/Ni stack
which arises from the effect of AFM coupling. The region III
satisfies the irreversible domain nucleation process of the up-
per Co/Ni stack, the interaction between the upper Co/Ni stack
and the bottom Co/Ni stack is FM coupling and reveals a posi-
tive peak in FORC distribution. Consequently, the coupling
between the upper (Co/Ni); stack and the bottom (Co/Ni)3
stack transforms from FM into AFM, generating a negative
interaction distribution in the p-SAF film. Therefore, the peak-
valley pair will appear in the FORC distribution of AFM cou-
pling sample.

The FORC distributions of other AFM samples from S2
to S5, which possess the peak-valley pairs, are shown in Fig. 6
to study the pattern of change more clearly. It can be found
that the position and range of the irreversible magnetization
reversal process change with 7, increasing. Compared with
S1, the region I is shifted to —10.3 mT < H; < 10.5 mT, re-
gions II and III are located at —41.8 mT < H; < —19.1 mT
when #; = 1.05 nm (Fig. 6(a)). It indicates that the domain
nucleation field and annihilation field of the bottom Co/Ni
stack are shortened with the increase of #;,. The nucleation
field moves to +H due to the decreasing AFM coupling. The
condition of S3 is similar to that of S2. However, when the #,
exceeds 4.55 nm, each irreversible reversal distribution has a
much smaller range. This can be attributed to the fact that the
strength of exchange coupling between the upper Co/Ni stack
and the bottom Co/Ni stack is weakened because the Ir layer
is too thick.

50

=
£ —50
. 50
T

50 —50 50
H (mT)

H (mT)

Fig. 6. Out-of-plane FORC distributions of (a) S2, (b) S3, (c) S4, and
(d) S5, with color scale referring to p strength.

4. Conclusions

In summary, we investigated the domain structure and
magnetization reversal process of a p-SFA film consisting of
the (Co/Ni)3/Ir(t;)/(Ni/Co)s with f, varying from 0.35 nm to
4.9 nm. Kerr loops’ results show an RKKY-type coupling law,
and the strongest peak of Hex is observed at f;; = 0.7 nm. The
domain switching process of the upper Co/Ni stack is differ-
ent from that of the bottom Co/Ni stack due to the AFM cou-
pling. Comparing with FM coupling film, the FORC distri-
bution of AFM coupling sample has two peaks and a pair of
peak—valley caused by a negative interaction distribution in p-
SAF film. When #;; = 0.7 nm, for the bottom (Co/Ni)3 stack,
the irreversible domain nucleation field is located in a range of
45.6 mT < H; < 70.6 mT and annihilation process is located
in a range of —88.1 mT < H; < —61.8 mT, which is similar to
the domain nucleation field of the upper (Ni/Co)s stack. With
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the intensity of AFM coupling decreasing, these irreversible
reversal regions become denser and smaller.
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