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ABSTRACT

The charge-to-spin conversion efficiency at the interface between a topological insulator and a ferromagnetic (FM) layer can be enhanced
by inserting an interlayer (ITL). However, the mechanism of this enhancement is unclear. In this work, we systematically investigate the ITL
effects by introducing various metal, oxide, and hybrid metal/oxide ITL between a BiSb topological insulator and a CoFe ferromagnetic
layer. Our findings revealed that using a metallic NiFeGe or insulating MgO ITL resulted in similarly high efficiencies, with the highest effi-
ciency achieved when employing hybrid NiFeGe/MgO ITL. However, efficiency decreased when NiFeGe was combined with MgTiO with
increasing TiO composition. Such behaviors can be qualitatively understood by considering the ITL intrinsic effect of enhancing the intrin-
sic spin Hall angle of BiSb via preventing Sb diffusion from BiSb and migration of the FM and the extrinsic effect where the ITL spin trans-
parency is determined by the spin tunneling/diffusion across the ITL and the spin-flip/spin-transfer at the ITL/FM interface. This study
provides valuable insights and a framework for understanding and optimizing interlayer materials for ultralow power spin-orbit torque
applications.
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. INTRODUCTION The spin Hall angle 65 due to the intrinsic mechanism (ie.,
Berry phase) can be, in principle, larger than unity." Yet it is usually
smaller than 1 in many well-studied heavy metals, such as Pt,” W, or
Ta" The small gy not only requires large driving transistors for
SOT-MRAM, which makes it challenging to integrate with Si circuitry,

Efficient manipulation of magnetization through spin currents
in nonvolatile magnetic memory devices, such as magnetoresistive
random-access memory (MRAM), is essential for the low-power oper-
ation of neuromorphic computing systems utilizing them—particularly, '_ < '
in edge AI chips. Consequently, spin—orbit torque (SOT) has emerged but also limits the writing speed. To fully exploit the advantages of
as a leading mechanism, where charge currents induce spin currents SOT-MRAM, we need to use materials with a giant s> 1. Recently,
and vice versa, in non-magnetic materials exhibiting strong spin-orbit several topological quantum materials with nontrivial band structures,
coupling (SOC). The strength of SOC and its correlation with the spin ~ such as Bi,Ses,” (Bi,Sb),Te;,” and BiSb’ topological insulators (TIs)
Hall angle (6sy) is articulated in Eq. (1), where Js denotes the spin and YPtBi topological semimetals (TSM),*""” have shown such a giant

current density and ] represents the charge current density, 65y Among them, BiSb has attracted considerable attention as a prom-
ising SOT material candidate for future energy-efficient SOT device

Oy = Js 2e ) (1) applications because it shows both giant room-temperature 6gyy and

Jc h high electrical conductivity,'' and industrial tools can deposit it.'>"’
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However, the research on this BiSb material is still in its early stages,
and the related physical, material, and device optimization remains
to be addressed. One significant issue is the relatively low thermal
and chemical stability of BiSb, which can sometimes introduce
atomic diffusion. Specifically, this involves the migration of Sb from
BiSb to the adjacent ferromagnetic (FM) and buffer layers, as well as
the movement of FM materials into the BiSb layer. Such diffusion
results in a decreased charge-to-spin conversion efficiency for BiSb,
ultimately hindering the SOT energy efficiency of BiSb/FM’s film
stack. To resolve this problem, we and other groups have demon-
strated that inserting a non-magnetic (NM) metallic or oxide inter-
layer between BiSb (TI) and the ferromagnetic layer (FM) can
enhance the charge-to-spin conversion efficiency at the BiSb-FM
interfaces.*'® However, the underlying mechanism behind this
enhancement is not well understood.

In this work, we aim to investigate and compare the effects of
inserting metal, oxide, and hybrid metal-oxide interlayers such as
NiFeGe, MgO, NiFeGe/MgO, and NiFeGe/MgTiO, respectively, in
between the BiSb and FM layers. We not only observe how effec-
tively they can enhance the charge-to-spin conversion efficiency
but also study the mechanism behind their effects. For this study,
we select the interlayer’s materials, use transport and structural
analyses to compare them, and rank them based on their effective-
ness in blocking Sb diffusion, acting as a migration and shunt
barrier, transferring crystal symmetry from BiSb to the ferromag-
netic layer, and preventing the ferromagnetic dead layer to improve
the spin transport across the BiSb/FM interface. First, to determine
the interlayers’ relative efficiency, we evaluate their damping-like
SOT efficiency per unit current density, £y, or effective spin Hall
angle Ggg, which is a function of the product of Tisr, the interfacial
spin transparency, and Osy, the intrinsic spin Hall angle, as given
by Eq. (2),"

EJDL = 0 = TisrOsn. (2)

Then, we will use a phenomenological model to explain the
impact of each type of interlayer on &} . In particular, we will
discuss the two different effects of the interlayer (ITL) on &p;: an

ARTICLE pubs.aip.org/aip/jap

intrinsic effect related to 6gp; and an extrinsic effect related to Tigr.
Our study can provide a useful framework for understanding ultra-
high &}, and guidance on increasing it by optimizing the TTs inter-
layer material for ultralow power SOT applications.

Il. EXPERIMENT PROCEDURE

The whole BiSb stack consists of a buffer, a 10 nm BiSb layer,
a matrix of interlayers by wafer, a ferromagnetic (FM) 0.7 nm
CoyoFeg layer, and a capping layer that was deposited at room tem-
perature on a silicon oxide substrate after a conventional cleaning
process, followed by a light sputter etch inside a physical vapor
deposition tool. The buffer and matrix of the interlayers are
designed to promote BiSb (012) orientation, prevent migration and
Sb diffusion, and offer greater resistivity than BiSb to minimize
shunting. A series of interlayer materials, including metals, oxides,
and hybrid metal/oxides such as NiFeGe, MgO, NiFeGe/MgO, and
NiFeGe/MgTiO were incorporated into the BiSb stacks for a com-
parative analysis of their effectiveness on &, and impact on Osy
and Tigr. Structural, thickness, composition, and orientation char-
acterization of the BiSb stacks with a matrix of interlayers were
confirmed by using x-ray diffraction (XRD), x-ray reflectivity
(XRR), and x-ray fluorescence (XRF), respectively. Transmission
electron microscopy (TEM) was conducted on the BiSb stacks to
confirm and validate XRR, XRF, and XRD data. Figure 1 shows a
typical stack structure and cross section TEM.

A vibrating sample magnetometer (VSM) was utilized to extract
the FM’s saturation magnetization. We utilized Resistivity mapping
probe (Resmap) measurements to understand the topological insulat-
ing nature of the BiSb stacks. In this work, £}, is obtained by
exploiting the second harmonics Hall technique. A prober equipped
with a direct current (DC)/alternating current (AC) source, a lock-in

amplifier, and a 1 T-capable electromagnet was used to measure :
both the anomalous Hall resistance and the second harmonic Hall }

signal in the BiSb stacks fabricated into Hall bars. An AC is applied
in-plane to the BiSb/FM Hall bar, generating an alternating pure
spin current due to the spin Hall effect. This spin current diffuses to
the adjacent FM layer across the interface, subsequently exerting an
SOT on the FM layer. Consequently, the FM’s magnetization

Interlayer/FM/Cap

Seed/buffer

FIG. 1. The representative BiSb stack consists of seed/buffer layers, a 10 nm BiSb layer, a matrix of interlayers by wafer, an FM layer, and a capping layer deposited at

room temperature.
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oscillation as the result of the SOT gives rise to the second harmonic
Hall voltage response, which is characterized by Eq. (3) for the case
of in-plane magnetization,zo

20
Ry =

Raue ([ Hap
2 Hk + Hx

) + aongHx + RaNE + ssEs (3)

where RZ® is the second harmonic Hall resistance, Rapp is the anom-
alous Hall resistance, Hap is the anti-damping-like field, Hy is the
effective magnetic anisotropy field, H, is the in-plane applied mag-
netic field, aong is the ordinary Nernst effect coefficient, and
RANE + ssE 1S @ constant representing contribution of the anomalous
Nernst effect and spin Seebeck effect. In this analysis, we neglect the
contributions from a field-like torque, which is known to be very
small in BiSb based on earlier studies.”’ Figure 2(a) illustrates the
measurement circuit using Hall bar devices. The fabricated Hall bar
devices have four terminals and measure 10 x 25 um? We first mea-
sured Rypr and Hy with a DC bias and a perpendicular magnetic
field. Then, we applied AC bias and used the lock-in amplifier to
measure R%® while sweeping an in-plane magnetic field along the x
direction. We then fit the R¥ — H data into Eq. (3) to estimate
Hap and plot Hup as a function of the current density inside BiSb,

6 4 2 0 2 4 6
H, (kOe)
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Jisv- Finally, we estimate {)L from the slope of %ﬁ as shown in the
following Eq. (4),

; H
&)y = (elh)Mstpy —2, )
JBisb

where Mjs is the measured saturation magnetization of the FM layer
and tgy = 0.7 nm is its thickness.

Figure 2(b) shows an example of the AHE measurement of
a sample consisting of a buffer layer, a 10 nm-thick BiSb layer, a
1.2nm MgO interlayer, a 0.7 nm-thick CoFe FM layer, and a
capping layer, measured with a perpendicular magnetic field.
The data show that Ry = 1.7 Q and Hy = 6 kOe for this sample,
which were then used to fit the R — H, data to Eq. (3).
Figure 2(c) shows the R%* measurement (points) and the corre-
sponding fitting (solid lines) at different bias AC from 3.5 to
6.5 mA with a 1 mA step. Here, we scan H, to get two sectors of
R?® data at each bias AC. Then, we plot the Hap, values obtained
by fitting the sectors to Eq. (3) and plot them as a function of
Jeisp in Fig. 2(d). We also prepared a reference stack without the
BiSb layer to determine each stack’s BiSb conductivity and used

S

=

<€

x

9 6 -3 0 3 6 9
H, (kOe)

gloo s

2

T 50

0 ! ] ]

0 0.1 02 03 04 0.5
Jpish (MA/ cm?)

FIG. 2. Representative measurement of a sample with a 10 nm-thick BiSb layer, a 1.2nm MgO interlayer, and a 0.7 nm-thick CoFe FM layer. (a) lllustration of the
measurement circuit. (b) Anomalous Hall resistance measured with a perpendicular magnetic field. The solid line is used for estimation of Hy =6 kOe. (c) Second harmonic
Hall resistance (points) and the corresponding fitting (solid lines) at different bias AC from 3.5 to 6.5 mA with a 1 mA step. (d) Damping-like field Hap as a function of the
current density Jgisp, in BiSb, estimated from (c). The straight line indicates the slope Hap/Jgisp-
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this information to calculate Jpisp. Finally, from the Hap/Jsisp
slope, we obtained &), = 5.2 in this stack.

lIl. PHENOMENOLOGICAL MODELING OF ‘:jDL IN
TI/INTERLAYER/FM SYSTEMS

Since BiSb is a TI with 2D topological surface states that dom-
inate current-in-plane charge transport at the studied thickness
(10 nm),"'* one can apply a model that incorporates the Edelstein
effect (EE) in a TI-based system consisting of a TI/NM/FM or
TI/IS/EM tri-layer system, as schematically shown in Fig. 3.7

Here, the NM or IS is collectively referred to as an interlayer. In
this type of system, the surface states in a topological insulator (TI)
are protected due to spin-momentum locking. Therefore, a direct
relationship exists between a 2D charge density JZ° in TI and the
spin potential at the TT interface. As such, tunneling/diffusion and
spin-flip scattering processes in the adjacent layers can impact the
final generated spin current Js. A 2D charge-to-spin conversion effi-
crency qex is defined by ggr = Js/JZ°, which is equivalent to &,DL via
&DL = (tpisn/2) X qee, Wwhere tpisp, is the BiSb layer thickness.
Consequently, g with the tunneling/diffusion and spin-flip scatter-
ing processes involved in EE is given as™* >’

- ; (5)
=y + o)

where Vg is the Fermi velocity, 7; is the electron tunneling/diffusion
time across the TI/ITL interface, and 7 is the spin-flip time that
happens in the ITL and at the ITL/FM interface. When a charge
current is applied to the TI layer at an optimal thickness for
surface conductivity, it generates a spin potential on the TI/ITL
interface. The spins must tunnel through and overcome the
potential barrier at the TI/ITL interface, diffuse across the ITL,
and finally overcome the potential barrier at the ITL/FM interface.
During these processes, spin-flip scattering may happen in the
ITL layer or at the ITL/FM interface. Since we keep the ITL thin
(1.2 nm), we assume that the spin-flip/spin-transferring time 7yix

ARTICLE pubs.aip.org/aip/jap

at the ITL/FM interface dominates and we replace 7y by Tpix in
Eq. (5). The physical meaning of 7y in the denominator of
Eq. (5) is that the spin current requires a gradient of the spin
potential across the ITL, which becomes steeper with shorter 7y,
i.e., the faster the spin is flipped or transferred to the FM at the
ITL/FM interface, the higher spin current can flow. As such, for a
TI/ITL/EM system, the contribution of 7; and 7nx varies, where 7
depends on the tunnel barrier height for the insulating 0x1de ITL,
while 7,y is determined by spin-mixing conductance gmlx at the
ITL/FM interface pi ~ -~ Note that the equation assumes a
perfect TI surface state with perfect spin-momentum locking.
In reality, a finite spin potential will be generated depending on
the details of the TI properties. Therefore, one should consider a
finite intrinsic Ogy as a prefactor before considering the ggg effect.
The final measured &, efficiency will be proportional to
(T¢ 4 Tmix) * Osp for a constant T1 thickness. In other words, Tist,
the interfacial spin transparency in Eq. (2), is proportional to
(7 + 7-'mr);)_l

Our phenomenologlcal model assumes two different effects of
the ITL on & : An intrinsic effect related to Osy and an extrinsic
effect related to Tist o< (7¢ + Tmix) ~'. These reflect the important
intrinsic and extrinsic benefits of inserting ITL between the TI and
the FM. First, the ITL materials play a crucial role in stabilizing the
TI at the TI/ITL interface by preventing Sb diffusion away from
BiSb and the migration of materials from the FM layer, which
helps maintain a better spin-momentum locked surface state.
Suppose the FM and TI layers are directly in contact. In that case,
the hybridization of orbitals may change the topological surface
band structure, and the magnetic interaction from the FM with a
local magnetic moment may potentially destroy the surface TI

state,””” resulting in smaller intrinsic 6sy. Second, there is a con-

nection between Tigr with 7, and 7, as discussed above. Tigr is :
more related to 7, if the ITL is a metal, but if the ITL is an insu- ?

lator, Tigr is more related to ;. Furthermore, metallic ITL materials
typically increase FM diffusion and create disorder at the ITL/FM
interface,”™”” which in turn lowers g/L (longer 7,;,) at the ITL/EM

(b)

FIG. 3. Schematics for the spin Hall effect in a topological insulator with (a) a non-magnetic metal (NM) or (b) an insulating oxide (IS) interlayer sandwiched between

BiSb (Tl) and a ferromagnetic (FM) layer.
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interface; however, they tend to have shorter 7. Conversely, insulat-
ing ITL materials can preserve the integrity of the FM, decreasing
dlsorder at the ITL/FM interface. This reduction results in higher
gmlx (shorter 7ix) at the interface, although insulating materials are
associated with longer tunneling ;. Therefore, the careful selection
of ITL materials is needed to improve both Osy (intrinsic effect)
and spin current transportation by minimizing both 7, and 7mi
(extrinsic effect). This model can provide a useful framework for
understanding ultrahigh éDL and guidance on increasing it by opti-
mizing the TI’s interlayer material for potential SOT applications.

V. E_,L,_ OF METAL, OXIDE, AND HYBRID METAL-OXIDE
INTERLAYERS

To validate this phenomenological model, a comparative study
of metal, oxide, and hybrid metal-oxide interlayers was performed
to determine their influence on &} . Prior to initiating the investi-
gation, TEM and XRD were employed to confirm the BiSb baseline
film stack for the BiSb (012) orientation. Figure 4 illustrates an
example of the BiSb film stack, which features a NiFeGe/MgO ITL
configuration for the purpose of illustration, serving as a baseline
representation of the metal, oxide, and hybrid metal-oxide inter-
layers examined in this research. This stack is positioned between
the BiSb (012) layer and a CoFe layer with magnetization in the
film plane.

Notably, the XRD analysis depicted in Fig. 5 confirms
that the appropriate buffer layer beneath the BiSb, which
exhibits high-intensity counts, can enhance the BiSb (012)
orientation. )

Figure 6 shows Ep; of sample N with no ITL, sample A, with
a NiFeGe (12 A) ITL, sample A, with an MgO (12 A) ITL, sample

ARTICLE pubs.aip.org/aip/jap

B with a hybrid NiFeGe (9 A)/MgO (3 A) ITL, and samples C,-C;
with a NiFeGe (9 A)/Mg1 .Ti,0 (3 A) ILT whose x was 0.33, 0.37,
and 0.44, respectively. A closer examination of Fig. 6 reveals a large
&DL in the samples A; and A, with NiFeGe and MgO ITL, while
the maximum &}, is achieved in the sample B with the hybrid
NiFeGe/MgO ITL, and it decreases in samples C;-C; with the
NiFeGe/MgTiO ITL whose TiO concentration gradually increases.
In comparison, we only observed &, of 0.2 for the sample N
without an ILT. This result clearly shows that selecting an optimal
interlayer can effectively tune 6sy and the spin transmission into
the FM layer and hence &}, .

To understand the experimental observation by using our pro-
posed phenomenological model, we summarize the ITL, their
intrinsic effect on Oy, their_ extrinsic effect on Tigr via 7, and Ty,
and the resulting effect on &, in Table I.

From the model’s vantage point, the enhancement of &DL in
sample A, with a single MgO (12 A) ITL may initially seem coun-
terintuitive. Generally, introducing insulators in the ITL typically
increases the potential barrier, so the tunneling time 7, increases,
ultimately reducing &}, . Furthermore, thin MgO has been used to
suppress spin pumping and reduce the magnetization damping
factor of the free magnetic layer in STT-MRAM. In our case,
however, inserting a MgO layer between the TI and FM can
prevent unwanted interaction between the FM and TI, leading to
an intrinsic effect with improved 6sy. More specifically, the direct
interaction between the FM and BiSb surface disrupts the BiSb
surface state by altering the TI band structure, including changes to
the Fermi level or potentially creating other surface states.
Thus, the intrinsic benefit of the enhanced 6gy; overcomes the loss
due to the extrinsic effect (longer 7), and the MgO interlayer helps
increase &), .

(SR s 2
l}l‘&’: ,'-l

Interlayer/FM/Capping

Interlayer/FM/Capping

PR

9.5 nm BiSb

: é;ii«
S S 5 A

SRR RO

: / 0. 7 nm CoFe
— 0.3 nm MgO

\ 0. 8 nm NiFeGe

’ 2.6 nm Buffer
I 2.0 nm Seed

A

FIG. 4. The BiSb film stack, which features a NiFeGe/MgO configuration, is a baseline representation of the metal, oxide, and hybrid metal-oxide interlayers.
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FIG. 5. XRD results for the studied samples. The seed/buffer layers beneath the BiSb enhance the (012) orientation of the interlayer matrixed BiSb samples. Details of
the seed/buffer layers can be found in Ref. 30. All the curves show the same shape, with the main BiSb(012) texture and a small BiSb(003) phase, except for two
samples with an extra BiSb(104) phase. The fringes around the (012) peak indicate the smooth BiSb surface.

For the case of sample A, with a single NiFeGe (12 A) ITL,
the NiFeGe on the TI/ITL side helps to prevent Sb diffusion from
BiSb and the migration of the FM material, which helps maintain a
better spin-momentum-locked surface state and increase the intrin-
sic Ogpy, similar to the case of MgO. Furthermore, since NiFeGe is
metallic, its 7; is shorter than that of MgO. However, NiFeGe also
decreases the spin-mix conductance at the ITL/FM interface, thus
its Tmix is longer than that of MgO. As a result, &’DL of NiFeGe is
identical to that of MgO.

Next, we discuss sample B with the intriguing hybrid NiFeGe
(9A)MgO (3A) ITL, which yields the highest & . This can
be explained by considering the fact that this hybrid ITL combines both
the advantage of the shorter 7, of NiFeGe and the shorter 7., of MgO.
Thus, the optimum &), of this hybrid NiFeGe (9 A)/ MgO (3 A) ITL
compared with that of NiFeGe or MgO alone can be explained by the
extrinsic effect. Moreover, in samples C;—Cs, a consistent reduction in

Ehy is observed with increasing TiO concentration into MgO to form
MgTiO while maintaining the same physical thickness. Although both
TiO and MgO are insulators, the bandgap of TiO is larger than that of
MgO. Therefore, with the increase in the TiO concentration, 7
increases, reducing &), , accordingly to the extrinsic mechanism. Our
results have demonstrated that the ITL can have both intrinsic and
extrinsic benefits on &p; .

V. ESTIMATED POWER CONSUMPTION OF THE
VARIOUS INTERLAYER

From the perspective of device applications, power consumption
is a critical factor for SOT-MRAM and direct spin Hall effect-based
magnetic sensors. The energy efficiency is influenced by &, and the
conductivity of the SOT layer. Additionally, the conductivity of the
layers adjacent to the spin Hall channel plays a vital role. These
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FIG. 6. &jD,_ as the function of metal, oxide, and hybrid metal/oxide interlayers.

adjacent layers can partially shunt the input current flowing into the
SOT layer, adding an extra component to the overall power consump-
tion. Consequently, the SOT power consumption is expressed as

P ~ 1 Ootherstothers + OsoTtsor
ower ﬁ

Sor

(osortsor)”

where &), sop and tsor are the charge-to-spin conversion efficiency,
electrical conductivity, and thickness of BiSb, and Gpmers and fomers
and are the electrical conductivity and thickness of the remaining
layers including the buffer, ITL, and FM layers, which were
derived from control stacks without BiSb. We normalized the

power consumption by that of a reference sample with a
10 nm-thick Ta layer, which shows &, = 0.18.

Figure 7 shows the estimated normalized power consumption
of those BiSb stacks by varying metal, oxide, and hybrid metal/oxide
interlayers relative to the conventional Ta-based SOT (assumed to be
100%). It is clear that all BiSb stacks, no matter what ITL layers have
been used, showed about up to two orders of power reduction com-
pared to Ta. This effect is mainly driven by the higher effective spin
Hall angle for BiSb.

Within the various interlayer groups, power reduction by about
a factor of 2 is seen for the NiFeGe/MgO interlayer, indicating less
current shunting effect. With the introduction of TiO into MgO, we

TABLE I. Summary of ILT, their intrinsic effect on Ogy, their extrinsic effect on Tt via 7 and 7, and the resulting effect on &jDL.

N No ITL Low ~71 with very long 7, Low

A, NiFeGe 12 A High ~(T+ Tomix) " with short 7, long 7pmix High

A, MgO 12 A High ~(Te+ Tomi) " with long 7, short 7, High

B NiFeGe 9 A/MgO 3A High ~(Ty + Tmix) " with short 7, short 7 Highest

C, G, NiFeGe 9 A/Mgl_xTixO 3A (x=0.33, ~(T, + Tmix) " with short 7, but increasing with ~ High but decreasing
Cs 0.37,0.44) High x, short 7, with x
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observe a slightly upward power consumption trend with increasing
TiO concentration inside MgTiO. On the other hand, the resistivity
of the full stacks with different MgTiO does not change significantly,
implying an essentially constant charge current inside the BiSb.
Thus, such increased power consumption reflects the less efficient
spin current injection (smaller &};) into FMs with increasing TiO
composition in MgTiO, as seen in Fig. 6.

VI. SUMMARY

We thoroughly studied the impact of different metal, oxide,
and hybrid metal/oxide interlayers on the charge-to-spin conver-
sion efficiency of BiSb thin films. Our findings revealed that uti-
lizing a NiFeGe or MgO interlayer resulted in nearly the same
high efficiency, with the highest efficiency achieved when using
hybrid NiFeGe/MgO interlayers. However, efficiency decreased
when NiFeGe was combined with MgTiO with increasing TiO
composition. Such behaviors can be qualitatively understood by
considering the ITL intrinsic effect of enhancing the intrinsic 05y

via preventing Sb diffusion from BiSb and migration of the FM,
and the extrinsic effect where the ITL spin transparency is deter-
mined by 7; and 7y Our results establish a framework for
understanding ultrahigh 6sy and provide guidance for optimizing
the interlayer material and providing an effective energy-efficient
solution for SOT device technologies.
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