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ABSTRACT

We report on the enhancement of spin Hall angle from the CoFeB/Pt interface by introducing nitrogen into the Pt thin film. Spin-torque fer-
romagnetic resonance measurements on the effective spin Hall angle (Osy) reveal a non-monotonic variation as a function of the amount of
nitrogen gas introduced, Q in the film deposition, which peaks at 05y = 0.16 when Q is 8%. Our analysis shows that the Os; enhancement is
mainly attributed to the increase in spin-dependent scattering at the interface. The effective magnetic damping decreases with increasing Q
due to the reduced spin-orbit coupling. The interfacial spin transparency is also observed to show improvement after the introduction of
nitrogen. Moreover, the additional damping-like torque from the interface may also lead to the enhancement of the linewidth modulation.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0035815

Spin-orbit torque (SOT) has been widely studied due to its appli-
cation in current-induced magnetization switching or in oscillators." *
Compared with spin-transfer torque magnetic random access mem-
ory, SOT-based magnetic memory is faster and has higher energy effi-
ciency.”” In the ferromagnetic/heavy metal (FM/HM) bilayer, SOT
originates from the spin Hall effect (SHE) in HM and/or the
Rashba-Edelstein effect at the interface.”'"""* In the case of SHE, the
spin current generated from the HM due to spin-orbit coupling
(SOC) is transmitted to the FM, and the spin-transfer torque is applied
to the magnetic moment. Effective spin Hall angle (ESHA, 0gp) is the
ratio of spin current to charge current, which is used to quantify the
impact due to SOT. In order to find materials with effective large spin
Hall angles, many efforts have been made.'*"” To date, large ESHA
has been observed in HM,'*'*"” diluted alloys such as CuPt,"” PtBi,"”
AuPt,"* topological insulators,”” ** and antiferromagnet materials.”””*

Recently, a significant influence on the generation of spin torque
in metal oxides has been reported.”” ** An et al.”” reported a signifi-
cant enhancement of the spin-torque generation by the natural oxida-
tion of Cu. A higher spin-torque generation was also observed in
oxygen incorporated tungsten thin film, which originated from the
interface.”® An et al.”’ also reported a giant spin-torque generation by
incorporating oxygen into Pt and they concluded that the

enhancement originates from the interface. Gao et al.”® conducted a
study on the intrinsic damping-like SOT arising from Berry curvature
in the Nig;Fe;o/CuO, bilayer film, which is an order of magnitude
larger than a field-like SOT. Ding et al.”’ reported a large enhancement
of the SOT efficiency in the TmIG/Pt system by capping with a CuOy
layer. Engineering spin Hall source materials by oxidation may result
in efficient SOT manipulation of adjacent FM layers. Chen et al.””
demonstrated that the damping-like SOT can be enhanced by engi-
neering buffer layer via nitrogen doping in TaN/FM/MgO. However,
there are a few studies on FM/metal nitride interfaces.

In this work, we report the enhancement of the spin Hall angle
by introducing nitrogen into Pt thin film. We find that the PtN,, films
exhibit improved interfacial spin transparency and reduced effective
magnetic damping. The spin-dependent scattering at the interface was
found to be the main mechanism for the non-monotonic behavior of
Osyy as a function of the amount of nitrogen gas in mixture Q.
Moreover, the additional damping like toque from the interface may
also lead to the enhancement of the linewidth modulation. Our find-
ings open up a means of improving the spin-orbit torque efficiency in
SOT-based devices.

The CoyoFesoByo (5nm)/PtN, (5nm) films were deposited on
thermally oxidized Si(001) substrates by a magnetron sputtering
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system at room temperature. Before the deposition, the base pressure
in the main chamber was better than 5 x 10~ ® mTorr and the deposi-
tion pressure is 3 mTorr. The CoFeB films were deposited by applying
pure argon gas with a flow of 20 SCCM (standard cubic centimeters
per minute). For PtN, deposition, argon and nitrogen gases were
introduced into the chamber, and the amount of nitrogen gas in the
mixture, Q, was varied from 0 to 20% to change the nitrogen content
of the PtN,, films.”*** The film thickness was controlled by the deposi-
tion time with a pre-calibrated deposition rate. For the fabrication of
the devices used in the ST-FMR, the stacks were patterned into micro-
strips (length of 50 um and width of 10 um) using a combination of
electron beam lithography and Ar ion milling techniques. Ta (5 nm)/
Cu (200 nm)/Pt (3 nm) electrodes were also fabricated using electron
beam lithography and liftoff following DC magnetron sputtering. The
M-H loops were evaluated with a vibrating sample magnetometer
(VSM). Single PtN,, blanket layer films were fabricated for the surface
roughness measurement by atomic force microscopy (AFM) and the
crystalline structure by X-ray diffraction (XRD). The input microwave
power of ST-FMR was varied from 10 to 20 dBm and the measured
Ospr were independent of the applied RF power, suggesting that mea-
surement involves no significant microwave heating effect (see the
supplementary material). All measurements were performed at an RF
power of 18 dBm. The ST-FMR spectra were measured for microwave
frequencies from 8 to 17 GHz for all samples. All the measurements
were conducted at room temperature.

Figure 1(a) shows the X-ray diffraction pattern of the PtN, film
for Q= 0% and Q=8%. When no nitrogen is incorporated, a strong
(111) peak is observed, indicating a highly (111)-oriented texture in
the Pt film. By increasing Q to 8%, the Pt (111) peak is shifted to lower
angles compared with that of pure Pt, indicating that nitrogen is incor-
porated into the Pt.”” The surface root mean square roughness R,,,,; in
all the films with different Q are lower than 1nm, as shown in Fig.
1(b), revealing a flat surface morphology of the PtN, films in the range
of Q from 0% to 20%. Figure 1(c) shows the typical in-plane and out-
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FIG. 1. Materials’ characterization. (a) X-ray diffraction patterns and (b) the surface
roughness for PN, films with different Q. (c) M-H loops for Q=28% sample.
(d) Optical image of the device with contact pads and the experimental setup.
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of-plane magnetic hysteresis loops for Q=28% sample. It exhibits a
small magnetic coercivity, suggesting that the CoFeB layer is magneti-
cally soft with in-plane magnetic anisotropy.

Figure 1(d) shows the schematic of the setup with an optical
image of the patterned structure for the ST-FMR measurement. An
RF current I.,r was injected along the longitudinal direction, and an
in-plane external magnetic field H with an angle of 45° from the longi-
tudinal direction of the device was applied and swept from 0 to
5000 Oe, with the microwave frequency fixed during each sweep. The
I s generates a microwave-frequency SOT on the ferromagnetic layers,
which induces magnetization precession. The magnetization preces-
sion then gives rise to an oscillation of the resistance due to anisotropic
magnetoresistance (AMR).'® The rectified voltage V,,;, due to the mix-
ing of RF current and the oscillating resistance is measured by using a
bias tee. The measured mixing dc voltage V,,,;, is expressed as'>'***

(AH)*
) (AH)Z + (H - Hres)2

AH(H — Hyy)
: (AH)Z + (H - Hres)2 7

1)

Vinix =

where AH, H,,,, Vs, and V, are the resonance linewidth, the resonance
magnetic field, and the amplitudes of the symmetric and antisymmet-
ric components of the mixing voltage, respectively. In the ST-FMR sig-
nal, the symmetric component is proportional to the damping-like
effective torque, and the antisymmetric component is due to the sum
of the Oersted field torque and the field-like effective torque.'****
The voltage signal from the spin pumping effect (Vp) has a negligible
effect on the symmetric component of the voltage (see the supplemen-
tary material), according to previous studies.””

Figure 2(a) shows the ST-FMR spectra V,,;. for CoFeB/PtN,
devices with Q = 8% measured at a frequency range from 8 to 16 GHz.
The resonance peak changes its sign by reversing the direction of the
external magnetic field H, suggesting that the damping-like torque is
dominant compared to the Oersted field, which is consistent with the
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FIG. 2. ST-FMR measurements for the Q=8% devices. (a) The ST-FMR spectra
for different RF current frequencies from 8 to 16 GHz. (b) Vi, along with the fitted
(red), symmetric (Vs, pink), and antisymmetric (Vj, blue) Lorentzian functions used
for the fitting measured at 14 GHz. (c) The frequency (f) vs resonance field (Hyes)
plot for the FMR signal. (d) Variation of linewidth (AH) with f.
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prediction of the spin-torque driven FMR.'**” Figure 2(b) shows the
fitting of an ST-FMR spectrum measured at a frequency of 14 GHz.
The signal can be decomposed into the symmetric and antisymmetric
Lorentzian components, which are represented by the pink and blue
curves, respectively. The effective magnetization 4mM.4 values were
extracted by fitting the resonance frequency f as a function of H, in
Fig. 2(c) using the Kittel formula due to the negligibly small in-plane
magnetic anisotropy, f = (9/27)[Hyes (H,es+ 4nM)]"?,"*" where 7
is the gyromagnetic ratio, yielding 1.223 = 0.019 T. The value of M of
the CoFeB/PtN, bilayer was also measured using the vibrating sample
magnetometer and found to be 1153 emu/cc, which is consistent with
the 4nM, value extracted from the ST-FMR results considering the
out-of-plane anisotropy field contribution to the effective
magnetization.'*

The effective damping constant (2.) of Q= 8% sample is evalu-
ated by fitting the AH vs f data using the equation AH = AH;y,
+27f oy /7, as shown in Fig. 2(d), where AHy,;, is the frequency inde-
pendent linewidth contribution from inhomogeneity in the magnetic
film."®"” From the fitting, the effective damping constant was found to
be (9.9 +0.5) x 107>, which is lower than the value of CoFeB/Pt
(~11.0 x 107°)."° The inhomogeneous linewidth is found to be
11.89 * 0.59 Oe, which indicates a smooth interface and a high quality
of the CoFeB/PtN,, heterostructure. Furthermore, the AH vs f response
in Fig. 2(d) shows a linear behavior over the entire frequency range,
suggesting a negligible contribution from the non-linear two-magnon
scattering mechanisms in the CoFeB/PtN, film.***

The effective spin Hall angle is the ratio of the spin current den-
sity to the RF current density.'>'® The ratio can be obtained from the
line shape of the ST-FMR spectra without considering the spin current
induced field-like torque.”* The Ogy; can be given by

1

47‘CMeff) 2

+ (@)
Hres ’

efs Vs equstd
SH =7 = — 1

“Je Va ok
where Js is the spin current density generated within the heavy metal,
Jc is the applied charge current density, ¢ is the CoFeB layer thickness,

and d is the heavy metal layer thickness. 05y can be calculated as a
function of £, as shown in Fig. 3(a). For 8.0 < f < 16.0 GHz, Ogy can
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be obtained to be 0.12+0.01 and 0.16 £ 0.01 for Q=0% and
Q= 8%, respectively. The value of Og in CoFeB/Pt is consistent with
previous reports.”’ The 0 increases non-monotonically with increas-
ing Q, with a maximum at Q= 8%, as shown in Fig. 3(d). Therefore,
by incorporating nitrogen into the Pt layer, a giant enhancement of
Ospr by 33.3% can be achieved.

The dependence of the effective damping constant on Q is given
in Fig. 3(c). As Q increases from 0% to 20%, the value of ¢4 decreases
from (11.0 = 0.5) x 107> to (8.9 = 0.4) x 10> (Ao/oy~ —20.4% for
Q=20%). However, the effective damping in the CoFeB/PtN, bilayer
is still larger than the intrinsic damping constant in the amorphous
CoFeB thin film (~4.0 x 10~2).**** The CoyoFe4,Bo layers for differ-
ent Q were deposited by direct current magnetron sputtering with the
same deposition condition. The intrinsic Gilbert damping should be
almost the same. The additional extrinsic damping can be attributed
to the loss of the angular momentum induced by the spin pumping
effect, which originates from spin-orbit coupling.*’ Therefore, the
decreasing damping indicates that the strength of the SOC at the
CoFeB/PtN, interface is reduced by increasing Q. In contrast, a large
damping enhancement (Aa/ay ~ 33.3% for Q=20%) was found in
the Py/Pt(O) film due to the spin absorption at the interface.”” This
suggests that the interface may play a different role in our CoFeB/PtN,
film.

For SOT-MRAM and SHNO applications, the energy effi-
ciency is limited by the critical currents required for current-
induced magnetization switching or oscillations.”” The critical
switching current density for in-plane magnetization switching
using SOT is given by’

_2e A M
]cﬂ—?@( 3 )Mst~ (3)

Using Eq. (3), we calculated ], with the data in Figs. 3(b) and
3(c) and plotted the results in Fig. 3(d). At Q=10%, J is at a mini-
mum of 7.0 = 0.3 MA/cm?, which is approximately 50% less than that
in pure Pt due to the large enhancement of Oy and low effective
damping factor. Thus, the nitrogen-incorporated Pt films demonstrate
great potential for applications as a spin Hall material for SOT-
MRAM.]{-’L‘—-
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FIG. 3. (a) Variation of the spin Hall angle with frequency for different Q. (b) 65 obtained from the line shape analysis, (c) effective damping constant, and (d) calculated critical

switching current density as a function of Q. Dashed lines serve as a guide to the eye.
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The dependence of the enhanced damping on PtN, thickness is
given in Fig. 4. As the thickness increases, the value of A increases in
the lower thickness regime and saturates at higher thicknesses. This
non-linear behavior also rules out the possible mechanism of extrinsic
damping induced by the magnetic proximity effect, which has a quasi-
linear thickness dependence.*”"” According to the spin pumping the-
ory, the thickness dependence of the damping can be described by

—2d
o = OFMm -‘r%}v‘ztcu(l—eg). (4)

From the fitting, spin mixing conductance G'* and spin diffusion
length A, are found to be (36.0 = 2.0) x 10" ecm™2, 2.8 = 0.1 nm for
Q=10% and (29.8 + 1.8) x 10"*cm™2 1.5 = 0.2 nm for Q= 8%. The
obtained G'* for Q=0% agrees with the previous report.””*’ The
obtained Ay for Q=0% is close to the value of 2.4 nm reported by
Nakayama et al.”’ but smaller than the value of 3.0 nm reported by Liu
et al.'® Since the resistivity is increased by nitrogen incorporation, the
reduced A,y for Q=28% is consistent with the Elliott—Yafet spin-flip
scattering model, in which the A, is approximately inversely propor-
tional to p.”””" According to the Elliott-Yafet model, a shorter spin
diffusion length for Q=8% than that for Q= 0% can be understood
as a result of the spin scattering and/or the interface SOC.””
Furthermore, according to the drift-diffusion model, the interfacial
37,53,54

spin transparency can be estimated by
G''tanh d
2j'sd

d h
11 — —
G coth(/lm) +2£e2p

T = (5)

where 0 < T<1, T=1when all of the injected spin current exerts a
spin torque on the CoFeB layer through the interface, and T'=0 when
it is dissipated before reaching the CoFeB layer. Using G'* and 4y
obtained from the fitting, the interfacial spin transparency T is calcu-
lated to be 0.58 = 0.02 and 0.71 = 0.02 for Q=0% and Q= 8%,
respectively, which is in agreement with values reported in Co/Pt
(0.3-0.65)"""" and CoFeB/Pt (0.63)."" This indicates a better band

scitation.org/journal/apl

matching at the interface for Q =8% than for Q= 0%.”” Moreover, a
large interfacial spin transparency is benefit for energy efficient appli-
cation of spin current in multilayered devices.”””* However, the
improvement in interfacial spin transparency can only partially
explain the enhanced Ogy;.

As an alternative approach to determine the value of the effective
spin-torque efficiency, the linewidth modulation method was used by
applying a dc-current during the ST-FMR measurement to modulate
the linewidth.'*® In this method, the contributions from spin pump-
ing due to the inverse spin Hall effect and the field-like torque are
insignificant.””*’

Due to the SHE from the Pt layer, the spin accumulation induced
by the DC at the interface generates a torque on the FM magnetiza-
tion, which leads to a change of the linewidth."® The dependence of
the change of the linewidth on the applied dc current is given by'**’

AH(Ipe) — AH(Ipe = 0) = 2% ((

sin ¢ h J
7\ (Hyes + 2nMegr ) ptoMst 2e |

(6)

where J, = fclu__ Rev g the spin current density in the PtN, layer,

Ac Rem+Rpny
Ac is the cross-sectional area of the PtN, layer, and Rpy; and Rp;y, are
the resistance of the ferromagnetic layer and PtN, layer, respectively.
@ is the angle between the magnetization and the applied field, which

is 45° in our case. To rule out the heating induced modulation of the
_ [AH(+Inc)—AH(~Inc)]
= AH(Ipc=0)

plotted in the inset of Fig. 5(a). AH* shows a linear behavior with Ipc,
suggesting that heat-related effects are negligible in our measure-
ments.” Figs. 5(a) and 5(b) show the change of the linewidth as a
function of dc-current for Q=0% and Q=8%, respectively. The
slopes of change of the linewidth vs Inc curves for the two field direc-
tions are almost equal, which confirms that the damping-like torque
that acts on the magnetization in our CoFeB/PtN, bilayer is due to the
SHE-generated spin current.'® The slope of the change in AH with
DC-current (AH(Ipc)-AH(Ipc=0)) for positive applied fields is
2.120e/mA and 3.47 Oe/mA for Q=0% and 8%, respectively. The

effective damping, AH* as a function of Ipc is
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FIG. 4. Enhanced damping Ao as a function of non-magnetic layer thickness for (a) Q=0% and (b) Q =8%. The symbols represent the experimental data points, while the

solid line represents the fitting.
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=0) )

variation in AH is larger for Q= 8%, which is due to the larger Ogy
and therefore higher SOT for Q = 8%. The 0O values are found to be
0.11#0.01 and 0.21£0.01 for Q= 0% and Q = 8%, respectively. The
Ospy here for Q=0% is close to the value for the line shape method.
However, the value of Q=28% is larger than that for the line shape
method, which might be driven by additional damping-like torque at
the interface.”””

The large enhancement of Oy in our PtN, is rationalized from
the following perspectives. The large 0g; in CoFeB/PtN, is dominated
by the non-magnetic atomic layer near the interface with a minor con-
tribution from the interior layer due to the short spin diffusion length,
which is consistent with previous studies.”®”” Second, the intrinsic SHE
mechanism is unlikely to be the main mechanism due to the non-
monotonic Ogy dependence of Q, which is different from the quasilin-
ear trend in the TaN/FM/MgO system due to the intrinsic SHE
mechanism.” During the preparation of the work, a large SOT efficiency
of 0.54 in tungsten nitride (W-N) was reported. They revealed that the
enhancement in SOT efficiency was caused by microstructural changes
when the W phase changed to the W,N, which also leads to a similar
dramatic change in resistivity. However, the n dependence of resistivity
is different from our result™ (see the supplementary material).

The Rashba spin-orbit coupling may play a minor role in our
case due to the reduced SOC, which is different from observations of
the interfacial Rashba spin-orbit torque affected by oxygen incorpora-
tion.”””” The small change in Og;; despite significant changes in the
bulk properties, namely, the resistivity, the effective magnetic damp-
ing, indicates that the mechanism responsible for the enhanced spin
Hall angle is likely to originate at the PtN,/CoFeB interface. The inter-
facial spin-dependent scattering may be a possible origin of the
enhanced spin Hall angle.” ** Moreover, the interfacial spin-orbit
scattering generates a spin current owing to the interface SOC, which
can diffuse from the interface to the ferromagnetic layer. It can also
explain the non-monotonic variation of the Ogg with Q as being due to
a competition between the interfacial spin-orbit scattering that
increases as a function of increasing Q and the strength of SOC, which
decreases as Q increases. For lower Q, the enhancement of spin-orbit
scattering is larger than the decrease in the SOC, which results in the

enhancement of 05y While for higher nitrogen content, the reduction
of the SOC strength is larger than the increase in scattering, which
leads to the reduction in Ogy. A sizable damping-like SOT generation
was also observed in the Nig;Fe;o/CuOy bilayer film, which originates
from the Berry curvature at the interface.”” Recently, Behera et al.”*
also reported that the FM/TiN interface generates damping-like tor-
que, which might originate from the Berry curvature. However, to
determine the origin of enhanced linewidth modulation, detailed theo-
retical analysis and further experimental are required. Furthermore,
the effect of the inhomogeneous broadening on the Og;; was examined,
which shows different dependence with Q from the Ogy (see the
supplementary material).

In summary, we demonstrated the enhancement of the spin Hall
angle by introducing nitrogen into the Pt thin film. We find the non-
monotonic behavior of Og; as a function of Q. The effective damping
is found to decrease with increasing Q. Compared with other studies
in metal oxide, we found that spin-dependent scattering at the inter-
face is the main mechanism to the enhancement of the spin Hall angle.
The additional damping-like torque from the interface also contributes
to the improvement of the linewidth modulation. Our findings provide
an encouraging route for the development of low energy consumption
spintronic devices.

See the supplementary material for the detailed five parts, includ-
ing input RF power dependence, angular dependence, inhomogeneous
broadening, linewidth modulation of ST-FMR spectra, and Q-depen-
dent resistivity.
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