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ABSTRACT

i

\

Y

3

oo
Nonvolatile spin-orbit torque (SOT) magnetic random access meinorx’ ‘(MRAM)

R .
s :

S
oo

is a promising candidate for next-generation memory due to its fast speed, high density,
and low power-consumption. Among all metals, transition metals (TMs) are reported
to have the sizable spin Hall effect (SHE) with strong spin-orbit coupling (SOC), which
is widely served as the SOT source layer in SOT magnetic device. To reach the higher
density and the lower energy-consumption, the perpendicular magnetic anisotropy
(PMA) and the giant charge-to-spin conversion efficiency are desirable for novel SOT-
MRAM unit. However, the necessity of the external field for reaching deterministic
SOT switching in PMA SOT device is harmful for further application. Thus, achieving
the field-free SOT switching has become a significant issue for PMA SOT-MRAM.
In this dissertation, the PMA SOT devices based on TMs are firstly prepared and
the SOT efficiencies are systematically studied through the hysteresis loop shift
measurement and the current-induced SOT switching measurement. Along with the
SOT analysis, the spin transparency between TM/ferromagnet interface, thermal
stability, and the SHE in magnetic materials are consequently discussed by 54, 4d, and
3d TMs. To further engineer the DL-SOT efficiency, the Ta-based binary alloy system
is erhployed as the buffer layer. It shows that the DL-SOT efficiency can be linearly
tuned by adjusting the buffer layer resistivity. Current-induced SOT switching analysis

viii

doi: 10.6342/NTU202103256




further reveals the switching behavior is better explained by a SOT-assi_stdd~ déma_in _

£ T
Ll

wall propagation picture in micron-size Hall bar device. Further SOT éXle(:o!fati!Qfli;f?f a

quinary high-entropy alloy (HEA) verifies it is possible to reach sizable SOT by

working on randomly mixing alloy.

Last, it turns focus on the field-free SOT switching in PMA SOT device. Recently,
seminal works suggest that the out-of-plane (OOP) spin polarization induced
unconventional SOT in low-symmetry material system is an alternative to realize field-
free switching. However, the preparation processes can be complicated and challenging
to achieve in industrial fabrication facilities. Here, an all-sputter-prepared magnetic
heterostructures with faceted structure demonstrates the SOT switching can be induced
by both conventional SOT and unconventional OOP spin polarization. More
importantly, the unidirectional field-free switching feature examines the existence of
OOQP spin polarization. It suggests that materials with strong faceted structures can
serve as potential SOT sources with OOP spin polarization.

The dissertation systematically discusses the issues of current SOT technology and

provides information to make progress on advanced spintronics memory.

Key words: Transition metal, Magnetic material, Perpendicular magnetic anisotropy,

Spin Hall effect, Spin-orbit torque, Field-free SOT switching
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CujoTagp-based (Ta-rich) magnetic heterostructures. The subpal’fli—elsfshow B
the diffractograms computed by reduced fast Fourier trarisfql"miaitié% ffgm ,
the regions of interest. Qut-of-plane hysteresis loops of {c) Cu7oTa$d-based
(Cu-rich} and (d) CuioTagg-based (Ta-rich) magnetic heterostructures.....80
Current-induced SOT switching (a) Hall-bar device illustration (b) A
representative current-induced SOT switching curve of a CugTass(4)/W{(0.5)
/CoFeB(1.4)/Hf(0.5)/MgO(2) Hall-bar device under Hx = 100 QOe. (c)
Representative hysteresis loop shifts from a CuisTass-based device. (d)
Summary of effective field with applied current. ...........ccccovveerinenn...... 82
Hysteresis loop shift measurement. (a) Representative hysteresis loop shifts
from a CujsTags-based device. (b) Summary of effective field with applied
current. (¢) Out-of-plane coercive filed H; as a function of Ta content. (d)
The measured and estimated critical switching currents as a function of Ta
COMEBITE. 1ottt ittt ree et e s e e s ses e mne e s s e e s ba e s s b n e seaeeesmns 84
(a) Resistivity of TaNyx with Nz flow rate. {b) A summary of DL-SOT
efficiency as a function of buffer layer resistivity for both alloying (Cu-Ta)
and nitridation (TaN) samples.......ccccvreeeieeiecccree s 87
(a) Cross-sectional high-resolution TEM (HRTEM) image of a 57 nm Ta-
Nb-Hf-Zr-Ti high entropy alloy (HEA) thin film prepared by magnetron
sputtering. (b) Energy-dispersive spectroscopy (EDS) results of the
sputtered deposited Ta-Nb-Hf-Zr-Ti HEA film.......ccccovvvviiiiiiiiiincnnnn. 89
Hysteresis loop shift measurement. (a) Representative hysteresis loop shifts
of the fuea = 5 nm HEA sample under Jgc = 1.1 mA and Iy = -0.9 mA with
in-plane bias field Hy = 500 Oe. (b) Summary of effective field with applied

current. (¢) Current-induced field per current density y as a function of in-

xviii

doi: 10.6342/NTU202103256




plane field. (d) Thickness-dependent DL-SOT efficiency with HEA-ba_s;.d

and Ta-based magnetic devices. ........overierrieerieeeereeesseeienns (593,

t
i

' TR
Figure 5-8. Current-induced SOT switching from HEA-based magnetic 'dc:v!ic'é' ui}!g_ef

(a) Hy =100 Oc and (b) Hy = =100 O€....vverrreerrreerrvesrnceessrirescesmsnseennn ¥4
Figure 6-1. (a) Cross-sectional TEM image and (b} XRD diffraction pattern of a sputter-
deposited Py(5)/Pt(2)/Co(0.5)/Pt(2) thin film. ..o 100
Figure 6-2. VSM measurement on Py(5)/Pt(2)/Co(0.5)/Pt(2). (a) IP and OOP M-H

loops. (b) M-H loops from positive and negative pre-magnetization field.

Figure 6-3. Hysteresis loop shift measurements on Py(#)/Pt(2)/Co(0.5)/Pt(2) devices. (a)
[Mustration of a Hall-bar device for electrical measurement. (b)
Representative AH loop of a Py(5)/Pt(2)/Co(0.5)/Pt(2) device. (c)
Representative shifted hysteresis loops of a Py(S)yPt(2)/Co(0.5)/ Pt(2)
device under Jgc = 1.6 and —1.9 mA. (d) Hz eff as functions of I under Hx
=+ 500 Oe¢ and Hx = 0 Oe. (e) H;ff/ldc as a function of Hyx for a
Py(5)/Pt(2)/Co(0.5)/Pt(2) device. (f) Py thickness dependence of DL-SOT

efficiency. The dashed line represents the fitting to a spin diffusion model. -

Figure 6-4. DL-SOT efficiency as a function of Py thickness. ..., 105
Figure 6-5. Conventional current-induced SOT switching. (a) Representative current-
induced SOT switching from a Py(5)/Pt(2)/Co(0.5)/Pt(2) device under Fx
= +100 Oe. (b) Current pulse-width fuise dependence of critical switching
current density J; under Hx = 100 Oe. The lines represent the linear fitting
to the experimental data. ... 107
Figure 6-6. Unidirectional field-free SOT switching. The illustrations of the field-free
SOT switching for (a) +Jpuise and (b) —Jpuse after applying +Hsa. (¢}

Xix

doi: 10.6342/NTU202103256




Figure 6-7.

Figure 6-8.

Representative field-free SOT switching after applying',-ﬁ'-Hsm.;‘{ Th'e
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Co/Pt, and (h) W/COTD/TA. coveveeerereeeriineereeesseesseesssnsessssesssssnssnssresons 1 23
Figure B- 2. Saturation magnetization and magnetic dead layer of (a) Ta/CoFeB/Hf/
MgO, (b) HEA/CoFeB/Hf/MgQ, (c) W/CoFeB/MgQ, and (d} Mo/CoFeB/
MIEO. evveeeeeeereerereeeeeeoreessieessesesessesesessssesesssssemeseseseseseeeeseemersesseesessenennnns 1 2
Figure B-3. Saturation magnetization (34;) and magnetic dead layer (faeea) of (a) Ta/Py/
Hf/MgO, (b) Pt/Co/Pt, and {c) W/CoTb/Ta. ..o 125
Figure B-4. Effective anisotropy of (a) Ta/CoFeB/Hf/MgO, (b) HEA/CoFeB/Hf/MgO,
(¢) W/CoFeB/MgO, and (d) Mo/CoFeB/MEgO. ..oovvvveecrereeeceeeee 127
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