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The spin—orbit torque via the spin Hall effect of heavy metals has shown promising prospect in driving the magneti-
zation switching in spintronic devices due to the generated spin current from heavy metals. Recently, the 3d-light metals
have been predicted the ability to generate orbital current and the associated orbital torques from the orbital Hall effect.
However, few experiments have been carried out since it is quite hard to directly detect the orbital current-generated orbital
torque. Here, we report an effective method to demonstrate the strong orbital torques in light metal Cr through a con-
version process from orbital current to spin current by introducing the Pt interfacial layer in perpendicularly magnetized
symmetric Pt/Co/Pt structures. A quite large and monotonically growth of orbital torque efficiency in Pt/Co/Pt/Cr with the
increase of the thickness of Cr layer is obtained with the largest effective orbital torque efficiency around 2.6 Oe/(MA-cm™~2)
(1 0e=79.5775 A-m™~"). The ability of orbital torque to drive the magnetization switching is also reported with the critical
switching current density down to the order of 10° A-cm™2. Our findings prove the efficiency for switching the magnetiza-

tion from light metal Cr layers through the orbital Hall effect.
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1. Introduction

Spin orbital torques (SOTs) in heavy metal/ferromagnetic
bilayers attracted much attention due to its capability to effi-
ciently drive the magnetization switching for magnetic memo-
ries and spin logic devices via the spin Hall effect of heavy
metals and/or the interfacial Rashba effect.[!! So far, the
promising materials for SOT-driven magnetization switching
rely on heavy metals (HMs),>* and 2d materials'®”! and
topological insulators!®1°1 due to their strong spin current
generating ability. The orbital torque from orbital current as
the counterpart of spin orbital torque from spin current in ma-
terials was reported by Bernevig et al. in p-doped silicon,!'!]
4d/5d transition metals,!'>!3 and in 3d-transition light met-
als (LM) or CuO,.['*13] The theoretical prediction give rise to
a comparable or even larger orbital torque efficiency than the
conventional SOT in HM/FM, since the orbital Hall conductiv-
ity in light metals can be much larger than the corresponding
spin Hall conductivity in heavy metals.!'®! Thus, the orbital
torque opens a new field for the research of high-efficiency
spintronics devices using light metals rather than the expensive
heavy metals, such as Pt. However, the conversion-coefficient
from orbital current to spin current is too low to accurately de-
tect the effective orbital torques in light metals.!!~'°! To solve
this problem, some experimental studies suggest a conversion

mechanism from orbital current to spin current via heavy met-
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als with strong spin orbit interaction in FM/HM/LM to obtain
the strong orbital torque efficiency in light metals. 2011

In this work, the heavy metal Pt was used to convert the
light metal Cr generated orbital current to spin current in per-
pendicular magnetized Ti/Pt/Co/Pt/Cr/Ti multilayers, in which
the symmetric Pt/Co/Pt stacks was chosen for one hand to can-
cel the spin current generation from the bottom and up Pt lay-
ers due to its strong spin Hall effect,’>*! and on other hand
to ensure the interfacial perpendicular magnetic anisotropy on
Pt/Co interface. Here, we choose light metal Cr due to the the-
oretically predicted large orbital Hall conductivity to generate
orbital current.!!>] The bottom and up Ti layers was used as the
seed layer and protective layer, which eventually forms TiO,
protection layer for up Ti layers and shows negligible spin Hall

t.[22] To examine the production efficiency of the orbital

effec
torques in Cr, we perform the harmonic Hall voltage measure-
ments to detect the effective fields in the Pt/Co/Pt/Cr multi-
layer. A monotonically evolution of the effective torque fields
as a function of the Cr thickness is observed and ascribed to the
orbital Hall effect (OHE) of Cr. Furthermore, we also found
the magnetization switching induced by strong orbital torques
in the Pt/Co/Pt/Cr multilayer, both of which demonstrate the
ability of the orbital torque to tune the magnetization by means

of the light metal Cr.
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2. Experimental methods

The Ti(3)/Pt(2)/Co(1)/Pt(2)/Cr(tc,)/Ti(3) (thickness in
unit nm) multilayers were deposited on corning glass
substrates at room temperature by direct current mag-
netron sputtering with base pressure below 2.0x10~% Torr
(1 Torr = 1.33322 % 102 Pa) and the thickness of Cr (z¢;) is var-
ied from 0.0 nm to 10.0 nm, setting by the sputtering time and
the calibrated deposition rate. The multilayers were patterned
to Hall bars with a dimension of 10 pmx200 wm by standard
photolithography and Ar-ion etching techniques for magneto-
transport measurement. The x-ray reflectivity spectra probed
via grazing incidence measurements using Cu-K« radiation
were used to characterize the thickness, density and rough-
ness of each layer in multilayers. The #c; dependence of co-
ercivity and perpendicular anisotropy fields of multilayers and
the magnetic domain images were measured using a wide-field
polar Kerr microscope working in the differential mode. Or-
bital torque efficiency was measured by harmonic Hall voltage
measurements method using an analog—digital/digital-analog
data acquisition card with the variation of the amplitude of si-
nusoidal current and keeping the frequency at 133 Hz.?3! All
the above experiments were carried out at room temperature.

3. Results and discussion

To evaluate the influence of Cr capping layer on the struc-

ture parameters, including interfacial roughness, thickness and
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density of each layer, x-ray reflectivity (XRR) spectra were
measured. Figure 1(a) shows the XRR spectrum examined
by the high resolution PANalytical X’Pert> MRD diffractome-
ter using Cu Ky (A = 1.5406 A) radiation. The XRR spec-
tra were simulated by a GenX software with layer model
of Ti/Pt/Co/Pt/Ct/Ti/TiOy to obtain the thickness, roughness,
density of each layer.[>?* The obtained roughness and den-
sity of Co and Cr layer are shown in Fig. 1(b). As one can see
the roughness of Co keeping around 3.5 A with the increase of
Cr layer thickness, indicating that the Cr layer does not show
any influence on the underneath layer and the repeatability of
the layered structure of our samples. While the roughness of
Cr layer gradually increases from 4 A to 8 A with 7, increas-
ing except the roughness of Cr layer is around 6.2 A when
fcr = 2 nm. We ascribed the anomalous point to the island
structure of Cr atoms rather than the continually uniform layer
structure when the thickness of Cr layer is too small, which is
coincide with the growth mechanism of thin films by sputter-
ing technique. Moreover, the density is around 8.9 g/cm? and
6.0 g/lcm? for Co and Cr layers within the typical value of these
two materials, respectively. Therefore, according to the infor-
mation reflected by the XRR, we conclude that the prepared
samples have high quality and clear interfaces. In principle, by
sacrificing the Ti layer, the Cr layer will be protected from ox-
idation and deterioration due the capping Ti layer. To confirm
our speculation, XPS was used to characterize the composition
and valence state of Ti and Cr layers.
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Fig. 1. The x-ray reflectivity spectra of Ti/Pt/Co/Pt/Cr/Ti samples with the variation of Cr thickness (a), the thickness-dependent interface
roughness of Co/Pt and Cr/Ti, as well as the density of Co and Cr layers (b), the x-ray photoelectron spectra of Ti (c) and Cr (d) layers with the

change of Cr thickness.
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Figures 1(c) and 1(d) show the XPS spectra of Ti and Cr
elements, respectively. The peak positions for 2p>/2 and 2p!/2
of metallic Ti are located at the binding energy of 454 eV and
458.3 eV, respectively, while the peak positions for 2p3/? and
2p1/ 2 of TiO, are located at the binding energy of 460 eV and
464 eV, respectively. It indicates that there are metallic and
oxides of Ti at the same time. For the Cr case, we can see
that there are only metallic Cr 2p1/ 2 and Cr 2p3/ 2 peaks at the
binding energy of 574 eV and 583 eV, respectively. The re-
sults revealed that the 3-nm-thick Ti layers is thick enough to
protect Cr from the oxidation.

The magnetic properties of samples with the variation of
tcr play important roles on electric current-induced magnetiza-
tion switching, especially the nucleation field, the anisotropy,
and the magnetic domain structures. We use the MOKE mi-
croscope to characterize the above parameters under the same
magnetic field range and sweeping rate. The rectangular out-
of-plane magnetized hysteresis loops in Fig. 2(a) indicate the
existence of perpendicular magnetic anisotropy (PMA) of our
samples. The nearly overlap of the hysteresis loops in Fig. 2(a)
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illuminates that the magnetizing process for all samples should
be identical. To obtain perpendicular magnetic anisotropy field
(Hy) of our samples, a large enough in-plane magnetic field
was applied to saturate the magnetization in the plane. The
thickness dependence of coercivity (H.) and Hy is shown in
Fig. 2(b). One can see that H, and Hy are around 160 Oe and
3150 Oe, respectively (the error bars represent the standard de-
viation in multiple measurements), suggesting that the thick-
ness of Cr layer has no obvious effect on the overall basic mag-
netic properties of the samples. Figures 2(c) and 2(d) show
the exemplary MOKE pictures of the samples with 7zc; = 0 and
6 nm during domain nucleation, respectively. The results show
that magnetic domains (white areas) in the two pictures have
no obvious differences in the process of nucleation and expan-
sion process, suggesting that Cr layers with different thick-
nesses have no effect on the nucleation process of magnetic
domains. So far, we can conclude that the Ti/Pt/Co/Pt/Cr/Ti is
an idea candidate to evaluate the orbit Hall effect of light metal

Cr layers.
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Fig. 2. The out-of-plane magnetized hysteresis loops for sample with the variation of the thickness of Cr layer (a), the thickness dependence of the
coercivity (H.) and the perpendicular magnetic anisotropic field (Hy) (b), and the magnetic domain structure for samples with 7c; = 0 (c) and 6 nm (d).

To test the thickness-dependent spin orbital torque effi-
ciency, a harmonic Hall voltage measurement method was em-
ployed. Figure 3(a) shows optical photographs of Hall bar
and the measurement setup, in which a sinusoidal alternat-
ing current with amplitude I was passing along the x direc-
tion, the generated first (V) and second (V>®) harmonic Hall
voltages were measured along the y direction. The damping-
like and field-like spin orbital torques effective fields Hpr, and
Hrp, were respectively calculated by Eq. (1) with the sweeping

fields H, and H, along the x and y directions: 251
V2 P EAVAY
Hpy(pL) = —2—/—2- (1
aHx(y) 8Hx(y)

Figures 3(b) and 3(c) show the variation trend of the first
and second harmonic voltages of Ti/Pt/Co/Pt/Cr(6.0)/Ti sam-
ple when the field is swept in the x and y directions, respec-
tively. The up- or down-magnetized states represent that the
Hall bar was magnetized under a large out-of-plane field to
obtain the nearly up-magnetized or down-magnetized single
domains. The sweeping field range for H, or H, is small to
ovoid breaking the up- or down-magnetized single domain
states. The blue and green points in the figure represent the
voltage value of the sample in the up and down magnetization
states, respectively, and the red line is the corresponding fitting
line. The obtained current dependent Hpy, and Hpp, are shown
in Fig. 2(d). From the linear fitting the damping-like and field-
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like spin orbital torque efficiency can be obtained and shown
in Figs. 3(e) and 3(f). For the symmetrical Pt/Co/Pt structure,
namely, the thickness of the Cr layer is 0 nm, the expected
spin—orbit torque on the Co layer from top and bottom Pt lay-
ers should be cancelled out, however Bpr still has a none zero
value of 0.78 Oe/(MA-cm~2), indicating that such a symmet-
rical structure cannot completely offset the spin currents gen-
erated by the Pt layers on both sides of the Co layer, which
should be related to the gentle different roughness caused by
the growth environment of the two Pt layers as shown from the
XRR fitting results. On this basis, a new spin current source
was introduced into the system by the Cr layer and the pos-
sible origin includes the bulk spin Hall effect of the Cr layer,

the spin current generated by the Cr—Pt interface and the spin
current converted by the adjacent Pt layers from the orbital
current generated by Cr layer. However the monotonically in-
crease trend of Py /FL suggests that the spin current gener-
ated from Cr—Pt interface could be ruled out. Moreover, con-
sidering that the spin diffusion length of Pt is only 1.2 nm-
1.4 nm, %! which is smaller than the thickness of Pt layer in
our sample, consequently, the spin current generated in the
Cr layer cannot pass through the Pt layer and be absorbed by
the Co layer. Thus, the monotonically increase of spin orbital
torque efficiency with ¢, should be explained by the giant con-
version from orbital current of Cr layer to spin current via the
Pt layer.[?!]
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Fig. 3. The optical photographs of Hall bar and the established coordinate system for magneto-transport property measurement (a), the
exemplary first harmonic Hall voltage with the sweeping of magnetic field along x axis for damping-like spin orbital torque efficiency measure-
ment (b), the exemplary first harmonic Hall voltage with the sweeping of magnetic field along y axis for field-like spin orbital torque efficiency
measurement (c), the obtained current-dependent damping-like and field-like spin orbital torque effective fields (d), the thickness-dependent

damping-like (e) and field-like (f) spin orbital torque efficiencies. The

insets in panels (b) and (c) show the field-dependent exemplary second

harmonic Hall voltages. The thickness-dependent effective spin orbital Hall angle is also shown in panel (e).
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Furthermore, then the thickness of Cr layer is 10 nm, the
value of Bpy reaches 2.6 Oe/(MA-cm~2), which is more than
three times than that when the thickness of the Cr layer is 0 nm.
In Fig. 3(f), the seminar variation trend of g is also observed
except the one order of magnitude smaller than that of fpp,
which is consistent with the spin Hall effect scenario. Thus,
we can conclude that the spin current in our structure origi-
nates from the orbital current of Cr layer and passed through
the Pt layer, rather than the spin current generated by the Pt
layer via spin Hall effect. To see the thickness-dependent or-
bital Hall effect of Cr, the effective spin Hall angle were ob-
tained from the damping-like torque efficiency by!?’!

where e and 7 are the electron charge and reduced Planck
constant, respectively. M; represents the saturation magneti-
zation for the Co-layer with the thickness of 7gy. It can be
seen a similar increase trend as the damping like torque effi-
ciency. It should be mentioned that the second increase slope
in damping and field like torque efficiency can be observed
when fc, > 6 nm, which may be related to the phase transi-
tion of Cr layer as reported by Bose et al.!?®! To compare the
orbital Hall effect of Cr in this work to other light metals, we
summarize the data of several light metals, such as, Cu, Ru, V,
Zr, and Mn in Table 1.

atively larger orbital Hall conductivity and effective spin Hall

It can be seen that the Cr shows rel-

2 |e| Mt
ff M . .
O5h/0n = 7 “Bor, (2)  angle in this work.
Table 1. The orbital Hall conductivity (con), spin Hall conductivity (osy) and the effective spin Hall angles (6syy) for light metals at room
temperature.
Element oon (1/e)(Q-m) osu (h/e)(Q-m) Osy Ref.
Cr 8200 —130 (5.14£0.5) x 1072 [29]
Cr 8831 (9.5+0.2) x 1072 this work
Cu 1200 30 (3240.3) x 1073 [30]
Ru 3x 107! [31]
Zr 5300 —170 —(3.04£0.2) x 1072 [30,32]
\% 5800 —90 —(1.0£0.1) x 1072 [30]
Mn 9200 —130 —(1.940.1) x 107! [30]
—2.10} (a) ——H, =+100 Oe current channel as shown in Fig. 3(a). After each writing
—s—H, =—-100 Oe
pulses, the Hall voltage was measured by a small dc current
u . . . .

_T2.25¢ d J : ---..“.. of 1 mA. Meanwhile, an in-plane assisted magnetic field was
c [ / applied to break the mirror symmetry. Figure 4(a) shows the
5 —2.40F . L oo .
& current-driven magnetization switching curve under the assis-

9551 - / tant field H, = £100 Oe. It is worth noting that the critical
9. o
L - ﬁ switching current density is as low as ~ 1.72 x 10® A-cm~2,
—2.70} which is comparable to the critical switching current den-
7 5 5 5 ! sity in the Pt and even in the topological insulator-based
J (105 A-cm=?) heterostructures,>*!1% implying an efficient mechanism of or-
T bit torque switching from Cr layer. Furthermore, upon rever-
176_(b) . ®tc, =4 nm o ) ] ]
: po. sal of the applied in-plane field direction, the polarity of the
& L7l ; current-induced switching loop also reverses, which is con-
é . i sistent with the spin orbital torque switching scenario. The
3 . : . % q g
j 1.72} - i scenario was also confirmed by a smaller Hy, the larger crit-
= ! . o . R
= : - ical switching current density as shown in Fig. 2(b). Thus,
;5 L.70r . i thanks for the efficient conversion mechanism of Pt from the
Lesh ; LI orbital current to spin current, a rather energy efficient magne-
) ) ) ; ) ) ) tization switching is achieved using the orbital Hall effect of
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Fig. 4. (a) Orbit-torque-induced magnetization switching under fixed
in-plane magnetic field H, = +100 Oe. (b) Critical switching current
density J.j; dependence on the magnetic field H.

Next, we focus on the orbit torque induced magnetiza-
tion switching by current pulse. In the measurements, writ-
ing pulses with the width of 1 ms were injected along the

light metal Cr.

4. Conclusion

In conclusion, we provided an effective method to di-
rectly detect the orbit torque by converting the orbital current
in light metal Cr into spin current via a Pt insertion layer in a
perpendicularly magnetized symmetric Pt/Co/Pt/Cr structure.
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The harmonic measurements results demonstrated that the or-
bital torque efficiency in Pt/Co/Pt/Cr increases with the Cr
layer thickness increasing, while the orbit torque can be used
to achieve the perpendicular magnetization switching. Our
results provide an effective pathway to characterize the orbit
torque and achieve the perpendicular magnetization switching,
advancing the practical applications of orbit torque systems in
data memory, logic, and computing devices.
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