Spin-orbit torques in NbSe,/Permalloy bilayers
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Abstract

We present measurements of current-induced spin-orbit torques generated by NbSeo,
a fully-metallic transition-metal dichalcogenide material, made using the spin-torque
ferromagnetic resonance (ST-FMR) technique with NbSes/Permalloy bilayers. In ad-
dition to the out-of-plane Oersted torque expected from current flow in the metallic
NbSey layer, we also observe an in-plane antidamping torque with torque conductivity
o5 ~ 103(h/2¢)(m)~! and indications of a weak field-like contribution to the out-of-
plane torque oriented opposite to the Oersted torque. Furthermore, in some samples
we also measure an in-plane field-like torque with the form m x 2, where m is the
Permalloy magnetization direction and Z is perpendicular to the sample plane. The
size of this component varies strongly between samples and is not correlated with the
NbSes thickness. A torque of this form is not allowed by the bulk symmetries of NbSes,
but is consistent with symmetry breaking by a uniaxial strain that might result during

device fabrication.
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Current-induced spin torques generated by materials with large spin-orbit coupling (SOC),

such as heavy metals'® and topological insulators,*®

are candidates to enable a new gen-
eration of efficient non-volatile magnetic memories. Several research groups have recently
considered the possibility that some 2-dimensional (2D) materials might also be used as
sources of spin-orbit torque (SOT).5 For example, 2D transition metal dichalcogenides!
(TMDs) can possess strong SOC and are easily incorporated into device heterostructures with
clean, atomically-precise interfaces. Initial studies of the SOT originating from the TMD
semiconductors MoS,%® and WSe,,” grown by chemical vapor deposition, reported nonzero
spin-torque conductivities, but disagreed as to whether the dominant torque is field-like or
antidamping-like. Our research group has measured SOTs in WTes/permalloy samples in
which semi-metallic WTe, layers were prepared by exfoliation, and observed an out-of-plane
antidamping SOT component made possible by the low crystal symmetry of WTe,, as well
as a more-conventional in-plane anti-damping SOT and an out-of-plane field-like torque due
to the Oersted field.%1°

For magnetic memory applications it is of particular interest to explore materials which
combine high electrical conductivity, o, and strong SOC, Asoc. Here we report the first mea-
surements of SOTs generated by a fully-metallic TMD, NbSe,, with ¢ ~ 6 x 10° (Qm)~! in
our devices and Agoc = 76 meV.!'? For comparison, the previously-measured semiconducting
TMDs MoS, and WS, have typical electrical conductivities 0 &~ 107¢ (Q2m)~! and SOC en-
ergies Agoc = 0 - 40 meV in the conduction band and Aspc = 150 - 430 meV in the valence
band, 3715 while for for semi-metallic WTey o &~ 10* (Qm)~! and A\soc = 15 meV.?10:16

Our spin-torque ferromagnetic resonance (ST-FMR) measurements on NbSe, /Permalloy
(Py) bilayers reveal small but nonzero SOTs, corresponding to spin-torque conductivities

of order or less than 103(7/2¢)(2m)~!, about a factor of 100 weaker than the spin-torque



conductivities generated by Pt or BisSes at room temperature.®!” To probe the mechanisms
of these SOT's we perform systematic studies as a function of the NbSe, thickness, ¢, and the
angle of applied magnetic field. We measure an in-plane antidamping SOT component that
is only weakly dependent of ¢, remaining sizable down to a single NbSe, layer — suggesting
an interfacial origin. We also observe a field-like out-of-plane torque that scales linearly
with ¢ for sufficiently thick (¢ > 5 nm) samples, indicating that in this regime the torque is
dominated by a current-generated Oersted field. However, for devices with smaller number of
NbSe;, layers (t < 5 nm), the out-of-plane torque is weaker than the value expected from the
field alone, and, for a single NbSe, layer we observe a reversal of the direction of the field-like
out-of-plane torque. These deviations could be the result of either an interfacial out-of-plane
field-like SOT directed opposite to the Oersted torque, or possibly to non-uniform charge
current flow in the Py layer such that the current within the Py generates a nonzero net
Oersted field acting on the Py.

Interestingly, by performing systematic measurements as a function of the angle of an
in-plane magnetic field we detect in some samples the presence of an additional in-plane
torque that is field-like with the form m x Z, where m is the Py magnetization direction.
This torque is not allowed by symmetry considerations for the bulk NbSe, crystal structure.”
We propose that the presence of this torque component is due to a strain-induced symmetry
breaking, e.g., a unidirectional strain in the NbSe, layer generated during the processs of
exfoliation and sample fabrication.'®

We prepare our samples by mechanically exfoliating a bulk synthetic NbSe, crystal (HQ-
graphene) onto an intrinsic Si wafer with a 1-pm-thick SiOy layer thermally grown on the
surface. The mechanical exfoliation is performed under vacuum (at pressures below 107°
Torr) in the load-lock chamber of our sputter system, and the samples are loaded into the
sputtering chamber without breaking vacuum. We then deposit 6 nm of Py by grazing angle
(~ 5°) sputtering followed by 1.2 nm of Al, which oxidizes completely upon contact with

atmosphere and serves as a capping layer. We have previously demonstrated that the graz-



ing angle sputter deposition causes little to no damage to our TMD crystals.? The NbSe,
flakes are identified by optical contrast, and their thicknesses and morphology are deter-
mined by atomic force microscopy (AFM). In order to avoid artifacts in our measurements
due to roughness of the ferromagnetic layer, we selected only flat flakes with RMS surface
roughness below 0.4 nm, measured by AFM in an area of 1x1 ym?, and with no steps in the
TMD crystals over the device area. We then pattern the NbSey /Py bilayers into a bar shape
with a well-defined length and width by using electron beam lithography followed by Ar™
ion milling. As a final step, we define Ti/Pt (5/75 nm) contacts in the shape of a coplanar
waveguide using electron beam lithography followed by metal sputtering deposition. An
optical micrograph of a finished device is shown in Figure 1a.

To measure the SOTs, we use the ST-FMR technique®? in which an alternating microwave-
frequency current (Izp) (with frequencies f = 7 - 12 GHz) is applied within the sample plane.
Current-induced torques cause the magnetization M of the ferromagnet to precess. By ap-
plying an external magnetic field H at an angle ¢ with respect to Igp, we set the direction of
M and the characteristic ferromagnetic resonance frequency of the ferromagnet (Figure 1b).
The precession of the magnetization creates a time-dependent change of the device resistance
due to the anisotropic magnetoresistance (AMR) of the ferromagnetic layer. This change in
resistance mixes with Igrr generating a DC voltage across the NbSey /Py bar (V). The
signal-to-noise ratio is maximized by modulating the amplitude of Izrr at low frequencies
and detecting V,,;, using a lock-in amplifier. The circuit geometry is shown in Figure 1la.
All measurements are performed at room temperature unless indicated.

When the ferromagnetic resonance frequency matches f, V,,;, shows a resonance peak
with a lineshape that can be described as: V,,..(H) = Vg(H) + V4(H), where Vs is a
symmetric Lorentzian with amplitude proportional to the in-plane component of the torque
(7)), and V4 an antisymmetric Lorentzian with amplitude proportional to the out-of-plane
component of the torque (7, ). This allows the separation of the two torque components by

fitting a measurement of V,,;, as a function of H. The two torques components are related
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Figure 1: (a) Micrograph of a typical device with the measuring circuit schematic. (b)
Schematic of the NbSey /Py structure. (¢) ST-FMR resonances for ¢ = 130°, f = 9 GHz,
and Prr = 5 dBm for different thicknesses of the NbSey layer: 0.6 nm (red), 1.3 nm (blue),
and 2.6 nm (green). The gray points are the measured data and the solid lines show the fits
to a symmetric plus antisymmetric Lorentzian.
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where R is the device resistance, ¢ is the angle between H and Irp, M.ys is the effective
magnetization of the Py layer, composed by the saturation magnetization and anisotropy

terms, « is the Gilbert damping of the Py, ~ is the gyromagnetic ratio, po is the vacuum

permittivity, and Hy is the resonance field. The term dR/d¢ is due to the AMR in the Py



layer. For our devices we have puoM.sr ~ 0.8 T and o = 0.01 as obtained by the ST-FMR
resonance frequency and linewidth, respectively, and R(¢) is measured directly by measuring
the devices resistance as a function of ¢. The current Irp is calibrated by using a network
analyzer to measure transmitted and reflected microwave powers (S1; and Sa;).

Resonance curves for one, two, and four NbSe; monolayers devices (¢t = 0.6, 1.3, and 2.6
nm, respectively) with f =9 GHz, applied RF power Pgr = 5 dBm and ¢ = 130° are shown
in Fig. 1c, where the gray points represent experimental data and the fits are shown by the
solid lines. Two important features are illustrated by these curves: the ratio between the
amplitude of the symmetric and antisymmetric Lorentzians decreases with the increase of
t, and the sign of the antisymmetric component flips sign between the mono- and bi- layer
devices. For both the one and two layer-thick devices, the lineshape is dominated by the
symmetric component of the Lorentzian, meaning that the in-plane SOT is dominant over
the out-of-plane component.

Our observation of both symmetric and antisymmetric components in the ST-FMR res-
onance is qualitatively similar to the results of Ref. 6 on MoS, /Py devices. The presence of
both field-like and damping-like interfacial torques is consistent with general considerations
of interfacial spin-orbit torques.'®2! However, a more recent measurement on MoS,/CoFeB
and WSe,/CoFeB structures using a second harmonic Hall technique was unable to measure
any in-plane SOT and attributed the large symmetric Lorentzian measured in Ref. 6 to spin-
pumping combined with an inverse Rashba-Edelstein effect, rather than a spin-orbit torque.”
We can tell that the symmetric ST-FMR resonance signal we observe is not due primarily
to a spin-pumping effect because this would require an unphysically-large spin-to-charge
conversion factor (see Supporting Information).

The symmetries and mechanisms of the SOTs can be analyzed in more detail by per-
forming ST-FMR measurements as a function of the magnetic-field angle as 7 and 7, both
depend upon ¢. The contributions to the expected angular dependence can be understood

as follows. Part of the angular dependence arises from the AMR in the bilayer, which



contributes the dependence dR/d¢ o sin(2¢) (see Egs. 1 and 2). Many current-induced
torques have a cos(¢) dependence (e.g. in-plane antidamping torques due to standard spin
Hall or Rashba-Edelstein Effects, and the field-like out-of-plane torque due to the Oersted
field), leading to an overall angular dependence V,,;, o cos(¢)sin(2¢). However, additional
torque components can arise in systems with lower symmetry,???? such as WTey*!? and
some semiconductor alloys. 2428

The angular dependence we measure for the antisymmetric and symmetric components of
the ST-FMR resonances of NbSe, /Py samples are shown in Fig. 2 for devices with monolayer
(a,b) and bilayer (c,d) NbSey. The angular dependence of the antisymmetric components
for both samples is consistent with a simple cos(¢) sin(2¢) form, illustrating that the out-of-
plane torque has the usual cos(¢) dependence expected for a field-like out-of-plane torque.

However, the symmetric ST-FMR components deviate from this form. We have performed

more general fits (black lines in Fig. 2) for both components to the forms:

Vs = S cos (¢) sin (2¢) 4+ T'sin (2¢) , (3)

Vy = Acos (¢)sin (2¢) + Bsin (2¢), (4)

corresponding to the inclusion of additional angle-independent torques 7 x T" and 75 x B
such that the in-plane torque is 7| = 7gcos(¢) + 70 and the out-of-plane torque is 7, =
T4 cos(¢) + 7 (where g, 71, T4, and 7 are independent of ¢). The vector forms of these
additional torque components correspond to 77 o« 7 X 2 and 75 o< m X (m x 2). We find that
this generalization greatly improves the fits for the symmetric ST-FMR components, with
nonzero values for both S and 7', and with the results for the monolayer sample indicating
|7r| > 7. For the bilayer sample the contribution from 77 is less prominent but still clearly
nonzero, while for both samples the fits to the antisymmetric component gives 75 = 0 within

the experimental resolution.
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Figure 2: Antisymmetric and symmetric components of the ST-FMR resonance fits for V,,,;,
as a function of the magnetic field angle for devices with (a, b) one and (c, d) two NbSey
monolayers for f = 9 GHz and Prr = 5 dBm. The data are shown by the red circles and
the fits using equations 3 and 4 are shown by the black lines.

This result is curious in several ways. First, for the usual 2H-NbSe, structure (space
group P63/mmc),?” the NbSe,/Py interface reduces to the space group P3ml containing
the identity, two 3-fold rotations, and three mirror planes. This set of symmetries forbids
the presence of both of the torque terms 77 o< m X Z and 75 o« m X (m x Z). However,
any uniaxial strain will break the three-fold rotational symmetry and reduce the mirror
symmetries to a single mirror plane or lower, depending on the alignment of the strain axis
to the crystal axes. If there is a uniaxial strain, the torque terms o 1 X Z or o< m X (m X 2)
become symmetry-allowed, and in the case of a remaining mirror plane the applied electrical
current must have a component perpendicular to this plane. This situation is analogous to
the strain-induced valley magnetoelectic effect observed in MoS, monolayers. '8

We note, though, that both 77 and 75 are subject to the same symmetry constraints, so it

is curious that 75 remains zero even when broken symmetries allow 77 # 0. Furthermore, the



result we find in the (presumably strained) NbSey /Py samples (77 # 0, 75 = 0) is opposite
to the results in WTey /Py samples (77 = 0, 75 # 0)%!9 where a similar low-symmetry state
is intrinsic to the WTe, crystal structure. This suggests that the existence of the torque
components 75 and 77 does not depend solely on the nature of the global broken symmetries,
but also on microscopic factors like the interface transparency between the TMD and the
ferromagnet, the Berry curvature of the bands involved in the transport, the local atomic
point-group symmetries, and the nature of the atomic orbitals that contribute to charge and
spin transport. 3032

We investigated the extent to which the different torque components 7g, 77, 74, and 75
depend on the NbSe, thickness, ¢, by performing ST-FMR measurements as a function of
applied magnetic field angle for a collection of different devices with different values of ¢, while
keeping the Py thickness fixed (t,,,, = 6 nm). These strengths of each torque component are
linear in the current and voltage applied to the sample, and because the electric field across
the device can be more accurately determined than the separate current densities through
each of the individual layers in our devices (NbSe, and Py), we express the torque strengths
as torque conductivities, o; = dr;/dE in units of (h/2e)(Qm)~!, where j = A, B, S, or
T corresponds to the different torque components, E is the electric field, A is the reduced
Plank’s constant and e the electron charge. We plot the thickness dependence of o4, og,
and o7 in Fig. 3. The component op is zero within experimental error for all of the samples
measured.

For the out-of-plane field-like torque conductivity o4 we observe a clear increase with
increasing NbSe, thickness (Fig. 3a). For our thicker devices the magnitude of o4 agrees
with our estimation of the Oersted-field contribution (op.) due to the current flowing in
the NbSe, layer. However, for the thinner (¢ < 5 nm) devices, o4 is significantly lower
than our estimate for the Oersted contribution og., and then the sign of o, is reversed for
the monolayer device (see Fig. 1c). This behavior at small NbSe, thicknesses suggests the

presence of an interfacial field-like SOT that opposes the Oersted contribution. However, the
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Figure 3: Spin-torque conductivities (a) o4, (b) og, and (c) or as a function of the NbSey
thickness obtained from the angular fits for f = 9 GHz and Prr = 5 dBm. The dashed
line in (a) shows the estimated contribution from the Oersted field (oo.) with the gray area
representing its standard deviation.

size of the reversed SOT is sufficiently small that it is difficult to rule out possible alternative
mechanisms such as a spatially non-uniform current density through the thickness of the Py
layer. (Nonzero antisymmetric ST-FMR resonances can be observed even in single-layer Py
samples, and have been ascribed to this mechanism.33)

The in-plane damping-like torque component og (Fig. 3b) has at most a weak depen-

dence on t, and possesses a non-zero value all the way down to a single NbSey layer. The

small apparent increase of og with increasing t could arise from a bulk contribution, such
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as the spin Hall effect. However, the nonzero value of this term down to a single NbSes
layer suggests a sizable interfacial SOT. The value of og for the thinnest samples (0g =~ 3
x10% (h/2€) (Qm)~") has a magnitude similar to reports for other TMDs, such as MoS,® and
WTe,,? but it is significantly below the values for Pt/ferromagnet bilayers!” and topological
insulators at room temperature® (g ~ 10° (1/2¢) (Qm) ™).

For the in-plane field-like torque o7 that is forbidden by symmetry for unstrained NbSes
(Fig. 3c), we do not observe any systematic trend in the torque conductivity as a function
of t. While o7 =~ 0 for a few of our devices, both the sign and magnitude of this m x 2
torque term seem uncorrelated with the thickness of the NbSes layer. The lack of correlation
between o and ¢ is in agreement with our assumption that this term arises due to strain in
our samples since we do not control this parameter. Strain-controlled experiments®® could
be performed in order to confirm this assumption and better constrain the microscopic origin
of this extra torque term.

We also performed temperature dependence measurements for a sample showing all three
torque components: o4, og, and or (see Supporting Information), with o4 ~ 0p.. We ob-
serve only a weak temperature dependence for the torque ratio o5/ 4 and a slightly stronger
temperature dependence for or/c4. The weak temperature dependence of the interfacial
SOTs in TMD/ferromagnet bilayers is in agreement with previous studies on semiconduct-
ing TMDs.” For sufficiently low temperatures (' < 7 K) we observe a superconducting
transition if the NbSey layer is sufficiently thick (f > 5 nm). When the devices enter the
superconducting state the ST-FMR technique becomes insensitive to spin-orbit torques be-
cause the resistance-based ST-FMR signal goes to zero. Upon increasing the RF power above
the critical current, the devices transition to the normal state and we recover the ST-FMR
resonance signals (see Supporting Information).

In summary, we report current induced SOTs in NbSe;/Py bilayers. The in-plane
antidamping-like term has only a very weak dependence with ¢, with values for the spin

torque conductivity comparable to other TMDs. For thin NbSe; layers, the out-of-plane
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SOT component for thin NbSe, layers is significantly smaller than the estimate Oersted-field
contribution, with a sign reversal for a monolayer of NbSe,. In additional to these expected
torque components, we also observe the presence of a SOT with the form m x Z which is

forbidden by the bulk symmetry of the NbSe, crystal, but can arise in the presence of strain.

Supporting Information Available

The Supporting Information contains an estimate of the amplitude of spin-pumping-related
signals, calibration of the anisotropic magnetoresistance, discussion of the temperature de-
pendence of the ST-FMR measurements, a determination of the device resistance as a func-
tion of the NbSe, thickness together with the strength of the Oersted field, discussion of the
dependence of the ST-FMR signal on RF power when the NbSes is in the superconducting
state, and a table summarizing device parameters. This material is available free of charge

via the Internet at http://pubs.acs.org/.
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