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ABSTRACT: We examine the role of sputter damage on limiting the perpendicular magnetic anisotropy and interlayer exchange
coupling in Pt/Co/Ir-based synthetic antiferromagnets, a key building block used in the microelectronics community for standalone
and embedded magnetic random access memories. By replacing the more conventional Ar process gas with Kr or Xe, we reduce the
energy of backscattered sputter gas ions bombarding the substrate from in excess of 100 eV to a few 10 s of eV. Reducing this kinetic
bombardment is critical to avoid intermixing of this nanolayered functional heterostructure, with the constituent Pt, Co, and Ir layer
thicknesses each below 1 nm. Our approach leads to a simultaneous enhancement in the perpendicular magnetic anisotropy (>2 X
10° J/m®) and interlayer exchange coupling energy (>3.5 mJ/m?). This advantageous improvement in perpendicular anisotropy and
interlayer exchange coupling is evident on a S nm-thick Pt buffer layer and additionally on an MgO/CoFeB/Mo underlayers
complex, showing that this method can improve the performance of both top- and bottom-pinned reference layers in perpendicular
magnetic tunnel junction devices. These experimental findings may help advance the processing of conventional and synthetic
antiferromagnetic devices for emerging spintronic memory technologies.

KEYWORDS: magnetic tunnel junction, perpendicular magnetic anisotropy, synthetic antiferromagnets, sputtering, sputter damage,
magnetic multilayers

I. INTRODUCTION temperature compared to FM counterparts. Furthermore,
Significant ongoing research efforts in spintronic applications SAFs are believed to deliver topological protectl?g for energy
are focused on the development and processing of synthetic efficient spin—orbit torque MRAM devices, * including
antiferromagnets (SAFs), the trilayered FM1/NM/FM2 protection of chiral Neel-type domain walls in domain
structure, where FM is a ferromagnet and NM is typically an wall>'° and Skyrmion racetrack memory devices'’ by
ultrathin (<1 nm) nonmagnetic metal that typically includes potentially reducing or eliminating the deleterious Skyrmion
Cr, Ru or Ir." The interlayer exchange coupling (IEC) across Hall effect.'®"?

the NM layer shows an oscillatory and decaying behavior that Perpendicular magnetic anisotropy (PMA) is of even greater

can be ferromagnetic (FM) or anti-FM,”~* but the anti-FM
behavior is of particular technological interest to spintronic
applications as the building block of a fringe-field free reference
layer for ultrahigh density spin-transfer-torgue magnetic - —
random access memory (STT-MRAM) cells.”® Additionally, Received: September 4, 2022
the SAF shows technological merit as the free layer for SAF Acce_Pted‘ December 7, 2022
magnetic tunnel junctions (MTJs)"~” and as domain wall and Published: December 23, 2022
Skyrmion bubble devices,'”"" in which case the IEC torques

can generate faster magnetization switching, enable high

domain wall velocities, and stabilize Skyrmions at elevated

significance to spintronic technologies due to the high-density
scaling advantages afforded over in-plane magnetized counter-
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parts.”” While a uniaxial PMA can be derived from spin—orbit
coupling in the lattice of a FM film, the most technologically
relevant materials derive their PMA from the broken symmetry
at interfaces in ultrathin nanolayered films, such as NM/
CoFeB/MgO or Co/NM rnultilayers,n_27 where the non-
magnetic layer and the quality of the interface are both key to
realizing a sufficiently large PMA energy density to enable
thermally stable nanomagnetic layers with lateral sizes in the 10
s of nm and a sub-10 nm thickness.

Certain technological realizations of SAFs in spintronic
applications combine PMA and IEC. This requires certain
compromises in materials and functional properties. For
instance, while Ru has the largest IEC energy (S mJ/ m?),” it
does not contribute significant PMA in Ru/ CoFeB/MgO.28
On the other hand, while Pt/Co multilayers can be engineered
with very high PMA (>1 MJ/m?),*® Pt does not offer an anti-
FM IEC.”" It was shown that Ir can deliver both high IEC and
is compatible with high PMA Co/Pt multilayers for a
perpendicular SAF (pSAF) with 2.5 mJ/m?® IEC energy and
1 MJ/m® PMA.>" This has led to high-tunneling magneto-
resistance bottom-pinned perpendicular MTJs (pMT]s) using
a pSQF as part of the reference layer coupled to a CoFeB
film.”

Ultrathin magnetic multilayers including the [Co/Pt]/Ir/
[Co/Pt] pSAF are grown by physical vapor deposition
sputtering in most conventional research and manufacturing
facilities. This industry-friendly approach is high-throughput
and scales adequately for back-end-of-line deposition of highly
uniform spintronic films across semiconductor wafers, even
with the requirement of individual Co, Pt, and Ir layer
thicknesses ranging from 0.5 nm and below with lateral
thickness homogeneity across 300 mm diameter, manufactur-
ing-scale semiconductor wafers.”>*” Figure la depicts the
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Figure 1. Scheme representing (a) sputter deposition of nanolayered
thin films; (b) layer stacking structure and mutual magnetization
alignment of [Co/Pt]ys/Ir/[Co/Pt],; SAF.

sputter deposition technique, in which a plasma generated in
the vicinity of a biased target leads to energetic bombardment
(100 s of eV) of the target by ionized process gas atoms, that
eject (sputter) a flux of target atoms and reflected process gas
ions toward the substrate. This additional flux from reflected
ions can lead to significant energetic bombardment of the
growing film during deposition, the extent of which is highly
sensitive to process parameters like the sputter gas and target
composition, the background gas pressure during deEosition,
and the distance from substrate to sputtering target.”” While
previous works have reported peak IEC energy as high as 2.6
mJ/m? in a [Co/Pt]/Ir/[Co/Pt] pSAF,*" opportunities remain
to realize further gains in IEC and PMA through modification
of the processing conditions during sputtering. In particular,
previous results showing the gains in coercivity and PMA
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energy by use of heavier process gases (relative to Ar) during
Pt deposition in Co/Pt multilayers.””** Additionally, con-
trolled ion bombardment during ion milling of a similar PMA
system, Co/Pd multilayers, has shown that the magnitude of
arriving ion energy can significantly modify the PMA, with 10 s
of eV having a minimum impact, but hiégher energies being
particular deleterious to the PMA energy.’® These results taken
together suggest a similar approach should be considered for
[Co/Pt]/Ir/[Co/Pt] pSAFs, whereby the similar molecular
weight of Ir target atoms should also generate significant high-
energy bombardment of backscattered Ar" ions during
sputtering.

We demonstrate that by replacing Ar with Kr or Xe during
the deposition of a [Co/Pt]/Ir/[Co/Pt] pSAF, it is possible to
realize gains in three relevant metrics for spintronic
applications—the perpendicular coercivity, the PMA energy,
and the IEC energy. In particular, we demonstrate the peak
IEC coupling in a pSAF sputtered in Xe can exceed 3 mJ/m? a
significant improvement over an Ar-sputtered counterpart
deposited under identical conditions. Furthermore, we
demonstrate that the improved functional properties are
evident not only in a highly (111) face-centered-cubic textured
Pt-buffered pSAFs but also when grown above a Ta/MgO/
CoFeB/Mo underlayers structure, indicating compatibility
with top-pinned reference layer structures for high-density
STT-MRAM. These results highlight the importance of
process gas engineering for advanced spintronics technologies.

Thin-film multilayers were produced by magnetron sputter-
ing in a custom ultrahigh vacuum chamber with base pressure
less than 6.7 X 107® Pa (5.0 X 107'° Torr). All metal layers
were grown by direct current magnetron sputtering, while the
MgO layer was grown by radio frequency sputtering. Two
series of samples were grown in this study:

Series A: Si (001) sub./SiO, (500 nm)/Ta (5 nm)/Pt (5
nm)/[Co (0.4 nm)/Pt (0.6 nm)] X 5/Co (0.4 nm)/Ir
(wedge)/[Co (0.4 nm)/Pt (0.6 nm)] X 3/Ru(2 nm)/Ta($
nm). Series B: Si(001) sub./SiO, (500 nm)/Ta(5 nm)/MgO
(2 nm)/CoFeB (1.1 nm)/Mo (0.8 nm)/[Co (0.4 nm)/Pt (0.6
nm)] X 3/Co (0.4 nm)/Ir (wedge)/[Co (0.4 nm)/Pt (0.6
nm)] X 6/Ru (2 nm)/Ta (5 nm).

The layer-stacking structure in series A is an optimized Ta/
Pt underlayer sequence for the face-centered-cubic (111)
growth of the Pt/Co/Ir-based SAF and is designed as a
potential building block for bottom-pinned pMT]s, spin-Hall
domain wall devices or Skyrmion devices. Series B places the
SAF above a Ta/MgO/CoFeB underlayer sequence with
indirect exchange coupling to the CoFeB layer through a thin
Mo spacer and serves to evaluate the suitability of this SAF
structure as a top-pinning reference layer for pMTJs. While the
majority of the layers were grown in a 0.4 Pa (3 mTorr) Ar
sputter gas environment [under 10 standard cubic centimeter
per second (sccm) Ar flow], the Pt/Co/Ir SAF complex was
grown under three different sputter gas conditions in each of
the two sample series: (1) 6 mTorr Ar; (2) 6 mTorr Kr, and
(3) 6 mTorr Xe; each under 20 sccm flow of the particular gas
species. The compressed gas cylinders used in this study were
of 99.9999% (Ar), 99.999% (Kr), and 99.999% (Xe) purity.
Samples were grown at room temperature and measured in the
as-deposited condition.

Distance from the center of the substrate to each sputtering
gun was fixed at 20 cm with the target surface normal inclined
30° away from the substrate surface normal. Coincident with
the pressure during deposition, the sample growth processing
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takes place under a 160 mm-Pa pressure—distance product,
which improves the thermalization of sputtered atoms and to a
lesser degree, backscattered ions as well.>”  Continuous
azimuthal rotation of the substrate at 20 revolutions per
minute was carried out during deposition except for during the
Ir layer in order to generate a thickness gradient (wedge)
across the substrate to explore Ir thicknesses in the vicinity of
the thickness of the first anti-FM peak (~0.45 nm) in Ir-based
SAFs.>*" Figure 1b shows a schematic depiction of the wedge
series A sample that depicts the oscillatory Ir thickness
dependence' of the SAF magnetization orientation (depicted
by the blue arrows in each Co/Pt multilayers) in our
nanolayered structures: a thin Ir range, where the direct
contact between Co layers induces mutual FM alignment; an
intermediate Ir range, over which the two Co/Pt multilayers
align anti-ferromagnetically (AF); and a thick Ir range, across
which the two Co/Pt multilayers align FM. Film deposition
rates and Ir lateral thickness variation were estimated by X-ray
reflectivity of calibration films grown under identical pressure,
gas flow, and substrate lateral size. The deposition rates are as
follows: Ta (0.017 nm/s); Pt (0.020 nm/s); Co (0.015 nm/s);
Ir (0.023 nm/s); Ru (0.029 nm/s) MgO (0.002 nm/s); Mo
(0.021 nm/s) and CoFeB (0.024 nm/s). The average Ir
thickness gradient across a 7 cm Si wafer ranged from 0.4 nm
(Ar) to 0.5 nm (Kr), to 0.9 nm (Xe), permitting a wide range
of Ir thicknesses to be explored in samples taken at 5 mm
increments along the thickness gradient. An array of quartz
crystal thickness monitors on either side of the substrate
provided in situ confirmation of consistent deposition rates
during growth of each layer of the samples compared to the
deposition rates estimated from calibration films.

Magnetic properties were characterized using a quantum
design superconductin% quantum interference device
(SQUID) magnetometer.‘8 Both out-of-plane and in-plane
magnetic hysteresis curves were measured using SQUID.
Simulation of the energy distributions of ionized sputter gases
reflected from the Co(Pt, Ir) sputter targets was carried out
using the transport of ions in matter (TRIM) code.*

Cross-section transmission electron microscopy (TEM)
images were acquired for each of the process gas conditions
in series A, and exemplary high-resolution TEM images are
shown in Figure 2a—c. Additional scanning TEM images in
brightfield mode were used to refine our estimates for the film
thickness and confirm the Ir thickness corresponding to the
maximal IEC (see Supporting Information Section S1 for these
details). All micrographs reveal smooth films with low
interfaces under the processing conditions of 6 mTorr Ar
(Kr, Xe) environments, including a well-defined interface at
the Co/Ir/Co trilayer transition between the lower Co/Pt
multilayers and the upper Co/Pt multilayers, key to realizing
optimal IEC coupling across the sample. Oxidation of the Ta
capping layer is apparent in each sample from the brightness
and density of the layer in comparison to the Ta seed layer.

Compared to the Ar and Kr samples, the Xe sample exhibits
the least amount of lattice distortions, suggesting better
alignment of the (111) face-centered-cubic columnar grain
growth of the multilayered film along the growth direction
which has been seen previously in Xe-sputtered Co/Pt
multilayers.” A countable number of grains in each TEM
specimen (see additional TEM images in Supporting
Information Section S1) enabled some feedback on grain
sizes within series A, for which we observe grains as wide as 18
nm in the Ar and Xe samples, but below 14 nm in the Kr
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Figure 2. Cross-section TEM images of series A films grown in Ar
(a), Kr (b), and Xe (c). (d) Two-dimensional fast Fourier transform
diffractogram of enclosed region in (a).

sample. Within grains, the nanolayered stacking of Pt/Co/Ir
multilayers within the SAF are continuous and discrete, with
very low roughness across the nearly 10 nm span of most
grains. A larger wavelength roughness associated with the
competition during growth over the Pt-buffer can be seen
across all three samples shown in Figure 2 and additionally in
supplementary figures shown in Supporting Information
Section S1. Atomic force micrographs (Supporting Informa-
tion Figure S13) reveal a smooth surface roughness across the
three samples in series A, with estimated root-mean-square
roughness (Rq) values (0.44 + 0.03) nm, (0.38 + 0.01) nm,
and (0.51 + 0.05) for Ar, Kr, and Xe, respectively.
Complementary information from specular X-ray reflectivity
(Supporting Information Section S2) suggests a nearly 1 nm
root-mean-squared roughness that develops from the Pt/Co/Ir
SAF growth and is present at the Ru/Ta interface for each of
the three sputtering gas conditions and is consistent with
observations in the TEM micrographs. Smaller grains were
misoriented relative to the (111)-textured columnar structure
in the Co/Pt SAF and represent a distortion of the superlattice
stacking. These distortions may generate additional orange-
peel type coupling within each Co/Pt multilayers or between
the two Co/Pt multilayers coupled across the Ir spacer that
could influence the peak IEC.*’

We use diffraction analysis to examine the lattice parameters
in these three samples. Figure 2d shows an exemplary fast
Fourier transform diffractogram from a region in the Ar sample
highlighted in Figure 2a. The lattice spacing of the (111)
planes in this region is 0.227 nm. For the Kr and Xe samples,
the (111) lattice spacing was 0.224 nm. The larger out-of-plane
lattice spacing within the Ar sample may be the consequence of
in-plane compression from film bombardment during
growth.” Additional X-ray diffraction in Supporting Informa-
tion Section S2 shows the out-of-plane (111) texture of the
nanolayered thin films and a significant increase in the mosaic
spread of the (111) oriented crystallites in the progression
from Ar to Kr to Xe, which may explain the increased
coercivity in the films described below.
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Figure 3. Magnetic hysteresis curves measured out-of-plane for series A samples using SQUID magnetometry for (a) 0.3 nm Ir thickness; (b) peak
interlayer exchange field thickness; (c) interlayer exchange energy vs Ir thickness for series A; (d) magnetic hysteresis curves measured in-plane for

samples in (b).

Table 1. Magnetic Properties Summary for Minimum Ir Spacer Thickness and Ir Thickness Associated with Maximum
Interlayer Exchange Field for Series A and Series B for Each Sputtering Gas

3\ _
series  gas M, (kA/m) + 40 kA/m (o) i, (T) £ 0025 T by (T) % 0025 T Jge (ml/m?) i (T) + 005 T Kff/%QTH)K
A Ar 590 0.3 0.100 FM FM 1.80 0.53 + 0.05
0.5 0.275 1.325 2.7 +£ 0.2 4.10 1.21 + 0.06
Kr 560 0.3 0.200 FM FM 2.85 0.80 + 0.06
0.6 0.500 1.800 29 +0.2 4.95 1.40 + 0.10
Xe 850 0.3 0.150 FM FM 2.25 0.96 + 0.05
0.5 0.500 1.925 3.8 +02 5.40 2.30 + 0.10
B Ar 760 0.3 0.050 FM FM 1.70 0.65 + 0.05
0.5 0.300 0.725 1.9 + 0.1 3.00 1.14 + 0.08
Kr 740 0.3 0.200 FM FM 1.80 0.65 + 0.0
0.5 0.550 0.950 1.7 £ 0.2 3.35 1.24 + 0.08
Xe 960 0.3 0.150 FM FM 1.60 0.77 + 0.0S
0.5 0.500 0.975 2.1 +02 3.85 1.90 + 0.10

Out-of-plane magnetization versus applied field hysteresis
(M—H) curves were measured using a SQUID magnetometer
for S mm X S mm cleaves taken from along the Ir thickness
wedge in the series A samples. Figure 3a shows exemplary out-
of-plane M—H curves at approximately 0.3 nm Ir thickness,
showing FM coupling between the two sets of Co/Pt
multilayers. In addition to the hysteresis curves seen in Figure
3a and centered around zero field, samples that exhibit an anti-
ferromagnetic IEC exhibit an additional pair of magnetic
hysteresis loops that are shifted symmetrically around zero
applied field, which can be seen in Figure 3b. The offset of the
center of these shifted hysteresis loops from zero applied field
is depicted by the arrow in Figure 3b and is defined as the IEC
offset field, poHigc. Despite the very high IEC field, nearly all of
the M—H loops with a measurably anti-FM coupling ridge
additionally show coercivity in the IEC offset hysteresis loops
(see Supporting Information Section S3), which may be a

consequence of the large PMA in Pt/Co/Ir’"** or may
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additionally suggest alignment of the SAF through propagation
of a vertical domain wall through the thicker Co/Pt (S nm)
multilayers into the thinner (3 nm) Co/Pt multilayers.”' For
an Ir thickness around 0.5 nm in each thickness series for Ar,
Kr, and Xe, we observe the largest poHpc of (1.325 + 0.025)
T, (1.800 = 0.025) T, and (1.925 + 0.025) T, respectively, and
the plus/minus quantity here and below reflects the one-sigma
uncertainty in the measured parameter. The saturation
magnetization for each of the Ar, Kr, and Xe samples in series
A was (590 + 40) kA/m, (560 + 40) kA/m, and (850 + 60)
kA/m, respectively. The larger saturation magnetization for the
Xe sample reflects a slightly higher ratio of Co-to-Pt compared
to the nominal sample stacking structure and is consistent with
observed Co and Pt thicknesses in the TEM micrographs (see
Supporting Information Section S1). As summarized in Table
1, there are evident gains in both the peak IEC field and the
coercive field at both high anti-FM IEC and low IEC, as
evident for the Kr and Xe samples compared to the Ar sample
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with a nearly 50% increase in the peak IEC field and an over
100% increase in the coercive field, consistent with previous
studies of Co/Pt multilayers sputtered in Kr and Xe gas.

In-plane M—H curves for each gas in the series showing the
maximum IEC field are shown in Figure 3d. All samples show a
reversible in-plane hysteresis loop, consistent with a magnetic
easy axis perpendicular to the film plane of the layers. The in-
plane saturation field, H,, reflects the anisotropy field (Hy) of
the SAF, including contributions from the PMA at the Pt/Co
and Ir/Co interfaces, the demagnetization field, and the IEC
coupling field. The anisotropy field for Ar, Kr, and Xe samples
with maximum anti-FM IEC was (3.00 + 0.05) T, (3.35 +
0.05) T and (3.85 + 0.05) T, respectively, reaching the largest
magnitudes for Kr and Xe, also consistent with previous studies
of the role of Kr and Xe sputtering of Co/Pt multilayers. The
anisotropy field for the corresponding samples with FM IEC
was correspondingly lower by approximately one-half, in
agreement with previous work that shows that IEC energy
enhances the net PMA in Ir/Co/Pt pSAFs.*> Table 1 shows
that the difference for each sputtering gas between the
anisotropy fleld for the peak IEC compared to the ultrathin
Ir (t, = 0.3 nm) spacer samples cannot be reconciled entirely
by the interlayer exchange field strength, which points to the
sensitivity of PMA to sub-nm thickness changes in the
nanoscale Ir spacer layer.

The IEC field was estimated from each of the out-of-plane
M—H hysteresis loops spanning the Ir thickness range of the
wedge samples. Based on the saturation magnetization and the
thickness of the [Co(0.4 nm)/Pt(0.6 nm],; (3 nm)
component of the pSAF, we estimate the IEC energy as ], =
HoMHgct. Figure 3¢ shows the IEC energy versus nominal Ir
thickness for each of the samples in the thickness series
showing an anti-FM IEC offset in the out-of-plane M—H
hysteresis loops. Due to the relatively steep thickness gradient
across the full sample (0.4 nm across 70 mm), the measured S
mm wide samples cover approximately the thickness stepsize
between samples. Consistent with the gains in PMA and
coercivity, we notice that the peak IEC energy is manifest in
the Xe series, with a range of nominal thickness values showing
larger IEC energies than the maximum IEC energy for Ar or Kr
by 10% up to 30%. Typical IEC strength as a function of the Ir
spacer thickness is very sensitive to the subnanolayer
thickness,”" which can be seen in the steep rise and beginning
of rapid descent in the Ar sample, but not in the Kr and Xe
samples. While we do see a steep rise in the IEC strength, the
coupling falls off much less rapidly, which may be consistent
with a surface-morphology mediated coupling. If the Kr(Xe)-
sputtered SAFs develop more roughness, then the effective
thickness of the Ir spacer layer will be lower than the nominal
thickness and corrugation-induced magnetostatic coupling
could deliver additional anti-FM coupling”’ in addition to
IEC mediated through indirect exchange interactions across
the Ir spacer. These values additionally exceed the leading 2.6
m]J/m? value recently observed in Ir/Co/Pt-based pSAFs.31

The structural and magnetic properties indicate that the
pSAFs grown in an Ar environment compared to Kr or Xe not
only exhibit better crystallinity and denser, more compressive
films but also exhibit lower coercivity, PMA and IEC. The
difference in microstructure is consistent with effects of ion
bombardment and gains in PMA and coercivity have been
correlated to ion bombardment during Pt sputtering in an Ar
environment. To understand additionally how the full pSAF
could be affected by ion bombardment during sputtering, we
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carried out TRIM calculations using 100,000 sputtering events
to generate statistics for the energy of sputtered atoms (Co, Pt
and Ir) and backscattered ions (Ar*, Kr* and Xe") in each of
the gas environments. For each simulation, we assume that the
sputtering target bias is 350 V. Then we considered the energy
lost due to scattering in the gas environment to estimate the
energy arriving at the growing film.

The sputtered atoms depart their respective target with
energies in the range of a few eV and would be expected to lose
at least 90% of their initial energy during their transit through
the gas environment, based on the pressure—distance product
of the sputtering chamber (160 mm Pa).”” As a consequence,
we will not consider the effects of bombardment from
sputtered atoms. On the other hand, backscattered ions from
the sputtering gas reflect from the target with high energy and
can maintain a significant fraction of their incident energy as
they bombard the target. Energy loss arising from collisions
between gas molecules using the same 160 mm Pa pressure
distance, should reduce the arriving energy of the back-
scattered ions in Ar by a factor of 2, in Kr by a factor of 10, and
in Xe by a factor of 100.”” Figure 4a highlights the arrival
energy distribution of backscattered ions during Pt and Ir

-=-Art(Pt) —Ar+(Ir)
---Kr*(Pt) —Kr*(Ir)
---Xe*(Pt) —Xe*(Ir)

Reflected Ion Probability

102

(b)
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Figure 4. (a) Incident energy of arriving backscattered gas ions
indicating sputter target in parentheses; (b) atomic displacement map
due to 75 eV Ar" ions incident on [Co/Pt] multilayers during Ir or Pt
deposition in 6 mTorr Ar; and (c) atomic displacement map due to 4
eV Kr" jons.
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deposition based on TRIM simulations of 10,000 sputtering
events with Pt (Ir) targets at normal incidence with 300 eV Ar*
(Kr*, Xe") ions.”” We estimate an average incident energy at
the substrate for Pt (Ir) of: 37 eV (38 eV) in 6 mTorr Ar; 3 eV
(6 eV) in 6 mTorr Kr and 0.1 eV (0.3 eV) in 6 mTorr Xe, with
tails of the Ar distribution in excess of 100 eV for both species.
To illustrate the damage that the high-energy ions could
produce, we simulated the atomic displacements in two Co/Pt
bilayer repeats during the Ir deposition, assuming 75 eV
incident Ar" ions reflected from the Ir target. Figure 4b shows
significant displacement of the Co (Pt) atoms laterally and into
the adjacent Pt (Co) layers under ion bombardment from
backscattered Ar* jons. Our simulations additionally suggest
that this damage would be constrained to a narrow region of
the uppermost Co/Pt interface (Figure 4c) for Kr* sputtering
and would be virtually nonexistent using the relevant energies
for Xe" sputtering.

We now move on to the series B structure, the so-called top-
pinned complex. The top-pinned pMT] demands an abrupt
structural transition from an amorphous CoFeB layer adjacent
to the MgO tunnel barrier and an fcc(111) Co-based
multilayer with only an ultrathin refractory metal (Ta or Mo
or W) bridge layer instead of a thick Pt(111) buffer layer as
was employed in series A. Figure Sa,b highlights the key out-of-
plane M—H loops for series B, where again similarities in the
appearance of wider coercive field are seen for the Kr- and Xe-
grown samples compared to the Ar sample. Additional out-of-
plane M—H loops for this sample are available in Supporting
Information Section S4. The peak IEC energy (see Figure Sc)
is also moderately higher for the Xe-grown films, consistent
with our observations for the series A samples.

The peak IEC energies for series B are (1.9 + 0.1) mJ/m?
(1.7 £ 0.2) mJ/m? and (2.1 + 0.2) mJ/m? for Ar, Kr, and Xe,
respectively. The perpendicular magnetic anisotropy field
(uoHy) estimated from the in-plane magnetic saturation field
(Figure Sd) reveals that the samples with the highest interlayer
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exchange in each gas series (see Table 1) also showed the
largest PMA: (3.00 + 0.05) T; (3.35 = 0.05) T; and (3.85 +
0.05) T for Ar, Kr, and Xe, respectively.

Recent efforts to cooptimize IEC with other functional
properties in Ru/Co/Pt and Ir/Co/Pt multilayers have
realized technologically significant benchmarks for ultrathin
Co layers combined with well-controlled interfaces. In Lau et
al., a series of Ir/Co/Pt and Pt/Co/Ir sputtered superlattices
are examined in which they realize PMA fields approaching 10
T in a sample with an IEC field of approximately 3 T in an
optimized structure of [Ir (0.45 nm)/Co (0.9 nm)/Pt(0.6
nm) ]y, "> Assuming a value for the saturation magnetization
appropriate to this stacking structure (600 kA/m), this
translates to a K. of approximately 3 MJ/m® and a Jipc
slightly below 1.5 mJ/m? which compares favorably with our
values (K. = 2.3 MJ/m?, Jizc = 3.8 mJ/m?) for the peak IEC
Xe sample in series A. Also recently, Karayev et al. highlighted
the cooptimization of IEC energy (1.3 mJ/m’) in [Pt (1.0
nm)/Co (0.8 nm)/Ir (0.45 nm)];, and [Pt (1.0 nm)/Co (0.8
nm)/Ru (0.95 nm)],, superlattices* in superlattice materials
already showing very high interfacial Dzyaloshinskii—Moriya
interaction (DMI) energy (2.66 mJ/m?*) and moderate PMA
(K. < 0.5 MJ/m®).*> Although our emphasis was on two Co/
Pt superlattices coupled by a single Ir layer to convert IEC,
these recent findings shed light on the alternative layer stacking
structures (e.g. Ir/Co/Pt superlattices) that could deliver
additional gains in PMA and DMI with the use of either Kr or
Xe as the sputtering process gas.

Realizing magnetic multilayered films with high PMA and
IEC requires judicious control of interface sharpness between
each of the ultrathin layers comprising the layer stacking
structure. Our results suggest that heavier sputter gas
molecules such as Kr and Xe can improve these functional
properties as their use leads to less energy being delivered to
the growing film, both through deceleration of the sputtered
constituent atoms and the reflected gas molecules. There may
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be several microscopic mechanisms involved in the improved
PMA and IEC. This may include reduced surface defects at the
Pt/Co and Ir/Co interfaces, known to improve PMA in
Fe(Co)/MgO-based interfacial anisotropy nanolayered sys-
tems.*>*’ Larger IEC in Kr(Xe)-sputtered films due to reduced
intermixing at the Co/Ir/Co interface was explored in other
systems (e.g, Fe/V multilayers’®) and understood as a
consequence of direct exchange (adjacent Co—Co) coupling
that reduces the observed IEC strength. The described
approach in this work has the potential to be compatible
with industrial thin-film processes, provided that alternative
process gases can be implemented in the deposition tool.
Alternative approaches may be employed to reduce the energy
of bombarding species at the growing film, including
engineering a pressure—distance product for significant
attenuation of initials sputtered atom and reflected ion
energies.”” It could alternatively be possible to employ a
positive biasing of the substrate to mitigate reflected ions from
bombarding the growing film.*’

B CONCLUSIONS

We have grown Ir-based SAFs using Ar, Kr, and Xe gas
sputtering. Our results indicate that the heavier mass of Kr and
Xe gas molecules lead to lower film stress, a higher degree of
(111) texturing, and higher PMA and IEC for both Pt(111)-
buffered and amorphous CoFeB/Mo-buffered films. Advanta-
geously, the IEC realized in a Xe sputtering environment is
over 30% higher than what has been previously realized by
sputtering in a Ar environment, including our present work,
pointing to the critical role of sputter gas species on the IEC
and PMA of nanolayered perpendicular SAF structures.
Moreover, this approach is compatible with growth on an
amorphous MgO/CoFeB/Mo-buffer, signifying the utility of
this processing technique for both bottom-pinned and top-
pinned pMT] memory devices.
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