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Magnetic tunnel junctions (MTJs) with perpendicular magnetic anisotropy (PMA) have been devel-
oped for decades for spin-transfer-torque magnetic random-access memory. Common stack designs use
a hard layer (HL) with strong PMA to pin the reference layer (RL) by forming a synthetic antiferromag-
net through a thin nonmagnetic coupling layer. Compared to bottom-pinned MTJs, very limited progress
has been made to top-pinned MTJs, especially on the RL pinning due to its inferior thermal robustness.
Herein, an alternative stack design is proposed for top-pinned MTJs, i.e., a synthetic ferromagnet (SFM).
In the SFM, the RL is coupled with the HL ferromagnetically through a coupling layer. Micromagnetic
simulations predict the advantage of the SFM design to stabilize the RL at scaled critical dimension (CD),
which is experimentally proven by the observation of an increased RL pinning field on the device level.
Because of the RL stray field acting on the free layer (FL), a compensation magnet (CM) is inserted below
the FL to form a top-pinned MTJ stack without compromising magnetotransport properties. Devices with
centered FL switching loops can be obtained after a two-step field setting. The stray field of CM has lim-
ited impact on the RL due to the large distance in between, thus keeping the RL’s pinning field larger than
150 mT down to devices with 20-nm CD. Finally, current switching is realized in devices with SFM and
CM, showing critical current density around 5–8 MA/cm2 and an averaged thermal stability as high as
50. Thus, the SFM pinning layer design shows great potential in stabilizing top-pinned devices and paves
the way for multiple future spintronic applications requiring a top-pinned stack design.
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I. INTRODUCTION

Spin-transfer-torque magnetic random-access memory
(STT MRAM) has drawn interest for decades as a can-
didate for the next-generation memory to replace static
RAM and/or dynamic RAM, due to its scaling potential
and nonvolatility [1]. As the key component, magnetic
tunnel junctions (MTJs) have been under development to
fulfill the requirements of memory applications, such as
fast response speed, low power consumption, long data-
retention time, and high thermal robustness [2]. Recently,
MTJs with perpendicular magnetic easy axis (PMTJs) have
shown all of the desired properties mentioned above at
scaled critical dimension (CD) [3,4]. To work properly as
a memory cell, one PMTJ is composed of several func-
tional layers. The free layer is the data-storage layer, whose
magnetic moment can be switched by the writing current.
On the other hand, the reference layer should stay fixed
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during the FL switching to define data states from high or
low junction resistance. The PMTJ studies nowadays are
mainly based on a Co-Fe-B/MgO/Co-Fe-B tunnel junction
after the discovery of its interfacial perpendicular magnetic
anisotropy (PMA), which can provide high tunnel mag-
netoresistance (TMR) and realize fast switching [5,6]. To
keep the moment in the reference layer fixed, the com-
mon solution is to build a synthetic antiferromagnet (SAF),
where the reference layer is antiferromagnetically coupled
through a thin Ru or Ir spacer with another functional layer
possessing strong PMA, i.e., the pinning layer or hard layer
[7–10]. By doing so, the pinning field of the reference layer
can be increased and well separated from the coercive field
(Hc) of the FL to avoid switching disturbance. Another
advantage of SAF design is the compensation of the stray
field from the reference layer by the hard layer, and hence
the offset field of the free layer is reduced to get rid of
switching asymmetry.

According to the position of SAF and the tunnel
junction, both bottom-pinned and top-pinned stacks are
designed, as shown in Figs. 1(a) and 1(b), respectively.
Most research focused on bottom-pinned stacks because
of its stability after postannealing to meet the back-end-of-
line (BEOL) compatibility requirements in CMOS flows
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[11–14]. However, the working principle of top-pinned
MTJs fits better with the asymmetry of driving current
from planar or FinFET transistors [15]. Besides, the top-
pinned stack design has the potential to outperform its
bottom-pinned counterpart from the free layer point of
view, as new materials with large PMA and low damping
are researched to increase the free-layer thermal stabil-
ity (�) and spin-torque efficiency in PMTJ devices after
scaling down to sub 20 nm. Potential materials such as
L10-FePt [16,17], D022-Mn3Ge [18,19], and Heusler alloys
[20] require crystalline seeds as templates to obtain the
desired crystalline phase. A seed cannot be done in bottom-
pinned stacks since the free layer needs to be deposited
on top of the MgO barrier. In top-pinned stacks, the seed
choices are flexible and hence it is more friendly for free-
layer material studies and integration. Moreover, many
advanced spintronic applications such as memory based
on domain wall motion and spin-orbit-torque (SOT), rely
on a top-pinned design, which is preferred from a pattern-
ing perspective [21,22]. The key issues of the top-pinned
SAF stack design is the weak reference-layer pinning field
and the insufficient thermal robustness of the SAF at high
temperature [23]. Indeed, the former issue is general in
SAF design, because it is caused by the magnetic moment
in the hard layer aligned antiparallel with the reference
layer, whose stray field generated in devices destabilizes
the reference layer. This reference layer destabilization
does not occur in the bottom-pinned SAF design. Because
the exchange coupling is large enough, there remains a
sufficient margin even when the stray field of the hard
layer lowers the reference-layer pinning field. In the top-
pinned SAF design, however, the exchange coupling is
lower due to its worse crystallinity, leading to destabi-
lization of the reference layer. The insufficient thermal
robustness is caused by the interdiffusion between the hard
layer and the MTJ in the stack after annealing [24]. No
solution for top-pinned SAF stacks has been identified to
solve the reference-layer switching instability on devices
and the incompatibility to postannealing above 375◦C until
our recent study introduced a synthetic-ferromagnet (SFM)
design [24]. The SFM consisted of a hard layer and a
reference layer that are ferromagnetically coupled via a
nonmagnetic spacer.

In this paper, we first describe the material choices and
their interactions in the SFM design. Next, the detailed
characterization and in-depth understanding of the mag-
netic behavior and switching properties of the top-pinned
SFM stack design on both blanket and device level is
discussed. Section II describes the experimental details,
including material and device fabrication. Section III intro-
duces the concept of SFM starting from micromagnetic
simulations, which confirms the improvement of the pin-
ning effect to the reference layer by the hard layer when
the magnetic moments are aligned parallel. To realize the
parallel alignment in the SFM, the interlayer exchange

(a) (b)

FIG. 1. Schematic drawings of conventional PMTJ stacks with
the SAF design: (a) bottom-pinned stack; (b) top-pinned stack. In
the SAF design, Ru provides antiferromagnetic coupling between
the reference and hard layers.

coupling of the Ru spacer, especially in the ferromagnetic
coupling range, is investigated. Afterwards, we discuss
the magnetic and electrical properties of top-pinned stacks
with SFM design. In Sec. IV, a compensation magnet
(CM) is introduced for stray field compensation. The
impact of the CM on the offset field of the free layer and
on the pinning field of the reference layer is discussed.
Finally, the current switching is demonstrated in the device
with SFM design and CM, showing current density 5–8
MA/cm2, and � as high as 50.

II. EXPERIMENTS

The blanket samples of top-pinned MTJs using [Co/Pt]
multilayers as the hard layer in the SFM and as CM are
deposited in situ at room temperature on 300-mm Si wafers
with the bottom electrode. The bottom electrode consists of
TaN(5)/CuN(50)/TaN(3)/CuN(50)/TaN(40) (units in nm
hereafter), and is smoothened by chemical-mechanical pol-
ishing. Both the bottom electrode and stacks above are
deposited by physical vapor deposition in a Canon Anelva
EC7800 cluster. The chamber design allows wedges to
be deposited to study the impact of the thickness of
a single layer in the top-pinned MTJ stacks. The free
layer is the typical dual-MgO free layer, i.e., MgO(0.5)/
Co-Fe-B(0.9)/Ta(0.4)/Co-Fe-B(1.0)/MgO(1.0) system. The
reference layer consists of Co-Fe-B(1.3)/Ta(0.4)/
Co(1.2), and the hard layer is composed of Co(0.6)/Pt(0.8)/
[Co(0.3)/Pt(0.8)]6 [23]. All wafers receive annealing in a
1-T magnetic field at 400◦C for 30 min, while those for
device fabrication receive the same magnetic-field anneal-
ing but at 375◦C for 30 min. All annealing processes
are conducted in a TEL-MSL MRT5000 batch-annealing
system. The perpendicular hysteresis loops of the blanket
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(a) (b) (c) (d)
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FIG. 2. (a) Model used for SFM switching simulations. (b) Simulated switching of the reference layer (RL) and the hard layer (HL)
with external field. The RL switches before the HL. As the model diameter decreases, the pinning field of RL increases. (c) Minor
loops of RL from the same models as in (b). Simulations in (b),(c) use Jex = 0.2 mJ/m2. (d) μ0Hex of RL in SFM models derived from
(b). The Hex of RL in the SFM model increases as the diameter decreases and also as Jex increases.

samples are measured with a Microsense vibrating sample
magnetometer (VSM), while the TMR and resistance-area
product (RA) measurements are done via the current-
in-plane tunneling method (CIPT) using a Capres setup
[25]. For the electrical properties studies, the patterning of
top-pinned MTJs stack into circular devices with various
diameters from 500 nm down to sub 20 nm is done by UV
lithography and ion-beam etching. To align the magnetic
moment in the SFM and CM antiparallel, a two-step field
setting is conducted. First a 2-T field is applied, and fol-
lowed by a second magnetic field in the opposite direction
whose value depends on the device size.

The Object-Oriented Micromagnetic Framework
(OOMMF) project is used for the simulations [26].

III. TOP-PINNED MTJS WITH SFM DESIGN

A. Enhanced pinning in the SFM design:
micromagnetic simulations

As mentioned above, a significant decrease of reference-
layer pinning field in top-pinned devices with SAF is
observed, which can lead to backhopping events in the
reference layer and increase the write-error rate. It is
attributed to the antiparallel alignment between the refer-
ence layer and the hard layer, which causes the reference-
layer destabilization after patterning due to the stray field
from the hard layer. Unlike the SAF design, however, the
proposed SFM design consists of a reference layer and a

parallel aligned hard layer. The stray field in devices from
the hard layer (reference layer) is expected to be aligned
along the direction of the magnetic moment in the refer-
ence layer (hard layer), and hence should strengthen the
parallel coupling, especially in devices at small CD where
the stray field becomes larger.

To confirm the above hypothesis, micromagnetic sim-
ulations are conducted to predict the switching behavior
of SFM after patterning. Figure 2(a) illustrates the SFM
model used in simulations. A detailed model is used for
the reference layer, which consists of Co-Fe-B, Ta inter-
layer and thin Co layer [23]. The input parameters of each
layer are listed in Table I. The Ms of each layer are derived
from previous work [27]. KU means the uniaxial anisotropy
energy density of each layer. Aex is the exchange stiff-
ness of each layer. The coupling constant (Jex) provided
by Ta in the reference layer remains unchanged [28,29].
In the simulation, we focus on the impact of Jex from the
Ru spacer on the exchange field of the reference layer in
the SFM, i.e., Hex and its size dependence. The moment-
field (M -H ) loops are plotted for models with decreasing
diameters in Fig. 2(b). A two-step switching profile is
observed: the reference layer switches firstly due to its
lower PMA, then followed by the hard layer. If the model
diameter decreases, the switching field of the reference
layer increases as indicated in Fig. 2(b). The reason for
the increase is twofold. Firstly, it is clear in Fig. 2(c)
that the Hc of the reference layer increases as the model

TABLE I. Input parameters used in the micromagnetic simulations for the SFM design shown in Fig. 2(a).

Thickness (nm) KU (J/m3) Ms (kA/m) Aex (pJ/m) Jex (mJ/m2)

[Co/Pt] 8 6e5 450 10 NA
Ru spacer 1.2 0 0 0 0.1, 0.2, 0.3
Co 1.2 12.5e5 1200 15 NA
Ta 0.4 0 0 0 0.1
Co-Fe-B 1.2 10e5 1100 20 NA
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diameter decreases, which contributes to the increase of
the reference-layer switching field shown in Fig. 2(b).
Secondly, the hard-layer stray field in SFM design is also
stabilizing the reference layer due to the parallel alignment
of the magnetic moments in all simulations. And the stray-
field value increases as the model diameter reduces. To
clarify the reference-layer switching-field dependence on
the hard layer, the coupling strength (Hex here) should be
focused. It combines the intrinsic ferromagnetic coupling
strength from the Ru spacer and the extrinsic stray field
from the hard layer. From the minor loops of the refer-
ence layer in Fig. 2(c), the Hex are derived and plotted in
Fig. 2(d). Indeed, Hex increases with Jex at a fixed model
diameter, and with the decreasing model diameter at fixed
Jex. The simulations confirm that the reference layer can be
well pinned by the hard layer in the SFM design due to the
ferromagnetic coupling and the increasing stray field from
the hard layer at decreasing CD.

B. Spacer study in the SFM design: ferromagnetic
coupling

As mentioned in the introduction, both top-pinned
and bottom-pinned PMTJs at present mainly use a SAF
design, where antiferromagnetic coupling is required. Typ-
ical spacers to provide antiferromagnetic coupling are Ru
and Ir, based on Ruderman-Kittel-Kasuya-Yosida (RKKY)
coupling theory, as illustrated schematically in Fig. 3(a)
[30]. To our knowledge, however, no report studying the
ferromagnetic coupling in the context of the pinning layer
and its thermal robustness exists. Therefore, the coupling
property of a Ru spacer is studied to establish a SFM pin-
ning layer. The following stack is used Ru(3)/[Co(0.3)/Pt
(0.8)]3/Co(0.6)/Ru(tRu)/Co(0.6)/[Pt(0.8)/Co(0.3)]3/Ru (3),
with tRu Ru spacer thickness [see the inset of Fig. 3(a)].

The antiferromagnetic coupling provided at tRu = 0.4
nm and tRu = 0.85 nm [the first and second peak, respec-
tively, in the positive area in Fig. 3(a)] decreases with

(a) (b)

(c) (d)

FIG. 3. (a) Schematics of RKKY coupling behavior of the Ru spacer. Black solid curve schematically represents the analytical result
from quantum-interference theory [30]. The red solid curve reflects the observed results in experiments. To apply in SFM, the thickness
range with ferromagnetic coupling is focused on, as emphasized by the red dashed box. The inset is the stack used for the interlayer
exchange coupling (IEC) study of the Ru spacer. (b) Antiferromagnetic Jex as a function of Ru spacer thickness in (a) for the as
deposited, after 300◦C annealing, and after 400◦C annealing, respectively. The reduction of Jex after annealing is more dramatic for the
thinner Ru spacer. (c) VSM loops of samples with the 1.3-nm Ru spacer providing ferromagnetic coupling for the as deposited, after
300◦C annealing, and after 400◦C annealing, respectively. (d) Coercive field of the samples as a function of the Ru thickness range with
ferromagnetic (FM) coupling. For Ru thickness with antiferromagnetic (AFM) coupling, use μ0Hc = 0 T artificially. Ferromagnetic
coupling strength reaches the largest at 1.3 nm Ru due to the largest μ0Hc.
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postannealing. After 400◦C annealing, the Jex drops to
quarter of the as-deposited value for the 0.4-nm Ru spacer,
and half for the 0.85-nm Ru spacer. The PMA of the stack
degrades as well (VSM not shown). As a comparison,
Fig. 3(c) shows the hysteresis loops of the sample with
tRu = 1.3 nm after different annealing treatments. Perfect
PMA is kept up to 400◦C annealing with a minor change
in Hc. Unlike for antiferromagnetic coupling, the calcula-
tion of ferromagnetic Jex from the magnetization loops is
not possible since only a single switching event occurs.
Therefore, the Hc is used as the representative of ferro-
magnetic coupling strength in Fig. 3(d) in all samples with
various Ru spacer thicknesses. A clear peak is observed in
Hc at a Ru spacer thickness of 1.3 nm, indicating the spacer
thickness with the largest ferromagnetic coupling strength.
Note that the Hc remains unchanged after 400◦C annealing,
meaning that ferromagnetic coupling survives and stays
stable in contrast to the antiferromagnetic coupling at the
first and second peak. The thick Ru with ferromagnetic
coupling will be the key layer of the SFM design and plays
a vital role for the annealing stability of the devices.

C. Reference-layer switching field in SFM: from
blanket to devices

Using the interlayer exchange coupling from the Ru
spacer, a top-pinned MTJ stack with the SFM pinning layer
is deposited, which is shown schematically in Fig. 4(a).
The Ru thickness has been varied around its peak of fer-
romagnetic coupling derived from the simple stack study
in the previous section. Figure 4(b) shows the VSM
perpendicular loop of the stack when the Ru spacer is
1.3-nm thick. Clear sharp switching of all functional lay-
ers is observed, with the TMR up to 170%, and RA
equals 9.5 � μm2. Unlike in the SAF where the refer-
ence layer switches before external field changes direction,
the reference layer switches just before the hard-layer
switching field in SFM design, which is attributed to the

ferromagnetic coupling through the 1.3 nm Ru spacer. If
the thickness of the Ru spacer changes, the TMR, switch-
ing field of the reference layer and the hard layer of
the stack will be influenced, as shown in Fig. 4(c). The
TMR increases slightly, which is due to less Pt interdiffu-
sion in SFM blocked by the thicker Ru spacer [24]. The
switching field (or pinning field) of the reference layer
reaches maximum when the Ru spacer is 1.3 nm, while
that of the hard layer is at the minimum correspondingly.
This phenomenon can be briefly explained using a cou-
pled system between a soft magnet (reference layer) and a
hard magnet (hard layer). The ferromagnetic coupling in
between strengthens the soft magnet and hence requires
large field to switch, while the ferromagnetic coupling in
turn softens the hard magnet and reduces its switching
field. Results above indicate that the ferromagnetic cou-
pling is the largest at the 1.3-nm Ru spacer, which is in
agreement with the simplified stack results [see Fig. 3(d)].
Due to the high coercive field of the hard layer leading to
distinct switching fields of the reference layer and the hard
layer, the coupling strength Jex can be calculated in this
partial stack case using

Jex = μ0H RL
ex M RL

s t, (1)

which is normally used for antiferromagnetic coupling
strength calculation [31]. In Eq. 1, M RL

s is the magnetiza-
tion of the reference layer, t is reference-layer thickness,
and μ0H RL

ex is the exchange field of the reference layer.
Here the switching field of the reference layer is used as
μ0H RL

ex due to the negligible coercivity of the reference
layer [red minor loop in Fig. 4(b)]. The results are plot-
ted in Fig. 4(d) as a function of Ru thickness. Jex is 0.2
mJ/m2 at Ru 1.3 nm, which is sufficient to couple the ref-
erence layer to the hard layer to form a SFM. Furthermore,
this SFM design at 400◦C shows an advantage in main-
taining PMA and TMR, therefore, clearly outperforming

(a) (b) (c) (d)

FIG. 4. (a) Schematic of top-pinned MTJ stack with SFM design (b) VSM loop of the top-pinned MTJ blanket sample with a 1.3-nm
Ru spacer in SFM after 400◦C annealing. The minor loop of RL switching is plotted as the red loop. This stack provides 170% in TMR
and 9.5 �μm2 in RA. (c) TMR and the switching field of the reference layer and the hard layer as a function of Ru-spacer thickness
from the stack in (a). The minus sign in the switching field only indicates the direction of the external field. The absolute values should
be used for calculation. (d) Exchange coupling constant (Jex) as a function of Ru-spacer thickness.
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FIG. 5. The reference-layer (RL) switching field in devices as
a function of CD. The blanket value is indicated as the green
dashed line. The black dashed line is a guide to the eyes. The
inset is a typical R-H loop of one device with 130-nm CD. The
coercive field of the reference layer is small, which is probably
due to the loss of its PMA during patterning.

its SAF counterpart, where a severe PMA and TMR loss is
observed at 400◦C [23].

The stack in Fig. 4(a) is patterned into devices with var-
ious CD to validate experimentally the advantage of SFM
shown by simulations (see Secs. III A). The resistance-
field (R-H ) loops are measured to show the free-layer
and reference-layer switching, as indicated in the inset of
Fig. 5. The Hc of the reference layer is low in devices,
which can originate from PMA loss during the pattern-
ing process, but its pinning field becomes larger than on
blanket samples. However, the pinning field of the ref-
erence layer shows almost no dependence on the CD of
the devices, which deviates from the simulation results in
Fig. 2(d). It is due to the presence of the free-layer stray
field in experiment, which is ignored in the simulations.
Actually, the pinning field of the reference layer on devices
is determined not only by the hard layer but also by the
free layer. As shown in the inset of Fig. 5, the magnetic
moment in the hard layer and the free layer are antiparal-
lel when the reference layer switches. The stray field from
the hard layer onto the reference layer is partially canceled
out by that from the free layer, whose value also increases
with decreasing device CD. As a result, the net stray field
on the reference layer shows really no CD dependence
(refer to the explanation of Fig. 9(c) in Secs. IV B). Despite
the negative contribution from the free-layer stray field,
the pinning field of the reference layer is larger than on
blankets. It means that the hard layer plays the dominant
role in pinning the reference layer in the SFM design,
especially after patterning. This confirms that the pinning
field of the reference layer can benefit from the scaling of
top-pinned MTJ devices with the SFM design due to the
parallel alignment with the hard layer.

(a) (b)
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FIG. 6. (a) Schematic drawings of a PMTJ stack with two mag-
nets sandwiching the free layer. (b) Simulated offset field of the
free layer in the stack design in (a). Low offset field can be
achieved if the two magnets are aligned antiparallel.

IV. TOP-PINNED MTJS WITH SFM AND
COMPENSATION MAGNET

The top-pinned MTJs with the SFM pinning layer stud-
ied above maintain high TMR and PMA in all layers, and
the pinning field of the reference layer benefits from paral-
lel alignment with the hard layer after patterning. However,
the switching asymmetry of the free layer will be large in
the device, as shown in the inset of Fig. 5. Unlike SAF,
there is no compensation in the stray field between the ref-
erence layer and the hard layer in SFM, which leads to a
very large free-layer offset field. Actually, the stray-field
compensation in the SFM design can be realized by insert-
ing another magnet in the stack with the magnetic moment
aligned antiparallel to the SFM, as proposed by Iba et al.
[32]. It is a stack design with two magnets sandwiching the
free layer, as illustrated in Fig. 6(a). In this way, the off-
set field of the free layer can be kept low and independent
of device dimensions once the two magnets are aligned
antiparallel, as shown by simulation results in Fig. 6(b).

In this work, the SFM in Fig. 4(a) functions as the ref-
erence layer and spacer and Magnet-1 in Fig. 6(a). And
a [Co(0.5)/Pt(0.3)]6 multilayer is inserted below the stack
as Magnet 2, namely the compensation magnet (CM), to
cancel out the stray field from the SFM. Its structure and
perpendicular hysteresis loop are illustrated in Fig. 7(a).
The insertion of CM has no impact on the free-layer
switching [see the inset in Fig. 7(a)] and the PMA of
each functional layer in the full stack is maintained after
annealing. Besides, there is no impact from the CM to
the magnetotransport properties of the tunnel junction. As
shown in Fig. 7(b), the TMR and RA are identical to the
stack without CM. Thus, a top-pinned stack with SFM
design and CM is successfully obtained with TMR around
160% and maintains PMA in all functional layers. That
stack is patterned into devices with various dimensions for
the study of the impact of the CM on the free-layer offset
field and reference-layer pinning field.
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(a)

(b)

FIG. 7. (a) Stack structure and perpendicular hysteresis loop
of the top-pinned SFM stack with a CM. The decouple layer is
to separate the free layer and CM magnetically, and to serve as a
seed layer for free-layer growth. The inset indicates that the PMA
of the free layer is not influenced by the CM. (b) TMR and RA
line scan on a full wafer for a SFM stack with CM (open circles)
and without CM (crosses), showing the CM does not affect the
TMR and RA performance.

A. Free layer with low offset field

As mentioned above, only when the CM and SFM are
aligned antiparallel can a low offset field be obtained. Thus,
a two-step field setting is needed to flip the SFM part or the
CM for stray-field compensation. To demonstrate the free-
layer offset-field control by field setting, the R-H loop from
a single device in uncompensated (red loop) and compen-
sated (green loop) cases are shown in the inset of Fig. 8.
For this device, a 2-T field is firstly applied to align both
SFM and CM for the uncompensated case, and then a 0.55
T in the opposite direction to align the CM antiparallel with
the SFM for the compensation case. Obviously, the PMA
of the free layer remains perfect after patterning, which
leads to the sharp switching in the loops. The offset field
of the free layer is quite large (red loop) when the CM and
SFM are aligned parallel in the uncompensated case. In
contrast, the free-layer loop becomes centered (green loop)
if the second magnetic field in the opposite direction is

FIG. 8. Free-layer offset field in devices with various CD: after
one-step field setting (red triangles) and after two-step field set-
ting (green circles). Dashed lines are guides for the eyes. The
inset is one example of the R-H loop for devices with 130-nm
CD, showing that the control of the free-layer offset field can be
realized with two-step field setting and low offset field can be
obtained.

applied, after which the CM is flipped to align antiparallel
with the SFM as the compensated case.

However, the derivation of CD dependence of the free-
layer offset field is not straightforward. The issue stems
from the variation in the Hc of SFM and CM in devices
with different CDs. The inverse magnetic field in the sec-
ond step may not flip the CM in all devices with various
CDs. Therefore, multiple wafers with the same stack have
been fabricated into devices. And two-step field settings
with different inverse magnetic field (0.5, 0.55, 0.6 T) in
the second step have been conducted trying to achieve a
centered free layer in devices with different CDs. Using
this method, sufficient statistics of the free-layer offset field
can be obtained, and hence its device CD dependence is
derived and summarized in Fig. 8. The free-layer offset-
field values from the uncompensated case are from one
device wafer. The offset field increases with decreasing
device diameter when the CM and the SFM are parallel,
which is in agreement with simulations [see Fig. 6(b)].
After the two-step field setting, the offset field of each
device can be controlled to be around 50 mT and below
with almost no size dependence, even for devices down to
20 nm as expected from Fig. 6(b). Although distributions
are observed in device CD and offset field, which is caused
by the patterning nonuniformity, the difference in the free-
layer offset field in uncompensated and compensated cases
is obvious. It is then concluded here that the control of the
offset field of the free layer with antiparallel aligned SFM
and CM is realized, and the centered free-layer switching
is obtained in devices down to 20 nm.

Although the FL offset field after two-step field setting
in Fig. 8 is still significant (< 50 mT), it can be solved
by dedicated designs of the HL and the CM. One way
is to vary the magnetization in the two parts. To reduce
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(a) (b)

(c) (d)

S
tr

ay
-f

ie
ld

FIG. 9. (a) Schematic of the stack with SFM and CM, and its magnetization configuration. The switching of the reference layer (RL)
happens with the hard layer (HL) aligned antiparallel with the free layer (FL) and CM. (b) The pinning field (PF) of RL as a function
of CD. Each data point is from an individual device. (c) Calculated stray-field contribution on the RL switching from HL, FL, and
CM. Positive values stabilize the RL, negative values destabilize. (d) The experimental pinning field from (b) (black hollow bars),
simulated stray-field contribution from the CM [blue solid bars from (c)] and their sum (red solid bars). Black dashed lines are guides
for the eyes. Green dashed lines indicate the pinning-field value from devices without CM taken from Fig. 5.

positive offset field, either increasing Ms in the hard layer
or decreasing Ms in the CM can work. Another way is
to increase the thickness of the decouple layer to reduce
the stray field from the CM. With the two options above
and the help of micromagnetic simulations, zero-offset FL
switching in patterned devices can be expected in future
work.

B. Impact of CM on the reference layer: limited
reduction in pinning field

As discussed in Secs. III A, the advantage of SFM over
SAF lies in the stabilization of the reference layer after pat-
terning. However, the stray field of CM will also influence
the reference layer, when the CM is aligned antiparallel to
the SFM. Figure 9(a) shows that the switching of the refer-
ence layer happens when the magnetic moment in the hard
layer aligns antiparallel with that in the free layer and CM.
Reduction of the reference-layer pinning field in devices
with SFM and CM is observed in Fig. 9(b), although the

pinning field stays above 150 mT in devices with down to
20-nm CD. Note that in Fig. 5, the data from the top-pinned
SFM without CM show an increasing trend of reference-
layer pinning field with decreasing model diameter, but
in the devices with CM the opposite trend is observed.
Figures 9(c) and 9(d) reveal the reason for decreasing the
pinning field in SFM design. Figure 9(c) visualizes the
contributions from the free layer, hard layer and CM to
the stray field acting on the reference layer, as calculated
using micromagnetic simulations, based on the configura-
tion in Fig. 9(a). The stray-field values from the hard layer
stabilize the reference layer, while the free layer and CM
destabilize it. Obviously, the increasing deviation of the
pinning field from the values in devices without CM is
attributed completely to the stray field from CM, as shown
in Fig. 9(d) after the compensation (blue bar plus the white
bar). It is reasonable since the only difference in the mag-
netic configuration of the stacks in Figs. 9(a) and 4(a) is
the insertion of the CM and its antiparallel alignment with
the SFM. It is also noticed that the presence of CM and its
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FIG. 10. Current pulse switching of a 57-nm CD device with
SFM and CM design. Both antiparallel to parallel (AP-to-P) and
P-to-AP switching can be realized. The fitting provides the � and
critical switching-current density at 1-ns pulse width. The differ-
ence between the � of AP-to-P and P-to-AP may come from the
nonperfect-centered free layer.

antiparallel aligned moments contribute more negatively
to the pinning field of the reference layer as device CD
decreases, but the influence is limited because the CM
is positioned a few nanometers away from the reference
layer. As such, the top-pinned SFM and CM design can
still keep the stability of the reference layer when the CM
is aligned antiparallel to bring low offset field in the free
layer.

Notice that the simulated stray-field contributions from
the hard layer and the free layer in Fig. 9(c) can
also explain the observed size independence of the
reference-layer switching field in Fig. 5. Since no CM
is implemented in the stack for reference-layer-switching
measurement in Fig. 5, only the hard layer and the free
layer contribute to the stray-field impact on the reference
layer. After calculations, the net contribution from the hard
layer (green bars) and the free layer (brown bars) is inde-
pendent on device size (figure not shown). Hence, the
presence of the field from the free layer is confirmed as
the reason why the switching field of the reference layer is
not increased for smaller CD in Secs. III C.

C. Current switching demonstration

When SFM and CM are aligned antiparallel, a centered
free layer and stable reference layer with large pinning
field can be achieved. dc current switching is realized
in devices down to 20–30 nm reported previously [24].
Herein, the current pulse switching is demonstrated, as
shown in Fig. 10. The dependence of the switching-current

density on the pulse width follows

J (τ ) = Jc0

[
1 − 1

�
ln

(
τ

τ0

)]
, (2)

where � is the thermal stability as mentioned above, τ is
the pulse width, τ0 is the inverse of the attempt frequency
taken as 1 ns, Jc0 is the critical current density for switch-
ing at 1-ns pulse width [33]. The fitting of experimental
results with Eq. 2 provides � for both switching sides. �

is larger in parallel to antiparallel (P-to-AP) than AP-to-P,
because the free-layer switching loop is not perfectly cen-
tered in this device, which favors the parallel state. Overall,
an averaged � around 50 is achieved with TMR of 115%.
On the other hand, it is noticed that the critical switching
current is larger in AP-to-P than P-to-AP. Thus, the AP-to-
P switching at short pulse width requires high voltage and
would cause dielectric breakdown. This abnormality is still
under study.

V. CONCLUSIONS

To solve the destabilization of the reference layer in con-
ventional top-pinned PMTJ devices and its inferior thermal
robustness, an alternative pinning layer design is proposed
in this paper, i.e., the synthetic-ferromagnet design, where
the reference layer and the hard layer are aligned par-
allel. Micromagnetic simulations show the stabilization
of the reference layer in the synthetic-ferromagnet struc-
ture due to the parallel alignment with the hard layer,
especially in small dimensions. To realize the synthetic-
ferromagnet design, ferromagnetic coupling between the
reference layer and hard layer through a Ru spacer and
its annealing stability is studied. With a 1.3-nm-thick Ru
spacer, a synthetic-ferromagnet pinning layer with a par-
allel aligned reference layer and hard layer is achieved
in a top-pinned MTJ stack, whose reference-layer pinning
effect is stronger in devices than in blankets. The emerg-
ing offset-field issue in the free layer due to the large stray
field from the synthetic-ferromagnet pinning layer can be
solved by inserting a compensation magnet in the stack.
Simulations reveal that low free-layer offset field can be
obtained when the compensation magnet and synthetic fer-
romagnet are aligned antiparallel. Indeed, low offset field
in the free layer with device CD independence is achieved
after the insertion of the compensation magnet and proper
field setting for antiparallel alignment with the synthetic
ferromagnet. Moreover, the impact of the compensation
magnet to reference-layer stability is proven as limited
due to the long distance between the compensation magnet
and reference layer. Thus, both centered free-layer switch-
ing and the stable reference layer can be obtained at the
same time in top-pinned MTJ devices down to 20 nm. The
current pulse switching is also demonstrated in a 57-nm
CD device with critical switching-current density around
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5–8 MA/cm2 and an averaged thermal stability around 50.
Finally, the synthetic-ferromagnet design with a compen-
sation magnet results in robust top-pinned PMTJ devices
compatible with high-temperature annealing, which paves
the way for using the top-pinned stack design in various
spintronic applications.
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