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ABSTRACT

Bulk perpendicular magnetic anisotropy materials are proposed to be a promising candidate for next-generation ultrahigh density and ultra-
low energy-consumption spintronic devices. In this work, we experimentally investigate the structure, thermal stability, and magnetic proper-
ties of FePd thin films seeded by an Ru layer. An fcc-phase Ru layer induces the highly-ordered L1,-phase FePd thin films with perpendicular
magnetic anisotropy (K, ~10.1 Merg/cm?). The thermal stability of FePd samples is then studied through the annealing process. It is found
that a K, ~6.8 Merg/cm® can be obtained with an annealing temperature of 500 °C. In addition, the Gilbert damping constant o, an impor-
tant parameter for switching current density, is determined as a function of the testing temperature. We observe that o increases from 0.006
to 0.009 for the as-deposited FePd sample and from 0.006 to 0.012 for the 400 °C-annealed FePd sample as the testing temperature changes
from 25°C to 150 °C. These results suggest that Ru-seeded FePd provides great potential in scaling perpendicular magnetic tunnel junctions
below 10 nm for applications in ultralow energy-consumption spintronic devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0016100

As the key building block of magnetic random-access memory
(MRAM), perpendicular magnetic tunnel junctions (p-MTJs) have
been extensively investigated.* For MRAM, when scaling MTJ devi-
ces to commercially sustainable sizes, like 10-nm nodes, a large per-
pendicular magnetic anisotropy (PMA, K,) and a low damping
constant (o) for ferromagnetic materials are required to realize longer
retention time and ultralow switching current density. Meanwhile, to
satisfy the requirement of an existing back-end-of-line CMOS process,
the ferromagnetic materials are required to maintain the magnetic
properties under a high-temperature thermal treatment process (e.g.,
the annealing temperature, Ty, > 400 °C).” In addition, the memory
and logic devices must maintain high performance in extreme envi-
ronments for special applications, including automotive, military, and
aerospace. This demand requires the devices to be able to operate at
elevated temperatures (~125°C)."

Recently, bulk PMA Lly-phase FePd has attracted considerable
interest for developing ultrahigh-density and ultralow-energy memory

and logic devices due to its large K,,, low o, high thermal stability (A),
scalability, and theoretically low switching current density.'' "* These
properties of L1y-phase FePd also depend on the growth conditions,
such as the seed layer and the thermal treatment process. So far, many
materials have been used as a seed layer to develop FePd PMA thin
films, like Cr/Pd'*'*"'® and Cr/Pt.'”*® Although the Cr/Pd and Cr/Pt
seed layers can induce the high-quality FePd thin film because of a
small lattice mismatch with FePd, the interdiffusion could change the
composition of FePd with the high-temperature thermal treatment
process, which can change PMA and o, particularly detrimental for
ultrathin films in p-MT]Js. Therefore, exploring the seed layer to grow
high-performance FePd thin films will be crucial for realizing the high
performance and CMOS-compatible spin memory devices. As a seed
layer, the spacer or capping layer, the hexagonal close-packed (hcp)-
phase ruthenium (Ru) has been used for spintronic device applica-
tions'”** for more than three decades. It is also theoretically predicted
that Ru can form an fec-phase™ but has not been experimentally
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realized until recently when we demonstrated an fcc-phase Ru layer as
a spacer layer."® We find that fcc-phase Ru has a very small lattice mis-
match (less than 1%) with FePd, also fcc-phase Ru induces a large
interlayer exchange coupling in the FePd/Ru/FePd synthetic antiferro-
magnetic structure.

In this work, we investigate the crystalline structure, thermal sta-
bility, and magnetic properties of the FePd thin films seeded by an fcc-
phase Ru layer. The (001) textured growth of Ru and FePd layers is
first confirmed through XRD and STEM characterizations. Then FePd
samples are annealed up to 500 °C to identify the thermal endurance
of these materials. The magnetization dynamics of the as-deposited
and annealed samples were measured with the ultrafast time-resolved
magneto-optical Kerr effect (TR-MOKE) metrology to extract the
Gilbert damping constant, o.. This parameter is important for evaluat-
ing the switching current density for the operation of MT] devices
built upon this material. Furthermore, we study « as a function of the
testing temperature from the room temperature (RT) (25°C) to
150 °C. Our results suggest that Ru-seeded L1,-phase FePd can main-
tain a relatively small o for the temperatures ranging from 25 °C up to
150 °C, indicating the thermal robustness of FePd thin films will be
beneficial for ultralow energy-consumption spintronic applications
across a wide temperature range.

The FePd samples were grown on (001) MgO single-crystal sub-
strates with a Cr/Ru seed layer in an ultrahigh vacuum magnetron
sputtering system with a base pressure less than 5.0 x 10~° Torr.
During the deposition of the Cr (15nm)/Ru (5nm) seed layer and
FePd layer, the substrate temperature was kept at 350 °C. The pressure
of Ar working gas was 4.5 mTorr for the FePd layer and 2.0 mTorr for
the other layers. The 7.5-nm FePd thin films were prepared by co-
sputtering with the Fe and Pd targets. A 5-nm-thick Ta capping layer
was grown at room temperature (RT). The FePd thin films with a Cr
(15 nm)/Pt (5 nm) seed layer were also grown for comparison with the
same experimental condition of the Cr/Ru seed layer. The magnetic
properties were measured with the Vibrating Sample Magnetometer
(VSM) module of a Physical Property Measurement System (PPMS).
The structural features of FePd thin films were characterized by out-
of-plane (0-20 scan) x-ray diffraction (XRD) with Cu-Ko: radiation (4
= 0.15418 nm) using a Bruker D8 Discover system and by scanning
transmission electron microscopy (STEM) using aberration-corrected
FEI Titan G2 60-300 STEM. Cross section samples for STEM study
were prepared by using a Zeiss Auriga focused-ion beam (FIB) system.
Energy-dispersive x-ray spectroscopy (EDS) signal was acquired by
scanning the electron probe across the sample area continuously for
25min at ~200pA electron beam current. The o value of the
Ru-seeded FePd thin films was measured by the TR-MOKE and the
ferromagnetic resonance (FMR) methods.'“”°*® For TR-MOKE mea-
surements conducted in this study, a 10x objective lens was used to
focus the laser beams onto the sample surface, which produced a 1/¢*
beam spot size of wy ~6 um. The pump and probe fluences were set as
~0.2 and 0.1 mJ/cm?, respectively. An external magnetic field (Hey,) of
up to 20 kOe was applied to the sample at an angle of 0y with respect
to the sample surface normal.

The fcc-phase Ru with the lattice parameter of
a=b=c=0.383nm (Ref. 18) has a small lattice mismatch (~0.5%)
with L1o-phase FePd (a = b= 0.385 nm, ¢ = 0.372 nm).”’ It can induce
the highly ordered L1,-phase FePd following a textured growth like Pt
and Pd, as shown in Fig. 1(a). The crystalline structures of Ru-seeded
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FIG. 1. (a) Schematic of the epitaxial relationship between fcc-phase Ru and fct-
phase FePd. The lattice mismatch between FePd and Ru is less than 1.0%. (b)
The out-of-plane (0-20 scans) XRD patterns as a function of the annealing temper-
atures for Ru-seeded FePd thin films. The very clear (001) and (002) peaks of the
L1o-phase are observed, indicating the high-ordered FePd thin films.

and Pt-seeded FePd samples characterized with XRD are shown in
Figs. 1(b) and S1. For the Ru-seeded FePd thin film, the (001) and
(002) peaks are clearly visible with the different annealing tempera-
tures (T,ny), suggesting a well-formed superlattice structure. It is also
found that the intensity of the (001) peak is enhanced with the increase
in T,,y, indicating that the annealing process facilitates the crystalliza-
tion of the Ru-seeded FePd sample. Meanwhile, we do not notice any
apparent peak shift, indicating that the lattice of Ru-seeded FePd is not
changed during the annealing processes at high temperatures of up to
500 °C. While for Pt-seeded FePd, although the (001) peak can also be
observed, the (002) peak merges with the (200) peak of the Pt seed
layer with the increase in T,,,. The intensity of the (001) peak decreases
and the peak shifts to a smaller angle (Fig. S1 in the supplementary
material), implying that the Pt atoms diffuse into FePd and change the
lattice and composition of the FePd sample. In addition, the ordering
parameter (S) of Ru-seeded and Pt-seeded FePd samples is calculated
based on the equation S* = [I(001)/I(002)]/[I.,(001)/I.,,(002)], where I
and I, are the measured integrated intensity and the calculated inten-
sity. The term of I;(001)/I.,;(002) is obtained from the equation
1.(001)/15(002) = (|F001|2L001A001)/ (|F002|2L002A002)> where F, L, and
A are the structural, Lorentz, and absorption factors, respectively.”’ The
S values of the as-deposited, 400°C-annealed, and 500 °C-annealed
samples are 0.79, 0.82, and 0.86 for Ru-seeded FePd, and are 0.94, 0.70,
and 0.62 for Pt-seeded FePd, respectively. The results indicate that the
annealing process enhances the crystallinity of Ru-seeded FePd samples
but damages the crystallinity of the Pt-seeded FePd samples, which
agrees with the variation trend of the sample magnetic properties.

To confirm the epitaxial relationship between the Ru and FePd
layers, the as-deposited Ru-seeded FePd thin film was thinned into an
electron-transparent lamella (~50 nm thick) using FIB and, subse-
quently, inserted into STEM for characterization. Figure 2(a) shows
the high-angle annular dark-field (HAADF) STEM images of the sam-
ple in cross section, where the (001) epitaxial relationship can be
observed throughout the stack. As can be seen, the (001) textured Ru
layer is following the Cr seed-layer grown on the (001)-oriented MgO
substrate. Then, FePd takes the Ru texture and forms the high-quality
L1y-phase. The elemental compositions of these crystalline layers were
determined by using energy dispersive x-ray (EDX) spectroscopy
obtained in STEM along with HAADF images, as shown in
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FIG. 2. (a) Atomic-resolution HAADF-STEM image of the as-deposited Ru-seeded
FePd thin film. (b)-(e) STEM-EDX elemental maps of Cr, Ru, Pd, Fe, and Ta
obtained from the same layer stack.

Figs. 2(b)-2(e). While Cr/Ru interface is compositionally sharp, a
slight diffusion at the FePd/Ru interface as well as a slight accumula-
tion of Fe at the Cr/Ru interface are observed by comparing the
STEM-EDX images of Figs. 2(b) and 2(c), which are likely due to the
high-temperature deposition.

The magnetic properties vs Ty, of the FePd thin films were char-
acterized with the VSM module of a PPMS. The magnetic hysteresis
(M-H) loops of Ru-seeded and Pt-seeded FePd thin films are plotted
in Figs. 3(a)-3(c) and Fig. S2(a) in the supplementary material, respec-
tively. It is clearly shown that the PMA of Ru-seeded FePd is enhanced
relative to Pt-seeded FePd thin films with the increase in T,,,. For Ru-
seeded samples, the out-of-plane M-H loop maintains high squareness
and remanence while the in-plane M-H loop gradually narrowed with
increased T,,, up to 500 °C. However, a 500 °C annealing treatment
causes Pt-seeded FePd thin films to lose the square shape of the out-
of-plane loops. Their remanence decreases and the in-plane compo-
nent of magnetization increases, suggesting that the perpendicular
anisotropy is reduced when T,,,, approaches 500 °C. It is also obvious
that the effective perpendicular magnetic anisotropy field (Hy ) value
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FIG. 3. (a)-(c) The RT magnetization hysteresis (M-H) loops of Ru-seeded FePd
as a function of the annealing temperatures, (d) magnetization (Ms), and (e) mag-
netic anisotropy (K,) as a function of the annealing temperatures of FePd samples.
With the increase in the annealing temperature, the Ms and K, values decrease,
implying the interfacial diffusion but still larger enough for the device application.
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obtained from M-H loops slightly increases for Ru-seeded FePd but
decreases from 8 kOe to 4 kOe for Pt-seeded FePd. Meanwhile, the sat-
uration magnetization (M;) and K, can be calculated based on the
M-H loop measurement for both seed layers. The results are plotted
in Figs. 3(d) and 3(e) and Figs. S2(b) and S2(c) in the supplementary
material. It is clearly observed that the M and K,, values decrease with
the increases of the annealing temperatures. For Ru-seeded FePd, M,
decreases from 1030 emu/cm® to 815 emu/cm® and K, decreases from
~10.1 Merg/cm® to ~6.8 Merg/cm’. Pt-seeded FePd shows a more
accelerated decline with the increase in T,,,, for which M and
K, decrease from 1050 emu/cm’ to 750emu/cm’® and from
~115 Merg/cm® to ~5.0 Merg/cm®, respectively. Based on these
results, we find that there is an interdiffusion for both two samples at a
high annealing temperature. However, Ru-seeded samples show better
annealing performance than that of Pt-seeded samples. This is likely
because the Ru is inactive compared to Pt, thus less Ru diffuses into
FePd. Meanwhile, when Ru diffuses into the FePd thin film, it prefers
to form the alloy with Fe not Pd since Pd and Ru are immiscible,”'*?
like Cu addition.”””* However, Pt diffuses into FePd and occupies the
Pd sites, leading to the formation of the Fe, ,(PdPt), alloy. This
changes the composition of thin films, which subsequently causes a
change in the magnetic properties.”

The o value of FePd thin films is extracted from TR-MOKE mea-
surements. A schematic of the sample configuration for TR-MOKE
mezz:surements is shown in Fig. 4(a). The TR-MOKE signal is fitted
by ™

Ox = A + Be "¢ + Dsin (2xft + @)e™ /", (1)
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FIG. 4. (a) The schematic of the sample configuration for TR-MOKE measure-
ments. (b) RT TR-MOKE data (symbols) and model fitting (solid curves) of the
400 °C-annealed sample. TR-MOKE measurements were carried out at 0y ~80°
for varying Hey from 4.0 to 20.0kOe. (c) and (d) Representative example of the fit-
ting of f vs Hey and 1/t vs Hey for the 400 °C-annealed sample. (e) and (f) The
temperature-dependent effective anisotropic field (Hy ) and Gilbert damping con-
stant («) extracted from TR-MOKE measurements for both as-deposited and
400 °C-annealed samples.
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where 0y denotes the Kerr signal. The first two terms in the right-
handed side represent the thermal background, which are character-
ized by the offset (A), amplitude (B), and exponential decaying
constant (C). The third term is related to the precession with £, 7, D,
and ¢ denoting, respectively, the precession frequency, relaxation
time, amplitude, and phase shift.

The dependence of f and T on Hey can be obtained through the
Smit-Suhl approach, based on the Landau-Lifshitz-Gilbert equation,
as shown by the following equations:'>**

f= i VHH,, @)

Hj = Hexe cos (0 — On) + H et cos?(0), 3)
Hy = Hey €05 (0 — Op) + Hy et cos (20), (4)
2Hey sin (O — 0) = Hicee sin (20), (5)
11 df df
L A YN
-=3 op(Hi + Hy) + P Hyeff + 7 o O, (6)

where 7 is the gyromagnetic ratio, 0 is the equilibrium angle of the
magnetization [see Fig. 4(a)], and H.¢ denotes the effective anisot-
ropy field. The second and third terms on the right-handed side of
Eq. (6) take into account the inhomogeneous broadening resulting
from the distributions of the effective anisotropy field (AH,.s) and the
easy axis (Alp). 1o

To investigate the temperature dependence of o, the as-deposited
and 400 °C-annealed Ru-seeded FePd thin films were measured at
temperatures ranging from 25°C to 150 °C. For these measurements,
Hey, was set at 0y ~ 80° and varied from 4 kOe to 20 kOe. Figure 4(b)
depicts the RT TR-MOKE signals (symbols) and the model fitting of
Ok (red lines) as functions of time delay for the 400 °C-annealed Ru-
seeded FePd thin film. A complete set of TR-MOKE raw data are
shown in Fig. S3 of the supplementary material. A damped magnetiza-
tion precession is clearly observed, resulting from laser excitation. The
measured values of f as a function of H.,, at RT can be fitted to Eq. (2)
by treating 7y, Oy, and H ¢ as the fitting parameters, as shown in
Fig. 4(c). In Fig. 4(d), the 1/t measured at RT as a function of Hey, is
fitted by Eq. (6) to extract the values of intrinsic o.. Only the data at a
relatively high Hey (Heyxe = 2H) 1) are used to promote coherent mag-
netization precession and thus suppress the inhomogeneous broaden-
ing and two-magnon scattering contributions. More details about the
fitting of f and 1/t as functions of Hey, at different temperatures are
illustrated in Fig. S4 of the supplementary material for both the as-
deposited and 400 °C-annealed samples.

Figures 4(e) and 4(f) show the temperature dependence of H ¢
and o obtained from TR-MOKE measurements for both as-deposited
and 400 °C-annealed samples. There exists an apparent decreasing
trend of H . (from ~5.7kOe to ~3.6kOe) for both samples when
the testing temperature (Ty.s) increases from 25°C to 150°C, as
shown in Fig. 4(e). This means that K, decreases with the increase

in Tie Following the equation of the thermal stability A = I;B;f
K

= % (where A is the area of the MT] pillar and tgy; is the thick-
ness of the ferromagnetic free layer),” it is noted that the A value will
decrease with the increase in Ty For bulk PMA FePd, we can easily
increase fry; to remain the large A value and make the MTJ device
thermal stable at the high operation temperature. However, for interfa-
cial PMA materials (e.g., Ta/CoFeB/MgO' or W/CoFeB/MgO™"), there

scitation.org/journal/apl

is no space to tune the A value because the thickness of the CoFeB
layer is limited to less than 1.5nm. The RT values of o for the as-
deposited and 400 °C-annealed samples are extracted to be 0.006.
These values are nearly half of the values reported for the Ta/CoFeB/
MgO and W/CoFeB/MgO stacks in prior studies.”® Meanwhile, to
cross-check the values of o for Ru-seeded FePd thin film, we measure
o using FMR for the as-deposited FePd samples. The results are pro-
vided in Figs. S5(a) and S5(b) of the supplementary material. The
value of o extracted from FMR is 0.0086 = 0.0005, on par with the
value obtained from TR-MOKE within the uncertainty. Furthermore,
we conduct TR-MOKE measurements to obtain temperature-
dependent a by varying Ty from 25°C to 150°C. The results are
plotted in Fig. 4(f) for the as-deposited and 400 °C-annealed samples.
It is found that when Tl changes from RT to 150°C, o increases
slightly for both samples: from 0.006 to 0.009 for the as-deposited
FePd thin film and from 0.006 to 0.012 for the 400 °C-annealed FePd
thin film. The values are lower than that of the interfacial PMA stacks
[e.g., Ta/CoFeB/MgO (~0.02), W/CoFeB/MgO (~0.015)]. These results
suggest the great promise of Ru-seeded L1,-FePd as building blocks for
low energy-consumption MTJ devices because a small o can dramati-
cally reduce the switching current.”” Normally, o originates from the
contributions of spin orbital coupling (SOC) and electron—phonon
interaction,”” and thus, o is mainly dependent on the structure and crys-
tallinity of magnetic materials. It is found that o of FePd is mainly
dependent on its S, not the thickness (e.g., o decreases with the increase
in the S values).'”'® However, other effects could also influence o, such
as spin pumping,”*’ the epitaxial strain between the ferromagnet and
substrate, and the element impurity due to the diffusion from the seed
and/or capping layers during post-annealing,*'®

In conclusion, through the characterizations of the crystalline struc-
ture, thermal stability, and magnetic properties, we find that Ru seed
layer plays a critical role in enhancing the PMA and thermal stability of
the FePd thin films compared to the Pt seed layer. The Ru-seeded FePd
thin film can retain the good magnetic properties after 400 °C annealing
with K, ~8.7 Merg/cm® and o ~0.006, which can keep the MTJ devices
thermal stable with much better performance than that of the interfacial
PMA thin films. It is also found that o show a slight increase from 0.006
to 0.009 for the as-deposited FePd sample and from 0.006 to 0.012 for
the 400 °C-annealed FePd sample, respectively, when the testing temper-
ature increases from 25 °C to 150 °C. Such small change of « will be ben-
eficial for switching the MT] devices with a low critical current density
during the operation process.

See the supplementary material for additional results about the
magnetic property, structural characterization, TR-MOKE, and FMR
of Pt-seeded and Ru-seeded FePd samples.
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