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Abstract

Second-harmonic Hall voltage (SHV) measurement method has been widely used to characterize
the strengths of spin-orbit torques (SOTSs) in heawy. metal/ferromagnet (HM/FM) thin films
saturated in the single-domain regime. Here, we show:that.the magnetic anisotropy of a W/Pt/Co
trilayer can be robustly tuned from in-plane to out-of-plane by varying W, Pt, or Co thicknesses.
Moreover, in samples with easy-cone anisotropy, SHV measurements exhibit anomalous “humps”
in the multidomain regime accessed by applyinga nearly.out-of-plane external magnetic field. These
hump features can only be explained as a result of the formation of Néel-type domain walls,
efficiently driven by nevertheless small SOTs in this double heavy metal heterostructure with
canceling spin Hall angles.

Keywords: second-harmonic Hall voltage measurement, chiral domain walls, Dzyaloshinskii-Moriya
interaction, magnetic anisotropy

1. Introduction ~

In magnetic thin films with perpendicular magnetic anisotropy (PMA), Bloch-type domain walls (DWs)
are favored due to theirysmaller magnetostatic energies as compared to Néel-type domain walls [1].
Because the exchange, magnetic anisotropy and dipolar energies are all symmetric with respect to the
permutation of two neighbering:spins, Bloch domain walls with left- or right-handed chirality are
randomly distributed, so the ‘system on average, is achiral. However, at surfaces or interfaces where
inversion symmetry. IS broken, the antisymmetric Dzyaloshinskii-Moriya interaction (DMI) [2,3] can
stabilize Néel domain walls with fixed chirality [4]. Such chiral spin textures, in the form of spin spirals
[5,6] or magnetic skyrmions [7-9], can be driven by electrical currents with extremely high efficiency [10-
14], making them promising for future spintronic memory or logic devices [15,16]. The Néel-type chiral
spirals have been imaged by advanced microscopic methods like spin-polarized scanning tunneling
microscopy [5] or spin-polarized low energy electron microscopy [6]. The current-driven domain wall
motion/was typically captured by magneto-optical Kerr microscopy [13,14]. However, electrical transport
signatures have rarely been reported.

The second-harmonic Hall voltage (SHV) measurement method [17,18] has been frequently used to
calibrate. the magnitude of spin-orbit torques (SOTs) in heavy metal/ferromagnet (HM/FM)
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heterostructures. The principle is based on current-induced change in the anomalous or planar.Hall (AH
or PH) resistance of the FM layer. As sketched in figure 1(a), the charge current flowing in‘thex-direction
in the HM can generate net spin accumulation polarized in the y-direction. The damping-like (DL)
effective field Hp;, « m X o and field-like (FL) effective field Hg;, o< o will coherently rotate the
magnetization, so the AH and PH resistances are modified, which can be detectethas a SHV. response.
Here m is the unit vector of the magnetization direction and o denotes the spin polarizatien direction. The
critical assumption for this model is that the magnetization of the FM layer is saturated in a'single-domain
state, therefore SOTs only rotate the magnetization. The SHV responses inthe multidomain regime are
typically ignored. As shown in figure 1(b), Bloch domain walls are immobile under’'SOT because the net
magnetization of the wall is parallel to a. However, as illustrated in figure 1(c), the net magnetization of
Néel domain walls is perpendicular to o, and the DL SOT can efficiently drive'the domain walls [19].

(a)

Figure 1. (a) Schematic of the second-harmonic Hall voltage SOT measurement mechanism. The injected spin current
from the HM generates damping:like (Hp; ) and field-like (Hgy,) effective fields, which rotates the single domain
magnetization and modifies the anomalous and planar Hall resistances of the FM layer. Such current-induced
modification of resistance can be measured as a second-harmonic Hall voltage. (b) In the Bloch-type domain wall, the
net magnetization is parallel-to. the injected spin polarization direction &, so SOT has no effect on the DW. (c) In the
Néel-type domain wall,the net magnetization is perpendicular to o. The domain wall acquires a velocity under SOT.

In this study, westuned.the magnetic anisotropy of W/Pt/Co films so that potential Néel-type domain
walls can be stabilized by.the interfacial DMI. Anomalous SHV “humps” were observed in the out-of-
plane (OP) to in=plane (IP) spin-reorientation transition brought out by sweeping the external magnetic
field. We extended the:analysis to the multidomain regime and interpret these humps as a second-harmonic
signature of chiral Néel domain walls efficiently driven by the small SOTs in the W/Pt/Co heterostructures.

2. Methods

The W(0-3 nm)/Pt(0-3 nm)/Co(0.8-1.4 nm) films were deposited on thermally oxidized silicon wafers
at room temperature in a home-built magnetron sputtering chamber with base pressure ~3x107 Torr. All
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films were capped with 5 nm thick SiO to avoid oxidation. X-ray diffraction (XRD) measurements were
performed in a Rigaku diffractometer with a copper K-o radiation source. The Hall bar devices with
channel dimension 50x 10 um were fabricated by the standard photolithography method. Magneto-
transport measurements were performed mostly in a home-built setup and partially in a Quantum Design
physical property measurement system. Sinusoidal a.c. currents with a frequency. of 346.1 Hz were
generated by a Keithley 6221 current source, and the first- and second-harmonic voltages were collected
by Stanford Research SR830 lock-in amplifiers. Films for magnetic force micrascopy (MFM) imaging
were precoated with 5 nm Pt to avoid the accumulation of static charges.<The low-temperature MFM
measurements were carried out in a homemade variable-temperature MEM system using commercial
piezoresistive cantilevers with a resonant frequency fo ~ 43 kHz and a spring,.constant k ~ 3 N/m. MFM
tips were deposited with nominally 100 nm Co by using magnetron sputtering:-"MFM images were taken
using constant-height non-contact mode with MFM tip scanning on ‘asplane that is ~70 nm above the
sample surface. The shift of the cantilever resonant frequency (MFM signal);which is proportional to the
out-of-plane stray field gradient, was extracted using a commergial phase-locked loop (Nanonis™).
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Figure 2. XRD results of Pt(55 nm) and W(3 nm)/Pt(55 nm) films deposited on thermally oxidized silicon wafers.
N

3. Results and discussion

3.1 Tuning magneticanisotropy.in W/Pt/Co

In our experiments, we find the W buffer layer is crucial for promoting the PMA in the W/Pt/Co
heterostructures. To'check.the‘role of the W layer, we prepared two 55-nm thick Pt films, one directly on
a silicon wafer and the otheron.a 3 nm W buffer layer on top of the wafer. As plotted in figure 2, the XRD
results show that the direct deposition on silicon wafer results in a mixed (111) and (311) oriented Pt
polycrystalline structure, while with a W buffer layer, the undesired (311) phase is significantly
suppressed. This suggests that the W buffer layer helps promote the (111) Pt phase at the W/Pt interface,
resultingqdn-an enhanced PMA at the Pt/Co interface. This shares the same mechanism with the previously
studied Ta/Pt/Co [20] and Ti/Pt/Co [21] multilayers.

The magnetic anisotropy of W/Pt/Co films with varying W, Pt, or Co thicknesses was examined by
anomalous Hall effect (AHE) measurements with magnetic field applied perpendicular to the film plane
[figure 3(a)]. As shown in figure 3(b), without the W buffer layer, the easy-axis of Pt(3)/Co(1.1) (number
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in nanometers, same hereafter) is in-plane. Inserting only a 1-nm thick W buffer between the Pt.layer and
the substrate significantly reduces the in-plane anisotropy, and a 3-nm W buffer layer induces rebustPMA
revealed by the nearly 100% squareness of the hysteresis loop. Figure 3(c) shows that the W/Co bilayer
has an in-plane easy axis, with a large anisotropy field of over 10 kOe. The Pt/Co.interface.is essential for
the PMA because of the enhanced Co orbital moment due to interfacial hybridization [22,23]. The
interfacial nature of the PMA is demonstrated by varying Co thickness [Figure 3(d)]. When the Co layer
changes from 0.8 to 1.4 nm, the easy axis gradually changes from out-of-plane to in-plane. We have
demonstrated the robust and tunable magnetic anisotropy in W/Pt/Co_can berachieved by room
temperature sputter-deposition, without any requirement of epitaxial growth, special‘oxide capping layers
or further annealing treatment.
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Figure 3. (a) lllustration of the AHE measurement setup. (b)-(d) Normalized AH resistance as a function of out-of-plane
magnetic field for W/Pt/Co devices with different W,Pt,;and Co thicknesses. All measurements were performed at room

temperature.
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Figure 4. (a) Schematic of the Hall,voltages measurement setup. The external magnetic field H is nearly to the out-of-
plane direction, with a small tiltangle of 6, ~3°. (b)-(d) First- and second-harmonic Hall voltages as a function of external
magnetic field for the W(3)/Co(1.1) (b), W(3)/Pt(1)/Co(0.8) (c), and W(3)/Pt(1)/Co(1.1) (d) devices. All measurements
were performed at room:temperature with a 0.6 mA current. The red arrows in (b) and (d) indicate field sweep directions
for the 1> loops. The red solid lines in (b) is a 1/H type fit working as a guide for the eye.

3.2 Transport signature of chiral spin structures

Hayashi et al. [18] developed the SHV method to calibrate the magnitude of SOTs in in-plane
magnetized systems. As illustrated in figure 4(a), in most of our measurements the external magnetic field
is appliedin.a nearly normal direction with a finite tilt angle 8. The first and second harmonic Hall
voltages as a function of external magnetic field for three W/Co or W/Pt/Co samples with distinct magnetic
anisotropy are plotted in figures 4(b)-4(d). The small tilt angle is necessary to give a well-defined x-

4



Page 5 of 10 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-132476.R1

oNOYTULT D WN =

Accepted Manuscript - Version of record at: https://doi.org/10.1088/1361-6463/acc40f

direction polarity for the magnetization. In our experiments magnetic field H is always applied.in the xz
plane and due to the small in-plane anisotropy of most HM/FM systems, the in-plane component of
magnetization follows that of H. Under these conditions, the SHV is given as [18]

VZ“’ — —R I:l Hpysin @ RpHE HFLsinz 6 ] (1)
y AHE 2 Hpcos20+Hcos(Byg—0)  Raug —HgSin0+H sin Oy 0:

where Ryg and Rpyg are the AH and PH resistances, respectively; I, is the magnitude of the sinusoidal
current; 8 gives the equilibrium position of the magnetization m; H, H; and«Hy are:the external, out-of-
plane and in-plane anisotropy fields, respectively; and Hpy, and Hg;, denote the DL and FL effective fields,
respectively. As exemplified by the W(3)/Co(1.1) sample [figure 4(b)], in.typical HM/FM systems where
the easy-axis lies in the sample plane, as H decreases from above Hy (~12.k@g€) to zero, V,2¢ typically
increases monotonically, following more or less a 1/H type trend. For out-of-plane magnetized systems
with robust PMA, 6 = 0 so there is no SHV response. This is indeed the casefor the W(3)/Pt(1)/Co(0.8)
sample [figure 4(c)]. However, in the W(3)/Pt(1)/Co(1.1) device [figure:4(d)], where the easy-axis is
mostly in-plane but with a small out-of-plane component (confirmed.by in-plane PHE measurements), as
H decreases from 2 kOe to zero, V2% develops a hump in thedntermediate field region where the magnetic
moments are oriented from out-of-plane to in-plane direction. We note that the model of Eq. (1) only
considers the rotation of magnetization by SOTs. The unusual.hump feature in the W(3)/Pt(1)/Co(1.1)
sample is likely to have another origin, i.e., current-driven domain wall motion as described in the
introduction.

The temperature evolution of the first-harmonie, AHE and second-harmonic SOT voltages of the
W(3)/Pt(1)/Co(1.1) sample under a nearly normal‘magnetic field is summarized in figure 5. Interestingly,
as the temperature decreases from 290 K40:50.K, the.in-plane anisotropy becomes stronger, and the AHE
hysteresis loop gradually develops a wasp-waist feature [figure 5(a)]. Such sheared hysteresis resemble
those in magnetic multilayers where spin spirals.er skyrmions typically form [24,25]. As shown in figure
5(b), at and below 150 K, the central:.SHV response around zero field decreases to almost zero. This is
probably because in the W/Pt bilayerthe Pt spin diffusion length increases as temperature drops, so the
overall spin Hall angle (SHA) is reduced from:0.03 at 290 K to being negligible below 150 K, as checked
by in-plane SHV measurements. The.height.of the humps also decreases and their position shifts to higher
field regions. Importantly, the" humps always appear in the same field regime with the sheared AHE
hysteresis. To better illustrate this, we plotted the HT phase diagrams for the slope of the AHE voltage
dV,;®/dH and the SHV WZ“. Asishown in figures 5(c) and 5(d), dV,'®/dH and V,?“ take maximum
values in the same HT phase space,regions. This suggests the domain wall formation during the out-of-
plane to in-plane spin-feorientation phase transition plays a critical role in generating the anomalous SHV
responses.
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Figure 5. (a) and (b) First- and second=hatmonic Hall voltages as a function of out-of-plane magnetic field scans with a
small tilt angle 6;~3° between 50 and 290 K for the W(3)/Pt(1)/Co(1.1) sample. The arrows in (b) indicate field sweep
directions. (c) and (d) Contour plots of the slope of the first-harmonic AHE voltage dV;'® /dH and the second-harmonic
voltage V;® between 50K t0/450 K in amagnetic field range of 0 to 4500 Oe.

Based on the above results, we draw the physical picture for the SHV hysteresis as shown in figure 6.
The out-of-plane magnetic field induces metamagnetic phase transition which can be distinguished from
the AHE loop as out-of-plane ferromagnet (OP FM), Néel DW, and in-plane ferromagnet (IP FM) regimes
[figure 6(a)]. In the OP FM:regime, as discussed for the PMA sample in figure 4(c), the derivative of
magnetization M to current I'isizero, so there is no SHV response. In the IP FM regime, SOT only works
to rotate the magnetization. At 120 K, the spin currents from the W and Pt layers with opposite spin Hall
angles nearly cancel each other, so SHV is barely detectable. However, during the out-of-plane to in-plane
transition, clear SHV humps emerge, demonstrating that the magnetization is modified by the nevertheless
small SOT, not by-rotation, but by domain wall motion. As illustrated in figure 6(b), this can only happen
for Néel-type domain walls. Bloch walls have no response to SOTs, but Néel walls can be efficiently
driven by.the DL effective field. Moreover, Néel walls with the same chirality will move in the same
direction, giving no change to M,. Therefore, a finite in-plane magnetic field component is required to
break theleft- or right-handedness degeneracy, so the out-of-plane magnetized domains, bounded by Néel
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walls with opposite chirality, will expand or contract under SOT. As a result, this current-induced change
in M is reflected as the SHV humps in this transition regime.
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20 Figure 6. (a) First- and second-harmonic Hall voltages as a function of OP magnetic field with a small tilt angle 8,~3°
21 at 120 K for the W(3)/Pt(1)/Co(1.1) device. (b) Illustration of the SOT effects on 1P and OP magnetic domains in the
22 saturated FM state, and Bloch- and Néel-type domain walls. Only/Néel DWSs can be efficiently driven by damping-like
23 effective field Hpy..

25 To support our claim, we carried out SHV measurements on the W(3)/Pt(1)/Co(1.1) sample with
26 different field-sweep angles. As plotted in figure.7, indeed when the angle 6y changes from -5° to 5°, the
27 hysteresis changes sign. This is because the oppositex-direction magnetic field component favors opposite
28 chirality, so the SOT effects are opposite. At 8y = 0, there are equal amount of left- and right-handed
domain walls, the overall domain wall matien.averages out, so the SHV loop collapses. When H is applied
in the in-plane direction (8 = 90°), there'is.no out=0f-plane to in-plane spin-reorientation transition, so
32 there are no Néel domain walls to give the hump features. We notice that except at 8 = 0, the SHV under
33 zero magnetic field takes a constant value regardless of the field sweep angles.
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46 Figure 7. Field-angle dependence,of the SHV in the W(3)/Pt(1)/Co(1.1) sample. The magnetic field H takes different
47 angles 8y in the x-z plane, as'defined in figure 4(a). The black arrows indicate field sweep directions. The dashed lines
48 indicate the zefo field ;2“walue remains almost the same for different sweeping angles except 0 degree.
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Figure 8. (a) MFM stray field strength map of the W(3)/Pt(1)/Co(1.1) sample at120 K underzero magnetic field. The
white arrows denote inferred magnetization direction in each domain. The dimension scale bar is 10 um and the color
scale bar for MFM is 240 mHz. (b) and (c) Domain walls with in-plane (b) and. out-of-plane (c) net magnetization.

To explain this constant 1,>® at zero field, we carried out MFM measurements under zero magnetic
field for this W(3)/Pt(1)/Co(1.1) film after saturating it by placingiten top of a permanent magnet. Figure
8(a) shows typical MFM result at 120 K. Stripe domains with@alternating bright and dark lines are observed.
These line features are likely head-to-head or tail-to-tail demain walls [26], indicating domains with in-
plane magnetization labeled by arrows in figure 8(a). Based on.the stray field distribution, there are two
possible domain wall configurations: the regular IP type [figure.8(b)] and the chiral OP type [figure 8(c)].
However, neither of them gives rise to a SHV response due to SOT-driven domain wall motion. In the
former case, the domain walls are immobile under.SOT. In the latter case, although the domain walls can
be driven by DL-SOT, but the overall net x, y, or Z magnetization component of the Co layer does not
change, so in the in-plane magnetized regime, the only contribution to the SHV is the SOT-driven rotation
mechanism. Therefore, when the W(3)/Pt(1)/Co(1.1) sample is mostly magnetized in the in-plane
direction, regardless of its different domain-configuration in different field-sweeping angles, V;?* takes
the same value around zero field.

4. Conclusion
N

In summary, we utilized the'W buffer layer to tune the magnetic anisotropy at the Pt/Co interface. The
large DM [27,28] at this interface‘also allows the formation of Néel-type domain walls, when the external
magnetic field is applied to.induce'a’spin spiral state with out-of-plane magnetized background. These
Néel domain walls can_be efficiently driven by SOT. When there is a finite in-plane magnetic field
component to break the chiral degeneracy, the current-driven domain wall motion will cause a change of
M; in Co, which is detected as large humps in the SHV hysteresis. Our results extend the interpretation of
the SHV data to the'multidoemain regime, which serves as a signature of chiral spin structures in magnetic
multilayers exhibiting inversion symmetry breaking and large spin-orbit interaction. This specific
W/Pt/Co heterostructure with robustly tunable magnetic anisotropy and spin Hall angle, and substantial
DML, is a fruitful platform to study various spintronic phenomena ranging from magnetic anisotropy, SOT,
to chiral spin textures.
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