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ABSTRACT
We report the structural feature of sputter-deposited epitaxial [Co (0.2 nm)/Pt (0.2–1.0 nm)] multilayered films prepared with various peri-
odic structural designs consisting of non-integer numbers of Co and Pt monoatomic layers on an atomically flat Ru(0001). Sharp superlattice
modulation peaks and their systematic changes with the Pt thicknesses were observed in the x-ray diffraction (XRD) spectrum. The forma-
tion of periodic structures shows that layer-by-layer like growth occurs and the resulting incommensurate superlattice modulation survives
down to an atomic scale even in the sputter-deposited Co/Pt multilayers. Magnetic properties were also investigated for the Co/Pt multilay-
ers. Interestingly, the maximum perpendicular magnetic anisotropy Ku of 3 × 106 erg/cm3 was obtained for the [Co (0.2 nm)/Pt (0.3 nm)]
multilayer exhibiting incommensurate superlattice modulation peaks, while the [Co (0.2 nm)/Pt (0.2 nm)] multilayer with a L11-like XRD
peak showed a smaller Ku. A cross-sectional high-angle annular dark-field scanning transmission electron microscopy analysis revealed that
a partially L11-ordered CoPt structure is formed in the [Co 0.2 nm/Pt 0.2 nm] multilayer, interpreting the observed Ku. This study gives a
new insight into the structural feature of sputter-deposited Co/Pt multilayers useful for a wide range of spintronic devices, such as magnetic
tunnel junctions.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0233911

In recent years, there has been a noteworthy memory rev-
olution toward the stimulating cutting-edge technologies such as
machine learning, artificial intelligence, and neuromorphic appli-
cations. Magnetoresistive random access memory (MRAM) is one
of the outstanding candidates for next-generation random access
memory technology, and Co/Pt multilayered films with strong per-
pendicular magnetic anisotropy (PMA) are known as an indispens-
able building block for MRAMs.1–4 More recently, a novel magnetic
tunnel junction (MTJ) structure with an L11-CoPt ordered alloy
corresponding to the Co/Pt(111) monoatomic multilayer in the

structure has also been predicted theoretically with tunnel magne-
toresistance (TMR) ratios over 2000% due to an interfacial resonant
tunneling effect.5 Furthermore, the L11-CoPt ordered alloy may be
considered for a potential PMA material for future recording media.
A merit from an application point of view is that the Co/Pt multilay-
ers exhibit a large magnetocrystalline anisotropy energy density (Ku)
along with a relatively low-temperature treatment around 300 ○C,
especially for forming the L11 metastable phase.1,6

Although molecular beam epitaxy (MBE) techniques were
historically used to fabricate high-quality metallic multilayers,
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sputtering is a low-cost and efficient way, especially for manufactur-
ing. Sato et al. reported a high Ku of 37 × 106 erg/cm3 for CoPt alloy
films deposited by a co-sputter method.1 Yakushiji et al. developed a
superlattice structure of sputter-deposited Co/Pt multilayers, as well
as their sharp interface.6 The layer-by-layer stacking and fcc(111)
ordered-alloy-like structure were revealed for the Co/Pt multilay-
ers by a microstructure analysis. However, the growth mechanism
of Co/Pt multilayers still remains unclear, and such studies encour-
age us to investigate the Co/Pt superlattice structure in light of
both artificial superlattices and naturally formed L11-ordered alloys.
Compared with the co-sputter method, it is likely that atomic-scale
multilayer sputter-deposition enables us to form superlattices with
improved controllability and stability.

In this article, epitaxial Co/Pt multilayer structures were fab-
ricated by magnetron sputtering with various Pt concentrations at
a low pressure of 0.3 Pa. The well-optimized growth conditions
maintained a high flatness and crystallinity. The superlattice/crystal
structure, magnetic properties, and microstructure are discussed.
A peak splitting of the L11 superlattice feature was observed by
the out-of-plane x-ray diffraction (XRD) spectrum, which indicates
the well-controlled non-integer monoatomic layer growth, i.e.,
incommensurate superlattice formation. This is a surprising result,
because such a superlattice consisting of non-integer numbers of
monoatomic layers has only been reported by the MBE method so
far.7,8 The Pt content dependence of magnetic properties, including
the saturation magnetization (Ms) and the anisotropy field (Hk), and
Ku, is also summarized. The microstructure analysis revealed the
formation of a partially L11 ordered-like structure existing inside the
Co/Pt multilayers.

All stacks were deposited by magnetron sputtering (EIKO Cor-
poration) on a single crystal sapphire Al2O3(0001) substrate at a
base pressure below 9 × 10−7 Pa. A high-quality 40 nm Ru buffer
was deposited on a thermal-cleaned substrate. Then, the Co/Pt
multilayer was deposited by alternate sputtering of non-integer
monoatomic controlled Co and Pt thin layers. A series of samples
with substrate/Ru 40 nm/[Co 0.2 nm/Pt x nm]y multilayer/Ru 2 nm
cap stack were deposited, and the total thickness of the [Co/Pt] layer
was fixed around 10 nm for consistency. Here, one monolayer (ML)
for Co and Pt is calculated as 0.21 and 0.23 nm, respectively. The Co
layer thickness is fixed at ∼1 ML, and the Pt layer thickness x varies
from 0.2 to 1.0 nm, which corresponds to 1–5 ML of Pt. y is the rep-
etition number of Co/Pt bilayers. Before the deposition, the sapphire
substrates were baked in the muffle furnace (AS ONE HPN-ON) at
1000 ○C for 1 h with an air atmosphere for better surface flatness. In
the vacuum chamber, the substrates were first degassed at 860 ○C
for 1 h, and then, the Ru buffer was deposited 30 min later after
stopping the heating and the monitored temperature was around
345 ○C. In situ post-annealing was carried out at 850 ○C for 1 h for
the optimization of the surface flatness and crystallinity. The Co/Pt
multilayer was also deposited 1 h later after stopping the heating
of the Ru post-annealing process, and the monitored temperature
was around 293 ○C. This strategy aimed at maintaining a stable
environment since the substrate heating may induce temperature
fluctuation varied with the output power. The deposition of Ru and
Co/Pt was performed at an Ar ambience of 0.1 and 0.3 Pa, since the
low-pressure deposition may yield a better growth quality for both
the roughness and crystallinity. The sputtering power for each

target is direct current (DC) 40 W for Ru, radio frequency (RF) 40 W
for Co, and RF 40 W for Pt. The deposition rate for each layer is Ru
0.061 nm/s, Co 0.014 nm/s, and Pt 0.011 nm/s.

All samples were characterized by atomic force microscopy
(AFM) for surface morphology analysis. The crystal structures were
characterized by in situ reflection high energy electron diffraction
(RHEED) and ex situ XRD with Cu Kα radiation (wavelength:
0.154 18 nm) and a graphite monochromator. The magnetic prop-
erties were analyzed using a vibrating sample magnetometer
(VSM), and the perpendicular anisotropy energy Ku = HkMs/2
was estimated from the Ms and Hk from the in-plane and
out-of-plane magnetization–magnetic field (M–H) loops at room
temperature. The microstructure analysis was identified by the high-
resolution high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and the energy dispersive
x-ray spectroscopy (EDS) (FEI Titan G2 80-200 ChemiSTEM).

We first investigated the structural properties as shown in
Fig. 1. Figure 1(b) shows the 5 × 5 μm2 area AFM image with
a very flat surface morphology of an Al2O3(0001) substrate/Ru
(40 nm)/[Co 0.2 nm/Pt 0.2 nm]24/Ru 2 nm stack. The average rough-
ness Ra = 0.15 nm and the peak-to-valley value P–V = 2.35 nm are
listed on the graph. The well-established flatness can be attributed to
the high-temperature ex situ baking for substrate and in situ post-
annealing for the Ru buffer layer. The RHEED pattern of this stack
is shown in Figs. 1(c)–1(f) with an incident electron beam along the
Al2O3[1010] azimuth for (c) Co/Pt and (d) Ru buffer and along the

FIG. 1. (a) Illustration of a Ru buffer (40 nm)/[Co 0.2 nm/Pt 0.2 nm]24/Ru 2 nm
stack. (b) AFM image of the sample surface. RHEED patterns of (c) and (e) Co/Pt
and (d) and (f) Ru buffer surfaces. The incident electron beam is parallel to (c) and
(d) Al2O3[1010] and (e) and (f) Al2O3[1120] azimuths.
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Al2O3[1120] azimuth for (e) Co/Pt and (f) Ru buffer. The obser-
vation was performed after the post-annealing process of the Ru
layer. The patterns taken from the Ru(0001) surface have distinct
Kikuchi lines, indicating that a highly crystallized and oriented Ru
buffer was achieved due to the well-optimized deposition profile.
In the next step, an epitaxial Co/Pt multilayer was deposited with
the RHEED patterns shown in Fig. 1. The 30○ rotation from an
Al2O3[1010] to Al2O3[1120] azimuth proved the sixfold symme-
try with respect to the perpendicular axis. Suppose that the Co/Pt
layer has a fcc-like structure as a fundamental lattice, the epitax-
ial relationship between Ru(0002) and CoPt(111) can be defined as
Al2O3(0001)[1120] ∣∣ Ru(0001)[1010] ∣∣ CoPt(111)[112]. Since it is
difficult to distinguish fundamental fcc and L11 ordered structures
only by RHEED results,9 further analysis of the crystal structure
should be conducted with the XRD and STEM measurements. Note
that all samples with Co/Pt multilayers and various Pt thicknesses
showed similar RHEED patterns in the surface flatness and epitaxial
growth.

Figure 2 shows the out-of-plane XRD results for the Co/Pt mul-
tilayers with various nominal Pt thicknesses of 0.2, 0.3, 0.4, 0.5, 0.6,
and 1.0 nm. The stacking structure was kept as substrate/Ru 40
nm/[Co 0.2 nm/Pt x nm]y multilayer/Ru 2 nm cap, in which only
the Pt layer thickness x and the repetition numbers (y) changed,
making the total thickness of the Co/Pt multilayer nearly constant
[around 10 nm; see Fig. 2(a)]. The epitaxial growth of the Ru buffer
layer with the high-intensity Ru (0002) peak and (0004) peak along-
side the substrate peaks was observed for the XRD results of all
the samples shown in Fig. 2(b). For the [Co 0.2 nm/Pt 0.2 nm]24
sample, a sharp superlattice peak associated with the L11 ordered
structure can be observed at 20.5○ and the corresponding d-spacing

is 0.43 nm, which is consistent with the [Co 1 ML/Pt 1 ML] structure.
The relatively low intensity of the L11-CoPt peak indicates that the
compositional contrast between Co (rich) and Pt (rich) monoatomic
layers is incomplete in this configuration of structural design. There
are no peaks other than the CoPt(111)-oriented peaks so that the full
epitaxial growth of Ru and fcc(111)-like Co/Pt layers is confirmed by
the XRD.

With increasing the Pt layer thickness, each multilayer period
of the Co/Pt samples increased systematically. A distinctive peak-
splitting behavior was observed as shown in Fig. 2. In previous
reports,7,8 the peak positions of superlattice reflections can be
given by

qs = 2πn
d̄
± 2πm

Λ
, (1)

where the integer n represents the index of the main reflection peaks,
the integer m means the index of the mth satellite peak, d is the
average lattice spacing, and Λ is the modulation wavelength of the
superlattice. Λ can be treated as the total thickness of one period
and written as Λ = Nd̄, in which N stands for the total number
of lattice planes in one period. Here, N can be not only integer
(commensurate superlattice) but also non-integer (incommensurate
superlattice). For the Co/Pt(111) superlattice structure consisting of
alternate stacks of Co(111) and Pt(111) monolayers, d represents the
mean value of individual thickness of each layer. Hereafter, we define
that n = 0 and n = 1 correspond to the fundamental (000) and (111)
peaks, respectively. The ±mth satellite peak associated with the fun-
damental peak will be designated as 0±m and 1±m. For instance, the
Co/Pt multilayer with a period of [Co 0.2 nm (∼1 ML)/Pt 0.2 nm

FIG. 2. (a) Illustration of nominal structures for Co/Pt multilayers. (b) XRD profiles for the substrate/Ru 40 nm/[Co 0.2 nm/Pt x nm]y multilayers/Ru 2 nm sample series.
The exact structure of Co/Pt multilayers and the superlattice modulation wavelengths Λ are listed. (c) A focused region of peak splitting depicted from (b). The labels n±m

represent the mth satellite peaks of the nth fundamental fcc reflections [n = 0 represents fcc(000); n = 1 represents fcc(111)]. The ∣ marks are the calculated peak positions
based on the effective d-spacing d(n±m) from Eq. (2) and Bragg’s law.
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(∼1 ML)] has N = ∼2 and Λ = ∼2d so that the position of the 0+1

peak and 1−1 peak can coincide with each other, if a commensurate
Co/Pt superlattice is formed. In fact, the observed 0+1 and 1−1 peaks
result in a single superlattice peak at 2θ = 20.5○, as shown in the
bottom and red color spectrum of Fig. 2(b). With increasing the Pt
thickness, N increases and the positions of 0+1 and 1−1 peaks start to
differ from each other, resulting in separate peaks and constructing
the peak splitting feature as shown in a series of the XRD spectra. In
the high angle region, the higher Co/Pt superlattice peak around 60○

also splits, although the intensity of the satellite peaks is rather low.
Figure 2(c) shows a focused region of the low-angle peak split-

ting behavior taken from Fig. 2(b). To identify the effective lattice
spacing d(n±m) for a satellite peak n±m, we can assume that the
allowed peak position q(n±m) = 2π

d(n±m)
. From Eq. (1), it can also be

written as q(n±m) = 2πn
d
± 2πm

Nd
; then, we can deduce

d(n±m) =
N

nN ±m
d. (2)

When n = 1 and m = 0 [the fundamental (111) peak labeled by “1”
in Fig. 2(c)], we can evaluate the average lattice spacing d from the

peak position of the fundamental (111) experimentally. For N equal
to 2.5, 3, 3.5, 4, and 6, the d values were evaluated as 0.218, 0.219,
0.220, 0.223, and 0.225 nm, respectively. Namely, with increasing
the Pt thickness, the fundamental (111) peak is gradually shifted, as
distinguished by the solid line. Note that for the 1.0 nm Pt sample,
the (111) and (222) peak positions are almost the same as the bulk
Pt(111) and Pt(222).

The 2θ value for each satellite peak can be calculated with
Eq. (2) and Bragg’s law, and the results were marked with “ ∣ ” on the
XRD spectra in Fig. 2(c). The mark positions agree with the exper-
imental results. As for Λ = 3d, 3.5d, and 4d, the deviation may be
caused by errors of the total thickness. If we use 2.8d, 3.73d, and
4.2d, the differences between calculations and experiments are less
than 0.4○. This indicates that the accuracy of the present thickness
control in the sputter deposition is within ∼0.2 ML.

Such an intentionally introduced incommensurate superlat-
tice structure, which can be indexed quantitatively with m, n, and
non-integer N through the relationship between the fundamental
and satellite peaks, was only reported for MBE-grown multilayer
samples.7,8 Surprisingly, even for the non-integer N values by
“sputter deposition,” the peak splitting is still well-defined in the

FIG. 3. (a)–(f) Magnetic hysteresis loops of substrate/Ru 40 nm/[Co 0.2 nm/Pt x nm]y multilayers (x is shown on the graphs). (g)–(i) Pt content dependence of (g) Hk, (h) Ms,
and (i) Ku.
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present study. This non-integer monolayer controlled structure can
be explained by the long-range periodicity formed by layer-by-layer
like growth, in which CoPt alloy monoatomic layers may be formed
with changing the composition in a well-defined manner. Compared
with the symmetric alternate layered structure in which the two
components have similar thicknesses, the results here proved that
even in an imbalanced layered structure with one material kept at
a fixed thickness, the non-integer control of another material layer
can also reproduce the peak splitting feature. The formation of a
well-defined interface throughout the structure demonstrates the
potential of non-integer monoatomic layer-by-layer growth using
sputtering on a high-quality buffer layer and optimized deposition
procedure, which is expressive for further development of spin-
tronic devices, especially for the utilization of interfacial electronic
states.5,10

The magnetic properties of Co/Pt multilayers are shown in
Fig. 3. Figures 3(a)–3(f) illustrate the M–H loops for the sample
stacks of substrate/Ru 40 nm/[Co 0.2 nm/Pt x nm]y multilayer/Ru
2 nm cap with the Pt thickness (x) listed on the graph. The cor-
responding Pt atomic composition ratios are evaluated from the
experimentally obtained Co and Pt thicknesses and the bulk den-
sities of Co and Pt. First, the Co layer thickness was determined to
be 0.175 nm from the XRD and EDS results of multilayer period
Λ = 0.432 nm and chemical composition Co48Pt52 (at. %), respec-
tively, for the [Co 0.2 nm/Pt 0.2 nm] multilayer. Second, based on
the excellent linearity of the Co/Pt multilayer period (see Fig. S1
of the supplementary material), the Pt layer thicknesses were deter-
mined by subtracting the Co layer thickness (0.175 nm) from each
Λ. The results are listed in Table I. Note that the number den-
sities of Co and Pt are almost unchanged for pure Co, pure Pt,
ordered CoPt alloy, and disordered CoPt alloy, showing the valid-
ity of the use of the bulk densities. The magnetic measurement was
conducted with VSM, and the magnetization was calculated from
the magnetic moment obtained with the nominal thickness and
the film area size. The PMA effect is observed for x varying from
0.2 to 0.6 nm, and all the out-of-plane hysteresis loops have sharp
magnetization reversals with good squareness, together with the
well-defined linearity of in-plane hysteresis. Only the [Co 0.2 nm/Pt
1.0 nm]8 multilayer showed no PMA probably due to the large
amount of Pt, as indicated by the distinct bulk Pt(111) peak in the
XRD results.

The Pt content dependence of Hk, Ms, and Ku is shown
in Figs. 3(g)–3(i), respectively. The maximum of Ku was shown

TABLE I. Designed and experimentally determined structures for the Co/Pt multi-
layers. The atomic ratios are evaluated from the XRD and EDS analyses and the
calculations with bulk densities for Co and Pt.

Designed
structure (nm)

Experimentally
determined structure (nm) Atomic ratio

Co (0.2)/Pt (0.2) Co (0.175)/Pt (0.257) Co 48/Pt 52
Co (0.2)/Pt (0.3) Co (0.175)/Pt (0.369) Co 39/Pt 61
Co (0.2)/Pt (0.4) Co (0.175)/Pt (0.438) Co 35/Pt 65
Co (0.2)/Pt (0.5) Co (0.175)/Pt (0.646) Co 27/Pt 73
Co (0.2)/Pt (0.6) Co (0.175)/Pt (0.762) Co 20/Pt 80
Co (0.2)/Pt (1.0) Co (0.175)/Pt (1.175) Co 15/Pt 85

up at 61% and then decreased with increasing the Pt content,
which appears to be consistent with the previous study using a
co-sputter method.1 This result indicates that our multilayer depo-
sition can sufficiently control the Co/Pt composition ratio through
the non-integer monoatomic layer manner, comparable with the
co-sputter method. A remarkable aspect of the maximum Ku is
that the multilayered film does not show the L11 ordered peak
but incommensurate split superlattice peaks. Meanwhile, the abso-
lute value of Ku is 3 × 106 erg/cm3, which is much smaller
than that of the co-sputtered L11-like CoPt films. This may be
explained by the long-range but partial ordering in the Co/Pt
multilayer. Ms gradually decreases from 777 to 317 emu/cm3 with
an increase in the Pt composition from 52% to 85%. The coer-
civity varies between 150 and 300 Oe, following the trend of the
composition dependence of Ku. Note that while the properties of
Co/Pt multilayers are very sensitive to multiple parameters such
as temperature,1,11,12 deposition pressure,13–15 the sputtering gas
ambience,13 and multilayer structure,6,16–19 etc.,20,21 the non-integer
monolayer controlled Co/Pt multilayers may provide a comprehen-
sive way to manipulate the magnetic properties by modulating the
Co/Pt composition and the accuracy is comparable to the co-sputter
method.

The cross-sectional HAADF-STEM images of the stack with
a 0.2 nm thick Pt layer are shown in Figs. 4(a) and 4(b). From
the fast Fourier transform (FFT)-filtered image, a perfect lattice
matching with a misfit dislocation-free Ru/[Co/Pt] interface was
observed, which follows our designed epitaxial relationship. In this
HAADF-STEM image, the atoms such as Pt with higher atomic
numbers produce brighter image contrast. In the two different
squared regions of the Co/Pt multilayer, a weak but L11-like con-
trast can be observed, supporting the scenario of partial ordering
discussed in the paragraph of magnetic properties. A corresponding
atomic model is also illustrated for the Ru/[Co/Pt] stack in Fig. 4(c).
From the EDS line profile [Fig. 4(d)], the atomic ratio of Co to Pt
is estimated to be 48:52, which is consistent with the single super-
lattice peak of XRD, indicating a nearly perfect 50:50 composition.
Nevertheless, there is no apparent delamination, and the L11-like
structure can be observed in several limited areas, resulting in the
feature of disordering in the Co/Pt film, which may be attributed to
the low deposition pressure. Although the disordered structure sup-
pressed a high Ku, a low-pressure deposition ambience constructed
the high-quality flatness and crystallinity.

In this work, non-integer monoatomic layer-controlled epitax-
ial Co/Pt multilayer structures were obtained with clear incommen-
surate superlattice periodicity. The unique peak splitting behavior
in the out-of-plane XRD results was analyzed with the system-
atic variation of the Pt content. It should be emphasized that the
incommensurate Co/Pt superlattice structure survives down to an
atomic scale like the [Co 0.2 nm/Pt 0.2 nm] multilayer formed by
“sputtering.” The magnetization measurement showed that a max-
imum of Ku of 3 × 106 erg/cm3 was obtained for the multilayer
with 61% Pt, which exhibits incommensurate superlattice reflection
instead of the L11-ordered peak. In addition to the cross-sectional
microstructural observation, the magnetic measurements suggest
that the observed incommensurate superlattice periodicity is rather
long-range but only due to incomplete compositional contrast of
Co and Pt. This study demonstrates an important aspect of the
superlattice structure in sputter-deposited Co/Pt multilayers.
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FIG. 4. (a) and (b) Cross-sectional HAADF-STEM images of two different areas for a Ru (40 nm)/[Co 0.2 nm/Pt 0.2 nm]24/Ru 2 nm stack observed along Al2O3[1010]. (c)
Illustration of an atomic model for the Ru/[Co/Pt] stack. (d) EDS elemental depth profiles of [Co 0.2 nm/Pt 0.2 nm]24. The Co/Pt multilayer composition was evaluated to be
Co48Pt52 from the profiles.

See the supplementary material for the linearity of the Co/Pt
multilayer period.
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