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Thickness Dependence of Interface-Generated Spin
Currents in Ferromagnet/Ti/CoFeB Trilayers

Gaeun Choi, Jeongchun Ryu,* Sungjun Lee, Jaimin Kang, Namgyu Noh, Jong Min Yuk,

and Byong-Guk Park*

Interface-generated spin currents in ferromagnet (FM)/nonmagnet (NM)
structures provide both in-plane and out-of-plane spin—orbit torques (SOTs),
enabling the field-free switching of perpendicular magnetization of the other
FM layer in magnetic trilayers. In this study, the NM thickness dependence
of interface-generated spin currents and associated SOTs in FM/Ti/CoFeB
trilayers is investigated. In such magnetic trilayers, it is known that the in-
plane SOT results from the spin—orbit filtering of the interface-generated spin
current, while the out-of-plane SOT is due to the spin—orbit precession. These
results show that the polarity of current-induced magnetization switching
under an in-plane magnetic field reverses with increasing Ti thickness. This
indicates that the sign of the in-plane SOT depends on the current distribu-
tion between the bottom FM and Ti layers. On the other hand, field-free
switching occurs only for a Ti thickness of up to =4 nm, and the same polarity
is retained, demonstrating that out-of-plane SOT is governed by the charge
current flowing near the interface. These results suggest that field-free
switching efficiency can be enhanced by engineering the relative conductance
of the FM/NM bilayers to constructively combine in-plane and out-of-plane

SOTs caused by interface-generated spin currents.

1. Introduction

Electrical generation of a spin current via spin—orbit coupling
(SOC) has been a central topic in spintronic research since spin
current efficiently controls the magnetization direction of fer-
romagnet (FM).'' The spin Hall effect (SHE) and Rashba—
Edelstein effect are typical examples and have been widely
investigated in recent years. The former creates a transverse
spin current in a nonmagnet (NM) with strong SOC. When an
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electric field E is applied in the x-direc-
tion, a spin current flowing along the
z-direction carries a spin polarization in
the y-direction.'>-2!l The latter generates a
spin density at the NM/FM interfaces with
inversion asymmetry.?23% Both mecha-
nisms induce spin accumulations, which
exert spin torques and manipulate the
magnetization direction of the FM layer.
Recent studies have revealed another
spin current generation mechanism. In
the so-called interface-generated spin
current,’'-%] the FM/NM interface gives
rise to sizable spin currents. A charge
current flowing into the FM/NM bilayer
creates nonequilibrium carriers with a
momentum perpendicular to the interface
due to different electrical conductivities
between the FM and NM layers. These
carriers subsequently undergo interface
scattering due to the spin-orbit field, B,
formed at the FM/NM interface. Note that
the direction of Bg, (//y) is orthogonal to
both E (//x) and the direction normal to
the film plane (//z). There are two interfacial spin scattering
mechanisms due to B,: spin-orbit filtering (SOF) and spin—
orbit precession (SOP). SOF applies to the parallel component
of the spins to By, with parallel (antiparallel) spins preferen-
tially transmitted (reflected) at the interface (Figure 1a). Thus,
the SOF-induced spin current carries a spin polarization along
B, (//y) identical to the spin Hall or Rashba—Edelstein-induced
spin currents. However, the SOP occurs when the transverse
components of the spins interact with By, at the interface.
Because the spin polarization of the charge carriers in FM is
aligned to its magnetization direction m, the spin polarization
of the SOP-induced spin current is in the m xB, direction
(Figure 1b). In this mechanism, when m is in the x-direction,
the SOP generates a spin current with out-of-plane (//z) spin
polarization. This allows field-free SOT switching of the perpen-
dicular magnetization, which is one of the most important tech-
nological issues in SOT-based spintronic devices.37911:31,34-43]
Note that field-free SOT switching by out-of-plane spin current
has also been demonstrated in various systems including an
FM/ferroelectric structure,*! a tilted magnetic anisotropy, ¥l
a structural asymmetry.*>>% However, the critical current den-
sity of the SOT switching is still too large for device applica-
tions; therefore, it is very important to develop a way to reduce
the switching current density while being capable of field-free
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Figure 1. Mechanisms of interface-generated spin currents. a) Spin—orbit filtering (SOF): a spin current parallel (antiparallel) to spin-orbit field (Bs,) is
transmitted (reflected) at the interface. The transmitted (reflected) spins are described in dark blue (light blue) arrows. b) Spin—orbit precession (SOP):
a transverse spin current to By, undergoes precession at the interface, resulting in a spin polarization of m X B, direction, where m is the magnetiza-
tion direction of FM. When m is aligned to the x-direction, a spin current with out-of-plane spin polarization is generated.

switching. In the magnetic trilayers, where the SOF and SOP
of the interface-generated spin current create in-plane and out-
of-plane SOTs, respectively, it is reasonable to assume that field-
free switching efficiency can be improved by the constructive
combination of the spin currents generated by SOF and SOP.
To this end, systematic material investigation is required for a
deeper understanding of the interface-generated spin current.

In this work, we investigate interface-generated spin currents
and associated switching behaviors in FM/Ti/CoFeB trilayer
structures as a function of Ti thickness. We first examine in-
plane SOT by measuring current-induced magnetization
switching in the presence of an in-plane magnetic field. The
magnetization switching polarity is reversed as the Ti thickness
increases, and the critical Ti thickness at which the switching
polarity changes depends on the electrical conductivity of the
bottom FM. This demonstrates that the in-plane SOT in the
trilayer, primarily induced by SOF-induced spin currents, is
determined by the relative current distribution between the
bottom FM and Ti layers. On the other hand, the field-free mag-
netization switching shows different behaviors; the field-free
switching is successful only for a Ti thickness of up to 4 nm
and its polarity remains the same regardless of the Ti thickness.
This indicates that the out-of-plane SOT due to the SOP spin
current responsible for field-free switching is independent of
the charge current distribution. However, the smaller flow of
current near the interface with increasing Ti thickness suggests
that out-of-plane SOT originates from the FM/Ti interface.
Our findings show that by controlling the conductivities, it is
possible to manipulate the interface-generated spin currents,
allowing the in-plane and out-of-plane SOTs to be combined
in such a manner that field-free switching is facilitated with a
reduced critical current.

2. Results and Discussion

2.1. Sample Characterization in Magnetic Trilayers

We fabricated trilayer samples of FM (4 nm)/Ti (t;; nm)/CoFeB
(1 nm)/MgO (3.2 nm)/Ta (2 nm) structures by magnetron sput-
tering, with a Ti thickness tr; of 1-6 nm (Figure 2a). Figure 2b
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shows the high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images of the samples,
confirming the quality of the sample, with each layer forming
a uniform film. Note that elemental maps of the structures
obtained from energy dispersive spectrometry are provided
in Section S1 (Supporting Information). We use two different
bottom FMs: one CoFeB and the other NiFe. The samples
are, hereafter, referred to as the CoFeB-sample and the NiFe-
sample, according to the bottom FM. The magnetic properties
of the trilayer samples were examined by a vibrating sample
magnetometer. The in-plane hysteresis loops of the CoFeB-
sample and NiFe-sample shown in Figure 2b and Figure 2c,
respectively, demonstrate the in-plane magnetic anisotropy of
the bottom FM in the x-direction developed by the magnetic
field during deposition. Moreover, perpendicular magnetic ani-
sotropy is exhibited in the top CoFeB layer of both samples, as
indicated by the out-of-plane hysteresis loops (Figure 2d).

2.2. Current-Induced Magnetization Switching in FM/Ti/CoFeB
Trilayers

To examine the interface-generated spin currents and associated
SOTs in the FM/Ti/CoFeB trilayer, we perform current-induced
magnetization switching measurement with and without an
external magnetic field B, along the current direction.[#16:51-58]
It is noted that both in-plane and out-of-plane SOTs caused by
the SOF and SOP spin currents, respectively, always contribute
to the current-induced magnetization switching regardless of
the application of B,. However, in the presence of B,, in-plane
SOT dominates the current-induced magnetization switching
since the magnitude of in-plane SOT is larger than that of out-
of-plane SOT in the magnetic trilayers.’> In contrast, in the
absence of B,, in-plane SOT cannot switch the magnetization
direction alone without out-of-plane SOT, so we can evaluate
out-of-plane SOT by measuring field-free SOT switching. Note
that the top Ti/CoFeB interface can also generate spin current;
however, its contribution to the interface-generated spin cur-
rents is negligibly small.l3U

For switching measurements, a current pulse I, of a 15 ps
width was injected, and the anomalous Hall resistance Ry was
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Figure 2. a) Material stack and HAADF-STEM images of a trilayer structure of CoFeB-sample and NiFe-sample, where Ti thickness tr; varies from 1 to
6 nm. b,c) In-plane hysteresis loops of b) the CoFeB-samples and c) NiFe-samples. Here, the open (filled) circles represent the results measured with
a magnetic field B, ;) along the x- (y-)direction. d) Out-of-plane hysteresis loops of the top CoFeB in the CoFeB-samples (red circles) and NiFe-samples
(blue circles). The full out-of-plane hysteresis loops of the samples are shown in Section S2 (Supporting Information).

then read to detect the magnetization state. We first present  up-to-down direction. Interestingly, magnetization switching
the t-dependent switching behaviors of the CoFeB-samples.  is not observed when tr; = 2 nm, and switching polarity
Figure 3a shows the current-induced magnetization switching  becomes clockwise when ty; is larger than 3 nm. This indi-
under a B, of 30 mT; the switching polarity is counter clock-  cates that the direction of the in-plane SOT reverses with
wise in the case of the CoFeB-sample with t;; = 1 nm, with a  increasing tr;. Magnetization switching without B, is shown
positive current favoring the magnetization switching of the  in Figure 3b. Field-free switching is obtained for a ty; of up
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Figure 3. Current-induced magnetization switching as a function of t; in a,b) the CoFeB-samples and c,d) the NiFe-samples. The measurements were
done a,c) with a B, of 30 mT and b,d) without B,.
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to 3.5 nm, with the switching polarity remaining constant.
Note that it is not possible to investigate CoFeB-samples with
a tr; thickness of >3.5 nm since the perpendicular magnetic
anisotropy of the top CoFeB is only obtained at the tr; below
3.5 nm.

The switching measurements of the NiFe-samples in
Figure 3c,d show a similar trend of t; dependence to that
of the CoFeB-samples. In the case of the NiFe-samples,
the switching polarity under a B, of 30 mT is reversed
with increasing #r;, and field-free switching exhibits the
same polarity for a tr; up to 4 nm. Note that field-free SOT
switching has been reported in a similar trilayer structure,3%l
where interlayer coupling induces an in-plane magnetic field
breaking the switching symmetry. However, the magnitude of
interlayer coupling in our sample is found to be too small to
significantly affect the current-induced SOT switching (Sec-
tion S3, Supporting Information).

Note that the critical Ti thickness at which the switching
polarity is reversed is larger for the NiFe-sample (4-5 nm) than
for the CoFeB-sample (=2 nm). This result may explain the
reason for the opposite effective spin Hall angle between the
NiFe/Ti and CoFeB|/Ti bilayers when ty; is equally 3.0 nm in the
previous report.? The sign reversal of the SOT switching with
a B, suggests that the in-plane SOT governed by the SOF spin
currents is related to the relative current distribution between
the Ti and FM layers, which depends on the thickness and
electrical conductivity of the bottom FM. It is found that the
switching current is minimized at t1; = 3 nm (5 nm) for the
CoFeB (NiFe)-sample. This may result from the constructive
combination of in-plane and out-of-plane SOT5, as will be dis-
cussed in latter sections. On the other hand, the critical cur-
rent of the field-free switching shows different behaviors. First,
there is no sign change with ty;; therefore, it can be concluded
that the SOP spin currents generating out-of-plane SOT is inde-
pendent of the charge current distribution. Second, field-free
switching is absent in the samples with a larger ¢, indicating
that the SOP spin currents and associated out-of-plane SOT
are reduced with less charge current flowing near the interface
(Section S4, Supporting Information). It is also observed that
no field-free switching occurs in samples with a larger bottom
FM thickness (Section S5, Supporting Information). Note that
there seems to be a particular #r;, where the field-free switching
current is minimized; in the case of the CoFeB-sample, it is
t1; = 3 nm. This suggests that field-free switching efficiency can
be improved by the constructive combination of in-plane and
out-of-plane SOTs.

Note that in-plane and out-of-plane spin currents can be
generated by the bulk FM layer. The former is due to the spin
Hall effect in the FM layer®-¢U while the latter is due to the
magnetic spin Hall effect,/®?%4 spin swapping effect,®>% or
spin rotation symmetry.33l Because of the identical symmetry
between the magnetization direction of the bottom FM, an
applied electric field, and the spin polarization of the generated
spin current, it is very difficult to experimentally distinguish
the interface-generated spin current (SOF or SOP) from those
bulk effects. However, it was reported that the SOT in similar
magnetic trilayer structures mainly originates from the FM/Ti
interfaces in our previous work.3"
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2.3. Harmonic Hall Voltage Measurement
in FM/Ti/CoFeB Trilayers

To quantitatively investigate the in-plane SOT in the trilayers,
we perform harmonic Hall voltage measurements.[7:67-70]
Figure 4 shows the representative results of the first and second
harmonic Hall resistances R, and R,, as a function of B,,
which is associated with the damping-like SOT responsible for
magnetization switching. As can be seen by the Ry, versus B,
curves of the CoFeB-sample and NiFe-sample in Figure 4a and
Figure 4b, respectively, the magnetization gradually rotates from
out-of-plane to in-plane directions as B, increases. On the other
hand, the Ry, strongly depends on tr;. In the case of the CoFeB-
samples, the R,, of the sample with tr; = 1.0 nm is positive at a
positive B, and becomes negative when tr; = 3.0 nm (Figure 4c).
The same sign reversal of R,, with increasing tr; is seen in the
NiFe-sample (Figure 4d). Figure 4e,f shows the obtained effec-
tive magnetic field Bp; induced by the damping-like SOT using
Bpr = —2(dR,,/dB,)/(dRy,2/dB,?) as a function of ty for a cur-
rent density of 1 x 107 A cm™. As was found in the switching
experiments (see Figure 3a,c), Bp; gradually decreases and
changes its sign with increasing t;. Note that there is a slight
difference in the t1; at the point where the sign inversion for the
harmonic Hall measurement occurs. This can likely be attrib-
uted to the contribution to magnetization switching made by
the out-of-plane SOT, which is expected even in the presence
of B,. Note that the current-induced Oersted field and field-like
SOT can contribute to the in-plane SOT. However, their mag-
nitude is much smaller than that of the damping-like SOT;
therefore, it is assumed that their contribution to the current-
induced magnetization switching is not significant (Section S3,
Supporting Information).

2.4. Relative Charge Current Distribution and
Interface-Generated Spin Currents

To investigate the correlation between the SOF spin
currents (and associated in-plane SOT) and the current
distribution in the bottom FM and Ti layers, we estimate the
ratio of charge currents flowing through the FM and Ti layers.
Figure 5a shows the resistance R of Ti, CoFeB, and NiFe
in CoFeB-sample and NiFe-sample as a function of .
The extracted resistivities p of the FM and Ti layers are pc,pep =
189 pQ cm, pyire = 81 HQ cm, and pr; = 182 uQ cm. Using the
parallel circuit model,”7# we calculate the relative charge cur-
rent flowing through the Ti (FM) layer Iygyy/Io, where I, is
the total current. As can be seen in Figure 5b, I1;/I, becomes
larger than Ipy/I, when ty; is greater than 4 nm (9 nm) for the
CoFeB-sample (NiFe-sample). The sign change of the SOF
spin currents (Js) flowing in the +z direction can be explained
in terms of the charge current distribution. That is, the Jg is
predominantly governed by the spin transmission at the FM/Ti
interface in the sample with a thin Ti (Figure 5c), where a large
portion of the charge currents flows to the bottom FM layer
(I, i < I., pm)- Therefore, spin polarization is carried parallel
to By, On the other hand, in samples with a large Ti thick-
ness (I, 3 > I gy, Figure 5d), the Jg is dominated by the spin
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Figure 4. Harmonic Hall voltage measurements as a function of ty;. a—d) The representative results of the first and second harmonic Hall resistances
a,b) Ry, and c,d) Ry, measured with a B, in the a,c) CoFeB-samples and b,d) NiFe-samples. e,f) Damping-like SOT (Bp,) for a current density of
1x 10 A cm™2 as a function of t; in the e) CoFeB-samples and f) NiFe-samples.

reflection at the FM/Ti interface, resulting in spin polarization
antiparallel to B,,. Consequently, the sign of the in-plane SOT
caused by SOF spin currents is determined by the current dis-
tribution in the FM/Ti bilayers. Note that that it is likely that
the absence of a sign change in the field-free switching polarity
means that the SOP spin current is independent of the charge
current distribution. However, due to the limitations of this
study, this was not confirmed experimentally and remains a
matter for further investigation.

3. Conclusion

In this work, we investigate the interface-generated spin cur-
rents in the FM/Ti/CoFeB trilayer structure as a function of the

Adv. Mater. Interfaces 2022, 9, 2201317 2201317 (5 Of.S)

t; using current-induced switching and harmonic Hall voltage
measurements. It is found that the in-plane SOT changes its
sign with increasing tr;. This indicates that the SOF spin cur-
rent is determined by spin transmission/reflection at the FM/
Ti interface depending on the current distribution between
the bottom FM and the Ti layer. Furthermore, we find that
the out-of-plane SOT responsible for field-free switching is
observed only for a t; up to 4 nm. Since the SOP spin current
is found to retain the same sign, it can be concluded that it
is primarily governed by the charge current flowing near the
interface interacting with the spin-orbit field By,. Our results
indicate that the field-free SOT switching current in magnetic
trilayer structures can be further reduced by constructively
combining the SOF and SOP spin currents through conduc-
tivity engineering.
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Figure 5. a) The resistance R of Ti (black line), CoFeB (red line), and NiFe (blue line) in the as a function of t;. b) Relative charge current flowing
through the Ti (FM) layer I1jy)/lo in the CoFeB-sample (red lines) and NiFe-sample (blue lines). Here, Iy is the total current and Iy is the current
flowing to Ti (FM) layer. c,d) lllustration of the SOF spin currents in the Ti/FM structure with c) a thin Ti (I, 1 < I, gpm)and d) a thick Ti (I ;> Ic £v)-
When I 1 < Ie, g (Ie, 7i > Ic, £m), the Js is predominantly governed by the spin transmission (reflection) at the FM/Ti interface, with a spin polarization

parallel (antiparallel) to the B,

4. Experimental Section

Sample Preparation: Trilayer samples of FM (4 nm)/Ti (1-6 nm)/
CoFeB (1 nm)/MgO (3.2 nm)/Ta (2 nm) structures were deposited on
thermally oxidized Si substrates by magnetron sputtering with a base
pressure below 3.0 x 107 Torr. To introduce the in-plane magnetic
anisotropy of the bottom FM, an in-plane magnetic field of 15 mT
was applied in the x-direction during deposition. The samples were
post-annealed at 150 °C for 40 min to induce perpendicular magnetic
anisotropy in the top CoFeB layer. Hall bar devices with a width of 5 um
and a length of 15 um were fabricated using photolithography and Ar-ion
milling. For the magnetization switching measurement, an FM island of
4 um was defined within the Hall cross.

Electrical Measurement: A current pulse of 15us was applied in
the current-induced magnetization switching experiment, and the
anomalous Hall resistance was then measured at a dc current of
100uA. The harmonic Hall voltage measurements were performed using
lock-in amplifiers using an ac current I,. with a frequency of 19.29 Hz
to estimate the effective magnetic field induced by SOTs. The first and
second harmonic Hall resistance were simultaneously measured while
sweeping in-plane external magnetic fields in x-directions to the current
direction. Note that the B, was tilted slightly out of plane (=2°) to
prevent the formation of multidomains, and that thermal contributions
were properly subtracted.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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