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A B S T R A C T

In this study, we report that perpendicular magnetic anisotropy (PMA) in Co/Pt multilayers can be achieved by using hcp-Ho(1 0 0) as the seed layer after annealing
at 400 °C. M-H hysteresis loops show that the annealing duration required to achieve optimal PMA in Co/Pt multilayers increases monotonically with the Ho seed
layer thickness. XRD measurements reveal that Ho transits from amorphous state to hcp structure after annealing at 400 °C, leading to the formation of fcc-Co/Pt
(1 1 1). A larger retention of saturation magnetization is also observed when Ho is used as the seed layer as compared to Ru or Pt, which is ascribed to the suppression
of interlayer diﬀusion. This can be attributed to the large grain size of Ho based on the full-width-half-maximum (FWHM) of the Ho peak from XRD results. Synthetic
antiferromagnetic (SAF) structures using Ho as a seed layer also demonstrated an exchange coupling strength of Jex ≈ 1.05 erg/cm2 when the thickness of the Ru
coupling layer is 0.4 nm.

1. Introduction
Magnetoresistive Random Access Memory (MRAM) has been recognized as the most promising emerging non-volatile memory (NVM)
technology due to its fast read/write speed, potential for scalability,
high endurance and compatibility with CMOS technology [1–3]. Research focus has been directed towards using magnetic materials with
perpendicular magnetic anisotropy (PMA) to fabricate perpendicular
Magnetic Tunnel Junctions (pMTJ), which is the storage element at the
core of the MRAM device. One of the important criteria for MRAM
applications is that the pMTJ stack must have the thermal budget to
withstand 400 °C annealing temperature in order to integrate with
CMOS-BEOL processes [4–7].
Multilayers consisting of multiple bilayer repeats such as Co/Ni, Co/
Pt and Co/Pd are attractive candidates as reference layer as their
magnetic and material properties can be tuned with ease [8–15].
Among which, Co/Pt is commonly deployed within the industry as it
exhibits a wide process margin in retaining high PMA even after 400 °C
annealing [14–18]. The origin of PMA within Co/Pt multilayers arises
from magnetocrystalline anisotropy (MCA) as well as interfacial eﬀect,
which is dependent on the underlying seed layer [18–22]. However,
signiﬁcant interlayer diﬀusion may occur during 400 °C annealing, resulting in a detrimental impact on the saturation magnetization (Ms) or
PMA of Co/Pt multilayers [15]. Therefore, the seed layer should ideally
have low surface roughness or large grain size while being able to
promote the growth of fcc-Co/Pt(1 1 1) responsible for MCA [16]. The
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seed layer should also be as thin as possible to maintain low aspect ratio
as well as to minimize re-deposition during etching [23].
The corresponding seed layer candidates for Co/Pt multilayers are
usually Ru and Pt, as they have been demonstrated to promote the
necessary crystallographic texture that retains PMA even after 400 °C
for at least 30 min [16–18]. Thick Pt seed layer is desirable to achieve
high PMA in Co/Pt multilayers [19,20], but is typically reduced for
practicality in the fabrication of pMTJ devices. In addition, Pt, being a
noble metal, may pose a challenge when reactive ion etching (RIE) is
used for fast throughput [17,24–26]. On the other hand, the re-deposition when etching Ru may remain conductive even after post-etch
surface treatment via oxidation.
Holmium (Ho) is theoretically able to achieve hcp-phase upon annealing at 400 °C [27,28]. Since Ho has a lower melting point of
1470 °C, the grain size should be larger as compared to Ru and Pt seed
layers, which in turn leads to fewer grain boundaries for interlayer
diﬀusion to occur [29,30]. Based on the ﬁtting of X-ray reﬂectometry
(XRR) (see Supplementary Figure S3), Ho appears to be aﬀected by
natural oxidation to some extent reveals that 1.37 out of 52.48 nm of
Ho is oxidized. This corresponds to a sheet resistance Rs of 35.11 Ω/
square from four-point probe measurements, which is approximately
twice the value of theoretical resistivity ρ for bulk Ho according to the
relation ρ = Rs t , where t = 52.48 nm is the thickness of Ho. For comparison, the surface oxidation for Pt, Ru and Ta are 1.18, 1.50 and
2.43 nm, respectively. Under controlled environment (e.g. in high vacuum RIE chamber with in-situ encapsulation), such highly resistive
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Fig. 1. Out-of-plane M-H hysteresis results based from the annealing duration study of Si / SiO2 / Ta(5) / X / [Co(0.6) / Pt(0.4)]4 / Ta(5), where X is the seed layer
chosen to be (a) 2 nm of Pt, (b) 2 nm of Ru, and (c-f) Ho as seed layer with nominal thicknesses chosen to be 2, 4, 6 and 8 nm respectively. Black, red, green and blue
lines for all samples correspond to as-deposited, 15 min, 30 min and 60 min of annealing at 400 °C, respectively. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 2. Summary plot of (a) Keﬀ and (b) Ms as a function of diﬀerent seed layers under diﬀerent annealing duration.

formation of fcc-Co/Pt peaks after post annealing at 400 °C induced by
the recrystallization of Ho as it transits towards hcp-phase. The exchange coupling strength of Jex is also calculated to be 1.05 erg/cm2
when 0.4 nm of Ru is used as the coupling layer in the SAF structure.

Rare Earth Oxide could oﬀer some relief to the issue of sidewall redeposition. With the Spin Hall Angle (SHA) estimated to have a lower
bound value of 0.14 [31], Ho could be a potential candidate for generating spin current through the Spin Hall Eﬀect. These aforementioned
characteristics of Ho could therefore provide an interesting alternative
as a seed layer for pMTJ.
In this paper, we have explored the eﬀect of Ho as an ultrathin seed
layer on the magnetic properties of Co/Pt multilayers and synthetic
antiferromagnetic (SAF) structures. The range of PMA obtained (Keﬀ ≈
1 × 106 erg/cc) is comparable to samples with conventional seed layers
upon annealing at 400 °C for various durations. This is attributed to the

2. Methodology
The samples are prepared using research grade magnetron sputtering system with a base pressure lower than 6 × 10-8 Torr similar to
previous works [32,33]. The sputter power and working pressure of Ar
plasma are maintained at 50 Watts and 2 mTorr, respectively. Two sets
125
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Fig. 3. θ-2θ XRD scans for selected samples with (a) Si / SiO2 / Ta(5) / X / [Co(0.6) / Pt(0.4)]4 / Ta(5) annealed at 400 °C for an hour, where X is seed layer such as Pt
(2), Ru(2) and Ho of varying thicknesses, (b) Si / SiO2 / Ta(5) / Ho(4) / [Co(0.6) / Pt(0.4)]4 / Ta(5) in the as-deposited state and annealed at 400 °C for various
duration. Constant vertical oﬀset of 10 counts-per-second (cps) and Savitzky–Golay ﬁlter of 5 averaging points are applied for clarity. (c) FWHM of Co/Pt peaks from
XRD results as a function of Keﬀ for samples annealed at 400 °C for an hour. (d) Illustration of fcc-CoPt(1 1 1) lattice (in orange squares with aCoPt = 3.81 Å and Co
atoms as black spheres) overlaying the hcp-Ho(1 0 0) plane (in red rectangles with aHo = 3.55 Å and cHo = 5.798 Å). (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)

of thin ﬁlm samples are deposited on thermally oxidized silicon substrates as detailed below, with numbers within the parenthesis referring
to nominal thickness in nm, i.e.

3. Results and discussion
Fig. 1 shows the M-H loops measured with Hext applied in the out-ofplane direction for samples with diﬀerent seed layers undergoing various annealing duration, while Fig. 2 shows the corresponding Ms and
Keﬀ values extracted from these M-H loops. Hard axis M-H loop measurements where external magnetic ﬁeld is applied along the ﬁlm plane
exhibit coherent magnetization rotation for all as-deposited and annealed samples (see Supplementary Figure S1). As can be seen from
Fig. 1(a), the control sample consisting of 2 nm thickness of Pt seed
layer shows complete squareness in the as-deposited state, with Keﬀ
shown in Fig. 2(a) being similar to previous report [28]. When compared to its as-deposited state, the Keﬀ of Co/Pt multilayers with Pt seed
layer degraded by 90% and 70% upon annealing at 400 °C for 30 and
60 min, respectively. As for the sample with Ru seed layer, the Keﬀ in
the as-deposited state for this study as shown in Fig. 2(a) is slightly
higher than the sample reported in Fig. 1(b) of reference [14] due to a
smaller coercivity (Hc ≈ 250 Oe) in the out-of-plane direction. The
same degradation eﬀect on Keﬀ for Ru-based seed layer is observed
upon annealing at 400 °C for an hour, except that Ms also decreases by
approximately 50% compared to its as-deposited state. The study of
these control samples exempliﬁes the sensitivity to the stack design and
the corresponding changes in the microstructures of the Co/Pt multilayers upon annealing.
On the other hand, Fig. 1(c) to 1(f) reveal an opposite trend from the
control samples, where all samples with diﬀerent thicknesses of Ho as

(A) Si / SiO2 / Ta(5) / X / [Co(0.6) / Pt(0.4)]4 / Ta(5), where X is the
seed layer chosen to be Pt(2), Ru(2) and Ho with thickness tHo = 2,
4, 6 and 8 nm, and
(B) Si / SiO2 / Ta(5) / Ho(8) / [Co(0.6) / Pt(0.4)]6 / Co(0.6) / Ru (tRu) /
[Co(0.6) / Pt(0.4)]4 / Co(0.6) / Ta(5), where tRu is the nominal
thickness of Ru from 0.4 to 0.8 nm.
All ﬁlms were subsequently diced into 4 mm by 4 mm square samples using an automated dicing tool before being batched annealed at
400 °C for diﬀerent duration. θ − 2θ scans using X-ray Diﬀraction
(XRD) diﬀractometer are performed to analyze the crystalline structure
of the samples. To obtain the eﬀective anisotropy ﬁeld Keﬀ and saturation magnetization Ms, the magnetic moment of the samples were
measured while an external magnetic ﬁeld of at least 10 kOe is swept in
the easy and hard axes using Vibrating Sample Magnetometer (VSM).
The easy and hard axes are deﬁned as the magnetic ﬁeld applied out-ofplane and in-plane with respect to the sample ﬁlm. Keﬀ is then determined from the area enclosed within the M-H loops in the easy and
hard axes [14,22,34].
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Fig. 4. Out-of-plane M-H loops for samples with Si / SiO2 / Ta(5) / Ho(8) / [Co(0.6) / Pt(0.4)]6 / Ru(t) / [Co(0.6) / Pt(0.4)]4 / Ta(5), where t is the nominal thickness
chosen to be from 0.4 to 0.9 nm. (a) Samples in the as-deposited state and (b) samples that underwent 400 °C for an hour. (c) Representative M-H loops of SAF with
tRu = 0.4 nm undergoing diﬀerent anneal duration. (d) Out-of-plane M-H loops for fully compensated SAF structure consisting of Si / SiO2 / Ta(5) / X / Ho(4) / [Co
(0.6) / Pt(0.4)]6 / Ru(0.4) / [Co(0.6) / Pt(0.4)]6 / Ta(5) in the as-deposited state, where X is Pt or Ru as described in the legend.

of seed layer are subjected to only 15 min of annealing, the incomplete
crystallization of Ho will not be adequate to form a template for fccCoPt growth, resulting in negative Keﬀ values as shown in Fig. 2(a). Base
on the optimal Keﬀ values for each Ho thickness from Fig. 2(a), kA is
determined to be 0.1333 nm/min. As shown in Supplementary Figure
S1(q), a new sample with 10 nm of Ho thickness conﬁrms the linear
relation between tHo and annealing duration as it is able to achieve
Keﬀ = 1.389 × 106 erg/cc when annealed for 75 min, which is consistent with previous samples.
The plots of Keﬀ and Ms as a function of various seed layers and
annealing duration are summarized in Fig. 2(a) and (b). Ms is observed
to decrease for all samples upon annealing, which can be attributed to
interlayer mixing between interfaces [14]. Indeed, the Ms in this study
is obtained by dividing the areal moment with the nominal thickness of
total Co deposited in our multilayer structure without accounting for
interlayer diﬀusion. However, in the case of samples with Ru as the
seed layer, the overall high Keﬀ value is due to the increase in Hk from 5
kOe to 10 kOe as observed in hard axis measurements. For samples with
Ho and Pt as the seed layer, the Hk values from in-plane M-H loops are
similar at 5 kOe after annealing. These observations are congruent with
the fcc-CoPt(1 1 1) peaks extracted from XRD as shown in Fig. 3(a).
While the fcc-Co/Pt(1 1 1) peak intensities are similar across diﬀerent
samples, the full-width-half-maximums (FWHMs) of Co/Pt multilayer
peaks for samples with Pt and Ru-based seed layers at their optimal Hk
are at around 1.5°, which is comparable to previous report [17]. On the
other hand, the FWHMs of Co/Pt multilayers for samples with Ho-based
seed layers after annealing are approximately 3.5°. This could be due to
a large lattice mismatch between Ho and Co similar to Hf seed layer,
whereas Ru and Pt seed layers have lower lattice mismatch at 8% and
9%, respectively [17,35]. Fig. 3(d) illustrates the periodic arrangement
of fcc-Co/Pt(1 1 1) above hcp-Ho(1 0 0). Base on the interplanar d-

seed layer show in-plane magnetic anisotropy (IMA) in the as-deposited
state. PMA is gradually observed as the annealing duration increases
alongside with the thickness of Ho seed layer, which is ascribed to the
transition towards hcp-Ho(1 0 0) that can promote fcc-CoPt(1 1 1)
growth. This is evident from XRD results as shown in Fig. 3(b), where
no signiﬁcant peaks for Ho and fcc-CoPt are observed when the sample
with 4 nm of Ho as the seed layer is in the as-deposited state. Upon
annealing at 400 °C for longer duration, peaks at 29° and 42° are observed, which correspond to hcp-Ho(1 0 0) and fcc-CoPt(1 1 1), respectively. We reasoned that annealing at 400 °C is not the cause of fccCoPt(1 1 1) formation, as the same degree of PMA should otherwise
exist for all samples with a set amount of annealing duration, i.e. the
same sharp switching observed in Fig. 1(c) after 15 min of annealing
should also occur for other samples if Ho had zero inﬂuence on the
formation of fcc-CoPt(1 1 1). Instead, the formation of fcc-CoPt(1 1 1)
relies heavily on the choice of underlying seed layer, as exempliﬁed by
the case of amorphous Ho or Mo as the seed layer (see Supplementary
Figure S2).
Therefore, we propose that the crystallization of hcp-Ho(1 0 0) is
responsible for the growth of fcc-CoPt(1 1 1), as the thickness of the Ho
seed layer is the only variable within these samples. The interplay between the annealing duration and the evolution of the M-H loops can be
explained by the crystallization rate of Ho, k, based on the Arrhenius
model;

k=

Ea
RT

(1)

where Ea is the activation energy, R is the gas constant and T is the
annealing temperature. While k is typically expressed in mol/seconds,
we denote the areal crystallization rate kA to be nm per minute (nm/
min) since the lateral dimensions of the sample die are constant, i.e.
4 mm by 4 mm square dies. Therefore, when samples with Ho > 2 nm
127
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Fig. 5. TEM image and EDX line scan proﬁle of Si / SiO2 / Ta(5) / Ho(8) / [Co(0.6) / Pt(0.4)]6 / Co(0.6) / Ru (0.8) / [Co(0.6) / Pt(0.4)]4 / Co(0.6) / Ta(5) in the asdeposited state.

spacing of 3.075 Å obtained from XRD results, the lattice constants of
hcp-Ho are determined to be aHo = 3.551 Å and cHo = 5.798 Å, close to
theoretical values [36]. On the other hand, for fcc-CoPt with a d-spacing
of 2.198 Å, the lattice constant aCoPt would be 3.808 Å. Therefore, one
may expect that strained growth is induced due to the lattice mismatch
along the c-axis of Ho, resulting in a larger FWHM of the Co/Pt peak
from XRD results. The FWHM of fcc-CoPt(1 1 1) peaks determined from
Gaussian ﬁtting of the XRD results are plotted against the Keﬀ of the
samples annealed at 400 °C for an hour, as shown in Fig. 3(c). As with
previous references, we can correlate that the quality of the peaks is
crucial to achieve high PMA in Co/Pt multilayers [17,28].
Despite fcc-Co/Pt(1 1 1) peaks having a wider FWHM for samples

with Ho as seed layers, the PMA remains relatively high across diﬀerent
Ho thicknesses due to a lower decrease in Ms as shown in Fig. 2(b). This
can be attributed to the suppression of interlayer mixing between Co
and Ta due to a large grain size for Ho, which is calculated to be
D = 5.612 nm based on the Scherrer’s equation,

D=

Kλ
FWHM × cos θ

(2)

where K = 0.94 is the Scherrer’s constant, λ = 1.5406 Å is the x-ray
wavelength of Cu Kα1 and θ = 0.257 rad is the Bragg’s angle. A lack of
Ru peak from XRD measurement impedes a quantitative comparison,
but it has been shown to be an eﬀective diﬀusion barrier against Ta in
128
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our previous work [30]. Therefore, the larger post-annealing Ms seen in
samples with Ru or Ho seed layers in contrast to the sample with Pt seed
layer is due to a reduction in intermixing between Co and the Ta bottom
electrode.
In addition, SAF structure is commonly deployed in pMTJ in order
to reduce the stray ﬁeld arising from the reference layer that may induce magnetostatic coupling with the free layer. SAF structure can also
be of technological importance in other spintronics applications such as
skrymions and domain wall propagation, in which Ho could also serve
as a SOT-write line and seed layer [37–41]. Therefore, SAF structures
are investigated using 8 nm of Ho as seed layer with varying thicknesses
of Ru as the exchange coupling layer. Fig. 4(a) shows the M-H hysteresis
loops for samples in the as-deposited state, while all samples that underwent annealing revealed a single switching state as shown in
Fig. 4(b) and (c).
The exhibition of PMA in the as-deposited state seen in Fig. 4(a)
may seem to contradict with results from Fig. 1(c-f), where samples
with Ho as the seed layer are required to be annealed at 400 °C in order
to induce growth for fcc-Co/Pt. However, Transmission Electron Microscopy (TEM) analysis as shown in Fig. 5(a) and (b) reveals that Ho
indeed is in an amorphous state, further validating the XRD results of
the as-deposited samples, while the SAF structure is polycrystalline in
the fcc-phase. The crystallization appears to originate from the Ru
coupling layer, which explains the intermediate switching state of the
SAF structure with tRu = 0.4 nm, as Keﬀ of the underlying [Co/Pt]6
multilayers would most likely to be weaker than the ﬁrst peak Ru exchange coupling Jex. Since the Ru coupling layer could not exert a
strong inﬂuence on the crystallization of [Co/Pt]6 as much as [Co/Pt]4,
the Ms of the SAF in the as-deposited state is not fully saturated even at
10 kOe as shown in Fig. 4(c). Another proof that [Co/Pt]6 is unable to
achieve high PMA comes from the M-H loop for sample with
tRu = 0.8 nm, where the magnetic moment switching at Ms1 is larger
than the moment at Ms2 as indicated in Fig. 4(a). As shown in Fig. 4(d),
we are able to eliminate such intermediate switching state in subsequent stack development by using an equal number of [Co/Pt] bilayer
repeats to fully compensate any stray ﬁeld, as well as the usage of Ru /
Ho or Pt / Ho as the composite seed layer. Nonetheless, the antiferromagnetic coupling still disappeared after 400 °C of annealing in the
same manner as Fig. 4(c), suggesting that the root cause would lie in the
diﬀusion of Ru coupling layer that causes pinhole formation. It is well
known that such pinhole formation will lead to ferromagnetic coupling
that can dominate the eﬀect induced by interlayer exchange coupling
[42,43].
The exchange coupling of SAF using 1st peak Ru in the as-deposited
state is also estimated for completeness. According to the equation Jex = Hex Ms t , where Jex is the exchange coupling strength, Hex denotes the interlayer coupling ﬁeld, t denotes the thickness of the softer
multilayer and Ms is the saturation magnetization, if we assume the Ms
of the as-deposited Co to be 1088 emu/cc as per Figs. 1 and 4(c), Jex
induced from the 1st peak Ru would be ≈ 1.05 erg/cm2. This value
would be in the same order of magnitude as reported in literature
[42,44].
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