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ABSTRACT

Heavy metal /ferromagnetic metal bi-layered structures that exhibit both strong perpendicular magnetic anisotropy (PMA) and
large spin-orbit torque (SOT) efficiency have high potential in high-density, low-power memory, and logic device applications.
Here, we report the enhancement of PMA and SOT in Ta/Pt/Co/Ta multi-layered heterostructures through interfacial diffusion.
The structures can exhibit PMA fields of 9100 Oe at 300 K and 14100 Oe at 10 K and an effective spin Hall angle (SHA) of 0.61+ 0.03
at 300 K. These values are larger than the corresponding values reported previously for similar heterostructures. The current-
induced magnetization switching was demonstrated. The critical switching current density is on the order of 10° A /cm? and the
corresponding switching efficiency is higher than that reported for similar structures. X-ray absorption spectroscopy and high-
angle annular dark-field scanning transmission electron microscopy analyses suggest a strong correlation between the observed
PMA and SOT enhancement and the interfacial diffusion during the sputtering growth of the samples. It is very likely that the
interfacial diffusion gives rise to enhanced spin-orbit coupling at the interface, while the latter results in enhancement in the
PMA, SHA, and switching efficiency in the structure.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5064643

Recent years have witnessed rather significant interest in
studying spin-orbit torque (SOT) in heavy metal (HM)/ferro-
magnetic metal (FM) bi-layered structures."” Via either the spin
Hall effect (SHE) or the Rashba effect, a charge current in the
HM layer can produce a SOT that can induce magnetization
switching,” ® domain-wall motion,”* or magnetic oscillation””
in the FM layer. Such SOT-induced magnetization dynamics can
be used to develop novel logic and memory devices that may
consume significantly lower power than conventional devices.”
For SOT-based high-density memory, the realization of robust
perpendicular magnetic anisotropy (PMA) in the HM /FM heter-
ostructure is essential to maintain a sufficiently large energy

barrier against thermal fluctuation.”” Recent studies show that
one can enhance PMA in CoFeB/MgO bi-layers through con-
trolled nitrogen doping to Ta underlayers,” and interfacial PMA
can be increased by inserting ultrathin W or HfO, layers."*"
Meanwhile, it is very important to reduce the critical
switching current density J. in SOT-based devices in order to
achieve low power consumption. A key to minimizing J, in SHE-
based devices is to maximize the spin Hall angle (SHA) as J. is

usually given by J. = 2eMstpum (Hgn/z — Hm/ﬁ) /h@g. % In

this equation, He,: is an external magnetic field collinear with
the current, e is the elementary charge, h is the reduced Planck
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constant, Ogy is the effective SHA, Mg is the saturation magneti-
zation, tpy is the FM layer thickness, and HY, is the effective
PMA field of the FM layer. One of the efficient methods to obtain
a large effective SHA is to sandwich a FM layer with two HM
layers whose SHAs have opposite signs, and large @gy values
have been reported previously.'”*"

It has been reported very recently that the interface in a
HM/FM heterostructure strongly affects both the PMA and
SHA properties. On one hand, experimental studies have shown
that the addition of a ultrathin Hf or Cr layer in between the HM
and FM layers can improve interfacial coupling or spin transpar-
ency or suppress oxidation at the HM/FM interface, thereby
enhancing the SOT and /or the PMA."**"** On the other hand, a
very recent theoretical work predicts that the HM /FM interface
has a significant contribution to the SHE,”” and the interfacial
SHA can be about 25 times larger than the bulk value in HM/FM
bi-layers. Understanding of the effects of the interfaces on the
SOT and PMA properties in HM/FM systems is crucial for the
future development of efficient SOT devices.

Here, we report that one can also take the advantage of
interfacial diffusion to notably improve PMA and SOT in HM/
FM heterostructures. We grew Ta/Pt/Co/Ta multi-layered
structures via magnetron sputtering at room temperature. In
comparison with similar structures reported previously, our
heterostructures show an enhanced PMA field (H%, = 9150 Oe at
300K) and a larger effective SHA value (@?{i =0.61=0.03). In
fact, the effective SHA value is the largest value reported so far
for Pt(Ta)-based systems.”'”*’ We believe that this large SHA is
not only because of the use of two HM layers with opposite SHA
signs but also partially due to enhanced interfacial spin-orbit
coupling (SOC) that is attributed to the interfacial diffusion
between the Co and HM layers during the sputtering growth.
The enhanced SOC was confirmed by X-ray absorption spec-
troscopy (XAS) analyses, while the interfacial diffusion was con-
firmed by high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) measurements. Thanks to
the large SHA, efficient SOT switching was demonstrated in the
Ta/Pt/Co/Ta structure; the switching current density could be
as low as 10 A /cm? in the presence of an in-plane external field
of 400 Oe, which corresponds to a switching efficiency higher
than that in similar structures."””*“° Our results show that HM/
FM structures with very large PMA and SHA values can be
obtained through interface engineering. Thus, we believe that
our work provides important implications for the future devel-
opment of SOT-based spintronic devices.

Ta(2)/Pt(5)/Co(0.9)/Ta(2) multi-layered (thickness in nm)
structures were prepared by DC magnetron sputtering from 2-
in. targets on thermally oxidized Si substrates. The base pressure
of the sputtering system was 5 x 10~ Torr. Four samples were
prepared. The Co layers in those samples were grown at differ-
ent Ar pressures (Pa-=5, 10, 20, and 25 mTorr), while the HM
layers were grown at P, =5 mTorr. The magnetic properties of
the samples were measured with a superconducting quantum
interference device (SQUID) magnetometer with in-plane and
out-of-plane magnetic fields. The out-of-plane hysteresis loops
measured at 300K are shown in Fig. Sl in the supplementary
material. One can see that the film grown at P,,=20 mTorr

scitation.org/journal/apl

(labeled as Ta/Pt/Co/Ta-20) shows stronger PMA and higher
coercivity. Thus, we primarily focus on the results of the Ta/Pt/
Co/Ta-20 sample in this paper. Using standard photolithogra-
phy and Ar ion etching, the samples were patterned into Hall
bars with a dimension of 10 x 100 um? for Hall voltage measure-
ments [see Fig. 1(a)]. A physical property measurement system
(PPMS) was used for transport measurements at temperatures
ranging from 10 K to 350 K. Harmonic Hall voltage measurements
were also performed to obtain the effective SOT fields and the
SHA value at 300 K. X-ray absorption spectroscopy (XAS) mea-
surements were made using the Beamline BLO8UIA and BL12-a.
Cross-sectional high-resolution structural characterization was
performed using transmission electron microscopy (TEM).
HAADF-STEM and the energy-dispersive X-ray spectroscopy
(EDX) line scan were performed to study the interfaces.

Figure 1 presents the data measured on the Ta/Pt/Co/Ta-
20 sample. Figure 1(b) shows the in-plane and out-of-plane mag-
netic hysteresis loops measured at 300 K. One can see that the
out-of-plane direction (the z axis) is the easy magnetization axis,
and the out-of-plane loop shows high squareness and high rem-
anence. Figure 1(c) shows the anomalous Hall effect (AHE) resis-
tance (Rayg) loops of the Ta/Pt/Co/Ta-20 sample measured at
different temperatures under a perpendicular magnetic field,
using the configuration shown in Fig. 1(a). The loops indicate the
presence of strong PMA in the Co layer over the entire tempera-
ture range of 10-300 K. The coercive field (H.) decreases quickly
with an increase in temperature, which is very likely due to the
thermal activation of domain wall motion at high temperatures.
The Rapg value increases slightly with the temperature due to
strong electron-magnon scattering at high temperatures.”’
Figure 1(d) shows the current-induced perpendicular magnetiza-
tion switching curves in the Ta/Pt/Co/Ta-20 sample at 300 K.
The square loops confirm that a current-generated SOT drives
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FIG. 1. (a) Configuration for transport measurements on a Ta/Pt/Co/Ta multi-
layered Hall bar structure. The external magnetic field (He,;) and the charge current
(I, along the x axis) are indicated. f3 is the angle between He,; and the x axis. 0 is
the angle between the magnetization vector M and the x axis. (b) In-plane and out-
of-plane magnetic hysteresis loops measured on the Ta/Pt/Co/Ta-20 sample at
300K. (c) Anomalous Hall resistance loops measured on the Ta/Pt/Co/Ta-20 sam-
ple with a perpendicular magnetic field at different temperatures, as indicated. (d)
Current-induced magnetization switching of the Ta/Pt/Co/Ta-20 sample under a pos-
itive external field (f = 0°) and a negative external field ( = 180°).
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in (b), Figs. S2, and 3(a), using Egs. (1), S(1), and S(2). (e) 3 as a function of
excitation current and a linear fit.

the magnetization switching along the out-of-plane direction.
The polarity of the switching loop reverses upon the flip of the
in-plane field direction, which is consistent with SHE-induced
SOT switching in previous studies.”*”” The switching critical cur-
rent density is about 7.8 x 106 A /cm?, which is either lower than
or comparable to that in other similar structures.”* If we follow
the discussions in Ref. 25 and define the switching efficiency as
n = (HY, — Hext)/Jc, we obtain an efficiency of 1.1 x 10’7Oe-m2/A.
This value is significantly higher than that reported previously for
similar heterostructures.””*"

In order to quantitatively determine the PMA field, SOT, and
SHA values in the Ta/Pt/Co/Ta-20 sample, we made use of the
direct current (DC) Hall method®*”*” and conducted Hall mea-
surements over 10-350K using the configuration shown in Fig.
I(a). In our measurements, the in-plane magnetic field was applied
to the sample within the z-x plane at a small angle of  ~ 7° with
respect to the x axis. The direction of the magnetization vector
(M) of the Co layer depends on (1) the SOT due to the SHE-
induced spin current, (2) the external field He,, and (3) the effec-
tive PMA field H,,. The magnetization angle with respect to the
sample plane (0) is determined by measuring the AHE resistance,
i.e., sin 0 = Rayg/Ro, where R is the Hall resistance at 0 =90°. The
equilibrium equation for M iS Tyt = Tst + Text + Tan = 0, Where
Tsr = ?gT(rh x (6 x m)) is the SOT per unit moment, 7. is the
torque of the external magnetic field, and 7, is the torque of
the PMA field. Note that in the SOT, 12, = hJc/2eMtpy is the tor-
que amplitude, m is the unit vector along M, and ¢ denotes
the polarization direction of the spin current Js. The equilibrium
equation can be rewritten in a scalar form along the y axis®
as 12 + Hex sin (0 — ) — HY sin 0 cos 0 = 0. Below, we use this
scalar equation to determine H, and 73,

Figure 2(a) shows the normalized anomalous Hall resistance,
namely, sin(0)=Ranr/Ro, of the Co layer as a function of Hy
under the currents of £7mA. We can write down two equations,
one for the positive current involving H, (f) and the other for the
negative current involving H_ (). From those two equations, we
obtain

scitation.org/journal/apl

[H_(0) + H.(0)] = 2HY,sin0 cos 0/ sin (0 — f), (1)
[H-(0) — H.(0)] = 2137/ sin (0 — ). @

We can then determine HY, and 13 by using Egs. (1) and (2) to
fit the H_(0)+H,(0) vs. sin(0)cos(0)/sin(0 — f) data and the
H_(0)~H_(0) vs. 1/sin(0 — p) data, respectively.”*

Figure 2(b) shows H_(0)+H(0) as a function of sin(f)cos(0)/
sin(0 — p) measured at 300 K. The value of § in our experiments
was fixed at 7°. The fitting using Eq. (1) yields H?, =9150 Oe.
Using the other methods (see S2 in the supplementary material),
we obtained HY, values at different temperatures and present
them in Fig. 2(d). These values are larger than those presented in
previous studies.”** Figure 2(c) presents H_(0)—H_(0) as a func-
tion of 1/sin(0 — B) measured at 300 K. <2, can be obtained by
using Eq. (2) to fit the data in Fig. 2(c). Figure 2(e) presents
fitting-yield <2, values for three different currents. Based on
these values, we can then use Osy =Js/J. = ZeMstCOr‘s’T /Jeh to
evaluate the SHA value. Note that t¢, is the thickness of the Co
layer, and M ~ 1300 emu /cm3 is the saturation magnetization
of the Co layer [see Fig. 1(b)]. This analysis yields an effective SHA
value of 0.61 = 0.03 at 300K in our Ta/Pt/Co/Ta-20 structure.
This value is notably larger than the values reported previously
for double HM-based heterostructures, including 0.34 in Ref. 19,
0.45 in Ref. 20, and 0.41in Ref. 24.

We also performed harmonic Hall voltage measurements in
the patterned Hall bars to evaluate the current-induced SOT
fields and the SHA value. A low-frequency alternating current
with a frequency of 137Hz and an amplitude of 3mA was
applied. The first and second harmonic Hall voltages were mea-
sured using two lock-in amplifiers.”> The magnetic field was
applied along the current direction with a small angle of about
4° away from the film plane. The measurements were performed
in longitudinal (H//I) and transverse (H L I) configurations to
estimate the longitudinal antidamping-like field (Hp.) and the
transverse field-like field (Hgp), respectively, as in Ref. 33. Figures
3(a) and 3(b) show the results of harmonic Hall voltage measure-
ments for the Ta/Pt/Co/Ta-20 film for the field along the cur-
rent flow and the field perpendicular to the current,
respectively. Figures 3(c) and 3(d) show the numerical fits (blue
curves) of the Vy data (red squares).”” The fitting yielded
Hp, =42.250e and Hy,=-5.46 Oe. Based on these values, an
effective SHA of 0.62 was estimated for the Ta/Pt/Co/Ta-20
film; this value is consistent with the one (0.61) obtained from
the above DC Hall measurements. Furthermore, the fitting anal-
ysis also yielded HY, = 9900 Oe, which is in agreement with the
one obtained from the DC Hall method [see Fig. 2(d)].

Several notes should be made about the above discussions.
First, the above-described HY, and @22} values are higher than
the corresponding values in the other three samples. For exam-
ple, the Ta/Pt/Co/Ta sample prepared under P,,=10 mTorr
(labeled as Ta/Pt/Co/Ta-10) shows HY =59420e and
G)gff; =0.39 at 300K (see Fig. S3 in the supplementary material),
both notably lower than the values in the Ta/Pt/Co/Ta-20 sam-
ple. Second, our harmonic Hall measurements indicate that the
damping-like torque in our sample is stronger than the field-like
torque.””*” For this reason, the above analysis based on the DC
Hall method has neglected the field-like torque and has
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considered the damping-like torque only, as in previous
works.”**® Third, in our samples, the contribution from the
anomalous Nernst effect (ANE) is negligibly small and can be
neglected” (see S4 in the supplementary material). Fourth,
using Kt = Han - Ms/2, the effective anisotropy constants (Kep)
of the Ta/Pt/Co/Ta-20 and Ta/Pt/Co/Ta-10 samples were
estimated to be 5.9 x10° and 3.7 x 10%erg/cm?®, respectively.
Finally, the above switching efficiency (i) evaluation used the
PMA field presented in Fig. 2(d).

Figure 4 shows the typical Co L3 XAS data of the Ta/Pt/
Co/Ta-20 and Ta/Pt/Co/ Ta-10 samples. One usually defines
the XAS branching ratio B as the fraction of the total XAS inten-
sity I in the L3 edge, i.e., B=1(Ls)/[I(L3s)+I(L2)]. Theoretically, one
has B = By + ({L - s)/ny,), where By is a constant representing the
branching ratio in the absence of the spin-orbit interaction, [ is
the orbital angular momentum, s is the spin angular momentum,
and ny, is the number of d holes. Thus, (B—By) is proportional to
the ground-state expectation value of the angular part of the
spin-orbit interaction per Co 3d hole.” It provides a direct mea-
sure of interfacial SOC in FM/HM structures. The analysis of the
data shown in Fig. 4 yields B =0.78 = 0.01 for the Ta/Pt/Co/Ta-
20 sample and B=0.75 = 0.01 for the Ta/Pt/Co/Ta-10 sample.
The higher B value in the Ta/Pt/Co/Ta-20 sample indicates a
stronger interfacial SOC.* This result is in line with the theoreti-
cal prediction by Wang et al.”” about the important contributions
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FIG. 5. (a) Cross-sectional HRTEM image of the Ta/Pt/Co/Ta-20 sample. The inset
shows the diffractograms computed by FFT of the area indicated by the red square.
(b) and (c) Cross-sectional HAADF-STEM images and EDX line scan profiles of Ta/
Pt/Co/Ta-20 (b) and Ta/Pt/Co/Ta-10 (c). The EDX line scans are along the red
arrows. The size of the white bars is 5nm. (d)~(f) Normalized EDX line scan pro-
files of Pt, Co, and Ta which are obtained from the data in (b) and (c).

of the interfacial spin-orbit interaction in HM/FM structures to
the PMA and the effective SHA.

Figure 5 gives the cross-sectional high-resolution TEM
(HRTEM) images and the HAADF-STEM data of the two samples.
One can see from Fig. 5(a) that the Ta and Pt layers in the Ta/Pt/
Co/Ta-20 sample seem to be amorphous. The corresponding fast
Fourier transform (FFT) of the area indicated by a red square is
obtained and is given in the inset of Fig. 5(a). The ring like diffrac-
tion pattern verifies that the Ta and Pt layers are amorphous-like.
This phenomenon is related to interfacial diffusion between the
layers, as reported previously.””*” The EDX line scan data show
that both the samples show significant overlap of Pt, Co, and Ta
signals, indicating intermixing between those elements. The nor-
malized signal intensity patterns of Pt, Co, and Ta shown in Figs.
5(d)-5(f) are obviously different for the two samples. The broader
peak profiles of the Ta/Pt/Co/Ta-20 sample suggest more
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significant interfacial diffusion between the Co and the HMs in
the sample than that in the Ta/Pt/Co/Ta-10 sample. In general,
the incorporation of Co atoms in HMs can induce extrinsic SOC at
the interfaces;" *” the Co atoms in the Pt and Ta layers can work
as magnetic scattering centers and thereby result in enhanced
PMA and SHA.

In this work, we demonstrate enhanced PMA and SOT in a
Ta/Pt/Co/Ta structure where the two HM layers adjacent to
the Co layer have opposite spin Hall angles (SHAs). The PMA field
HY, exceeds 9000 Oe at 300K and 14000 Oe at 10 K. This strong
PMA property is highly desired in terms of maintaining a suffi-
ciently large energy barrier against thermal fluctuation. The
effective SHA value reaches 0.61+ 0.03, which is larger than the
values reported previously for Pt(Ta)-based tri-layered systems.
The SOT-driven switching was demonstrated, and the critical
switching current density is on the order of 10° A /cm? XAS and
HAADF-STEM analyses suggest that the demonstrated PMA and
SOT efficiency enhancement originates from enhanced SOC at
the interfaces due to interfacial diffusion during the sample
growth. Our results suggest that interface control can provide a
powerful means to obtain strong PMA and large SHA for applica-
tions in high-density, high-efficiency SOT devices.

See supplementary material for the out-of-plane hysteresis
loops of the four samples at 300 K, the calculation of the PMA
field of the Ta/Pt/Co/Ta-20 sample, the calculation of H,, and
SHA in the Ta/Pt/Co/Ta-10 film, the anomalous Nernst effect,
and atomic force microscopy images.
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