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Recent discoveries regarding current-induced spin-orbit torques produced by

heavy-metal/ferromagnet and topological insulator/ferromagnet bilayers pro-

vide the potential for dramatically improved efficiency in the manipulation of

magnetic devices. However, spin-orbit torques have an important limitation –

in the vast majority of samples, the current-generated spin direction is required

by symmetry to lie in the sample plane and perpendicular to an in-plane ap-

plied current, i.e., a Rashba-like symmetry. This means, for example, that spin-

orbit torques can drive the most current-efficient type of magnetic reversal (an-

tidamping switching) only for magnetic devices with in-plane anisotropy, not

the devices with perpendicular magnetic anisotropy that are needed for high-

density applications. In this dissertation, I outline a promising approach for

reducing those symmetry requirements: using a single crystalline spin-source

material with low structural symmetry to alter the symmetry constraints of the

generated spin-orbit torques.
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CHAPTER 1

INTRODUCTION

The coupling of spin to the orbital degree of freedom in condensed matter sys-

tems has puzzled and intrigued physicists for well over fifty years. Although

this coupling exists at a relatively small energy scale, spin-orbit interactions can

have dramatic ramifications for the optical and transport properties of real ma-

terials. In this dissertation, we will look at how spin-orbit interactions can be

leveraged to manipulate magnetic moments for potential magnetic memory ap-

plications. Specifically, we will study how crystal symmetry influences the spin-

orbit generated torques exerted on a magnet, and will ultimately end by posing

the question: how can the symmetries of a crystal be manipulated in order to

control, and perhaps eventually engineer, spin-orbit torques in future materials?

This dissertation focuses on the collection of phenomena known as “spin-

orbit torques”. The use of the phrase “spin-orbit torque” has evolved in the liter-

ature over the past fifteen years, and, in an effort to avoid confusion, we will use

it agnostically. That is, we use it without reference to a particular microscopic

mechanism, to refer to the torque exerted on a magnetic moment generated by

flowing a charge current through a material with large spin-orbit coupling. The

spin-orbit material could be interfaced with a ferromagnet to form a heterostruc-

ture, relying on the spin Hall effect to exert a torque. Or, the spin-orbit material

might itself have a magnetic moment, and rely on local Rashba-Edelstein spin-

orbit fields to exert a torque on its own magnetization. Here, we refer to all such

effects as “spin-orbit torques”.
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1.1 Potential Applications

To motivate our study we provide some context on the potential applications,

though we wish to make clear that the focus of this dissertation will be on the

physics, and not a particular application. We do hope that future researchers

will build off of this work in such a way that might lead to a realistic (scalable)

implementation, and we will give some of our thoughts on this matter in the

last chapter.

Magnetic based memories are poised to be the next non-volatile memory

technology of choice, with unlimited read and write endurance, low write en-

ergy, and low standby power [1]. However, an efficient method for writing the

memory, i.e. controlling the direction of a magnetic moment, is still needed. For

example, it is difficult to apply a localized magnetic field so that a magnetic bit

can be switched without destabilizing a neighboring bit < 100 nm away. Not

only is this cumbersome, it is also inefficient. Magnetic dynamics are governed

by the Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation:

∂m̂
∂t

= −γm̂ × ~Heff + αGm̂ ×
∂m̂
∂t

+ ~τ, (1.1)

where m̂ is the magnetization unit vector, γ is the gyromagnetic ratio, Heff is

the effective magnetic field which includes any external field (Hext), anisotropy

field (Han) or dipole field, αG is the Gilbert damping and τ is the applied torque.

For the magnets with the perpendicular magnetic anisotropy (PMA) required

for high density applications, a field induced switch must apply a torque ~τ =

−γHext(m̂ × ẑ), where the field is applied along the ẑ direction and must exceed

the anisotropy value, Hext > Han.

At present, commercial magnetic memories manipulate their magnetic state
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through the transfer of angular momentum with spin-polarized electrons,

where the electrons are polarized by flowing a charge current through a metallic

ferromagnet layer. This technique, known as spin-transfer torque, is a step in the

right direction. Instead of using an inefficient field-like torque1 for manipulating

the magnet, it instead supplies what is called a damping-like2, or antidamping,

torque - a component of torque that directly compensates the damping of the

magnetic layer, αG. When out-of-plane spins are injected into a magnet with

PMA, they will induce an antidamping torque ~τ = τ0m̂ × (m̂ × ẑ). In order to

switch the magnet, that torque must be τ0 > γαGHan, a factor of αG (≈ 0.01)

smaller than a field induced switch!

However, schemes that use a ferromagnetic layer to polarize the current are

generally limited to transferring one unit of angular momentum (~/2) per elec-

tron due to the device geometry (current must flow from the polarizer to magnet

that is to be switched, generally in the out-of-plane direction). One promising

solution uses a similar angular momentum transfer scheme, but instead the an-

gular momentum is generated by (for example) the spin Hall effect in a spin-

orbit material interfaced with a ferromagnet. Here, current flows along the het-

erostructure (in the device plane), where an electron can interact multiple times

with both the magnetic moment and spin-orbit material as it diffuses back and

forth across the interface. Recent reports [2–5] showing best-in-class switching

speeds and low write error rates using such spin-orbit driven torques have con-

tinued to generate considerable excitement for this approach.

There is, however, a problem with the spin-orbit torques in commonly-

studied materials. They are prevented by their structural symmetry from gener-

1Any torque that is odd in magnetization is defined as ‘field-like’.
2An ‘antidamping’ or ‘damping-like’ torque is defined as a torque even in magnetization.
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ating out-of-plane spins with current applied in the plane, precisely the config-

uration necessary to generate that efficient antidamping torque ~τ = τ0m̂× (m̂× ẑ)!

The symmetry constraints are discussed in the next few sections, and the re-

mainder of this dissertation is centered around probing one method of remov-

ing (or more precisely, altering) this limitation.

1.2 Some History and Definitions

As is often the case when rapid scientific progress is made on one topic, the body

of work on spin-orbit torques is somewhat muddled, particularly in regards to

the microscopic mechanisms and magnitudes of the observed effects. Unfortu-

nately for the eager novices beginning to immerse themselves in the literature,

the mechanisms and magnitudes themselves are still muddled, though we are

beginning to converge on a common language with which to discuss them. I

have tried to collect the relevant references and provide a brief introduction to

these topics here. What is clear is that the implications of surface inversion sym-

metry breaking [6, 7], bulk inversion symmetry breaking [8], and even the spin

Hall effect [9–11] in spin-orbit materials had been considered long before any

such effect was used to exert a torque on a ferromagnet. Following the exper-

imental detection of the spin Hall effect in a crystalline semiconductor in 2004

[12], the pace of experimental progress quickened significantly and was rapidly

followed by the spin Hall effect in metals [13–16], the observation of torque

generation by the inverse spin galvanic effect [17–19], the first switching of a

ferromagnet by spin-orbit torque [20], and finally the measurement of gigantic

spin-orbit torques in more exotic materials such as Bi2Se3 [21] and BiSbTe3 [22].
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Figure 1.1: a) An unpolarized charge current in a spin Hall material is prefer-
entially deflected by its spin orientation, forming a spin accumulation along the
surfaces perpendicular to the current. Image adapted from [23]. b) Depiction
of a current (I) applied to a spin Hall material (S-O) / ferromagnet (FM) het-
erostructure. The generated spins that diffuse towards the FM interface may
exert a torque (τ) on the moment (M).

For the purposes of this text, it is helpful to understand something about the

respective mechanisms that generate spin-orbit torques, but it is not necessary

to delve into the details of each model. We will divide things into two primary

mechanisms: (1) the spin Hall effect, and (2) the Rashba-Edelstein effect.

1.2.1 The Spin Hall Effect

The spin Hall effect (SHE) generates a transverse spin current in response to

a longitudinal charge current, as depicted in Fig. 1.1a. It is a process that ex-

ists within the bulk of a material, and is similar in nature to the anomalous

Hall effect in magnetic materials [24]. In materials with a SHE, the (initially

unpolarized) carriers of the applied current are preferentially deflected based

on the direction of their spin. When the material has inversion and time re-

versal symmetry, spins of opposite sign are deflected in opposing directions in

strictly equal proportions. This deflection can be intrinsic in nature, owing to an

anomalous velocity in momentum space (i.e. the Berry curvature), or extrinsic

in nature, due to a skew scattering or side jump scattering process.
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Figure 1.2: The torque efficiency normalized by the applied electric field as a
function of platinum thickness. The fit allows the extraction of an effective spin
diffusion length of 2 nm. Figure adapted from [25].

In a finite material, such as the square bar shown in Fig. 1.1a, spin polarized

electrons will accumulate at the boundaries giving rise to the aptly named spin

accumulation. This spin accumulation exists within roughly one spin diffusion

length – the length over which a spin travels prior to reorienting in a material –

of the surface. It is important to note, though, that if we average over the cross-

section of the bar there is no net spin accumulation and no net spin polarization

within the material. Throughout this dissertation, we will use spin polarization

to refer to a real-space spin density, and spin texture to refer to k-space.

The situation changes when a spin Hall material is interfaced with another

material into which the generated spins can diffuse, say a ferromagnet (Fig.

1.1b). Here, there can be a net flow of spins into the ferromagnet, which if not

aligned with the magnetization, will dephase and deposit their angular mo-

mentum, inducing a torque. The mechanism by which angular momentum is

transfered from the spin to the ferromagnetic moment, regardless of how the

spin is poalrized, is called “spin-transfer torque” [26]. The magnitude of the
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torque generated by the spin Hall effect depends on a number of material pa-

rameters such as interface transparency [27, 28], spin diffusion length [25, 29, 30]

and intrinsic spin Hall efficiency [16, 21, 22, 31, 32]. Further details can be found

in these reviews [33, 34] and in the provided references.

We conclude our brief overview of the spin Hall effect with the observa-

tion that because the SHE is a bulk effect with a finite spin diffusion length,

the induced torques will have a dependence on the thickness of the spin Hall

material (note that the thickness dependence of the torques is also compli-

cated by a thickness dependence in the resistivity of a spin hall material [25]).

In materials such as Pt, perhaps the most widely studied spin Hall material

[14, 16, 20, 25, 27, 29, 30, 35], a strong thickness dependence is observed. Figure

1.2 shows the dependence of the spin Hall torque efficiency normalized by the

applied electric field as a function of platinum thickness. The observed depen-

dence is strongest within a just a few times the spin diffusion length, λs ∼ 2

nm.

1.2.2 The Rashba-Edelstein Effect

When inversion symmetry is locally broken, say at the interface of two materi-

als, a non-equilibrium spin polarization confined to that interface is allowed by

symmetry. The effects of spin-orbit coupling at that interface can be modeled by

the Rashba Hamiltonian:

ĤR = (αR/~) (n̂ × ~k) · ~σ, (1.2)

where αR is the Rashba parameter, n̂ is the symmetry breaking direction (say,

normal to an interface, ẑ) and ~σ are the Pauli spin matrices. This results in a
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Figure 1.3: Depiction of Rashba spin texture from a symmetry breaking in the ẑ
direction showing the two spin-split bands (a) without and (b) with an applied
in-plane electric field. A net spin polarization is present in (b).

k-space spin texture as shown in Fig. 1.3a, where the two spin-split bands have

spins perpendicular to both the symmetry breaking direction and the k-space

vector. When an in-plane electric field is applied (Fig. 1.3b), a net spin polar-

ization is generated that is localized to that interface. The Rashba spin-orbit

interaction has been probed in a variety of systems, such as two-dimensional

electron gases [36], gold surface states [37] and the Bi/Ag surface [38, 39], and

forms the basis of several modern subfields [40, 41]. Although many researchers

have claimed to observe an interfacial Rashba-Edelstein spin-orbit torque, these

effects are often difficult to distinguish from other mechanisms such as the spin

Hall effect. For example, the first observation of spin-orbit torque switching by

Miron et al. was originally claimed to be Rashba in nature [20], but was later

determined to be due to the spin Hall effect by researchers at Cornell [35].

The situation changes when inversion symmetry is instead broken in the

bulk of a spin-generation material. In this case, a current-induced spin polariza-

tion is not limited to a symmetry-breaking interface, but can instead exist within

the bulk. These spin polarizations have been observed in materials with broken

inversion symmetry such as single crystal GaAs [17]. Many researchers will use

the phrases “Rashba-Edelstein effect” and “inverse spin galvanic effect” inter-
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changeably. However, we feel it is important to distinguish between surface

and bulk inversion symmetry breaking, as that determines precisely where a

spin polarization can exist. We will use the phrase “Rashba-Edelstein effect” to

refer to sur f ace inversion breaking spin-orbit effects and “inverse spin galvanic

effect” to refer to bulk.

When interfaced with a ferromagnet, such as in GaAs/Fe heterostructures

[42], these bulk spin polarizations can exert a torque on the ferromagnet. How-

ever, the inverse spin galvanic effect often co-exists with other spin-orbit ef-

fects, such as the spin Hall effect [17], making distinguishing the source of the

torque difficult. Perhaps more interestingly, an inverse spin galvanic effect can

exert a torque on a local moment – that is, a moment contained within the spin-

generation material itself - such as in Ga(Mn)As [19] and NiMnSb [43]. In this

situation spin Hall torques are typically ruled out as a source, as the spin Hall

effect generates equal magnitudes of spins with opposite signs, which cannot

exert a net torque on a local moment.

To close this section we note that traditionally the Rashba-Edelstein effect

and inverse spin galvanic effects are thought to generate primarily field-like

torques with minimal dependence on the thickness of the spin-generation ma-

terial. The reasoning is that these spin polarizations are localized to the inver-

sion symmetry breaking sites, and thus primarily couple to an external moment

as an effective field. However, recent work has suggested that this may not

necessarily be the case, with additional complications coming from interactions

with ferromagnetic interfaces [44–47] or the local moments in an inverse spin

galvanic material [48].
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1.3 Symmetry of Spin-Orbit Torques

For a current or electric field to generate a torque, global inversion symmetry

must be broken. To see that this is the case, consider how the inversion operator

acts on the linear response equation

~τ = ζ · ~E, (1.3)

where ~E is the electric field generating the torque, ~τ, which are related by the

axial (pseudo-) tensor ζ. The torque is a pseudovector and transforms under a

symmetry operation, S , as ~τ′ = det(R)R~τ, where R is the matrix representation

of S . ~E, however, is a vector and thus transforms under symmetry operation S

as ~E′ = R~E. If S is a good symmetry operation of the crystal3, we may use the

transformation properties of ~τ and ~E to derive the relation ζ = det(R)RζR−1. This

relation does not allow a nontrivial solution under the inversion operator, and

therefore inversion symmetry must be broken if Eq. 1.3 is to hold. This same

argument is also precisely why a net current induced spin polarization cannot

exist in the presence of inversion symmetry.

In materials with inversion symmetry (such as the polycrystalline spin Hall

metals Pt, Ta, and W or the topological insulators Bi2Se3 and BiSbTe3) this sym-

metry breaking is accomplished solely by the presence of an interface, such as

the interface with a ferromagnet. However, if this is the only additional sym-

metry breaking present the spins or fields generated must follow a Rashba-like

symmetry regardless of the microscopic mechanism, similar to the one shown

in Fig. 1.3. To see that this is the case, let us consider just a simple cubic Bravais

lattice interfaced with a ferromagnet in the x − y plane. Again using a linear

3By which we mean transforms the atomic sites onto themselves.
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response formalism, we can consider the spin polarization at that interface,

~s = χ · ~E, (1.4)

where ~s is the spin polarization related to ~E by χ. The shape of χ must also

satisfy the relation χ = det(R)RχR−1 for all of the symmetry operations, S , in

the space group of the crystal. Even though the interface removes the x − y

mirror plane and all rotational symmetries but those about ẑ, we find that these

symmetries are sufficient to constrain χ to:

χRashba =


0 χab 0

−χab 0 0

0 0 0

 , (1.5)

which is consistent with the spin polarization in Fig. 1.3. However, if we

break the four-fold rotational symmetry about ẑ by applying an in-plane uni-

axial strain (for example along the x̂ direction), we will further reduce our con-

straints on χ, obtaining:

χR+D =


0 χab 0

χba 0 0

0 0 0

 , (1.6)

where the two non-zero elements are no longer related. This effectively allows

for both a Rashba-like spin polarization, and a spin-polarization known as a

‘Dresselhaus’ spin polarization. A pure Dresselhaus spin polarization would be

given by

χDresselhaus =


χaa 0 0

0 −χaa 0

0 0 0

 . (1.7)

To see that Eq. 1.6 is a combination of Rashba and Dresselhaus spin polarization,
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consider a π/4 rotation4. If we could further reduce the symmetry of our lattice

down to a single mirror plane, say in the y − z plane, then the allowed spin

polarization would be

χy−z mirror =


0 χab χac

χba 0 0

χca 0 0

 , (1.8)

where the element χca represents an out-of-plane spin in response to an in-plane

electric field applied perpendicular to the mirror plane. This is the same ge-

ometry of spin generation that has not been observed in previous studies, and

the one required for efficient antidamping switching of magnets with PMA dis-

cussed in Section 1.1! This means that in order to generate such a torque, we

need to limit the symmetries of our system down to a single mirror plane. For

more details on this type of linear response symmetry analysis for the spin po-

larizations induced in nonmagnetic, ferromagnetic and antiferromagnetic ma-

terials, see the excellent work by Železný et al. [43, 49]. An analogous symmetry

analysis of the spin Hall generated spins shows that the spin Hall materials are

similarly constrained by their crystal symmetry [50]. The next section discusses

methods of reducing the symmetry in real materials.

1.4 Breaking the Symmetry Requirements

In order to generate different geometries of spin-orbit torques, it is necessary

to alter or break the constraining symmetry requirements. Here we will review

three different methods of changing the symmetry requirements for spin-orbit

4Note that Eq. 1.6 also allows for a constant in-plane term in addition to a Rashba and
Dresselhaus, see [43, 49] for details.
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torque generation and comment on the utility of each method: (1) asymmetric

device geometries, (2) a local moment in the spin-generation material, and (3) a

low-symmetry single crystal material.

1.4.1 Asymmetric Device Geometries

As mentioned in the previous section, the asymmetry in device geometry that is

introduced by the presence of an interface (i.e. a spin-orbit material / ferromag-

net interface) can be the only breaking of inversion symmetry that is necessary

for the generation of a net torque. In this sense, asymmetric device geometries

are often crucial. However, the concept of breaking the symmetries in this way

can be taken too far.

In 2014, Yu et al. observed a field-like torque ∝ m̂ × ẑ in stacks of the trilayer

heterostructure Ta/CoFeB/TaOx, grown with a wedge (variation of thickness

across the wafer) in the TaOx layer [51]. Such a torque requires reducing the

symmetries of a device down to a single mirror plane and flowing the current

perpendicular to that plane. Consistent with this symmetry requirement, the

torque ∝ m̂ × ẑ is observed when current is flowed perpendicular to the wedge

direction, with the claim being that the asymmetry of the wedge is sufficient to

break the required symmetries. The problem with this is that when you calcu-

late the thickness gradient of the wedge across their device, a total difference of

only < 0.5 pm (or just 0.002 of an atom!!!) across their entire 20 µm wide sample,

such a small breaking of structural symmetry seems highly non-physical. We

suggest that the average surface roughness of similarly grown films is often 100

to 1000 times larger than this difference. That being said, their data does suggest
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the presence of a torque ∝ m̂ × ẑ, with other research groups having replicated

this effect [52]. While we do not question the validity of the data that suggests

the presence of this torque, we emphasize that the microscopic mechanism by

which this torque is generated, and indeed the mechanism of symmetry break-

ing, is still unknown.

1.4.2 Local Magnetic Moment

The presence of a local magnetic moment in the spin-generating material can

also reduce the symmetry requirements on the allowed spin-orbit torques.

While a ferromagnetic moment cannot itself break inversion symmetry, when

coupled with an interface it may reduce the constraining symmetries down to a

single mirror plane. Numerous groups have recently started investigating such

effects, like the spins generated from the anomalous Hall effect [53–56]. We

particularly note the exciting developments in studying spin-orbit torques gen-

erated in the presence of a ferromagnetic interface [44–47, 57] and in spin-orbit

materials with a local moment [48]. Here, spin-orbit filtering and precession

effects, as well as exchange torques, can significantly complicate the relatively

simple pictures drawn in sections 1.2 and 1.3. We also note that while ferro-

magnetic ordering cannot break inversion symmetry, an antiferromagnetic or-

der can. There are some very interesting recent developments in the spin-orbit

manipulation and generation of spins in antiferromagnets [49, 58, 59].

While this approach to lowering the symmetry requirements of a spin-orbit

torque system is scalable, at present the novel spin-orbit torques observed in

these systems are small, particularly in the polycrystalline materials. Further, it
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is perhaps a more difficult system in which to probe specific symmetry break-

ing and model the microscopic mechanisms generating these low-symmetry

torques due to the disordered and polycrystalline nature of the system. It is

this author’s opinion that pursuing both the path laid out in this section and in

the next section in parallel is the most advantageous for the field.

1.4.3 Single Crystal Materials

Another approach is to explicitly lower the symmetry requirements on spin-

orbit torques by growing single crystal materials with low crystalline symme-

try. Previous work on spin-orbit torques in single crystalline materials include

Bi2Se3 and BiSbTe3 / ferromagnet heterostructures, Ga(Mn)As, GaAs/Fe het-

erostructures and NiMnSb5. In the case of the two topological insulators, the

crystalline symmetry allows only Rashba-like torques, consistent with what is

observed [21, 22]. However, in Ga(Mn)As [19, 48], GaAs/Fe heterostructures

[42] and NiMnSb [43] torques due to additional symmetry breaking by the crys-

tal structure are present.

GaAs crystallizes in a zinc blend structure and NiMnSb as a cubic half-

Heusler lattice both with point group 43m, which lacks inversion symmetry.

In the presence of an epitaxial growth strain commonly present in the films,

the point group is reduced to 42m. This point group allows for a Dresselhaus-

like spin polarization due to the inverse spin galvanic effect, with χ having the

5Note also the single crystalline CuMnAs [58] and IrMn3 [59] referenced in section 1.4.2,
however we do not include them here as it is local magnetic order, not the crystal symmetry,
that alters the allowed torques
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shape:

χ =


χaa 0 0

0 −χaa 0

0 0 0

 . (1.9)

Consistent with this symmetry, large Dresselhaus-like spin-orbit torques are ob-

served in all three systems.

If one could grow single crystals of materials with even lower symmetry, it

would be possible to generate spin with additional directions, such as an out-

of-plane spin. In practice, low symmetry single crystal thin-films are difficult

to grow by methods requiring epitaxial substrates (e.g., pulsed laser deposition

and molecular beam epitaxy techniques). This limitation is primarily a reflec-

tion of the dearth of suitable substrates with the necessary lattice constants and

symmetries from which a single crystal thin-film can crystallize.

One way around this problem is to start with a low-symmetry bulk crys-

tal that can be thinned down to nanometer scale thicknesses without causing

much damage to the surface. Van der Waals materials fit this requirement nicely,

due to the ease with which they can be cleaved along the van der Waals bond

plane, while also providing a wide range of materials properties and crystal

structures from which to draw on. In this thesis, we will draw on one of the

most widely studied subclasses of van der Waals materials called the transition

metal dichalcogenides.
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Figure 1.4: Monolayers of (a) hexagonal and (b) octahedral transition metal
dichalcogenides. Top panel shows the metal atom coordination in each phase.
Figure adapted from [60].

1.5 Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDs) can broadly be defined as taking the

chemical formula MX2, where M is a transition metal (some common ones are M

= Mo, W, Ta, Pt, Re, Ir, and Ti) and X is a chalcogenide (typically X = S, Se or Te).

These materials can be a semiconductor, semimetal or metal, with a variety of

crystal structures, and are widely available from bulk crystal vendors (such as

HQ graphene). They can readily be thinned into the mono- or few-layer regime

through mechanical exfoliation, i.e. the scotch tape method.

Although TMDs have been studied in detail for nearly 60 years, they have

experienced a dramatic resurgence in interest over the past decade following the

exfoliation of single layer graphene and the discovery of the direct gap mono-

layer semiconductor MoS2. While much of the recent interest in these mate-

rials is related to the optical and transport properties of the semiconducting
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Material MoS2 NbSe2 WTe2 β-MoTe2 TaTe2

γ-MoTe2

Type Semiconductor Metal Semimetal Semimetal Metal

Bulk Structure Hexagonal Hexagonal Orthorhombic Monoclinic Monoclinic

Bulk Space Group P63/mmc P63/mmc Pmn21 P21/m C2/m

Number 194 194 31 11 12

Inversion? Yes Yes No Yes Yes

Monolayer Structure Hexagonal Hexagonal Monoclinic Monoclinic Monoclinic

Monolayer Space Group P6m2 P6m2 P21/m P21/m C2/m

Number 187 187 11∗ 11 12

Inversion? No No Yes Yes Yes

Table 1.1: Crystal structure and space groups for the transition metal dichalco-
genides studied in this disertation. Data taken from the Springer Materials
database. ∗ There is a very recent paper that indicates WTe2 monolayer may
actually be space group 6, which lacks inversion symmetry [61].

TMDs, we will limit ourselves in this dissertation to the semimetal and metallic

TMDs, with the exception of one brief mention of the previous work on spin-

orbit torques in the semiconductor MoS2.

The crystal structures for TMDs come in two flavors, trigonal (H phase) and

octahedral (T phase). The bond coordination for each phase is shown in Fig. 1.4,

and forms the base unit for the hexagonal and octahedral crystal structures (also

shown in Fig. 1.4). These two structures serve as the starting point for many of

the TMD crystals. Small distortions to these base structures, such as dimeriza-

tions or trimerizations of the metal atoms, serve to alter the stable crystal struc-

tures in the available TMDs, and provides us with a rich pallet of low-symmetry

materials from which to draw on.

I will not summarize the structures and electrical properties of all the possi-

ble TMDs here, and instead refer the interested reader to an exquisite review by

Wilson and Yoffe from 1969 [62]. Instead, I will give the structures and symme-

tries of the TMDs studied in this dissertation, NbSe2, WTe2, TaTe2 and MoTe2,
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as well as one of the most ubiquitous TMDs, MoS2. Table 1.1 summarizes the

structures and Fig. 1.5 shows a quadlayer of each material. We note that al-

though we show two 2H crystal structures with the same space groups (MoS2

and NbSe2), the native stacking of the layers differs.

1.5.1 Previous work on MoS2 / Ferromagnet Heterostructures

The work presented in this thesis was not the first to look for spin-orbit torques

in TMD/ferromagnet heterostructures. The first that we are aware of was per-

formed by Zhang et al. [63]. This work studies spin-orbit torques generated

by the semiconductor TMD, MoS2. They use chemical vapor deposited (CVD)

MoS2 monolayers interfaced with the ferromagnet Permalloy (Ni80Fe20), and re-

port a large component of antidamping torque. While we question the quality

of these devices (due to poor interface quality from a liftoff process, clear mis-

alignment of the lithography and unetched MoS2), there is no doubt this work

was influential in inspiring the work presented here. We have tried reproduc-

ing their results using CVD deposited semiconducting TMDs (MoS2, WS2 and

WSe2) with mixed results, finding that the antidamping component was only

significant when the films were damaged in lithography or had a large surface

roughness. We have also tried exfoliated samples of MoS2 and WSe2 with mixed

results, largely due to difficulty with fabrication. Additional follow up work on

this might be merited.
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Figure 1.5: Crystal structures of the various transition metal dichalcogenides
(TMDs) highlighted in this dissertation. All views are looking down the metal
chain (or zigzag) direction. In the monoclinic structures, this is defined as the
unique axis.
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1.6 Outline

This thesis is roughly organized by the spin-generation material studied. In

the next two chapters, we will focus on the spin-orbit torques generated in

WTe2/ferromagnet heterostructures. In Chapter 2, we will outline our initial

discovery of a spin-orbit generated out-of-plane antidamping torque, discuss

the specific symmetry requirements for the WTe2 system, provide detailed mea-

surements of the torques dependence on the WTe2 crystal axes, and present a

preliminary thickness dependence. This chapter is adapted from our publica-

tion in Nature Physics [64], and appears here with minor modifications.

In Chapter 3, we focus on a specific crystalline orientation of the WTe2,

and give a detailed study of the WTe2 thickness dependence for the observed

torques. We find contrasting results in the thickness dependence for one of the

torques in initial study [64], the out-of-plane field-like torque, and now correctly

ascribe the origin of this torque to the Oersted field. Additionally, we report ini-

tial measurements in the few-layer regime, and conclusively show that the sign

of the out-of-plane antidamping torque changes across a monolayer step in the

WTe2 – consistent with the non-symmorphic symmetries of the WTe2 crystal.

This work is adapted from our publication in Physical Review B [65].

Chapter 4 focuses on the TMD NbSe2. NbSe2 is a high symmetry metallic

TMD, and in its idealized crystal structure should only show torques similar

to materials such as Pt, torques ∝ m̂ × ŷ and ∝ m̂ × (m̂ × ŷ). In this chapter we

report our measurements of the torques in NbSe2/ferromagnet heterostructures

down to the monolayer limit. We show that in most samples we observe only

torques ∝ m̂× ŷ and ∝ m̂× (m̂× ŷ), and show that the torque ∝ m̂× ŷ is dominated
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by the Oersted field in thick NbSe2. However, in some samples we observe a

large torque ∝ m̂ × ẑ, which is inconsistent with the symmetries of the NbSe2

crystal, and we suggest the presence of a uniaxial strain that arises during the

fabrication process as the potential source of symmetry breaking. This work is

adapted from our publication in Nano Letters [66].

In Chapter 5 we discuss the presence of Dresselhaus-like torques in our

TMD/ferromagnet heterostructure devices, using both TaTe2 and WTe2 as our

torque-generating material. We find a Dresselhaus field-like torque, ∝ m̂ × x̂, in

both materials. However, we suggest that the observed torques are dominated

by an interesting artifact that is ubiquitous to low symmetry materials – the Oer-

sted torque arising from a non-uniform current flow due to an anisotropy of the

resistivity with respect to the crystal axis.

In Chapter 6 we present our initial measurements of the spin-orbit torques

in octahedrally coordinated (β and γ) MoTe2/ferromagnet heterostructures at

room temperature. We find an out-of-plane antidamping torque present when

current is flowed perpendicular to the MoTe2 mirror plane, as well as a standard

antidamping torque present in all devices. We also present a detailed study of

the MoTe2 thickness dependence for the observed torques, and show that the

torque ∝ m̂× ŷ is dominated by the Oersted field in MoTe2. Similar to WTe2, both

the in-plane and out-of-plane antidamping torques are relatively unaffected by

the TMD thickness, suggesting an interfacial mechanism. Future experiments

will probe the dependence of the observed torques on the expected phase tran-

sition of octahedrally coordinated MoTe2, from β-MoTe2 at room temperature to

γ-MoTe2 below 250 K.

In Chapter 7 we give a wider outlook on this work and discuss possible
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future experiments.
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J. Mašek, J. Sinova, and T. Jungwirth. “Spin-orbit torques in locally and

globally noncentrosymmetric crystals: Antiferromagnets and ferromag-

nets.” Physical Review B 95, 014403 (2017).

[50] M. Seemann, D. Ködderitzsch, S. Wimmer, and H. Ebert. “Symmetry-

imposed shape of linear response tensors.” Phys. Rev. B 92, 155138 (2015).

[51] G. Yu, P. Upadhyaya, Y. Fan, J. G. Alzate, W. Jiang, K. L. Wong,

S. Takei, S. A. Bender, L.-T. Chang, Y. Jiang, M. Lang, J. Tang, Y. Wang,

Y. Tserkovnyak, P. K. Amiri, and K. L. Wang. “Switching of perpendicu-

lar magnetization by spin-orbit torques in the absence of external magnetic

fields.” Nature Nanotechnology 9, 548 (2014).

[52] C.-F. Pai, M. Mann, A. J. Tan, and G. S. D. Beach. “Determination of

spin torque efficiencies in heterostructures with perpendicular magnetic

anisotropy.” Phys. Rev. B 93, 144409 (2016).

[53] T. Taniguchi, J. Grollier, and M. D. Stiles. “Spin-Transfer Torques Generated

by the Anomalous Hall Effect and Anisotropic Magnetoresistance.” Phys.

Rev. Applied 3, 044001 (2015).

29



[54] A. M. Humphries, T. Wang, E. R. J. Edwards, S. R. Allen, J. M. Shaw, H. T.

Nembach, J. Q. Xiao, T. J. Silva, and X. Fan. “Observation of spin-orbit

effects with spin rotation symmetry.” Nature Communications 8, 911 (2017).

[55] A. Bose, D. D. Lam, S. Bhuktare, S. Dutta, H. Singh, Y. Jibiki, M. Goto,

S. Miwa, and A. A. Tulapurkar. “Observation of Anomalous Spin Torque

Generated by a Ferromagnet.” Phys. Rev. Applied 9, 064026 (2018).

[56] J. D. Gibbons, D. MacNeill, R. A. Buhrman, and D. C. Ralph. “Reorientable

Spin Direction for Spin Current Produced by the Anomalous Hall Effect.”

Phys. Rev. Applied 9, 064033 (2018).

[57] F. Hellman, A. Hoffmann, Y. Tserkovnyak, G. S. D. Beach, E. E. Fullerton,

C. Leighton, A. H. MacDonald, D. C. Ralph, D. A. Arena, H. A. Dürr, P. Fis-
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CHAPTER 2

CRYSTAL SYMMETRY AND SPIN-ORBIT TORQUES IN TUNGSTEN

DITELLURIDE

Recent discoveries regarding current-induced spin-orbit torques produced by

heavy-metal/ferromagnet and topological insulator/ferromagnet bilayers pro-

vide the potential for dramatically improved effciency in the manipulation

of magnetic devices. However, in experiments performed to date, spin-orbit

torques have an important limitation – the component of torque that can

compensate magnetic damping is required by symmetry to lie within the de-

vice plane. This means that spin-orbit torques can drive the most current-

effcient type of magnetic reversal (antidamping switching) only for magnetic

devices with in-plane anisotropy, not the devices with perpendicular mag-

netic anisotropy that are needed for high-density applications. In this chap-

ter, we show experimentally that this state of affairs is not fundamental, but

rather one can change the allowed symmetries of spin-orbit torques in spin-

source/ferromagnet bilayer devices by using a spin-source material with low

crystalline symmetry. We use WTe2, a transition-metal dichalcogenide whose

surface crystal structure has only one mirror plane and no two-fold rota-

tional invariance. Consistent with these symmetries, we generate an out-of-

plane antidamping torque when current is applied along a low-symmetry axis

of WTe2/Permalloy bilayers, but not when current is applied along a high-

symmetry axis. Controlling spin-orbit torques by crystal symmetries in mul-

tilayer samples provides a new strategy for optimizing future magnetic tech-

nologies. This chapter is based on work published in Nature Physics with D.

MacNeill, M.H.D. Guimarães, R.A. Buhrman, J. Park and D.C. Ralph (Ref. [1]),

and appears here with modifications and additional data.
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2.1 Introduction

Current-induced torques generated by materials with strong spin-orbit (S-O)

interactions are a promising approach for energy-efficient manipulation of non-

volatile magnetic memory and logic technologies [2]. However, S-O torques

observed to date are limited by their symmetry so that they cannot efficiently

switch the nanoscale magnets with perpendicular magnetic anisotropy (PMA)

that are required for high-density applications [3]. S-O torques generated ei-

ther in conventional heavy metal/ferromagnet thin-film bilayers[4–14], or in

topological insulator/ferromagnet bilayers [15, 16], are restricted by symmetry

to have a particular form: an “antidamping-like” component oriented in the

sample plane that is even upon reversal of the magnetization direction [17],

m̂, plus an “effective field” component that is odd in m̂. The fact that the

antidamping torque lies in-plane means that the most efficient mechanism of

S-O-torque-driven magnetic reversal for small devices (antidamping switch-

ing) [18, 19], is available only for magnetic samples with in-plane magnetic

anisotropy [9, 10], and not PMA samples (see also Section 2.8.1). S-O torques

can also arise from broken crystalline inversion symmetry, even within single

layers of ferromagnets [20–23] or antiferromagnets [24], but the antidamping

torques that have been measured to date are still limited to lie in the sample

plane [22, 23, 25]. Here we demonstrate that the allowed symmetries of S-O

torques in spin source/ferromagnet bilayer samples can be changed by using a

spin source material with reduced crystalline symmetry. We generate an out-of-

plane antidamping S-O torque when current is applied along a low-symmetry

axis of the bilayer. This previously-unobserved form of S-O torque is quenched

when current is applied along a high symmetry axis.
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As our low-symmetry spin source material, we use the semi-metal WTe2, a

layered orthorhombic transition metal dichalcogenide (TMD) with strong S-O

coupling [26–29]. TMD materials are attractive for use as sources of S-O torque

because they can be prepared as monocrystalline thin films with atomically-flat

surfaces down to the single-layer level. They provide a broad palette of crystal

symmetries, S-O coupling strengths, and electrical conductivities [30, 31]. Other

research groups have demonstrated recently the generation of S-O torques in

devices made with the TMD MoS2 [32], and the Onsager reciprocal process

(voltage generation from spin pumping) in MoS2/Al/Co heterostructures [33].

Compared to MoS2, the crystal structure of WTe2 has lower symmetry, with

the space group Pmn21 for bulk WTe2 crystals [34]. In a WTe2/ferromagnet bi-

layer sample, the screw-axis and glide plane symmetries of this space group are

broken at the interface, so that WTe2/ferromagnet bilayers have only one sym-

metry, a mirror symmetry relative to the bc plane depicted in Fig. 2.1a. There is

no mirror symmetry in the ac plane, and therefore no 180◦ rotational symmetry

about the c-axis (perpendicular to the sample plane).

2.2 Device Fabrication

Our device fabrication starts with high quality artificially-grown crystals of

WTe2 (from HQ Graphene) which we exfoliate onto a high-resistivity silicon

wafer with 1 µm of thermal oxide. The exfoliation is performed in flowing dry

nitrogen in the load-lock chamber of our sputtering system, so that the exfoli-

ated samples can be transferred into the sputter system with minimal exposure

to air. We have also carried out measurements on samples exfoliated in vacuum

with largely similar results, though there are some important differences (see
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Figure 2.1: a) Crystal structure near the surface of WTe2. The surface possesses
mirror symmetry with respect to the bc plane (dashed line), but not with respect
to the ac plane, and therefore it is also not symmetric relative to a 180◦ rotation
about the c-axis. b) Schematic of the bilayer WTe2/Permalloy sample geometry.
c) Optical images of the sample geometry including contact pads, with the cir-
cuit used for spin-torque FMR measurements. d) ST-FMR resonances for Pt(6
nm)/Py(6 nm) control samples, with the magnetization oriented at 40◦ and 220◦

relative to the current direction. The applied microwave power is 0 dBm. e)
ST-FMR resonances for a WTe2(5.5 nm)/Py(6 nm) sample with current applied
along the a-axis, with the magnetization oriented at 40◦ and 220◦ relative to the
current direction. The applied microwave power is 5 dBm.

Section 3.6.3). The exfoliation results in the deposition of single-crystal flakes

of WTe2 up to 40 µm in lateral extent and with a distribution of thicknesses. To

minimize damage to the WTe2 flakes, we use grazing-angle magnetron sputter-

ing to deposit 6 nm of permalloy (Py=Ni81Fe19) onto the WTe2. The Py depo-

sition rates are kept below 0.2 Å/s and are performed in an ambient Ar back-

ground pressure of 4 mtorr while the substrate rotates at 3 rotations per minute.

We then deposit a protective aluminum oxide cap in situ onto the WTe2/Py bi-

layer by sputter deposition of 1 nm aluminum which is subsequently oxidized
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a) b)

Figure 2.2: a) An atomic force microscopy image of the WTe2 flake used for
fabrication of Device 15 after deposition of the Permalloy layer and aluminum
oxide cap but before any lithographic processing. The active region used for the
device (dashed white box) has a RMS surface roughness < 300 pm.b) A linecut
[white line in a)] from the edge of the WTe2 flake, showing an average thickness
of 5.5 nm.

in a dry N2/O2 mixture. The Py magnetic moment is in-plane for all devices

studied.

After deposition of the ferromagnet and aluminum oxide cap, we use optical

contrast and atomic force microscopy (AFM) to select WTe2 flakes for further

study. Flakes are chosen to ensure an active region with homogenous thickness

(i.e. no monolayer steps or tape residue) and minimal roughness (typically < 300

pm RMS). An AFM image of a typical WTe2/Py bilayer prior to patterning is

shown in Fig. 2.2.

The WTe2/Py bilayers are patterned into bars of width 3-4 µm. The bars

are defined via Ar ion milling, using either a hard mask (silicon or aluminum

oxide) or an e-beam exposed PMMA/HSQ bilayer. After etching, another step

of e-beam lithography is used to make electrical contact to the bars with Ti/Pt

contact pads, which have a ground-signal-ground geometry compatible with
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E

Figure 2.3: a) Polarized Raman spectra with the orientation of the electric field
of the excitation, E, parallel to the WTe2 a-axis (black) and parallel to the WTe2

b-axis (red) for Device 4. Traces are normalized by the silicon substrate peak
for ease of comparison (not shown). P6 = 165.7 cm−1 and P7 = 211.3 cm−1 (as
defined by Ref. [35]) b) The ratio of intensities for P6/P7 (blue circles) plotted
as a function of angle between the current (lithographically defined bar) direc-
tion and the linearly polarized Raman excitation as defined in the inset. The
orientation of the WTe2 a-axis is determined from the angle that maximizes the
fit (red) to a cos2(φRaman) type dependence [35]. The directions b̂ and −b̂ are not
differentiated by Raman scattering.

microwave probes (Fig. 2.1c). The active region between the contacts is 3-6 µm

long. For hard-mask devices, an additional reactive-ion etching (RIE) or wet

etch step is used prior to the Ti/Pt deposition to remove the mask in the contact

region. The Py resistivity in our devices is (100±20) µΩcm. The WTe2 bulk re-

sistivity value is (380±10) µΩcm with the current flowing along the a-axis and is

likely higher in thinner flakes [29].

The crystal axes of WTe2 are determined by polarized Raman measurements

using a Renishaw inVia confocal Raman microscope with a linearly polarized

488 nm wavelength excitation and a co-linear polarizer placed in front of the

spectrometer entrance slit (see Fig. 2.3a). The WTe2 sample is positioned such

that the light is incident normal to the sample surface and the excitation elec-

tric field is in the sample plane. Previous calculations and measurements have
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shown that the 165.7 cm−1 (P6) and 211.3 cm−1 (P7) Raman peaks of WTe2 are

sensitive to the alignment of the electric field and the crystal axes [35]. We mea-

sure the intensity of the P6 and P7 Raman peaks as a function of angle by ro-

tating the sample from 0◦ to 180◦ in steps of 10◦ or 20◦ (keeping the electric

field in the sample plane). The angle for which the ratio of peak intensities,

P6/P7, is maximized identifies the a-axis, allowing determination of the an-

gle between the a-axis and current direction, φa−I (see Fig. 2.3b). This has been

confirmed by high-angle annular dark-field scanning transmission electron mi-

croscopy (HAADF-STEM) imaging (see Fig. 2.4). We have measured a total of

15 devices with bars oriented at a variety of alignments to the WTe2 crystal axes

and with WTe2 thicknesses ranging from 1.8 nm to 15.0 nm.

2.3 Spin-Torque Ferromagnetic Resonance Measurements

To measure the S-O torques produced by our WTe2/Py bilayers, we use the

technique of spin-torque ferromagnetic resonance (ST-FMR) [7, 22], performed

at room temperature. In ST-FMR, an in-plane alternating current is applied

through the bilayer at a frequency characteristic of ferromagnetic resonance

(here, 5-12 GHz). The torques generated by the current excite the magnetic mo-

ment away from equilibrium and cause it to precess, creating a time-dependent

change in the resistance of the bilayer due to the anisotropic magnetoresistance

(AMR) in the ferromagnet. This change in resistance mixes with the alternating

current to create a DC voltage across the bar, Vmix. The circuit used to measure

Vmix is depicted in Fig. 2.1c. By sweeping an applied in-plane magnetic field

we tune the ferromagnetic resonance through the applied frequency, giving rise

to a resonance feature in Vmix (Figs. 2.1d). The in-plane (τ‖) and out-of-plane
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2 nm

Figure 2.4: Cross-sectional HAADF-STEM image of WTe2/Py Device 2 looking
down the WTe2 a-axis. Note that this device was exfoliated under nitrogen (and
not vacuum) which could explain the slightly increased disorder at the interface
when compared to TaTe2 (see Chapter 5). This is likely due to mild oxygen
exposure at the interface, which is not present in our vacuum exfoliated devices.
Beyond the damage in the first two layers, the quality of underlying WTe2 film
is notable. Imaging courtesy of Ismail El Baggari.

(τ⊥) torque amplitudes defined in Fig. 2.1b contribute to the symmetric and an-

tisymmetric parts of the lineshape, respectively. This allows determination of

the torque components by fitting Vmix as a function of applied magnetic field

to a sum of symmetric and antisymmetric Lorentzians (see Section 2.8.2). The

amplitudes of the Lorentzians are related to the two components of torque by:

VS = −
IRF

2
dR
dφ

1
αGγ (2B0 + µ0Meff)

τ‖ (2.1)

VA = −
IRF

2
dR
dφ

√
1 + µ0Meff/B0

αGγ (2B0 + µ0Meff)
τ⊥, (2.2)
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where R is the device resistance, φ is the angular orientation of the magne-

tization relative to the direction of applied current in the sample, dR/dφ is due

to the AMR in the Py, µ0Meff is the out-of-plane demagnetization field, B0 is the

resonance field, IRF is the microwave current in the bilayer, αG is the Gilbert

damping coefficient and γ is the gyromagnetic ratio. In our devices, µ0Meff = 0.7

Tesla and αG = 0.011 as determined by the ST-FMR resonance frequency and

linewidth, respectively, and R (φ) is measured directly by rotating the magnetic

field using a projected-field apparatus.

2.4 ST-FMR Dependence on Applied In-Plane Field Angle

During a ST-FMR measurement, the applied magnetic field fixes the average

angle of the magnetization at a given value, φ. The strengths of the current-

induced torques for different angles of the magnetization are related to the sym-

metries of the device. For example, in a Pt/Py structure, the two-fold rotational

symmetry requires that the S-O torque change sign when the magnetization is

rotated in-plane by 180◦, correspondingly changing the sign of Vmix but main-

taining the same magnitude. This is illustrated in Fig. 2.1d where we plot ST-

FMR traces for a Pt(6 nm)/Py(6 nm) bilayer at φ = 40◦ and 220◦, showing nearly

identical lineshapes after multiplying the φ = 220◦ trace by -1.

Figure 2.1e shows the results of the same experiment carried out on a

WTe2/Py bilayer with the current applied along the low-symmetry crystal axis

of WTe2, parallel to the a-axis (Device 1). In this case, we find that Vmix (40◦) and

−Vmix (220◦) differ significantly in both amplitude and shape, indicating that the

current-induced torques in the two cases differ in both magnitude and direction.
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This observation is incompatible with two-fold rotational symmetry, indicating

that the current-induced torques are affected by the reduced symmetry of the

WTe2 surface.

To analyze this result in more detail, we consider the full angular depen-

dence of the ST-FMR signal as an external magnetic field is used to rotate the

direction of the magnetization within the sample plane. In a simple heavy

metal/ferromagnet bilayer with no broken lateral symmetries, the current-

induced torque amplitudes (due to the spin Hall effect, the Rashba-Edelstein

effect, or the Oersted field) have a cos φ dependence [7, 15]. The AMR in

Permalloy has an angular dependence that scales as cos2 φ, which enters Vmix as

dR/dφ ∝ sin 2φ. The product of these two contributions then yields the same an-

gular dependence for the symmetric and antisymmetric ST-FMR components:

VS = S cos φ sin 2φ and VA = A cos φ sin 2φ. Our Pt/Py control samples are well

described by this behavior (Fig. 2.5a; the parameter φ0 accounts for any mis-

alignment between the sample and the electro-magnet, and is typically < 5◦).

For our WTe2/Permalloy samples with current along the a-axis, the sym-

metric component of the ST-FMR signal also has this form (Fig. 2.5b top panel).

The non-zero symmetric component indicates that S-O torques are present in

the WTe2/Permalloy bilayer, since the symmetric component corresponds to an

in-plane torque and cannot be generated by an Oersted field. However, the

more striking result is that the angular dependence of the antisymmetric com-

ponent is very different from cos φ sin 2φ (Fig. 2.5b bottom panel). The variations

in the absolute values of signal amplitudes reflect the broken symmetries of the

WTe2 surface: the absence of mirror symmetry in the ac plane (corresponding

to φ→ 180◦−φ, since m̂ is a pseudovector) and the absence of twofold rotational
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Figure 2.5: a) Symmetric and antisymmetric ST-FMR resonance components for
a Pt(6 nm)/Py (6 nm) control sample as a function of in-plane magnetic-field
angle. The microwave frequency is 9 GHz and the applied microwave power
is 0 dBm. The parameter φ0 accounts for any misalignment between the sample
and the magnet. b) Symmetric and antisymmetric ST-FMR resonance compo-
nents for a WTe2(5.5 nm)/Py (6 nm) device (Device 1) as a function of in-plane
magnetic-field angle, with current applied parallel to the a-axis. The microwave
frequency is 9 GHz and the applied microwave power is 5 dBm. The error bars
in a and b represent the estimated standard deviations from the least-squares fit-
ting procedure used to determine VA and VS. c) Illustration that a magnetization-
independent, linear-in-current out-of-plane S-O torque is allowed by symmetry
for current applied along the a-axis of a WTe2/Py bilayer.
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symmetry about the c-axis (φ → 180◦ + φ). This result indicates the existence

of a source of out-of-plane torque not previously observed in any S-O torque

experiment.

The unusual angular dependence we measure for the antisymmetric ST-FMR

signal with current applied along the a-axis can be well fit by the simple addi-

tion of a term proportional to sin 2φ:

VA = A cos φ sin 2φ + B sin 2φ (2.3)

where A and B are constants independent of the field angle (see the solid line

in Fig. 2.5 bottom panel). To quantitatively translate the measured angular de-

pendence of VS and VA to torques, we can use Eqs. 2.1 and 2.2 to remove the

contribution from the angular dependence of the AMR. The fits in Fig. 2.5b then

correspond to angular dependences for the in-plane and perpendicular torque

amplitudes of the form

τ‖ (φ) = τS cos (φ) (2.4)

τ⊥ (φ) = τA cos (φ) + τB (2.5)

where τS, τA, and τB are independent of φ. The terms proportional to cos φ

are the usual terms observed previously, and in the Pt/Py control samples.

The new term (τB) corresponds to an out-of-plane torque that is independent

of the in-plane magnetization orientation; i.e., it is even in m̂ and therefore an

antidamping-like torque. It is consistent with predictions [36] that broken lateral

mirror symmetry can allow an out-of-plane torque of the form τAD ∝ m̂× (m̂ × ĉ).

That an out-of-plane antidamping-like torque with the form of τB could exist has

also been discussed in an analysis of the allowed symmetries for S-O torques in

GaMnAs/Fe samples [25], but this torque has not previously been identified in

experiment.
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In commonly studied bilayer systems without any broken in-plane symme-

tries, a linear-in-current out-of-plane torque that is independent of the in-plane

magnetization angle cannot exist by symmetry. For example, the presence of

a twofold rotation disallows τB. In samples with twofold rotational symmetry,

rotating the sample by 180◦ is equivalent to changing the sign of an in-plane

current without changing the sign of τB, which violates the linear-in-current

requirement. However, WTe2/Py bilayers do not have two-fold rotational sym-

metry. The only symmetry in our WTe2/Py bilayers is the bc plane mirror,

σv (bc). The effect of σv (bc) on a WTe2/Py bilayer with current flowing along

the a-axis is illustrated in Fig. 2.5c. Both the out-of-plane torque (a pseudovec-

tor) and the current change sign under σv (bc), τB → −τB and I → −I, which

is the expected behavior for a current-generated S-O torque: the sign of torque

must change with the sign of the current. A torque with the symmetry of τB is

therefore allowed for WTe2/Py bilayers with current along the a-axis.

a) b)I⊥a-axis
I

τB τB

σ
(bc)v

a

b
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τ
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by
symmetry

B

Figure 2.6: a) Antisymmetric ST-FMR resonance component for a WTe2(15
nm)/Py (6 nm) device (Device 2) as a function of in-plane magnetic-field an-
gle, with current applied parallel to the b-axis. The microwave frequency is 9
GHz and the applied microwave power is 5 dBm. The error bars in a) represent
the estimated standard deviations from the least-squares fitting procedure used
to determine VA. b) Illustration that a magnetization-independent, linear-in-
current out-of-plane S-O torque is forbidden by symmetry for current applied
along the b-axis.
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2.5 Dependence of the Torques on the WTe2 Crystal Axis

We observe that τB goes to zero when the current is applied parallel to the b-

axis of WTe2. Figure 2.6a shows the antisymmetric ST-FMR component VA (red

circles) as a function of φ for Device 2, in which the current is applied along the

b-axis. The angular fit to Eq. 2.3 yields a value of B equal to 0 within experi-

mental uncertainty. This result is again consistent with the symmetries of the

WTe2 surface layer. When the mirror symmetry operation σv (bc) is applied in

this case (Fig. 2.6b), the out-of-plane torque is inverted but the current is not,

and therefore τB is forbidden by symmetry. Higher-order angular terms are

symmetry-allowed for current along the b-axis, and can be included in fits of VA

versus φ to improve the quantitative agreement (Section 2.8.7). We also continue

to observe a nonzero symmetric ST-FMR signal when the current is aligned with

the b-axis, which has the same functional form as the symmetric ST-FMR signal

in the devices with current along the a-axis (Section 2.8.4).

We further investigated the symmetry dependence of τB by studying de-

vices with different angles, φa−I, between the a-axis of the WTe2 and the ap-

plied current direction. We fabricated 26 devices with different φa−I and per-

formed full angle-dependent ST-FMR measurements on each in order to extract

A, B and S (see Table 2.1). Figure 2.7a shows the ratio of τB/τA at a given fre-

quency ( f = 9 GHz) as a function of φa−I for the first 15 of these devices (those

for which the crystalline axes were identified via Raman spectroscopy). We

consistently see that the ratio of τB/τA is large when current is aligned with

the a-axis, and is gradually quenched as the projection of the current along

the b-axis grows. This provides strong additional evidence that the observed

magnetization-independent out-of-plane torque is correlated with the symme-
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tries present in the WTe2 crystal.

a) b)

f= 9 GHz
I // a-axisf= 9 GHz

Figure 2.7: a) Ratio of the out-of-plane antidamping torque τB to the out-of-
plane effective-field torque τA as a function of the angle between the a-axis
and the applied current. b) Torque ratios as a function of the thickness of the
WTe2 layer for current applied along the a-axis. Here τS is the in-plane current-
induced torque. The error bars in a) and b) represent estimated standard devi-
ations calculated via error propagation from the least-squares fitting procedure
used to determine τA, τB, and τS.

The dependence of the measured torques on WTe2 thickness provides in-

sight into the mechanism of torque generation. If the torques arise through

bulk mechanisms, clear thickness dependences should be expected; however, if

the torques are generated by interface effects they should not depend on WTe2

thickness. Figure 2.7b shows the dependence of the torque ratios τB/τA and

τS/τA on WTe2 thickness for devices that have current along the a-axis and are

exfoliated in flowing nitrogen. (The individual dependences of τA, τB, and τS on

WTe2 thickness and on the angle of the current relative to the a-axis are plotted

in Section 2.8.4.) While neither τB/τA nor τS/τA show any significant dependence

on WTe2 thickness in these devices, in a later study with vacuum exfoliated de-

vices and a much larger data set (Chapter 3) we found that τA has a strong thick-

ness dependence due to the Oersted torque, though τB and τS remain relatively

independent of thickness.
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A bulk contribution to τB is forbidden by the screw symmetry of the WTe2

crystal structure. The bulk WTe2 structure is mapped onto itself if it is rotated by

180◦ about an axis normal to the layers (c-axis) and translated by half a unit cell

along both the c and a-axis (in the c direction, half a unit cell is one layer spac-

ing). A bulk contribution to τB would be left unaltered by this operation, while

the direction of an in-plane charge current is reversed. This implies that there

can be no net bulk contribution to that is linear in the applied in-plane current

(see also Section 2.8.8). We have verified the surface origin of τB experimentally

using a sample containing a single-layer step; the strength of is suppressed be-

cause contributions from two surfaces with opposite symmetry largely cancel

(Section 2.8.8). The symmetry constraints on τB, together with the lack of de-

pendence on WTe2 thickness for τB and τS (see Chapter 3), suggests that τB and

τS arise from interfacial effects in the WTe2/Py bilayer.

The strength of the individual components of torque can be determined

quantitatively from Eqs. 2.1 and 2.2, using independently-measured values

of the resistance as a function of magnetization angle (dR/dφ) and the trans-

mitted and reflected microwave power (S 21 and S 11) in order to determine

IRF (Section 2.8.2). We will express these strengths as torque conductivities

(σS, σA, σB; torques per unit area per unit electric field) because the electric

field applied across the device can be determined accurately, while the divi-

sion of current density flowing in the different layers has larger uncertain-

ties. We find for current along the a-axis that σS = (8 ± 2) × 103(~/2e)(Ωm)−1,

σA = (9 ± 3) × 103(~/2e)(Ωm)−1, and σB = (3.6 ± 0.8) × 103(~/2e)(Ωm)−1, where the

uncertainties give the standard deviation across our devices.

We find it interesting that although a broken lateral mirror symmetry should
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also allow additional terms for the in-plane S-O torque when current is applied

along the a-axis, for example an effective-field torque of the form m̂×ĉ, we detect

no such contributions. A term ∝ m̂ × ĉ would add a φ-independent contribution

to Eq. 2.4, τ‖ (φ) → τS cos φ + τT that would cause the absolute values of the

amplitudes for the symmetric part of the ST-FMR resonance (Fig. 2.5b, upper

panel) to be asymmetric under the operations φ → 180◦ + φ and φ → 180◦ − φ.

We can set a limit for our devices that |τT| < 0.05τS. Our results are therefore

opposite a report about S-O torques in “wedge,” [36] samples, which claimed

that the breaking of lateral mirror symmetry by the wedge structure generated

an effective field torque, but no out-of-plane antidamping torque. We question

whether the extremely small thickness gradient in Ref. [36] (a difference in av-

erage thickness of ≤ 0.5 picometers, or 0.002 of an atom, between the two sides

of a 20-µm-wide sample) actually provides a meaningful breaking of structural

mirror symmetry.

2.6 Magnetic anisotropy of WTe2/Py bilayers

We note one additional consequence of strong S-O coupling at the WTe2/Py

interface – the magnetic anisotropy easy axis of the Py is determined by the

crystal lattice of the WTe2. The magnetic anisotropy can be determined from

our ST-FMR data via the φ dependence of the magnetic resonance frequency

and by direct AMR measurements (Sections 2.8.2 and 2.8.3). Regardless of the

orientation of the sample channel with respect to the WTe2 crystal lattice, we

find that the magnetic easy axis is always parallel to the b-axis of WTe2. The

effective anisotropy field in different devices ranges from 4.9 to 17.3 mT for 6

nm of Py (Table 2.1).
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2.7 Conclusion

In summary, we have demonstrated that it is possible to generate an out-of-

plane antidamping-like S-O torque in spin-source/ferromagnet bilayers by us-

ing a spin-source material whose surface crystal structure has a broken lat-

eral mirror symmetry. This is important as it provides a strategy for achiev-

ing efficient manipulation of magnetic devices with perpendicular magnetic

anisotropy. Compared to in-plane-magnetized devices, PMA devices are of

interest because they can be scaled to smaller sizes and higher density while

maintaining thermal stability. PMA devices can be switched much more effi-

ciently using an out-of-plane antidamping torque, τAD, compared to an effective

field torque, τFL, since the effective field torque required for switching in the

macrospin limit is τFL ≈ γHan, where Han is the anisotropy field, while the anti-

damping torque required is much smaller: τAD ≈ αGγHan, with αG ≈ 0.01 (Ref.

[19]). Previously, because S-O torques could generate an antidamping-like com-

ponent only in the sample plane, they have been incapable of switching PMA

devices by this efficient antidamping process[37–42] – an in-plane anti-damping

torque switches PMA devices through a mechanism involving domain nucle-

ation and domain-wall propagation that becomes inefficient at small size scales

[3]. Our results therefore suggest a strategy, based on control of broken crystal

symmetry in materials with strong S-O coupling, that has the potential to enable

efficient antidamping switching of PMA memory and logic devices at the 10’s

of nm size scale.

Acknowledgments: We thank N. D. Reynolds for experimental assistance,

R. De Alba for help with the graphics, and G. D. Fuchs and P. G. Gowtham

for comments on the manuscript. This work was supported by the National

49



Science Foundation (DMR-1406333) and the Army Research Offce (W911NF-

15-1-0447). G.M.S. acknowledges support by a National Science Foundation

Graduate Research Fellowship under Grant No. DGE-1144153. M.H.D.G. ac-

knowledges support by the Netherlands Organization for Scientific Research

(NWO 680-50-1311) and the Kavli Institute at Cornell for Nanoscale Science.

This work made use of the NSF-supported Cornell Nanoscale Facility (ECCS-

1542081), the Cornell Center for Materials Research Shared Facilities, which are

supported through the NSF MRSEC Program (DMR-1120296), and the NSF-

supported Platform for the Accelerated Realization, Analysis, and Discovery

of Interface Materials (PARADIM) (DMR-1539918).

2.8 Supplemental information

2.8.1 Comparison of mechanisms for current-induced switch-

ing of magnetic layers with perpendicular magnetic

anisotropy (PMA)

In principle, spin-orbit torques with three different symmetries can drive

switching of PMA magnetic layers, each associated with different reversal

mechanisms and yielding different values for the critical torque required for

switching. [Note that in this discussion we will consider all torques per unit

magnetization, so that τ has the same units as dm̂/dt, where m̂ is the magnetic

orientation.] (i) If the current can produce an effective field in the vertical (ẑ)

direction, yielding a torque of the form τFL = −γHFL(m̂ × ẑ), then in a macrospin
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approximation switching will occur at a critical value HFL = Han, where Han is

the perpendicular anisotropy field. (ii) If the current produces an in-plane anti-

damping torque of the form τAD,‖ = γτ0
AD,‖m̂×(m̂×ŷ), then deterministic switching

can be achieved if there is also a symmetry-breaking effective field with a com-

ponent along the current direction[8, 43], but the switching mechanism in this

case is not actually based on a change in the magnetic layer’s effective damp-

ing because the antidamping torque is perpendicular to the magnetization. The

torque in this case must still overcome the anisotropy field, so that the critical

value of the torque in the macrospin limit is τ0
AD,‖ ≈ γHan/2 (Refs. [43, 44]). In

samples larger than a few tens of nm diameter, an in-plane antidamping torque

can, alternatively, drive a more efficient non-macrospin reversal process involv-

ing current-generated domain wall motion [38], but measurements indicate that

this becomes ineffective for the highly-scaled PMA devices that are desired for

applications [3]. (iii) If the current produces an out-of-plane antidamping torque

of the form τAD,⊥ = γτ0
AD,⊥m̂ × (m̂ × ẑ), then in this case the direction of the torque

is parallel to the magnetization so that it does have the ability to change the

effective damping of the magnetic layer. Switching occurs when the effective

damping is driven negative, resulting in a critical value of torque τ0
AD,⊥ = γαGHan

[18, 19]. Because the Gilbert damping is typically on the order of 0.01, an out-of-

plane antidamping component has the ability to drive switching of PMA mag-

netic devices at much lower values of torque than the other two mechanisms,

for sample sizes smaller than a few 10’s of nm.
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2.8.2 Analysis of ST-FMR measurements

We model the ST-FMR measurements by using the Landau-Lifshitz-Gilbert-

Slonczewski (LLGS) equation to calculate the precessional dynamics of the mag-

netization direction, m̂(t), in the macrospin approximation in response to the in-

plane and out-of-plane torque amplitudes, τ‖ and τ⊥ [7, 18]. This determines the

ST-FMR mixing voltage as

Vmix = 〈I(t)R[m(t)]〉t = VS
∆2

(Bapp − B0)2 + ∆2 + VA
∆(Bapp − B0)

(Bapp − B0)2 + ∆2 (2.6)

where Bapp is the applied magnetic field and ∆ is the linewidth. The m̂(t) de-

pendence of the device resistance arises from the anisotropic magnetoresistance

(AMR) of the ferromagnet Permalloy. We determine the symmetric and anti-

symmetric amplitudes, VS and VA, by fitting Eq. to measurements of the mixing

voltage as a function of applied magnetic field. These amplitudes are related to

the torque amplitudes τ‖ and τ⊥ by Eqs. 2.1 and 2.2. We note τ‖ and τ⊥ are nor-

malized by the total angular momentum of the magnet, and so have dimensions

of frequency. We determine torque ratios from the ratio of Eqs. 2.1 and 2.2 to-

gether with measured values for B0 and Meff . We obtain the value of B0 via fits of

the resonance lineshape, and we estimate Meff from the frequency dependence

of B0 using the Kittel formula 2π f = γ
√

B0(B0 + µ0Meff). As we discuss in Section

2.8.3, B0 and Meff depend on φ due to the in-plane magnetic anisotropy of our

samples. For our analysis we use angle-averaged values for these quantities; the

error in doing so is less than 5% due to the small degree of angular variation.

To obtain quantitative measurements of the individual torque components

using Eq. 2.1 or Eq. 2.2 (i.e. not just their ratios), it is also necessary to deter-

mine αG, R(φ), and IRF. The Gilbert damping is estimated from the frequency

dependence of the linewidth via ∆ = 2π fαG/γ + ∆0, where ∆0 is the inhomoge-
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a) b)

Figure 2.8: a) Resistance of Device 1 (red) as a function of the in-plane applied
magnetic field angle. Measurements are made in a Wheatstone bridge config-
uration with a static magnetic field of 0.08 T. The fit (black) is used to extract
dR/dφ. b) Resistance of Device 1 (red) as a function of applied in-plane mag-
netic field angle. The fit here (black) takes into account the in-plane magnetic
anisotropy via φM = φ − φ0 + HA

2H sin 2(φ − φ0) corresponding to an easy-axis per-
pendicular to the current flow direction (along the WTe2 b-axis). The fit gives
HA = 120 ± 20 Oe. We have not accounted for the non-saturated nature of R(φ)
in our ST-FMR measurements.

neous broadening. To obtain the AMR we measure the device resistance as a

function of a rotating in-plane magnetic field (with magnitude 0.08 T) applied

via a projected-field magnet. Fitting these data to R0 + ∆R cos2(φ−φ0) allows cal-

culation of dR/dφ (Fig. 2.8). To measure the RF current, we use a vector network

analyzer to estimate the reflection coefficients of our devices (S 11) and the trans-

mission coefficient of our RF circuit (S 21). These calibrations allow calculation of

the RF current flowing in the device as a function of applied microwave power

and frequency:

IRF = 2
√

1mW · 10
Psource(dBm)+S 21(dBm)

10 (1 − |Γ|)2/50Ω (2.7)

where Psource is the power sourced by the microwave generator and Γ =

10S 11(dBm)/20.

The torque conductivity, defined as the angular momentum absorbed by the
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magnet per second per unit interface area per unit electric field, provides an

absolute measure of the torques produced in a spin source/ferromagnet bilayer

independent of geometric factors. For a torque τK (where K = A, B, S , or T ) we

calculate the corresponding torque conductivity via

σK =
Mslwtmagnet

γ

τK

(lw)E
=

Msltmagnet

γ

τK(1 − Γ)
(1 + Γ)IRF · 50Ω

(2.8)

where Ms is the saturation magnetization, E is the electric field, l and w are

the length and width of the WTe2/Permalloy bilayer, and tmagnet is the thickness

of the Permalloy. The factor Mslwtmagnet/γ is the total angular momentum of the

magnet, which converts the normalized torque into units of angular momentum

per second. Due to the unavailability of mm-scale WTe2/Permalloy bilayers, we

are unable to measure Ms directly via magnetometry, and instead approximate

Ms ≈ Meff , which we have found to be accurate in other Permalloy bilayer sys-

tems [7].

2.8.3 Determination of the in-plane magnetic anisotropy

Figure 2.9 shows the magnetic field at ferromagnetic resonance as a function of

the in-plane magnetization angle for Devices 1 and 2. For Device 1 the current

flows nearly parallel to the a-axis (φa−I = −3◦), and for Device 2 it is nearly par-

allel to the b-axis (φa−I = 86◦). The data from both samples indicate the presence

of a uniaxial magnetic anisotropy within the sample plane, with an easy axis

along the b-axis of the WTe2. The angular dependence of the resonance field is

described well by the form

B0 = BKittel − BA cos(2φ − 2φEasy−I − 2φ0) (2.9)
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a) b)

Device 1 Device 2M along b-axisM along b-axis

Figure 2.9: Ferromagnetic resonance field as a function of the in-plane magne-
tization angle for a) Device 1 and b) Device 2. The data are represented by red
circles and the black lines are the indicated fits. In both cases the applied mi-
crowave frequency is 9 GHz and the power is 5 dBm. The blue arrows indicates
the values of φ for which the magnetization lies along the b-axis. Error bars rep-
resent estimated standard deviations from the least-squares fitting procedure.

where BA is the in-plane anisotropy field, related to the anisotropy energy KA

via BA = 2µ0KA/Ms, BKittel is the resonance field without any in-plane anisotropy,

φEasy−I is the angle from the current direction to the magnetic easy-axis and φ0 is

the angular misalignment extracted from the angular dependence of the mixing

voltage. This equation also assumes BA, BKittel � µ0Meff which are valid approx-

imations for our experiment. We find values for BA of 7 mT and 15 mT for

Device 1 and Device 2, respectively. We observe no unidirectional component

to the magnetic anisotropy.

We performed similar fits for all of the devices listed in Table 2.1. In all cases

the magnetic easy axis was along the b-axis within experimental uncertainty; i.e.

φa−I = φEasy−I + 90◦. Over all of our devices we find BA to be in the range 2.4-17.3

mT. Some, but likely not all, of the device-to-device variation may be explained

by differences in the sample shape and exfoliation environment.

To check that the Permalloy has a magnetic anisotropy that is entirely in the
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Figure 2.10: Measurements of transverse resistance, RHall, for a WTe2/Py(6 nm)
Hall bar with the magnetic field oriented perpendicular to the sample plane (a)
and parallel to the WTe2 b-axis in the sample plane (b) with current directed
along the WTe2 a-axis. The contribution of the ordinary Hall effect in a has been
subtracted. The peak-to-peak anomalous Hall effect contribution to RHall, RAHE,
is 0.62 Ω, as extracted from a. The inset to b shows RHall versus the applied field
along the b-axis with an expanded vertical scale. The small variation (0.007 Ω)
in b is consistent with a planar Hall effect.

sample plane we fabricated a WTe2/Py bilayer Hall bar using the same sample

fabrication techniques and Py thickness as our ST-FMR devices. The Hall bar is

oriented with the current along the WTe2 a-axis (φa−I = −1◦), with a length and

width of 26 µm and 4 µm respectively. Hall measurements with the magnetic

field applied perpendicular to the sample plane are shown in and in Fig. 2.10a

and Hall measurements with the field parallel to the WTe2 b-axis (the in-plane

magnetic easy axis) are shown in Fig. 2.10b. In Fig. 2.10a, the contribution of

the ordinary Hall effect has been removed by subtraction of the linear portion

of the curve at large fields. Saturation of the Py moment is achieved in out-of-

plane fields above 0.9 T and the extracted peak-to-peak value of the anomalous

Hall contribution, RAHE, is 0.62 Ω. If there were any tilting of the anisotropy axis

out-of-plane, this should give an antisymmetric signal in the b-axis scan about
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zero field. Instead, we observe only a very small, approximately-symmetric

Hall signal in Fig. 2.10b (≈ 1% of the saturated anomalous Hall signal). The

small signal that we see has an angular dependence (not shown) consistent with

a planar Hall effect, and not an out-of-plane tilt. These results show that the

overall magnetic anisotropy is in-plane, without any significant out-of-plane tilt

of the equilibrium magnetization direction.

2.8.4 Data from additional devices

Device Name Device Number t (nm) L ×W (µm) τB/τA τS/τA BA φEasy−I + 90◦ φa−I

± 0.3 nm ± 0.2 µm (0.1 mT) ±2◦

B11D5 1 5.5 4.8 × 4 0.373(4) 0.72(1) 70.1(7) 3.4(3) -5
B13D2 2 15.0 6 × 4 0.011(7) 0.77(3) 151(2) 84.9(6) 86
B11D3 3 3.1 3.5 × 4 -0.372(6) 0.84(2) 62(4) 4.2(9) -3
B12D1 4 5.6 4 × 4 -0.47(1) 0.74(6) 49(12) 2(3) -5
B13D1 5 8.2 6 × 4 0.133(8) 0.99(3) 150(1) 74.7(5) 70
B13D3 6 3.9 6 × 4 0.372(9) 0.70(3) 98(2) 2.7(7) -4
B14D3 7 3.4 4 × 3 0.207(8) 1.20(3) 153(1) 75.1(4) 70
B14D4 8 2.2 4 × 3 0.385(7) 0.83(3) 74(1) -0.3(5) -9
B16D6 9 6.7 5 × 4 0.278(6) 0.70(2) 173(1) 24.7(5) 19
B14D2 10 2.8 4 × 3 0.095(8) 1.42(3) 116(2) 80.2(4) 77
B16D7 11 14.0 5 × 4 -0.13(1) 0.72(4) 138(2) -58(1) -56
B16D8 12 5.3 5 × 4 -0.320(6) 0.70(2) 156(3) -6.0(3) -9

B16D10 13 1.8 5 × 4 -0.045(4) 0.79(2) 172(2) 83.4(4) 82
B16D4 14 5.3 5 × 4 0.340(7) 0.78(3) 140(1) -20.9(5) -25
B16D5 15 5.5 5 × 4 0.332(7) 0.74(2) 155(1) -14.8(5) -16

B16D12 16 3.4 5 × 4 0.236(8) 1.35(3) 132(1) -60.6(4) –
B17D8 17 2.6 5 × 4 0.020(8) 1.50(4) 20(2) 88(2) –
B17D5 18 5.0 5 × 4 -0.451(7) 0.83(2) 20(3) -16(3) –
B18D1 19 15.0 (S) 5 × 4 -0.080(6) 0.35(2) 40(2) 6(1) -1.6
B18D3 20 2.0 5 × 4 0.74(2) 1.27(5) 31(2) 2.7(9) –
B18D6 21 5.4 (S) 4 × 3 0.033(5) 0.64(2) 38(1) -1.8(6) 3.7
B18D7 22 6.9 5 × 4 -0.331(6) 0.59(2) 33(2) -2(1) –

B18D11 23 9.0 5 × 4 -0.287(7) 0.49(3) 32(3) 5(1) –
B18D13 24 0.6 5 × 4 -0.60(2) 1.46(6) 24(6) 5(4) –
B19D6 25 6.9 (S) 4 × 3 -0.240(6) 0.44(3) 44(2) 2.2(0.7) –
B19D7 26 6.8 (S) 5 × 4 -0.008(7) 0.51(3) 40(2) 2(1) –
Pt/Py Pt/Py 6 10 × 5 0.000(4) 1.79(2) 42(2) 85.5(8) –

Table 2.1: Comparison of device parameters, torque ratios, and magnetic
anisotropy parameters for WTe2/Py bilayers discussed in the main text and a
Pt/Py control device. Here φEasy−I is the angle of the magnetic easy-axis with
respect to the current flow direction, and BA is the anisotropy field. A label “S”
in the thickness column indicates a device with a monolayer step dividing the
active region. Devices 17-26 were cleaved under vacuum.
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a) b)

c)

Device 3 Device 7

Device 10 d) Device 2

B/A=-0.37
Φ =-3°a-I

B/A=0.21
Φ =70°a-I

B/A=0.01
Φ =86°a-I

B/A=0.10
Φ =77°a-I

Figure 2.11: Plots of the symmetric (blue circles) and antisymmetric (red circles)
components of the ST-FMR mixing voltage for a) Device 3, b) Device 7, c) Device
10, and d) Device 2. The current in Device 3 is applied approximately along the
a-axis of the WTe2, with the angle turning increasingly toward the b-axis for
Devices 7, 10, and 2. The microwave frequency is 9 GHz and the microwave
power is 5 dBm. The solid blue lines are fits of S sin(2φ − 2φ0) cos(φ − φ0) to
VS(φ) and the solid red lines are fits of sin(2φ − 2φ0)[B + A cos(φ − φ0)] to VA(φ) .
Error bars represent estimated standard deviations from the least-squares fitting
procedure.

In Table 2.1, we provide device parameters, torque ratios, and magnetic

anisotropy parameters for 26 WTe2/Permalloy bilayers, and a Pt/Permalloy

control device. Only the first 15 devices were used for Figs. 2.7a and 2.7b. De-

vices 1-16 were cleaved in the sputter system load lock while dry nitrogen was

flowing, whereas 17-26 were cleaved in the load lock under vacuum (below

10−5 Torr). In Fig. 2.11, we plot VS and VA as a function of φ for four devices,

along with fits to S sin(2φ − 2φ0) cos(φ − φ0) and sin(2φ − 2φ0)[B + A cos(φ − φ0)]
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a) b)

d)c)

e) f)

Figure 2.12: a) Torque conductivity σS as a function of WTe2 thickness for the 11
devices on which we used a vector network analyzer to perform fully-calibrated
measurements. The current is applied at various angles to the WTe2 a-axis. b)
Torque conductivity σA as a function of WTe2 thickness for these 11 devices. c)
Torque conductivity |σB| as a function of WTe2 thickness for 6 fully-calibrated
devices with |φa−I| < 10◦. d) |σB| as a function of |φa−I| for the 11 devices used in
panels a) and b). e) σS as a function of |φa−I| for the 11 devices used in panels a)
and b). f) σA as a function of |φa−I| for the 11 devices used in panels a) and b). For
the data shown in panels a)-f), the applied microwave power is 5 dBm, and the
torque conductivities are averaged over the frequency range 8-11 GHz. Error
bars represent estimated standard deviations based on error propagation in-
cluding uncertainties in calibrating the microwave voltage applied across each
device and uncertainties derived from least-squares fits to ST-FMR data.
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for the symmetric and antisymmetric data respectively. The sign of the param-

eter B varies apparently randomly between devices. This is to be expected be-

cause Raman scattering does not allow us to distinguish between the b̂ and −b̂

directions, which are physically distinct for the WTe2 surface crystal structure

(a consequence of broken two-fold rotational symmetry). Essentially, the sign

of B depends on whether the positive b̂ direction lies along 0◦ < φ < 180◦ or

180◦ < φ < 360◦. Since interchanging the ground and signal leads rotates the

definition of φ by 180◦, the sign of B is determined by the decision of which end

of the bilayer is connected to the signal lead.

We carried out calibrated torque conductivity measurements (using a vector

network analyzer to determine IRF) for 11 of our devices. The device-averaged

torque conductivities for devices with current applied along the a-axis are re-

ported in the main text. The torque conductivity data from all 11 devices is

summarized in Fig. 2.12. In Fig. 2.12a and Fig. 2.12b we plot σS and σA re-

spectively as a function of thickness. In Fig. 2.12c we plot |σB| as a function

of thickness for the subset of the 11 devices where current is applied along the

a-axis, and in Fig. 2.12d we plot |σB| as a function of |φa−I| for all 11 devices.

2.8.5 Torques in WTe2/CoFeB bilayers

Throughout the work in this dissertation, we have made use of the same fer-

romagnetic material, Permalloy, and the same thickness of the ferromagnet,

tmagnet = 6 nm, simply to reduce the number of variables. Here, we briefly re-

port measurements on a device in which we have used Co40Fe40B20 as the fer-

romagnetic layer in order to show the generality of the out-of-plane antidamp-
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a) b)

Figure 2.13: a) and b) Plots of the symmetric and antisymmetric components
of the ST-FMR mixing voltage for a WTe2(12.5 nm)/Co40Fe40B20(6 nm) device
respectively. The applied microwave power is 10 dBm at 10 GHz.

ing spin-orbit torque generated in the WTe2. We have fabricated these devices

in an identical fashion as our WTe2/Py bilayers, using grazing-angle incidence

sputtering to deposit 6 nm of Co40Fe40B20. The WTe2 is 12.5 nm thick and is

patterned into a 4 × 3 µm (l × w) ST-FMR device. The applied current is along

the WTe2 a-axis. We find an angle and frequency averaged effective magneti-

zation of µ0Me f f ≈ 1.3 T, in agreement with the larger intrinsic magnetization

of Co40Fe40B20 as compared to Py. The values of VS and VA as a function of ap-

plied field angle at a frequency of 10 GHz are shown in Fig. 2.13. From the fits

we extract a value of τB/τA = −0.26 ± 0.02 and τS/τA = 1.0 ± 0.1. Note that the

voltage amplitudes of the signals for all the torques in these devices are smaller

than those of our WTe2/Py devices, which may be due to the smaller AMR and

larger resistivity in Co40Fe40B20.

2.8.6 Symmetry analysis for current generated torques

The torques acting on an in-plane magnetization can be written as τ‖(m̂, E) =

τ‖(φ, E)m̂ × ĉ and τ⊥(m̂, E) = τ⊥(φ, E)ĉ, where we have explicitly included the de-
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pendence of the torques on the electric field, E, in the bilayer. These expressions

are generic, since m̂× ĉ and ĉ are unit vectors forming a basis for the vectors per-

pendicular to m̂. The pre-factors, τ‖(φ, E) and τ⊥(φ, E), can be Fourier expanded:

τ‖ (φ, E) = E (S 0 + S 1 cos φ + S 2 sin φ + S 3 cos 2φ + S 4 sin 2φ + S 5 cos 3φ + . . .)

τ⊥ (φ, E) = E (A0 + A1 cos φ + A2 sin φ + A3 cos 2φ + A4 sin 2φ + A5 cos 3φ + . . .)
(2.10)

First, we consider the case of an electric field applied along the WTe2 crystal a-

axis. In this case, applying the σv (bc) symmetry operation to the device flips the

direction of the electric field (since E is a vector perpendicular to the bc plane)

and reverses the component of the magnetization perpendicular to the a-axis

(since m̂ is a pseudovector). This is equivalent to the transformations φ → −φ

and E → −E.

The torques must also transform as pseudovectors under σv (bc), which

constrains the dependence of τ‖(φ, E) and τ⊥(φ, E) on φ and E. The nature

of these constraints can be understood by re-writing τ⊥ (φ, E) = ĉ · τ⊥ and

τ‖ (φ, E) = (m̂× ĉ) ·τ⊥. Since ĉ is a vector and τ⊥ is a pseudovector, ĉ ·τ⊥ transforms

as a pseudoscalar (i.e. changes sign under inversion and mirror operations but

is invariant under rotations) as the dot product of a vector and a pseudovector

is a pseudoscalar. Consistency of the transformations φ → −φ, E → −E, and

ĉ · τ⊥ → −ĉ · τ⊥ under σv (bc) then requires that τ⊥ (−φ,−E) = −ĉ · τ⊥ = −τ⊥ (φ, E).

One can also show that the cross product of a vector and a pseudovector trans-

forms as a vector, and so m̂× ĉ is a vector. This implies that (m̂× ĉ) ·τ⊥ transforms

as a pseudoscalar so that (m̂ × ĉ) · τ⊥ → −(m̂ × ĉ) · τ⊥ under σv (bc), and there-

fore τ‖ (−φ,−E) = −τ‖ (φ, E). We have considered only torques linear in E so that

the symmetry requirement becomes τ‖(⊥) (−φ, E) = τ‖(⊥) (φ, E). Keeping only the
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terms in Eq. 2.10 that comply with this symmetry requirement leaves

τa
‖

(φ, E) = E (S 0 + S 1 cos φ + S 3 cos 2φ + S 5 cos 3φ + . . .)

τa
⊥ (φ, E) = E (A0 + A1 cos φ + A3 cos 2φ + A5 cos 3φ + . . .) .

(2.11)

The measured angular dependence discussed in the main text for E along the

a-axis can be fit accurately with just the low-order terms S 1, A0, and A1. No-

tably, we do not experimentally observe the term S 0, although it is allowed by

symmetry.

For an electric field applied along the b-axis, applying σv (bc) to the device

flips the projection of the magnetization along the b-axis direction, and leaves

the electric field unchanged i.e. φ→ π − φ and E → E. From this, one can derive

the symmetry constraints τ‖(⊥) (π − φ, E) = −τ‖(⊥) (φ, E). Therefore the allowed

angular dependencies of the torques for an electric field along the b-axis are

τb
‖

(φ, E) = E (S 1 cos φ + S 4 sin 2φ + S 5 cos 3φ + . . .)

τb
⊥ (φ, E) = E (A1 cos φ + A4 sin 2φ + A5 cos 3φ + . . .) .

(2.12)

In this case, with E along the b-axis, the lowest order terms (S 1 and A1) domi-

nate our measurements for both the symmetric and antisymmetric amplitudes,

although better agreement is obtained when we include the coefficient A5 as

shown in Fig. 2.14. The expansion for E applied at an arbitrary angle φa−E from

the a-axis can be determined from the linearity of the torques:

τ‖(⊥) (φ, E) = τa
‖(⊥)(φ − φa−E, |E| cos φa−E) + τb

‖(⊥)(φ − φa−E − π/2,−|E| sin φa−E) (2.13)

where τa
‖(⊥) and τb

‖(⊥) are the expansions for electric field along the a and b axes

respectively.
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2.8.7 Higher harmonics in the ST-FMR angular dependence

Based on the symmetry analysis in Section 2.8.6, we may expect that the

angular dependence of the in- and out-of-plane torques can be more gen-

eral than τ‖ = S cos φ and τ⊥ = A cos φ + B. We examined fits of our

data to the most general symmetry-allowed Fourier expansion, up to the

third harmonic. We find significant values for A5 (i.e., the term propor-

tional to cos 3φ) with the largest magnitudes occurring for current flow-

ing close to the b-axis direction. Figure 2.14 shows VA as a function

of φ for two devices, along with fits to sin (2φ − 2φ0)
[
B + A cos(φ − φ0)

]
and

sin (2φ − 2φ0)
[
B + A cos(φ − φ0) + C cos (3φ − 3φ0)

]
; the cos 3φ term significantly

improves the fit, corresponding to a non-zero value of A5. We also find sig-

nificant values for S 5 of a similar magnitude. For our Pt/Py control device

S 5/A1 = −0.10 ± 0.02 and A5/A1 = −0.077 ± 0.008. All other coefficients up to

the third harmonic – except for A0, A1, and S 1 – are zero within our experimen-

tal uncertainty.

The cos 3φ term might arise either from a true angular dependence of the

torque or from a lack of full saturation for the in-plane anisotropic magnetore-

sistance R(φ) due to in-plane magnetic anisotropy. Our initial analyses suggest

that this in-plane anisotropy can account at least partially, but perhaps not com-

pletely, for our measured cos 3φ term. This mechanism cannot affect our deter-

mination of the τB torque.

64



a) b)Device 2 Device 7Φ =70°a-IΦ =86°a-I

Figure 2.14: Plots of the antisymmetric part of the mixing voltage (red circles)
versus the in-plane magnetization angle for a) Device 2 and b) Device 7. The
microwave frequency is 9 GHz and the microwave power is 5 dBm. The black
lines show fits to sin (2φ − 2φ0)

[
B + A cos(φ − φ0) + C cos (3φ − 3φ0)

]
giving C/A =

0.24 ± 0.01 for Device 2 and C/A = 0.20 ± 0.01 for Device 7. The light grey
lines show fits to sin (2φ − 2φ0)

[
B + A cos(φ − φ0)

]
. Error bars represent estimated

standard deviations from the least-squares fitting procedure.

2.8.8 On why there can be no contribution to the out-of-plane

antidamping torque from the bulk of a WTe2 layer

Bulk crystals of WTe2 have a screw symmetry: the crystal structure is mapped

onto itself if it is rotated by 180◦ about an axis normal to the layers (c-axis) and

translated by half a unit cell along both the c and a-axis (in the c direction, half

a unit cell is one layer spacing). If there is any net bulk spin polarization or

spin current with a component perpendicular to the plane, that spin component

will be left unaltered by this operation, while the direction of an in-plane charge

current will be reversed. This implies that there can be no bulk contribution

to the current-induced antidamping spin torque that is linear in the applied

in-plane current. This screw symmetry is broken at the WTe2/Py interface, so

a surface-generated out-of-plane antidamping torque is allowed by symmetry.

This surface contribution might come entirely from a single WTe2 layer at the
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interface or from imperfect cancellations between more than one WTe2 layer

near the interface (e.g., if there is surface-induced band banding).

a) c)

b)

I

a-axis

Figure 2.15: a) An atomic force microscopy image of the WTe2 flake used for
fabrication of Device S1 after deposition of the Permalloy layer and aluminum
oxide cap. The dashed white rectangle shows the approximate placement of the
device active region (the uncertainty in the lateral location is about 500 nm due
to the alignment procedure for the lithography steps). b) A linecut [white solid
line in a] showing a step height of about 0.7 nm corresponding to a monolayer
step in the WTe2 crystal. c) Plot of the symmetric (top, red circles) and antisym-
metric parts (bottom, red circles) of the mixing voltage versus the versus the
in-plane magnetization angle. The magnitude of the symmetric part indicates a
spin-orbit torque comparable to other a-axis aligned WTe2 devices, but the an-
tisymmetric part shows B/A=0.033 indicating that τB is much smaller here than
in devices without a monolayer step. Error bars represent estimated standard
deviations from the least-squares fitting procedure.

We have checked that adjacent layers generate τB of opposite sign by study-

ing a sample (Device S1) in which the sample region contains a single-layer
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step, so that the Permalloy is exposed to two WTe2 surfaces with opposite sym-

metry (Fig. 2.15). Device S1 was fabricated with the bar aligned at 3.7◦ from the

a-axis and with a monolayer step dividing the channel into two regions of ap-

proximately equal area, as shown by the atomic force microscopy data in Figs.

2.15a and 2.15b. The angular dependences of VS and VA are shown in Fig. 2.15c.

The non-zero value of VS implies the existence of spin-orbit torque and a clean

WTe2/Py interface. However, we measure B/A = 0.033 for this device, in con-

trast to our finding that |B/A| > 0.32 for all devices measured with |φa−I| < 10◦

and an atomically flat channel. We interpret this low value of B/A in device S1 as

arising from cancellation of the torques from the two WTe2/Py interface regions

of opposite surface symmetry, providing strong evidence that τB arises from an

interface effect. Similar results were obtained on two additional devices con-

taining a monolayer step and with the bar direction aligned to the WTe2 a-axis.

2.8.9 Some comments on the microscopic origin of an out-of-

plane antidamping torque in WTe2/Py bilayers

In this section, we discuss a few possible microscopic mechanisms for gener-

ation of out-of-plane antidamping torques, with the understanding that these

possibilities are not exhaustive. We focus on mechanisms that can generate

transport and accumulation of spins polarized in the c-direction, since absorp-

tion of c-axis polarized spins is expected to lead to a m̂ × (m̂ × ĉ) torque. To start,

we show that symmetry constraints forbid a nonzero contribution from two

well-known effects generating spin-orbit torques: a bulk spin-Hall conductiv-

ity, and a bulk-averaged inverse spin galvanic effect. We then consider possible

67



mechanisms for which non-zero contributions are allowed.

To generate a m̂ × (m̂ × ĉ) torque via the bulk spin-Hall effect, we must have

c-axis polarized spins flowing towards the WTe2/Py interface in response to

an in-plane electric field. The total current of c-axis polarized spins, jc
s, can be

written as jc
s = σc · E, where σc is the c-axis polarized part of the spin-Hall

conductivity tensor. The form of this tensor is constrained by the point group of

the crystal [45]. For the mm2 point group operations of WTe2, the most general

form is:

σc =


0 σc

ab 0

σc
ba 0 0

0 0 0

 . (2.14)

Notably, the terms σc
ca and σc

cb, corresponding to c-axis polarized spins flowing

in the c-direction (towards the WTe2/Py interface) in response to in-plane elec-

tric fields, are zero. Therefore, there can be no contribution to a m̂×(m̂× ĉ) torque

from the bulk spin Hall effect in WTe2.

When an electric field is applied to a non-centrosymmetric crystal we expect

a non-equilibrium spin-density to be generated in the crystal due to the inverse

spin galvanic effect. This spin polarization can also be written in terms of a

linear response tensor: s = χ · E. The tensor χ must satisfy the relation χ =

det(S )S −1χS for any symmetry operation S in the point group of the crystal [46].

The point group rather than the space group is relevant here because we assume

the spin density to have a nonzero component that is spatially uniform. For

WTe2, the most general form is:

χ =


0 χab 0

χba 0 0

0 0 0

 . (2.15)
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Since χcb and χca are zero, the bulk inverse spin galvanic effect of WTe2 cannot

generate a m̂ × (m̂ × ĉ) torque.

The symmetry of WTe2 does, however, allow for local accumulations of c-

axis polarized spins in response to an in-plane electric field, provided these

accumulations switch sign between atomic sites related by the screw-axis and

glide-plane symmetries. This is similar to recent work on CuMnAs, where the

absence of local inversion symmetry allows for current-induced exchange fields

that change sign between atomic sites related by the global inversion symme-

try [24]. The WTe2 crystal can be partitioned into adjacent A and B type layers,

where B layers are rotated by 180◦ with respect to A layers. The symmorphic

bc mirror plane maps every layer back onto itself, while the non-symmorphic

symmetries (screw-axis and glide-plane) map each layer onto an adjacent one of

the opposite type. If we define layer specific spin accumulations sA = χAE and

sB = χBE, the respective tensors obey:

χA =


0 χA

ab χA
ac

χA
ba 0 0

χA
ca 0 0

 , χ
B =


0 χA

ab −χ
A

ac

χA
ba 0 0

−χA
ca 0 0

 . (2.16)

Therefore, it is possible to generate local c-axis spin polarizations in the bulk

WTe2 crystal via an in-plane current, but the local c-axis spin polarizations

change sign between layers. In a real crystal the surface will terminate on ei-

ther an A or B type layer, leading to a c-axis spin polarization on the surface

when current is applied along the a-axis. This mechanism is expected to lead to

a m̂ × (m̂ × ĉ) torque, along with a m̂ × ĉ torque due to exchange coupling of the

ferromagnet to the WTe2 surface spins.

Another approach is to consider the torques generated in an interface layer
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formed by hybridization between electronic states of the WTe2 and Py, i.e. in

a region at the WTe2/Py interface with electronic properties differing from the

bulk of either layer. These interface states could generate c-axis polarized spin

accumulations via the inverse spin galvanic effect. For example, the spin-orbit

coupling Hamiltonian HSOC ∝ n̂ · (k × σ), where n̂ lies in the bc plane, is con-

sistent with the symmetry of the WTe2/Py interface, and leads to a non-zero

〈σc〉 in response to electric fields applied along the a-axis. This is a gener-

alization of the usual Rashba-Edelstein effect discussed in the context heavy

metal/ferromagnet bilayers, which corresponds to n̂ = ẑ. Such a 〈σc〉 can gen-

erate both m̂ × (m̂ × ĉ) and m̂ × ĉ torques, with their relative magnitude depend-

ing on microscopic details. Magnetic anisotropy associated with this mecha-

nism has been predicted to arise at the interface between ferromagnets and low-

symmetry materials with strong spin-orbit coupling [47].

Recent theoretical work suggests that it may also be possible that the spin-

polarized electrons flowing within a metallic ferromagnet layer may generate

spin-transfer torque when they scatter from an interface with a material pos-

sessing strong spin-orbit coupling, without necessarily requiring charge current

flow within the spin-orbit material [48, 49]. This mechanism is attractive be-

cause it might provide a natural explanation for the apparent lack of depen-

dence on the WTe2 thickness for the torque components τB and τS.

2.8.10 Second-harmonic Hall measurements

Second-harmonic measurements of Hall voltage as a function of the angle of an

in-plane applied magnetic field, B, provide an alternative method to measure an
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out-of-plane antidamping torque independent of ST-FMR measurements. We

performed this measurement using a Hall bar device discussed in Section 2.8.3,

for which the Permalloy thickness is 6 nm and the WTe2 thickness is 16 nm.

The Hall bar has a length and width of 26 µm and 4 µm, respectively, and is

oriented so that the current is along the WTe2 a-axis (φa−I = −1); the voltage

probes used for the Hall measurements are 2 µm wide. The active region of the

Hall bar has a uniform WTe2 thickness, with no monolayer steps, over better

than 90% of its area. We apply a current I(t) = I0 sin(2π f t) at a frequency f = 340

Hz with I0 = 0.66 mA, and measure the Hall voltage at the second harmonic

frequency. The angle of the in-plane magnetic field, φ, is defined relative to the

direction of current flow. Generalizing the argument in Ref. [50] to include the

effects of an in-plane uniaxial anisotropy BA with the easy axis parallel to the

b-axis of the WTe2 (in addition to the shape anisotropy of the thin film µ0Meff),

and allowing for in-plane and out-of-plane current-induced torques with the

angular dependence τ‖ = τS cos φM and τ⊥ = τA cos φM + τB, the second harmonic

signal has the form:

R2ω
xy =

RPHE cos 2φM (τA cos φM + τB)
γ (B − BA cos 2φM)

+
RAHEτS cos φM

2γ
(
B + µ0Meff + BAsin2φM

) +
VANE

I0
cos φM,

(2.17)

where RPHE and RAHE are the planar and anomalous Hall resistances of the de-

vice, and VANE is the anomalous Nernst voltage arising from an out-of-plane

thermal gradient proportional to the Joule power I2R. This expression neglects

terms above first order in BA/B, which is an accurate approximation over the

range of fields studied for our second harmonic measurements. Here φM is the

angle of the magnetization relative to the direction of current flow, which differs

from φ for low-fields due to the in-plane magnetic anisotropy. To first order in

BA/B, the equilibrium magnetization angle is φM = φ + BA sin 2φ/2B. Equation
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2.17 shows that the second harmonic signal associated with τB has an angular

dependence distinct from τA, τS and the magneto-thermopower voltage (VANE).

a) b)

B=0.1 Tesla

B=0.04 Tesla

B=0.02 Tesla

B=0.25 Tesla

Figure 2.16: a) Second harmonic Hall voltage for a WTe2/Py bilayer (with cur-
rent along the a-axis) as a function of the angle between the in-plane applied
magnetic field and the current flow direction. The data (red) are plotted for dif-
ferent magnitudes of the applied magnetic field (B=0.25 T, 0.1 T, 0.04 T, and 0.02
T, from top to bottom). Data for different values of the applied field have been
vertically offset for clarity. The black lines show fits to Eq. 2.17. b) The torque
ratio τB/τA extracted from the angular dependence of the second harmonic Hall
voltage, as a function of the magnitude of the applied magnetic field used for
the angular sweep. Error bars represent estimated standard deviations from the
least-squares fitting procedure.

Fig. 2.16 shows measurements of the second-harmonic Hall voltage in the

WTe2/Py Hall bar as a function of φ for selected magnitudes of applied mag-

netic field B; the red lines indicate the data, while the black lines are fits to

Eq. 2.17. Even without any fitting, it is clear that the out-of-plane antidamping

torque τB is indeed non-zero, as the magnitude of the second-harmonic signal

is significantly different for φ = 180◦ and 360◦ [when τB = 0, Eq. 2.17 predicts

simply that R2ω
xy (φ = 180◦) = −R2ω

xy (φ = 360◦)]. To fit the data, we use a simplified

version of Eq. 2.17, valid when B� µ0Meff:

R2ω
xy =

cos 2φM

(B − BA cos 2φM)
(A1 cos φM + A0) + Rφ cos φM, (2.18)
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where A0 = RPHEτB/γ, A1 = RPHEτA/γ, and Rφ is a constant combining the contri-

butions of the in-plane antidamping torque and the anomalous Nernst voltage.

For each value of B we fit the data using the parameters A0, A1, Rφ, and BA,

along with an additional overall φ-independent offset. For the fits, we used the

first-order expression for φM(φ) discussed above. We find that Eq. 2.8.10 fits the

data well with BA ≈ 3mT . The torque ratio τB/τA can then be determined inde-

pendent of any other sample parameters at each value of the field magnitude,

A0/A1 = τB/τA. In figure 2.16b we plot τB/τA as a function of B, showing that

τB/τA ≈ 0.2−0.25. These values are similar to, albeit slightly lower than, the val-

ues of |τB|/τA determined by ST-FMR for different devices ( |τB|/τA = 0.32−0.385;

see Fig. 2.11 or Table 2.1).

We determine the individual torque conductivities σA and σB from the sec-

ond harmonic Hall measurements according to (here the subscript K = A or

B):

σK =
Mslwtmagnet

~γ/2e
τK

(lw) E

(
~

2e

)
=

eMsltmagnet

µB

τK

V

(
~

2e

)
. (2.19)

Using RPHE = 0.14 Ω, for the harmonic Hall measurement with B = 1000 Oe

we find τA = 8.3 ± 0.2 MHz and τB = 2.12 ± 0.09 MHz. To estimate the

applied electric field we divide the applied voltage (566 mV peak-to-peak)

by the length of the Hall device, and to estimate the saturation magnetiza-

tion Ms ≈ Meff we fit to the anomalous Hall effect data of Fig. 2.10 finding

µ0Meff = 0.81 T ± 0.01 T. From Eq. 2.19 we then findσB = (6±1)×103(~/2e)(Ωm)−1

and σA = (25 ± 4) × 103(~/2e)(Ωm)−1, where the errors are primarily due to

the uncertainty in the thickness of the Permalloy. These values can be com-

pared with the calibrated ST-FMR measurements presented in Fig. 2.12. The

calibrated ST-FMR measurements for devices with |φa - I| 6 10◦ give a range of

σB = (3 − 5) × 103(~/2e)(Ωm)−1 and σA = (8 − 14) × 103(~/2e)(Ωm)−1. The second-
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harmonic value for σB agrees with the ST-FMR measurements within the range

of reasonable experimental uncertainty. The value of σA as determined from the

second-harmonic measurements is approximately twice as large as the typical

ST-FMR value. This discrepancy in σA is not presently understood but there

may be differences in the WTe2 crystal quality or the cleanliness of the WTe2/Py

interface, as the Py film used for the Hall bar device was grown in a different

round of sputtering depositions than those used for the ST-FMR devices.1 We

conclude that the second-harmonic Hall measurements confirm the existence of

a nonzero out-of-plane antidamping torque τB and give a value for its strength

in agreement with the ST-FMR measurements.
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pion, A. Casiraghi, B. L. Gallagher, T. Jungwirth, and A. J. Ferguson. “Spin-

orbit-driven ferromagnetic resonance.” Nature Nanotechnology 6, 413 (2011).

[23] H. Kurebayashi, J. Sinova, D. Fang, A. C. Irvine, T. D. Skinner, J. Wunder-

lich, V. Novak, R. P. Campion, B. L. Gallagher, E. K. Vehstedt, L. P. Zarbo,

K. Vyborny, A. J. Ferguson, and T. Jungwirth. “An antidamping spin-orbit

torque originating from the Berry curvature.” Nat. Nano. 9, 211 (2014).
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CHAPTER 3

THICKNESS DEPENDENCE OF SPIN-ORBIT TORQUES IN TUNGSTEN

DITELLURIDE

In this Chapter, we perform a more detailed study of the current-induced

torques in WTe2/permalloy bilayers as a function of WTe2 thickness, follow-

ing up on our measurements in Chapter 2. We measure the torques using both

second-harmonic Hall and spin-torque ferromagnetic resonance measurements

for samples with WTe2 thicknesses that span from 16 nm down to a single mono-

layer. We confirm the existence of an out-of-plane antidamping torque, and

show directly that the sign of this torque component is reversed across a mono-

layer step in the WTe2. The magnitude of the out-of-plane antidamping torque

depends only weakly on WTe2 thickness, such that even a single-monolayer

WTe2 device provides a strong torque that is comparable to much thicker sam-

ples. In contrast, the out-of-plane field-like torque has a significant dependence

on the WTe2 thickness. We demonstrate that this field-like component origi-

nates predominantly from the Oersted field, correcting an inference drawn in

our inital work on WTe2 [1]. This chapter is adapted from our work origi-

nally published in Physical Review B with D. MacNeill, M.H.D. Guimarães, N.D.

Reynolds, R.A. Buhrman and D.C. Ralph [2].

3.1 Introduction

Current-induced torques in materials with strong spin-orbit coupling provide

an attractive approach for efficiently manipulating nanomagnets [3]. Spin-orbit

torques are most commonly studied in polycrystalline ferromagnet/heavy-

metal bilayers[4–11], but several groups have also investigated crystalline spin-
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orbit materials [1, 12–18]. Using non-centrosymmetric crystals, researchers have

demonstrated spin-orbit torques within a single ferromagnetic layer [12, 13, 15,

18] and electrical switching of an antiferromagnet [16]. For some low-symmetry

crystal structures, it is possible to generate out-of-plane polarized spin injection

in response to an in-plane applied current [1]. This is an important capability

for applications. Out-of-plane spin injection could enable efficient antidamping

switching of high-density magnetic memory devices with perpendicular mag-

netic anisotropy that is not possible with conventional spin-orbit torques [1].

Recently, our group has measured current-induced torques acting on a ferro-

magnetic layer (permalloy, Py = Ni80Fe20) deposited on single crystals of the lay-

ered material WTe2 [1] (outlined in Chapter 2). WTe2 is an intriguing choice of

spin-source material, due to its strong spin-orbit coupling [19, 20], surface states

[21, 22], high mobility [23–25], and low-symmetry crystal structure [26, 27]. The

crystal structure of WTe2 is such that when current is applied along the WTe2 a-

axis, a spin-orbit torque consistent with transfer of spins oriented partially along

the z-axis (out of the sample plane) is observed in the permalloy. The geometry

is illustrated in Fig. 3.1. We refer to this torque as the out-of-plane antidamp-

ing torque, τB. As discussed in our previous work, the dependence of τB on the

current flow direction reflects the symmetries of the WTe2 surface in a detailed

way.

While the existence of τB is consistent with symmetry constraints, its micro-

scopic origin is not understood. Even the conventional current-induced torques

in the WTe2/Py system (an in-plane antidamping torque, τS, and an out-of-plane

field-like torque, τA) have not yet been assigned concrete mechanisms. Known

mechanisms such as the Rashba-Edelstein effect (REE) [12, 28] and the spin
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Hall effect (SHE) [29, 30] have distinct thickness dependencies once the layer

thickness is comparable to the spin diffusion length. For this reason, varying

the spin-source thickness can provide clues as to the origin of current-induced

torques [7, 31–34].

Here, we report measurements of current-induced torques in WTe2/Py bi-

layers for a wide range of WTe2 thicknesses, down to the previously-unexplored

monolayer limit. We employ second-harmonic Hall [5, 35] and spin-torque fer-

romagnetic resonance (ST-FMR) [7, 14] measurements as complementary tech-

niques for studying current-induced torques, and report good agreement be-

tween the two. We find that the magnitude of the out-of-plane antidamping

torque component |τB| depends only weakly on the WTe2 thickness t for t > 4

nm, and remains significant even for thinner samples all the way to the mono-

layer (0.7 nm) limit for WTe2. We also demonstrate by direct measurements that

the sign of τB reverses across a monolayer step. In contrast to a conclusion we

made previously based on a much smaller data set [1], we find that the out-

of-plane field-like torque varies as a function of WTe2 thickness with a form in

quantitative agreement with a dominant contribution from the current-induced

Oersted field.

3.2 Device Fabrication

Our WTe2/Py stack is shown in Fig. 3.1a. To prepare the stack, we take a

commercially-available WTe2 crystal (from HQgraphene), and exfoliate it onto

a high-resistivity Si/SiO2 wafer using Scotch tape. The final step of exfoliation,

where the tape is removed from the substrate to cleave the WTe2 crystals, is car-
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Figure 3.1: a) Illustration of our WTe2/Py bilayers. The Py thickness is 6 nm,
and the WTe2 thickness, t, varies between devices. For all devices we study,
the WTe2 c-axis is normal to the sample plane, and the current flow direction
is chosen to be approximately aligned to the WTe2 a-axis. We carry out our
measurements with the magnetic field applied at a variable angle, φ from the
current flow direction. The red arrow depicts injection of out-of-plane spins into
the permalloy, which can account for an out-of-plane antidamping torque. b)
Illustration of the device geometry and electrical connections. For some devices,
we used WTe2 with mono- or bi- layer steps in the channel, allowing for multiple
thickness data points from a single device. To eliminate cross talk, we keep
δx > 4 µm.

ried out in the load-lock chamber of our sputter system. The pressure at this

step is well below 1×10−5 Torr. This preparation differs from our previous work

(Ref. [1]), where the samples were exfoliated in flowing nitrogen after purging

the load-lock. The samples are then moved to the process chamber without

breaking vacuum, where we deposit 6 nm of Py by glancing angle (∼ 5◦) sput-

tering and 2 nm of Al to prevent oxidation of the ferromagnet. The Py moment

lies in the sample plane. Before further processing, the topography and thick-

ness of the chosen flakes are characterized by atomic force microscopy (AFM).

We are careful to position devices only in regions that are atomically smooth

(less than 200 pm roughness) and contain no steps in the WTe2 layer, except for

devices in which steps are postioned intentionally between different sets of Hall

contacts (see below). The films are then patterned into Hall bars using e-beam
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lithography and argon ion-milling (where we use SiO2 as the etch mask). The

current-flow direction is chosen to lie along the direction of long straight edges

in the cleaved WTe2 flakes, which typically corresponds to the WTe2 a-axis. The

angle between the current flow direction and the a-axis is later checked using

planar Hall effect measurements on the completed devices (see below). This an-

gle is always less than 20◦ and typically less than 5◦. Contact pads of 5 nm Ti/75

nm Pt are also defined using e-beam lithography and sputtering.

3.3 Second-harmonic Hall measurements

We will first discuss second-harmonic Hall measurements of the spin-orbit

torques. Second-harmonic Hall measurements allow for a precise calibration

of the current flowing in the device (more easily than, e.g., ST-FMR) and there-

fore provide a convenient method for making an accurate comparison between

devices. When the equilibrium magnetization is in the sample plane, this tech-

nique is most easily used for measuring out-of-plane torques because in this

geometry the signals for in-plane torques must be disentangled from an artifact

due to the anomalous Nernst effect [36]. Our Hall bar design is shown in Fig.

3.1b. We keep the width of the channel (w = 4 µm) and the voltage probes (1.5

µm) consistent across all devices. This helps prevent artifacts in the thickness

series due to changes in the current distribution. For the second-harmonic Hall

measurements, we apply a voltage of 400 mV RMS at 1.317 kHz to the device

and a series resistor, and measure the first- and second-harmonic Hall voltages

simultaneously. We calibrate the current flowing through the device by mea-

suring the voltage across the series resistor. For some of our devices we placed

multiple Hall contact pairs (up to three) on the same device, with each pair
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a) b)

H = 300 Oe
I0 = 0.67 mA

Figure 3.2: a) Second-harmonic Hall voltage for a WTe2 (5.6 nm)/Py (6 nm)
bilayer as a function of the in-plane angle of the applied magnetic field (the
magnitude of the applied field is 300 Oe). The red curve represents measured
data, and the black line is a fit to Eq. 3.2. The lack of odd symmetry under
φ→ φ+180◦ indicates the presence of an out-of-plane antidamping toque, τB. b)
Dependence of the measured out-of-plane field-like (τA, red circles) and out-of-
plane antidamping torque (τB, blue circles) on the magnitude of applied mag-
netic field. The negligible field dependence is evidence that the signals arise
from current-induced torques.

sensing regions of different WTe2 thickness. Since the transverse voltages are

expected to decay as e−πδx/w (see Fig. 3.1b) [37], we placed the contacts at least

4 µm apart to avoid cross-talk. This allows for direct thickness comparisons

within the same device.

The Hall resistance of a WTe2/Py bilayer can be modeled as RH =

RPHE sin(2φM) sin2(θM) + RAHE cos(θM), where φM is the angle between the Py mo-

ment and the current flow direction, θM is the angle of the Py moment from the

z-axis, RPHE is the planar Hall resistance, and RAHE is the anomalous Hall resis-

tance. When a current I(t) = I0 sin(ωt) is applied to the bilayer, any out-of-plane

current-induced torques will rotate the moment in-plane, φM → φM +δφM sin(ωt).

In-plane torques will rotate the moment out-of-plane: θM → θM + δθM sin(ωt).

The Hall voltage is therefore VH(t) = I(t)RH(t) = I0RH sin(ωt) + I0
dRH
dφM

δφM sin2(ωt) +

I0
dRH
dθM

δθM sin2(ωt), where the last two terms represent the response from current

induced torques. Calculating δφM and δθM as a function of the in-plane and out-
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of-plane torques, τφ and τz, gives the second-harmonic (2ω) voltage component

(see Section 3.6.1):

V2ω
H ≈I0RPHE cos(2φM)

τz/γ

H + HA cos(2φM − 2φE)

−
1
2

I0RAHE
τφ/γ

H + Ms + HA cos2(φM − φE)
,

(3.1)

where H is the applied field magnitude, Ms is the effective magnetization, HA

is the in-plane uniaxial anisotropy field, and φE is the angle of the anisotropy

axis relative to the current flow direction. We have previously shown that the

in-plane easy-axis always lies along the WTe2 b-axis in WTe2/Py bilayers (so

that φE ≈ 90◦). We determine HA and φE for each sample by analyzing the de-

pendence of the first-harmonic planar Hall voltage on the angle of an applied

magnetic field (see Section 3.6.2). The results of this determination are given

in Table 3.1. We find that the current-flow direction is always aligned with the

WTe2 a-axis to within better than 20◦, and HA has values in the range 48-96 Oe.

To complete our model, we note that torques from the Oersted field and ordi-

nary REE and SHE will be proportional to m̂× ŷ and m̂×(m̂× ŷ) respectively. Then

τz,Oe(φM) = τA cos(φM) and τφ,SHE(φM) = τS cos(φM). When a magnet absorbs out-

of-plane spins the resulting torque is ∝ m̂ × (m̂ × ẑ) [38], so that the out-of-plane

antidamping torque gives an angle-independent contribution, τz(φM) = τB, for

an in-plane magnetic moment. For our fits, we also add an angle-independent

voltage offset, C, and a term ∝ cos(φM) to account for the anomalous Nernst ef-

fect resulting from an out-of-plane thermal gradient [36]. The resulting model

for the field and angle dependence of our second-harmonic Hall data is:

V2ω
H =I0RPHE cos(2φM)

[
τA cos(φM) + τB

]
/γ

H + HA cos(2φM − 2φE)

−
1
2

I0RAHE
τS cos(φM)/γ

H + Ms + HA cos2(φM − φE)

+ VANE cos(φM) + C

(3.2)

where VANE is the anomalous Nernst voltage. In our system HA � Ms, which
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means the anomalous Nernst effect and the in-plane torques give second-

harmonic Hall voltages with indistinguishable φ dependence. We fit them with

a single term ∝ cos(φM). There are six other fit parameters: I0RPHEτA, I0RPHEτB,

HA, φE, C, and an overall angular offset not shown here which accounts for any

misalignment of the device from the axes of the measurement apparatus. I0RPHE

is determined independently using the φ-dependence of the first-harmonic Hall

voltage, allowing measurements of τA and τB from data for V2ω
H as a function of

φ.

Figure 3.2a shows V2ω
H (φ) data from one of our WTe2/Py bilayers. The WTe2

is 5.6 nm thick and the current flows along the WTe2 a-axis (φE ≈ 90◦). The red

line shows measured data, and the black line is a fit to Eq. 3.2. The existence

of a non-zero value of τB is apparent from the lack of φ → φ + 180◦ symmetry;

in particular, the different-sized peaks at φ = 0 and φ = 180◦ relate to the co-

operation τz = τB + τA or competition τz = τB − τA of the different out-of-plane

torques. This asymmetry reflects the absence of rotational symmetry at the WTe2

surface. Figure 3.2b shows τA and τB (from fits to Eq. 3.2) as a function of the

applied magnetic field. The extracted torques are to a good approximation in-

dependent of the magnitude of the applied field, confirming that they originate

from current-induced torques.

A key prediction of our symmetry arguments in Ref. [1] is that the sign of

τB should change across a monolayer step in WTe2 thickness, if this step oc-

curs at the Py/WTe2 interface. This is because adjacent WTe2 layers are related

by a 180◦ rotation around the c-axis (see Fig. 3.3), and τB is not two-fold sym-

metric – τB changes sign with a 180◦ rotation about the c-axis. In Ref. [1] we

presented indirect evidence for this conclusion, in which a sample whose de-
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Figure 3.3: a) Second-harmonic Hall data for a WTe2/Py device for a region
of the sample with a monolayer-thick WTe2 layer (top curve, blue) and for a
different region of the same sample with bilayer WTe2 (bottom curve, red), as
a function of the angle of the applied magnetic field (defined relative to the
current flow direction). The lines are fits to Eq. 3.2. The sign reversal of τB is
reflected in the different angles at which the peak signals are found. A vertical
offset is added to the data for ease of viewing. b) Optical micrograph of the
device measured for panel a), showing the monolayer and bilayer WTe2 regions
in false color. c) Schematic of the crystal structure of WTe2, showing that the
surface structure is rotated by 180◦ across a monolayer step.

vice area spanned across a single-monolayer step in the WTe2 layer exhibited a

suppressed value of τB due to partial cancellations of the contributions from the

two crystal faces. Here we provide a direct test by fabricating devices contain-

ing multiple Hall contacts so that we can separately measure the values of τB

produced by different regions of the same sample separated by steps of known

height (see Fig. 3.1). We have fabricated 6 devices with Hall contacts on either

side of a monolayer step, as determined by AFM measurements showing a step

height 0.7 ± 0.3 nm. Fig. 3.3 shows second-harmonic Hall data for a device

where the WTe2 thickness increases from a monolayer to a bilayer in the mid-
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dle of the channel. For the monolayer side we found τB/γ = −0.093 ± 0.002 Oe

whereas for the bilayer side τB/γ = 0.049 ± 0.002 Oe. The out-of-plane field-like

component τA has the same sign on both sides of the step (τA/γ = 0.103 ± 0.004

Oe and τA/γ = 0.123 ± 0.003 Oe for the monolayer and bilayer respectively).

In 5/6 devices with Hall contacts on opposites sides of a monolayer step, we

found that τB changes sign between contacts (see Table 3.1). In principle, the

monolayer step we observe by AFM could be on either the top (Py/WTe2) or

bottom (WTe2/SiO2) interface of the WTe2, and we do not expect that a step at

the WTe2/SiO2 interface would affect the sign of τB. Therefore it is somewhat

surprising that we observe sign changes in more than 50% of samples. It may

be that the mechanics of exfoliation cause steps in the WTe2 to be more likely

on the top surface of the flake than the bottom. In devices with a bilayer step

dividing two sets of Hall contacts, τB never changes sign (3/3 devices).

3.4 WTe2 Thickness Dependence

We now turn to our thickness series over multiple devices. In total, we mea-

sured torques from 12 distinct devices, some with multiple Hall contacts per

device. The resulting data are shown in Fig. 3.4a, where we plot |τB|w/I0 (blue

points) and τAw/I0 (red points) as a function of WTe2 thickness. The complete

data set is given in Table 3.1. We normalize the torques by the current density

I0/w since we can measure the current flowing in the channel more easily than

the electric field. We observe in Fig. 3.4a that the out-of-plane field-like torque

τA/I0 has a significant dependence on the WTe2 thickness, increasing by a factor

of over 4.8 between the monolayer sample and 16 nm, while the out-of-plane

antidamping torque has a much weaker dependence.
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b)

Figure 3.4: a) Torques normalized per unit I0/w for (red cicles) the out-of-plane
field-like component τAw/I0 and (blue circles) the out-of-plane antidamping
component |τB|w/I0, as a function of WTe2 thickness, for all devices measured.
The shaded region shows a ± 1σ estimate for the torque from the magnetic field
generated by the current flowing in the WTe2. b) (red circles) Dependence of
the inverse of the first-harmonic planar Hall resistance on the WTe2 thickness.
Current shunting through the WTe2 leads to a linear increase in 1/RPHE as t is in-
creased. The black line is a linear fit, which gives an estimate of the shunt factor
X(t) as a function of WTe2 thickness.
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Device Name t (nm) L (µm) τA (Oe) τB (Oe) HA (Oe) φE − 90◦ I0 (µA)
± 0.3 nm ± 0.2 µm (Degrees) ±0.1 µA

SH4D10S1 5.6 13 0.295(4) -0.116(2) 57.6(4) 2.9(2) 670.0
SH4D10S2 6.4 13 0.325(7) 0.100(3) 61.8(5) 2.7(2) 670.0
SH4D7S1 0.8 12.5 0.103(4) -0.093(2) 48(4) -2.6(2) 591.3
SH4D7S2 1.5 12.5 0.123(3) 0.049(2) 54.4(5) -1.9(3) 591.3
SH4D6S1 16.5 23.5 0.473(9) -0.071(4) 60.9(5) 1.7(2) 534.3
SH4D6S2 15.9 23.5 0.452(4) 0.052(2) 54.3(5) 2.0(2) 534.3
SH4D6S3 15.2 23.5 0.444(5) -0.076(2) 58.9(5) 2.9(2) 534.3

SH5D12S1 6.7 9.5 0.410(3) 0.143(2) 64.7(9) -1.7(4) 789.7
SH5D18S1 2.1 8.5 0.155(4) -0.134(2) 57.7(5) 18.8(2) 770.8
SH5D26S1 5.5 14.5 0.249(3) 0.096(2) 63.1(8) 4.2(4) 608.3
SH5D26S2 4.3 14.5 0.205(3) 0.100(2) 60.6(2) 4.6(4) 608.3
SH5D25S1 11.3 10.0 0.506(4) 0.114(2) 57.5(7) 2.6(3) 798.6
SH5D25S2 10.5 10.0 0.483(4) 0.117(2) 56.9(7) 1.8(3) 798.6
SH5D29S1 6.4 17.1 0.242(3) 0.090(1) 61.1(8) 2.7(4) 529.4
SH5D29S2 5.0 17.1 0.206(3) 0.093(2) 64.6(8) 2.3(3) 529.4
SH5D28S1 9.7 17.5 0.367(4) -0.089(2) 68.1(6) 2.1(2) 598.4
SH5D28S2 9.0 17.5 0.355(4) 0.094(2) 69.3(9) 2.4(4) 598.4
SH5D32S1 1.7 7.0 0.192(3) 0.097(2) 77.4(9) -2.4(3) 862.9
SH5D33S1 13.4 14.0 0.565(4) -0.095(2) 72(1) 0.5(4) 706.7
SH5D33S2 14.7 14.0 0.591(6) -0.097(3) 67.9(7) 0.3(3) 706.7
SH5D36S1 9.1 8.5 0.530(6) 0.129(3) 96(2) -16.1(4) 851.8

Table 3.1: Device parameters, torques measured by the second-harmonic Hall
technique (for the values of applied current I0 listed in the last column), and
measured magnetic anisotropy parameters for the WTe2/Py bilayers analyzed
in the main text. Here φE is the angle of the magnetic easy-axis with respect to
the current flow direction, and HA is the anisotropy field. The number after “S,”
in each device name indexes the sets of contacts on the same device.

In many spin-orbit torque systems (but not all [14, 17, 18, 39]), the out-

of-plane field-like torque τA is dominated by a contribution from the Oersted

field. The Oersted torque is related to the fraction of current flowing in the non-

magnetic underlayer, X(t) ≡ IWTe2/I0, by τOe = µ0X(t)I0/2w where I0 = IPy + IWTe2 .

To determine the factor X(t) for our devices, we examine the planar Hall resis-

tance extracted from the first-harmonic Hall voltage as a function of t (shown in

Fig. 3.4b). The observed linear dependence on WTe2 thickness is consistent with

a reduction in the planar Hall resistance due to shunting through the WTe2, and

an approximately-constant WTe2 resistivity:

1
RPHE

=
IPy + IWTe2

VPHE
=

1
R0

PHE

[1 +
ρPyt

ρWTe2tPy
], (3.3)
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where 1/R0
PHE ≡ IPy/VPHE when IPy = I0. The fit yields a normalized WTe2 con-

ductivity of ρPy/(ρWTe2tPy)= 0.081 ± 0.006 nm−1 and a planar Hall coefficient of

R0
PHE = 0.38 ± 0.1 Ω for the Py. The normalized WTe2 conductivity can be used

to estimate:

X(t) ≈
1

1 +
ρWTe2 tPy

ρPyt

. (3.4)

The shaded black area of Fig. 3.4a shows the range of the expected Oersted

torque (times w/I0) within one standard deviation of the best-fit value for

ρPy/(ρWTe2tPy). The measured points for τAw/I0 all fall close to this area, indi-

cating that τA is dominated by the current-generated Oersted field. This result

differs from a conclusion we drew based on a more limited data set of devices

with φa−I < 20◦ in Ref. [1]. Of course, our data can not rule out additional spin-

orbit contributions, which may be detected by more precise calibration of the

Oersted field.

As noted above, compared to τAw/I0, the out-of-plane antidamping torque

|τB|w/I0 displays a much weaker dependence on WTe2 thickness. The form of

this weaker dependence is displayed in Fig. 3.5, which shows a zoomed-in plot

of the same data as in Fig. 3.4a (blue points). For WTe2 thicknesses greater than

4 nm, |τB|w/I0 decreases slightly as the WTe2 thickness is increased. This slight

decrease is consistent with current shunting, if one assumes that |τB| is propor-

tional to the applied electric field within the device. In this case |τB|w/I0 should

be proportional to X(t)/t. This proportionality occurs because for a given ap-

plied current I0 the total electric field will decrease with increasing WTe2 thick-

ness due a decreased overall device resistance. The black line in Fig. 3.5 shows

X(t)/t estimated from the PHE data of Fig. 3.4b, re-scaled to fit the |τB|w/I0 data

for WTe2 thicknesses above 4 nm. This good agreement, however, tells us lit-

tle about the origin of τB, since the total electric field in the device, the charge
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current density in the WTe2, and the charge current density in the Py are all

proportional to this factor.

Figure 3.5: |τB|w/I0 as a function of WTe2 thickness (blue circles), along with a
curve proportional to X(t)/t as estimated from our planar Hall effect data (black
solid and dashed lines). The proportionality constant is chosen to fit the data
above 4 nm of WTe2 thickness.

For t < 4 nm, the measurements of |τB| exhibit significantly increased scatter,

but even in this regime |τB| can remain large. For the one sample with a single-

monolayer WTe2 that we have been able to study, we find |τB|w/I0 = 0.63 ± 0.03

Oe µm/mA, very comparable to the values measured for much thicker WTe2

layers, and fully 65% of the value expected simply by scaling the results from

the thicker layers by the factor X(t)/t (see Fig. 3.5). Our observation that the

torque for monolayer WTe2 samples is not suppressed close to zero suggests

that either the spin diffusion length in WTe2 is very short, comparable to the

layer spacing, or else the out-of-plane antidamping torque results from a spin

current generated in the Py layer that reflects off of the WTe2 surface [40–42].

Our data for very thin WTe2 layers also provides a hint that there might be an

even-odd effect in the number of WTe2 layers, in that |τB| for a bilayer sample is

the smallest for any of our devices, and in particular it is smaller than for either

the monolayer sample or trilayer samples.
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To confirm the results of Fig. 3.4a using an independent measurement tech-

nique, we also performed ST-FMR measurements using two-terminal devices

fabricated from our vacuum-exfoliated WTe2/Py bilayers. The ST-FMR tech-

nique has the advantage that it can provide reliable measurements of both

out-of-plane and in-plane current-induced torques, although the current cali-

bration has greater uncertainty because this calibration must be performed us-

ing network-analyzer reflectance measurements [39]. For this reason, we will

present our ST-FMR results in terms of ratios for the different torque compo-

nents, in which case the current calibration does not enter.

For the ST-FMR samples, the WTe2/Py bilayers were etched into bars and

contacted in a ground-signal-ground geometry compatible with microwave

probes. The device geometry and protocol for our ST-FMR measurements are

detailed in Ref. [1]; for the data shown here, the applied frequency was 9 GHz.

Figure 3.6a compares the torque ratios |τB/τA| measured with ST-FMR to those

from second-harmonic Hall measurements as a function of WTe2 thickness. The

ratio |τB/τA| shows good agreement with the second-harmonic Hall measure-

ments.

Figure 3.6b displays the in-plane torques measured with ST-FMR. Consistent

with the results in Ref. [1] we measure a significant in-plane antidamping torque

of the form τSm̂×(m̂× ŷ). We find that |τS/τB| > 1 and that |τS/τB| does not depend

strongly on thickness. As in Ref. [1], we again note that although symmetry

allows for an in-plane field-like torque of the form τTm̂ × ẑ, we find that τT = 0

within our measurement uncertainty.
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a)

b)

Figure 3.6: a) Comparison of the torque ratios |τB/τA| from ST-FMR and second-
harmonic Hall measurements for WTe2/Py bilayers, as a function of thickness.
The blue circles give |τB/τA| from the second-harmonic Hall measurements, and
the red circles are the values from ST-FMR. For all ST-FMR measurements, the
applied frequency was 9 GHz, and for the second-harmonic measurements, the
applied magnetic field was 300 Oe. b) (red circles) Ratios of the in-plane anti-
damping torque τS to the out-of-plane antidamping torque τB as a function of
WTe2 thickness. (blue circles) Ratios of the in-plane field-like torque τT to the
out-of-plane antidamping torque τB as a function of WTe2 thickness. The latter
ratio is zero within our measurement uncertainty.
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3.5 Conclusion

In summary, we measure current-induced torques in WTe2/Py bilayers as a

function of WTe2 thickness. We provide direct confirmation that the out-of-

plane antidamping torque τB changes sign across a monolayer step in the WTe2,

consistent with the non-symmorphic symmetries in bulk WTe2. For WTe2 thick-

nesses t greater than 4 nm, |τB| decreases slowly with increasing thickness con-

sistent with simple current shunting within the bilayer. For t less then 4 nm, |τB|

exhibits significant device-to-device variations, which might be associated with

finite size effects, interfacial charge transfer, or electronic structure changes.

Nevertheless, τB remains large even for a single-monolayer of WTe2. The out-of-

plane field-like torque τA displays a much stronger dependence on WTe2 thick-

ness, that is quantitatively consistent with the effect of the Oersted field pro-

duced by current flowing within the WTe2 layer. This conclusion regarding the

dependence of field-like torque component on WTe2 thickness represents a cor-

rection of our previous report based on a more limited data set of devices with

φa−I < 20◦ [1].
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3.6 Appendix

3.6.1 Derivation of Eq. 3.1 from the Landau-Lifshitz-Gilbert-

Slonczewski equation

Our derivation of Eq. 3.1 in the main text is an adaptation of the analysis in

Ref. [35]. To calculate the displacement of the permalloy magnetic moment in

response to the current-induced torque, τ, we solve the Landau-Lifshitz-Gilbert-

Slonczewski (LLGS) equation in the static limit; that is, with dm̂/dt = 0, where

m̂ is a unit vector pointing along the macrospin magnetization direction. This

reduces to the condition that the net torque (current-induced torque plus the

torques from the magnetic anisotropy and applied field) on the magnet van-

ishes:

0 = −γm̂ ×
[
Hĥ − Ms(m̂ · ẑ)ẑ + HA(m̂ · b̂)b̂

]
+ τ, (3.5)

where b̂ points along the WTe2 b-axis (the magnetic easy axis), and ẑ points out

of the sample plane. We also introduce vectors for the direction of the in-plane

applied field (ĥ) and the total current induced torque (τ).

To solve Eq. 3.5 for the current-induced reorientation of the magnetization,

we linearize the equation around the equilibrium (zero-current) magnetization

direction r̂, setting m̂ ≈ r̂ + mzẑ + mφẑ × r̂. Here ẑ × r̂ gives an in-plane unit vector

orthogonal to the equlibrium magnetization. In equilibrium the magnetization

will point along the total anisotropy field, leading to a self-consistency condi-

tion:

r̂ =
[
Hĥ + HA(r̂ · b̂)b̂

]
/Heq, (3.6)

where we have introduced Heq, which is the total anisotropy field evaluated at
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the equilibrium position of the magnetization and so equals |Hĥ + HA cos φM−Eb̂|.

φM−E is the angle between the magnetic moment and the magnetic easy axis in

equilibrium.

We can conveniently regroup the terms in the anisotropy field using the con-

sistency condition and m̂ · b̂ = r̂ · b̂ + mφ(ẑ × r̂) · b̂:

τ/γ = m̂ ×
[
Heqr̂ − Msmzẑ − HAmφ sin φM−Eb̂

]
, (3.7)

where we use b̂ = cos φM−Er̂ − sin φM−Eẑ × r̂ to evaluate (ẑ × r̂) · b̂. Substituting in

the approximation for m̂ and expanding the cross-product gives:

τ/γ =
(
Ms + Heq

)
mzẑ × r̂

−
(
Heq − HA sin2 φM−E

)
mφẑ,

(3.8)

where we have dropped all terms at second order in the small deviations mφ

and mz. This equation is decoupled in mφ and mz and so can trivially be solved

to find δφM = mφ and δθM = −mz required for Eq. 3.1.

The final ingredient is an approximation for Heq, which proceeds from Eq.

3.6
H2

eq =
∣∣∣Hĥ + HA cos φM−Eb̂

∣∣∣2 ,
Heq ≈ H + HA cos2 φM−E,

(3.9)

where we assume HA � H and keep terms to first order in HA/H. This approxi-

mation together with Eq. 3.8 yields the denominators of Eq. 3.1.
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Easy axis

Hard axis


Figure 3.7: V f
H versus φ for a WTe2/Py bilayer with a 5.6 nm WTe2 underlayer

(red). The applied field is 300 Oe. The presence of in-plane magnetic anisotropy
is apparent from the lack of symmetry around φ = 45◦. The solid black line is a
fit assuming an in-plane uniaxial field of magnitude HA with an easy-axis at φE

from the current-flow direction. The values for φE and HA determined from the
fit are recorded in the “SH4D10S1” row of Table 3.1. The dotted black and blue
lines give the estimated angles of the magnetic hard and easy axes respectively.
These are equivalent to the WTe2 crystal a and b axes.

3.6.2 Determination of the magnetic easy-axis from first-

harmonic Hall measurements

To confirm the alignment of the current flow direction to the WTe2 a-axis, we

use first-harmonic Hall measurements. This is possible since the WTe2 a-axis is

always along the hard direction of the in-plane uniaxial magnetic anisotropy.

We previously established this fact through comparison of ST-FMR, second-

harmonic Hall, and polarized Raman scattering measurements [1]. Because of

the in-plane uniaxial anisotropy, the magnetization angle of the permalloy, φM,

will deviate slightly from the applied field angle, φ. The equilibrium magneti-

zation angle satisfies the condition:

sin(φM − φ) = −
HA

2H
sin(2φM − 2φE). (3.10)
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Figure 3.8: |τB/τA| extracted from ST-FMR measurements on (green points) de-
vices from Ref. [1] exfoliated in flowing nitrogen and (red points) devices from
this paper exfoliated in vacuum.

Assuming that HA � H we can solve this equation up to first order in HA/H

giving:

φM = φ −
HA

2H
sin(2φ − 2φE). (3.11)

Fitting the first-harmonic Hall data to RH = RPHE sin(2φM) (and a constant offset),

then allows a measurement of φE and HA. Data for V f
H versus φ, along with a fit,

are given in Fig. 3.7.

3.6.3 Comparison between ST-FMR data in nitrogen and vac-

uum exfoliated WTe2.

As discussed in the main text, for the ST-FMR data in Ref. [1] we exfoliated WTe2

flakes in flowing nitrogen in the load-lock chamber of our sputter system. For

both the second-harmonic Hall and ST-FMR data in this paper, we exfoliated the

WTe2 flakes in the load-lock under vacuum better than 1 × 10−5 Torr. The ratio

|τB/τA| extracted via ST-FMR on the two device types is compared in Fig. 3.8. For
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WTe2 films around 4 nm, the vacuum exfoliated (red) and nitrogen-exfoliated

(green) devices are in good agreement, whereas there is apparent disagreement

for thinner flakes. We are not certain whether this apparent disagreement arises

from low statistics, or from reaction of the WTe2 during the nitrogen exfoliation.

The effects of oxygen/water exposure on the WTe2 surface merit further study.
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CHAPTER 4

SPIN-ORBIT TORQUES IN NIOBIUM DISELENIDE

In this chapter, we present measurements of current-induced spin-orbit torques

generated in NbSe2, a fully-metallic hexagonal transition-metal dichalcogenide.

We measure the spin-orbit torques in NbSe2/Permally heterostructures using

the spin-torque ferromagnetic resonance (ST-FMR) technique. In addition to the

out-of-plane Oersted torque expected from current flow in the metallic NbSe2

layer, we observe an in-plane antidamping torque with torque conductivity

σS ≈ 103(~/2e)(Ωm)−1 and indications of a weak field-like contribution to the

out-of-plane torque oriented opposite to the Oersted torque. In some samples

we also measure an in-plane field-like torque with the form m̂ × ẑ. The size of

this component varies strongly between samples and is not correlated with the

NbSe2 thickness. A torque of this form is not allowed by the bulk symmetries of

NbSe2, but is consistent with symmetry breaking by a uniaxial strain that might

result during device fabrication. This chapter is adapted from work originally

published in Nano Letters with M.H.D. Guimarães, D. MacNeill, N. Reynolds

and D.C. Ralph [1].

4.1 Introduction

Current-induced spin torques generated by materials with large spin-orbit cou-

pling (SOC), such as heavy metals [2–4] and topological insulators [5, 6], are

candidates to enable a new generation of efficient non-volatile magnetic memo-

ries. Several research groups have recently considered the possibility that some

2-dimensional (2D) materials might also be used as sources of spin-orbit torque

109



(SOT) [7–11]. For example, 2D transition metal dichalcogenides [12] (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 MoS2 [7–9] and WSe2 [8], grown by chemical va-

por 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 WTe2/permalloy samples in which semi-metallic

WTe2 layers were prepared by exfoliation, and observed an out-of-plane anti-

damping SOT component made possible by the low crystal symmetry of WTe2,

as well as a more-conventional in-plane anti-damping SOT and an out-of-plane

field-like torque due to the Oersted field [10, 11].

For magnetic memory applications it is of particular interest to explore mate-

rials which combine high electrical conductivity, σ, and strong SOC, λS OC. Here

we report the first measurements of SOTs generated by a fully-metallic TMD,

NbSe2, with σ ≈ 6 × 105 (Ωm)−1 in our devices and λS OC = 76 meV [13]. For com-

parison, the previously-measured semiconducting TMDs MoS2 and WS2 have

typical electrical conductivities σ ≈ 10−6 (Ωm)−1 and SOC energies λS OC = 0 -

40 meV in the conduction band and λS OC = 150 - 430 meV in the valence band

[14–16], while for for semi-metallic WTe2 σ ≈ 104 (Ωm)−1 and λS OC = 15 meV

[10, 11, 17].

Our spin-torque ferromagnetic resonance (ST-FMR) measurements on

NbSe2/Permalloy (Py) bilayers reveal small but nonzero SOTs, corresponding

to spin-torque conductivities of order or less than 103(~/2e)(Ωm)−1, about a fac-

tor of 100 weaker than the spin-torque conductivities generated by Pt or Bi2Se3

at room temperature [6, 18]. To probe the mechanisms of these SOTs we per-
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form systematic studies as a function of the NbSe2 thickness, t, and the angle of

applied magnetic field. We measure an in-plane antidamping SOT component

that is only weakly dependent on t, remaining sizable down to a single NbSe2

layer – suggesting an interfacial origin. We also observe a field-like out-of-plane

torque that scales linearly with t for sufficiently thick (t > 5 nm) samples, indicat-

ing that in this regime the torque is dominated by a current-generated Oersted

field. However, for devices with smaller number of NbSe2 layers (t < 5 nm), the

out-of-plane torque is weaker than the value expected from the field alone, and,

for a single NbSe2 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 m̂ × ẑ, where m̂ is

the Py magnetization direction. This torque is not allowed by symmetry consid-

erations for the bulk NbSe2 crystal structure [10]. We propose that the presence

of this torque component is due to a strain-induced symmetry breaking, e.g., a

unidirectional strain in the NbSe2 layer generated during the processs of exfoli-

ation and sample fabrication [19].
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4.2 Device Fabrication

We prepare our samples by mechanically exfoliating a bulk synthetic NbSe2

crystal (HQgraphene) onto an intrinsic Si wafer with a 1-µm-thick SiO2 layer

thermally grown on the surface. The mechanical exfoliation is performed under

vacuum (at pressures below 10−6 Torr) in the load-lock chamber of our sputter

system, and the samples are loaded into the sputtering chamber without break-

ing 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 atmo-

sphere and serves as a capping layer. We have previously demonstrated that the

grazing angle sputter deposition causes little to no damage to our TMD crystals

[10]. The NbSe2 flakes are identified by optical contrast, and their thicknesses

and morphology are determined 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 µm2, and with no steps in the TMD crystals

over the device area. We then pattern the NbSe2/Py heterostructures 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 4.1a.

112



4.3 Spin-Torque Ferromagnetic Resonance Measurements

To measure the SOTs, we use the ST-FMR technique [2, 6, 10] in which an alter-

nating microwave-frequency current (IRF) (with frequencies f = 7 - 12 GHz) is

applied within the sample plane. Current-induced torques cause the magneti-

zation M of the ferromagnet to precess. By applying an external magnetic field

H at an angle φ with respect to IRF , we set the direction of ~M and the character-

istic ferromagnetic resonance frequency of the ferromagnet (Figure 4.1b). 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 IRF generating a DC voltage across

the NbSe2/Py bar (Vmix). The signal-to-noise ratio is maximized by modulat-

ing the amplitude of IRF at low frequencies and detecting Vmix using a lock-in

amplifier. The circuit geometry is shown in Figure 4.1a. All measurements are

performed at room temperature unless indicated.

When the ferromagnetic resonance frequency matches f , Vmix shows a reso-

nance peak with a lineshape that can be described as: Vmix(H) = VS (H) + VA(H),

where VS is a symmetric Lorentzian with amplitude proportional to the in-plane

component of the torque (τ‖), and VA an antisymmetric Lorentzian with ampli-

tude proportional to the out-of-plane component of the torque (τ⊥). This allows

the separation of the two torque components by fitting a measurement of Vmix

as a function of H. The two torques components are related to the amplitudes

of the Lorentzians by [2, 6]:

VS = −
IRF

2

(
dR
dφ

)
1

αγµ0

(
2H0 + Me f f

)τ‖, (4.1)
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Figure 4.1: (a) Micrograph of a typical device with the measuring circuit
schematic. (b) Schematic of the NbSe2/Py structure. (c) ST-FMR resonances
for φ = 130◦, f = 9 GHz, and PRF = 5 dBm for different thicknesses of the NbSe2

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 antisym-
metric Lorentzian.

VA = −
IRF

2

(
dR
dφ

) √
1 + Me f f /H0

αγµ0

(
2H0 + Me f f

)τ⊥, (4.2)

where R is the device resistance, φ is the angle between H and IRF , Me f f is the ef-

fective magnetization of the Py layer, composed by the saturation magnetization

and anisotropy terms, α is the Gilbert damping of the Py, γ is the gyromagnetic

ratio, µ0 is the vacuum permittivity, and H0 is the resonance field. The term

dR/dφ is due to the AMR in the Py layer. For our devices we have µ0Me f f ≈ 0.8

T and α ≈ 0.01 as obtained by the ST-FMR resonance frequency and linewidth,
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respectively, and R(φ) is measured directly by measuring the devices resistance

as a function of φ. The current IRF is calibrated by using a network analyzer to

measure transmitted and reflected microwave powers (S 11 and S 21).

Resonance curves for one, two, and four NbSe2 monolayers devices (t = 0.6,

1.3, and 2.6 nm, respectively) with f = 9 GHz, applied RF power PRF = 5 dBm

and φ = 130◦ are shown in Fig. 4.1c, where the gray points represent experimen-

tal 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 de-

vices. 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 resonance is qualitatively similar to the results of Ref. 6 on MoS2/Py

devices. The presence of both field-like and damping-like interfacial torques

is consistent with general considerations of interfacial spin-orbit torques [20–

22]. However, a more recent measurement on MoS2/CoFeB and WSe2/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 [8]. We can tell that the symmetric ST-FMR resonance signal

we observe is not due primarily to a spin-pumping effect because this would re-

quire an unphysically-large spin-to-charge conversion factor (see Section 4.6.1).

The symmetries and mechanisms of the SOTs can be analyzed in more de-
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tail by performing ST-FMR measurements as a function of the magnetic-field

angle as τ‖ and τ⊥ both depend upon φ. The contributions to the expected an-

gular dependence can be understood as follows. Part of the angular depen-

dence arises from the AMR in the bilayer, which contributes the dependence

dR/dφ ∝ sin(2φ) (see Eqs. 4.1 and 4.2). Many current-induced torques have a

cos(φ) 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 Vmix ∝ cos(φ) sin(2φ).

However, additional torque components can arise in systems with lower sym-

metry [23, 24], such as WTe2 [10, 11] and some semiconductor alloys [25–29].

The angular dependence we measure for the antisymmetric and symmet-

ric components of the ST-FMR resonances of NbSe2/Py samples are shown in

Fig. 4.2 for devices with monolayer (a,b) and bilayer (c,d) NbSe2. The angu-

lar dependence of the antisymmetric components for both samples is consistent

with a simple cos(φ) sin(2φ) form, illustrating that the out-of-plane torque has the

usual cos(φ) 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. 4.2) for both components to the forms:

VS = S cos (φ) sin (2φ) + T sin (2φ) , (4.3)

VA = A cos (φ) sin (2φ) + B sin (2φ) , (4.4)

corresponding to the inclusion of additional angle-independent torques τT ∝ T

and τB ∝ B such that the in-plane torque is τ‖ = τS cos(φ) + τT and the out-of-
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Figure 4.2: Antisymmetric and symmetric components of the ST-FMR resonance
fits for Vmix as a function of the magnetic field angle for devices with (a, b) one
and (c, d) two NbSe2 monolayers for f = 9 GHz and PRF = 5 dBm. The data are
shown by the red circles and the fits using equations 4.3 and 4.4 are shown by
the black lines.

plane torque is τ⊥ = τA cos(φ) + τB (where τS , τT , τA, and τB are independent

of φ). The vector forms of these additional torque components correspond to

~τT ∝ m̂× ẑ and ~τB ∝ m̂× (m̂ × ẑ). We find that this generalization greatly improves

the fits for the symmetric ST-FMR components, with nonzero values for both S

and T , and with the results for the monolayer sample indicating |τT | > τS . For

the bilayer sample the contribution from τT is less prominent but still clearly

nonzero, while for both samples the fits to the antisymmetric component gives

τB = 0 within the experimental resolution.

This result is curious in several ways. First, for the usual 2H-NbSe2 structure

(space group P63/mmc) [30], the NbSe2/Py interface reduces to the space group

P3m1 containing the identity, two 3-fold rotations, and three mirror planes. This

set of symmetries forbids the presence of both of the torque terms ~τT ∝ m̂× ẑ and
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~τB ∝ m̂×(m̂ × ẑ). 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 uni-

axial strain, the torque terms ∝ m̂× ẑ or ∝ m̂× (m̂ × ẑ) 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 MoS2 monolayers

[19].

We note, though, that both ~τT and ~τB are subject to the same symmetry con-

straints, so it is curious that ~τB remains zero even when broken symmetries

allow ~τT , 0. Furthermore, the result we find in the (presumably strained)

NbSe2/Py samples ( ~τT , 0, ~τB = 0) is opposite to the results in WTe2/Py sam-

ples ( ~τT = 0, ~τB , 0) [10, 11] where a similar low-symmetry state is intrinsic to

the WTe2 crystal structure. This suggests that the existence of the torque com-

ponents ~τB and ~τT does not depend solely on the nature of the global broken

symmetries, but also on microscopic factors like the interface transparency be-

tween 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. [31–33]

4.4 Dependence on NbSe2 thickness

We investigated the extent to which the different torque components τS , τT , τA,

and τB depend on the NbSe2 thickness, t, by performing ST-FMR measurements

as a function of applied magnetic field angle for a collection of different devices
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with different values of t, while keeping the Py thickness fixed (tmag = 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 (NbSe2 and Py), we express the torque

strengths as torque conductivities, σ j ≡ dτ j/dE in units of (~/2e)(Ωm)−1, where j

= A, B, S , or T corresponds to the different torque components, E is the electric

field, ~ is the reduced Plank’s constant and e the electron charge. We plot the

thickness dependence of σA, σS , and σT in Fig. 4.3. The component σB is zero

within experimental error for all of the samples measured.

For the out-of-plane field-like torque conductivity σA we observe a clear in-

crease with increasing NbSe2 thickness (Fig. 4.3a). For our thicker devices the

magnitude of σA agrees with our estimation of the Oersted-field contribution

(σOe) due to the current flowing in the NbSe2 layer. However, for the thinner

(t < 5 nm) devices, σA is significantly lower than our estimate for the Oersted

contribution σOe, and then the sign of σA is reversed for the monolayer device

(see Fig. 4.1c). This behavior at small NbSe2 thicknesses suggests the presence

of an interfacial field-like SOT that opposes the Oersted contribution. However,

the 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 den-

sity through the thickness of the Py layer. (Nonzero antisymmetric ST-FMR

resonances can be observed even in single-layer Py samples, and have been as-

cribed to this mechanism [2, 34].)

The in-plane damping-like torque component σS (Fig. 4.3b) has at most

a weak dependence on t, and possesses a non-zero value all the way down
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Figure 4.3: Spin-torque conductivities (a) σA, (b) σS , and (c) σT as a function of
the NbSe2 thickness obtained from the angular fits for f = 9 GHz and PRF = 5
dBm. The dashed line in (a) shows the estimated contribution from the Oersted
field (σOe) with the gray area representing its standard deviation.

to a single NbSe2 layer. The small apparent increase of σS with increasing t

could arise from a bulk contribution, such as the spin Hall effect. However, the

nonzero value of this term down to a single NbSe2 layer suggests a sizable inter-

facial SOT. The value of σS for the thinnest samples (σS ≈ 3 ×103 (~/2e) (Ωm)−1)

has a magnitude similar to reports for other TMDs, such as MoS2 [7] and WTe2

[10], but it is significantly below the values for Pt/ferromagnet bilayers [18] and

topological insulators at room temperature [6] (σS ≈ 105 (~/2e) (Ωm)−1).
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Figure 4.4: Measurements at low temperature (4.2 K) for a sample with t = 5.9
nm. (a) Two-probe DC resistance as a function of applied RF power with f = 8
GHz. (b) ST-FMR mixing voltage as a function of magnetic field at φ = 45o and
different values of applied RF power with f = 8 GHz.

For the in-plane field-like torque σT that is forbidden by symmetry for un-

strained NbSe2 (Fig. 4.3c), we do not observe any systematic trend in the torque

conductivity as a function of t. While σT ≈ 0 for a few of our devices, both the

sign and magnitude of this m̂ × ẑ torque term seem uncorrelated with the thick-

ness of the NbSe2 layer. The lack of correlation between σT and t 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 [19] could be per-

formed 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: σA, σS , and σT (see Section 4.6.3), with

σA ≈ σOe. We observe only a weak temperature dependence for the torque ratio

σS /σA and a slightly stronger temperature dependence for σT/σA. The weak

temperature dependence of the interfacial SOTs in TMD/ferromagnet bilayers
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is in agreement with previous studies on semiconducting TMDs [8]. For suf-

ficiently low temperatures (T < 7 K) we observe a superconducting transition

if the NbSe2 layer is sufficiently thick (t > 5 nm). When the devices enter the

superconducting state the ST-FMR technique becomes insensitive to spin-orbit

torques because the resistance-based ST-FMR signal goes to zero. Upon increas-

ing the RF power above the critical current, the devices transition to the normal

state and we recover the ST-FMR resonance signals (see Fig. 4.4).

4.5 Conclusion

In summary, we report current induced SOTs in NbSe2/Py bilayers. The in-

plane antidamping-like term has only a very weak dependence with t, with val-

ues for the spin torque conductivity comparable to other TMDs. For thin NbSe2

layers, the out-of-plane SOT component for thin NbSe2 layers is significantly

smaller than the estimate Oersted-field contribution, with a sign reversal for a

monolayer of NbSe2. In additional to these expected torque components, we

also observe the presence of a SOT with the form m̂ × ẑ which is forbidden by

the bulk symmetry of the NbSe2 crystal, but can arise in the presence of strain.
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4.6 Supplemental Information

4.6.1 Estimation of spin pumping contributions

When performing ST-FMR experiments in which the resonance signal is weak, it

is important to consider that a symmetric component in an ST-FMR experiment

might arise not only from an in-plane torque but also by a separate mechanism

in which the precessing magnet pumps a spin current into the spin-source ma-

terial where it is converted to a voltage output by spin-to-charge conversion

[35, 36]. Shao et al. [8] have questioned whether the symmetric ST-FMR signals

observed in MoS2/Py devices by Zhang et al. [7] might be due to this mechanism

rather than to an antidamping spin-orbit torque. The spin-pumping mechanism

would produce a signal with the same dependence on the angle of the applied

magnetic field (cos(φ) sin(2φ)) as an in-plane antidamping torque ~τS [6], so the

two mechanisms cannot be distinguished on this basis.

We can, however, rule out a dominant contribution to our experiment from

the spin-pumping mechanism based on an analysis of the size of the symmetric

component of the ST-FMR resonances that we measure. Following the reason-

ing described in Ref. [6], spin pumping combined with spin-to-charge conver-
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sion contributes a symmetric lineshape to the ST-FMR signal with magnitude:

VS P = ΘS−C
ewRλS

2π
tanh(

t
2λS

)Re[ge f f
↑↓

]〈(m̂ ×
∂m̂
∂t

)x〉, (4.5)

where ΘS−C is the spin-to-charge conversion factor, e is the electron charge, w is

our sample width (3 µm for the sample with t = 0.6 nm and 2.5 µm for t = 1.3

nm), t is the NbSe2 thickness R is the sample resistance (191 Ω for the sample

with t = 0.6 nm and 180 Ω for t = 1.3 nm), λS is the thickness over which spin-to-

charge conversion takes place, and ge f f
↑↓

is the effective spin mixing conductance.

For the precession of the magnetic film, we have:

〈(m̂ ×
∂m̂
∂t

)x〉 = 2π fφ2
p sin(φ)

√
µ0H

µ0H + µ0Me f f
, (4.6)

where φp is the maximum precession angle of the ferromagnets magnetization,

estimated by φp = (dR/dφ)−1 (2/IRF)
√

(VS )2 + (VA)2 . For our samples with f = 9

GHz, IRF = 9 mA, µ0H = 0.12 T and µ0Me f f = 0.77 T we have φp ≈ 0.01.

Given the measured magnitude for the symmetric component of our ST-

FMR signals, we can estimate a lower bound on the spin-to-charge conversion

factor, ΘS−C, that would be needed to explain our data by the spin-pumping

mechanism. We assume that ge f f
↑↓

is as large as the value for Pt/Py bilayers:

ge f f
↑↓
≈ 2 × 1019 m−2 [37]. A slightly smaller upper bound estimated for Co/MoS2

bilayers: ge f f
↑↓
≈ 1.5 × 1019 m−2 [9], but in order to be more conservative in our

analysis we will take the larger value. For strong spin-orbit materials, λS is or-

dinarily about 1 nm [6, 38]; we will assume that λS = t for our devices with

t = 0.6 and 1.3 nm (corresponding to one and two NbSe2 monolayers). Using

the measured values for the symmetric component of the ST-FMR resonances

with the cos(φ) sin(2φ) dependence on magnetic field angle (6 µV for the t = 0.6

nm sample and 8 µV for the t = 1.3 nm sample), we obtain θS−C > 39 for t = 0.6

nm and θS−C > 49 for t = 1.3 nm. We consider this too large to be physically
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Figure 4.5: Resistance versus magnetic field angle for µ0H = 15 mT (left) and
100 mT (right). The current is applied along φ = 0o. The data are shown by the
black dots and the fit using Eq. 4.7 is shown in red.

reasonable. This value is larger than the spin-to-charge conversion factor for

any known material at room temperature, and if the value were this large the

Onsager-reciprocal process (charge-to-spin conversion) would produce an ST-

FMR resonance much larger than we measure (corresponding to a spin torque

conductance higher than 107
(
~
2e

)
(Ωm)−1).

4.6.2 Anisotropic Magnetoresistance Measurements

In order to obtain the torque conductivities, we must determine dR/dφ (see Eqs.

4.1 and 4.2). For this purpose we measured the AMR for all our devices. As an

example, in Figure 4.5 we plot the AMR measurements (R vs φ) for the device

with t = 1.3 nm for magnetic fields of 15 and 100 mT. The curves can be well
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Figure 4.6: Temperature dependence of the ratio of the torque components τS /τA

black) and τT/τA (red).

fitted by:

R (φ) = R0 + δR cos2 (φ) (4.7)

where R0 is the average resistance and δR the AMR magnitude. To analyze

our ST-FMR measurements we use the fitted curves for higher fields, where

the magnetization remains better aligned with the applied magnetic field. Even

at lower fields the data can be well fitted by Eq. 4.7 with only a small deviation

due to shape anisotropy of the Py bar.

4.6.3 Temperature Dependence of the Measured Spin-Orbit

Torques

We studied the temperature dependence of the SOTs in a sample with t = 6 nm.

Our temperature-controlled experimental setup does not allow either for direct

calibration of IRF using a network analyzer (due to the use of wirebonds) nor for

sweeps as a function of changing the angle of the magnetic field (though this
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has since been remedied). To avoid the need to calibrate IRF, we chose a sample

for which the out-of-plane torque is dominated by the Oersted field so that the

ratio VS /VA should be independent of changes in the the sample conductivity.

This sample also shows a non-zero τT , so by measuring the ST-FMR resonances

at positive and negative magnetic fields we can we can trace the dependence

of this term as a function of temperature. From Eq. 4.3, the difference between

positive and negative fields of the symmetric component of the ST-FMR signal

gives us the S fit component: VS (φ = 45◦) − VS (φ = −135◦) = 2S cos (45◦), and

the sum gives us the T fit component: VS (φ = 45◦) + VS (φ = −135◦) = 2T .

Figure 4.6 shows the temperature dependence of the torque ratios τS /τA

and τT/τA. Both ratios are only weakly dependent on temperature. The slight

decrease in τS /τA with decreasing temperature is similar to reports regarding

the inverse Rashba-Edelstein effect (IREE) in Ag/Bi structures and REE spin

torques in TMD/ferromagnet bilayers, which show only a weak temperature

dependence with saturation below about 60 K. The ratio τT/τA displays a slight

increase with decreasing temperature.

4.6.4 Resistance as a function of NbSe2 thickness and the Oer-

sted field contribution

In order to obtain the conductivities of the NbSe2 and Py layers, we use that the

device resistance should scale as
(
Rsq

)−1
= σPytmag + σNbS e2t, where Rsq = RL/W is

the resistance per square of the NbSe2/Py bilayer, and σPy and tmag, and σNbS e2

and t are the Py and NbSe2 conductivities and thicknesses, respectively. Since

we keep tmag= 6 nm fixed in all our devices, the conductivities of both layers
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Figure 4.7: Inverse of the resistance per square as a function of the NbSe2 layer
thickness. The dots represent the experimental data for different devices and
the red line gives the linear fit.

can be obtained by a linear fit of 1/Rsq versus t, for which the intercept gives

σPytmag and the slope gives the NbSe2 conductivity. By fitting the data for all

our devices (Fig. 4.7) we obtain: σPy = (1.1 ± 0.2) × 106 (Ωm)−1 and σNbS e2 =

(6 ± 3) × 105 (Ωm)−1. The Oersted field contribution to the torques is therefore

given by: σOe =
(

e
~

)
µ0Me f f tmagtσNbS e2 /~, where µ0Me f f ∼ 0.8 T and tmag = 6 nm

for our samples.
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CHAPTER 5

CURRENT-INDUCED TORQUES IN TANTALUM DITELLURIDE WITH

DRESSELHAUS SYMMETRY.

In this chapter, we measure current-induced torques in heterostructures of

Permalloy (Py) with TaTe2, a transition-metal dichalcogenide material possess-

ing low crystal symmetries. In our TaTe2/Py heterostructures, we find torque

components with Dresselhaus symmetry, and suggest that the dominant mecha-

nism is simply the Oersted field from a component of current that flows perpen-

dicular to the applied voltage that arises from resistance anisotropy within the

TaTe2. As the spin-orbit torque community increasingly looks to low-symmetry

materials as a way to tune the symmetry allowed spin-orbit torque geometries,

there is a strong need to establish the additional torque contributions present in

this class of materials. In this work we clarify one such mechanism that does not

have its basis in a spin-orbit torque mechanism. This work is adapted from a

preprint with the coauthors David MacNeill, Nikhil Sivadas, Ismail El Baggari,

Marcos Guimarães, Neal Reynolds, Lena Kourkoutis, Robert Buhrman, Craig

Fennie and Dan Ralph.

5.1 Introduction

Current-induced spin-orbit torques are a promising method for efficiently ma-

nipulating magnetic devices [1]. Understanding the mechanisms by which the

directions of these torques can be manipulated, for example by using crys-

tal symmetries, is important for optimizing them for applications. To date,

all observations of spin-orbit torques from centrosymmetric materials – gen-

erated through either spin Hall [2, 3], Rashba-Edelstein [4, 5], topological spin-
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momentum locking [6, 7], or other spin-orbit effects [8, 9] – can be described

as corresponding to a Rashba-like symmetry (Fig. 5.1a). That is, the generated

field or spin is perpendicular to the applied current and lies within the sam-

ple plane. Torques corresponding to a more general spin symmetry have been

observed only in non-centrosymmetric systems, such as torques resulting from

the out-of-plane spins in WTe2 (Chapters 2 and 3), or torques corresponding to

a Dresselhaus-like spin polarization (Fig. 5.1b) observed in GaMnAs [10, 11],

GaAs/Fe bilayers [12, 13] and NiMnSb [14]. Here, we analyze current-induced

torques in bilayers of Permalloy (Py = Ni81Fe19) with the low-symmetry ma-

terial TaTe2, a centrosymmetric transition-metal dichalcogenide (TMD). To our

surprise, the heterostructures exhibit components of torque for which the de-

pendence on the angle of applied current relative to the crystalline axes reflects

a Dresselhaus symmetry, regardless of the fact that TaTe2 is inversion symmet-

ric. However, we suggest that in the case of TaTe2 this torque does not originate

from a spin-orbit mechanism. Instead, we suggest that this torque is dominated

by an Oersted field that mimics a Dresselhaus symmetry due to a resistance

anisotropy that causes current to flow non-collinear with the applied electric

field. As the spin-orbit torque community increasingly looks to low-symmetry

materials as a way to tune the symmetry allowed spin-orbit torque geometries,

there is a strong need to establish the additional torque contributions present in

this class of materials.

TaTe2 at room temperature has a monoclinic (1T’) crystal structure with a

centrosymmetric space group C2/m (# 12) [15, 16]. When integrated into a

heterostructure with Py only a single structural symmetry remains, one mirror

plane perpendicular to the TMD layers. In TaTe2, this mirror is within the a-c

plane, (Fig. 5.1c). The low-symmetry crystal structures of TaTe2 is clearly vis-
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ible in the cross-sectional high-angle annular dark-field scanning transmission

electron microscopy (HAADF-STEM) image of one of our devices (Fig. 5.1d).

5.2 Device Fabrication

To fabricate our samples we exfoliate TaTe2 from bulk crystals (supplied by HQ

graphene) onto high resistivity silicon / silicon oxide wafers using the scotch

tape method, where the final step of exfoliation is carried out in the load lock of

our sputtering system under high vacuum (< 10−6 torr). We deposit 6 nm of the

ferromagnet permalloy (Py = Ni81Fe19) by grazing angle sputtering to minimize

damage to the TaTe2 surface (Fig. 5.1d) in an ambient Ar pressure of 5 mtorr. We

use a deposition rate well below 0.2 angstroms / second, with the substrate ro-

tating at greater than 10 revolutions per minute. We cap our films with 2 nm Al

to prevent oxidation of the ferromagnet. Flakes are selected through optical and

atomic force microscopy, where the active region of any device is chosen to be

atomically flat, with an RMS surface roughness below 300 pm. The devices are

patterned into either a microwave-frequency-compatible ground-signal-ground

geometry for resonant measurements, or Hall bars for low-frequency (kHz) 2nd-

harmonic Hall measurements using e-beam lithography. The bars are defined

by Ar ion milling with SiO2 used as an etch mask. The etched bars are pro-

tected by subsequent sputter coating of SiO2. Electrical contacts, Ti (5 nm) /

Pt (75 nm), are defined through a lift-off process. Device geometries for the

ST-FMR and harmonic Hall measurements are as shown in Chapters 2 and 3

(see Figs. 2.1 and 3.1). The angle φI−mp between the direction of the applied cur-

rent and the mirror plane of the TMD in the finished devices is determined by

measurements of a magnetic easy axis in the Py induced by interaction with the
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TMD [17–19], in combination with polarized Raman spectroscopy and HAADF-

STEM imaging (see Sections 5.7.4 and 5.7.5). The Py equilibrium magnetization

lies within the sample plane. As depicted in Fig. 5.1e, when a current is applied

to a TMD/Py bilayer a current-induced torque acts on the magnetic moment.

To measure the current-induced torques in our samples, we use two comple-

mentary measurement methods, a harmonic Hall technique [18, 20, 21], and

spin-torque ferromagnetic resonance (ST-FMR) [2, 6, 17], with all measurements

made at room temperature. Both types of measurements gave consistent results.

The harmonic Hall measurements are detailed in Section 5.7.2.

5.3 ST-FMR measurements

In a ST-FMR measurement, an in-plane RF current (7-12 GHz) is applied to the

sample which generates torques on the ferromagnet in phase with the current

(Fig. 5.1e). An in-plane magnetic field is applied at an angle of φ relative to

the applied current, and the magnitude of this field is swept through the ferro-

magnetic resonance condition. We measure a DC voltage arising from mixing

between the RF current and resistance oscillations resulting from magnetiza-

tion precession together with the anisotropic magnetoresistance (AMR) of the

Py (Fig. 5.1f). This mixing voltage, Vmix, can be fitted as a function of magnetic

field as a sum of symmetric and antisymmetric Lorentzians, where the ampli-

tudes of these resonances (VS and VA) allow independent measurements of the

in-plane (~τ‖) and out-of-plane (~τ⊥) spin-orbit torques respectively [2, 17]:

VS = −
IRF

2

(
dR
dφ

)
1

αGγ (2B0 + µ0Meff)
τ‖, (5.1)

VA = −
IRF

2

(
dR
dφ

) √
1 + µ0Meff/B0

αGγ (2B0 + µ0Meff)
τ⊥. (5.2)
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Figure 5.1: (a) Rashba-like and (b) Dresselhaus-like net spin (or field) polar-
izations, where the spin (green arrow) is generated in response to an applied
current (purple arrow). The grey line represents a mirror plane. (c) TaTe2 crys-
tal structure looking down the b-axis (top) and the exfoliation plane (bottom).
The yellow spheres represent Te atoms and the purple spheres represent Ta
atoms. (d) A cross-sectional HAADF-STEM image of a TaTe2/Permalloy de-
vice showing high crystallinity except for one disordered and Te-deficient layer
at the interface. The trimerization associated with the low-symmetry room-
temperature TaTe2 crystal structure is clearly visible. (e) Schematic of the bi-
layer TaTe2/Permalloy sample geometry. The x-axis is defined to be parallel to
the applied electric field and the z-axis is perpendicular to the sample plane. (f)
ST-FMR resonances for a TaTe2 (19.7 nm) / Py (6 nm) device (Device 1) with the
magnetization oriented at 40◦ and -40◦ degrees with respect to the current direc-
tion. The applied magnetic field, B, is normalized by the resonance field, B0, to
account for a small shift in the resonance due to an in-plane uniaxial anisotropy
in the Permalloy. The applied microwave power is 2 dBm at a frequency of 9
GHz.

Here R is the device resistance, dR/dφ is due to the AMR in the Py, µ0Me f f is

the out-of-plane demagnetization field, B0 is the resonance field, IRF is the mi-

crowave current in the bilayer, αG is the Gilbert damping coefficient, and the
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equilibrium magnetization is saturated along the applied field direction.

The magnitude of torques with a conventional Rashba-like symmetry, ~τ‖ ∝

m̂ × (m̂ × ŷ) and ~τ⊥ ∝ m̂ × ŷ for current in the x̂ direction, are proportional to

cos(φ). Therefore, in the presence of only Rashba-like torques the magnitude

of Vmix is unchanged upon the operation φ → −φ but the sign is reversed (as

dR/dφ ∝ sin(2φ) in Eqs. 5.1 and 5.2). Figure 5.1f shows resonance curves in Vmix

as a function of applied in-plane field magnitude for φ = 40◦ (red) and φ = −40◦

(black, inverted), for one of our TaTe2/Py bilayer devices (Device 1). The dif-

ference between the two Vmix measurements shows a lack of φ → −φ symme-

try in the observed torques and suggests the presence of a torque which does

not arise entirely from a Rashba-like spin polarization. For all of the TaTe2/Py

devices, the antisymmetric component of the ST-FMR resonance is by far the

dominant contribution, so we will focus on ~τ⊥ here in the main text. The sym-

metric ST-FMR component indicates only a weak in-plane antidamping torque

with Rashba symmetry ~τ‖ ∝ m̂ × (m̂ × ŷ) and in some cases a small contribution

∝ m̂× ẑ that is not consistent from sample to sample and might arise from strain

(see Section 5.7.6).

Figure 5.2a shows VA as a function of φ for TaTe2/Py Device 1. The observed

VA(φ) clearly lacks φ → −φ symmetry and therefore cannot be described as aris-

ing solely from Rashba-like torques ∝ cos(φ). Other symmetries are allowed,

however, in low-symmetry samples such as TaTe2/Py. Torques associated

with Dresselhaus-like spin generation (Fig. 5.1b) can contribute components

~τ‖ ∝ m̂× [m̂× [cos(2φI−mp)ŷ±sin(2φI−mp)x̂]] and ~τ⊥ = m̂× [cos(2φI−mp)ŷ±sin(2φI−mp)x̂]

where x̂ is the direction of applied current. The parts of the Dresselhaus con-

tributions proportional to m̂ × (m̂ × x̂) or m̂ × x̂ will give torque amplitudes
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Figure 5.2: (a) and (b) Antisymmetric component of the ST-FMR resonance as a
function of applied in-plane magnetic field angle for TaTe2/Py Devices 1 and 2
respectively. The applied microwave power is 2 dBm at a frequency of 9 GHz.
Device 1 is TaTe2 (19.7 nm) / Py (6 nm) and Device 2 is TaTe2 (8.8 nm) / Py (6
nm) with distinct values of φI−mp, the angle between the current and TaTe2 a-c
mirror plane, as specified in the panels.

∝ sin(2φI−ac) sin(φ). We will refer to any current-induced torque of this form

as Dresselhaus-like, regardless of its microscopic origin. If we model the out-of-

plane torques in our TaTe2/Py bilayers as a sum of Rashba-like and Dresselhaus-

like terms, we can fit VA as:

VA = sin(2φ)
[
A cos(φ) + C sin(φ)

]
, (5.3)

where the sin(2φ) dependence comes from the AMR (dR/dφ) in Eq. 5.2, and

both A and C might depend on φI−mp. We extract a value of C/A = −0.69 ±

0.01 for Device 1, in which φI−mp is positive. In Fig. 5.2b we show VA(φ) for

TaTe2/Py Device 2, in which φI−mp is negative. Positive and negative values

of φI−mp are as defined in Fig. 5.2 c and d respectively. In Device 2 the sign
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of the φ → −φ symmetry breaking is opposite that in Device 1, corresponding

to an opposite sign C/A = 0.38 ± 0.01. This is consistent with the expectation

that in a Dresselhaus-like symmetry the component of spin or field along the

current direction changes sign across the mirror plane (Fig. 5.1b). We note that

the observation of a torque ∝ m̂ × x̂ is distinct from our previously-published

work on WTe2/Py, in which we observed a different non-Rashba component of

~τ⊥ ∝ m̂×(m̂× ẑ). A torque proportional to m̂×(m̂× ẑ) for an in-plane magnetization

amounts to adding a term constant in φ to Eq. 5.3 (B), such that τ⊥ = A cos(φ) +

B + C sin(φ). We observe no out-of-plane antidamping torque in our TaTe2/Py

devices within experimental uncertainty.

5.4 Crystal Axis Dependence

We have performed torque measurements on 19 different TaTe2/Py devices (4

2nd-harmonic Hall devices and 15 ST-FMR devices), all with distinct values of

φI−mp and TaTe2 thicknesses, tT MD. Figure 5.3a shows extracted values of C/A

as a function of φI−mp for both types of samples. The measurements are in good

agreement with the dependence on φI−mp expected for a field or spin polarization

with Dresselhaus symmetry (Fig. 5.1): C/A goes to zero when the current is

applied either along or perpendicular to a mirror plane (φI−mp = 0o, 90o, and

180o), and changes sign as φI−mp crosses the TaTe2 mirror plane (φI−mp = 0◦).

Details for each device are given in Table 5.1.

Our group has previously studied the current-generated torques in the low

symmetry TMD WTe2, finding a new component of spin-orbit torque – an out-

of-plane antidamping torque – consistent with the WTe2 crystal symmetries.
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Figure 5.3: a) and b) Ratio of torques ∝ m̂ × x̂ to the torques ∝ m̂ × ŷ, C/A,
as a function of the angle between the applied current and the (a) TaTe2 a-c
mirror plane and (b) WTe2 b-c mirror plane for devices studied by either ST-
FMR (blue circles) or second harmonic Hall measurements (red diamonds). Fits
are discussed in Sections 5.7.7 and 5.7.9.

WTe2 has an orthorhombic crystal structure that is non-centrosymmetric, with

space group Pmn21 (# 31). When interfaced with Py, the heterostructure is re-

duced to a single mirror plane at the interface (along the WTe2 b-c plane). Due

to the similarity of symmetires in WTe2/Py and TaTe2/Py heterosctructures, one

might also expect a Dresselhaus-like torque in WTe2. Analysis of the WTe2/Py

devices is slightly more complicated than TaTe2/Py devices due to the strong

out-of-plane antidamping torque ~τ⊥ ∝ m̂ × (m̂ × ẑ) in addition to the Rashba and

Dresselhaus components. See Section 5.7.9 for more details on the analysis of

WTe2 devices. In previous work on WTe2 devices [17, 18], we studied primar-

ily devices with current applied near high symmetry directions (φI−mp = 0◦ and

±90◦) and the Dresselhaus contribution was sufficiently small that we did not

make note of it. Nevertheless, studies of WTe2/Py devices at intermediate an-

gles φI−mp allow a clear separation of the different torque components based on

their dependence on φ, and measurements of the Dresselhaus contribution (see

Fig. 5.4) . Figure 5.3b shows the extracted values of C/A as a function of φI−mp

for our WTe2 devices. Our previous measurements of out-of-plane antidamping

torques in WTe2/Py samples are not affected by the inclusion of the additional
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Figure 5.4: Antisymmetric component of the ST-FMR resonance as a function of
applied in-plane magnetic field angle for WTe2/Py Device 11 in chapter 2. The
applied microwave power is 2 dBm at a frequency of 9 GHz. The angle from the
current to the mirror plane is 32o.

Dresselhaus term in the fits (see Section 5.7.9).

To obtain a more quantitative estimate for the strength of the Dresselhaus

torques, we take into account that a Dresselhaus torque does not point exclu-

sively in the direction ~τ⊥ ∝ m̂× x̂, but depending on the value of φI−mp it can also

have a component in the perpendicular direction that can add to or subtract

from Rashba component (see Fig. 1a,b):

τC
⊥ = C sin(φ) = [D sin(2φI−mp)] sin(φ),

τA
⊥ = A cos(φ) = [R + D cos(2φI−mp)] cos(φ),

where R is the component of cos(φ) torques arising from a Rashba-like spin

polarization, and D for Dresselhaus-like. The fit lines shown in Fig. 5.3 for

TaTe2/Py corresponds to a value D/R = −0.51 ± 0.03 (see Section 5.7.7), and

for WTe2/Py corresponds to a value D/R = −0.13 ± 0.02 (see Section 5.7.9).
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5.5 Microscopic Mechanism

We now turn to consideration of the microscopic mechanism that generates

current-induced torques with Dresselhaus symmetry in our system. TaTe2 can-

not generate a torque with a Dresselhaus symmetry through the mechanism

present in GaMnAs [10, 11] and NiMnSb [14] (an inverse spin Galvanic effect),

since inversion symmetry is intact in the TaTe2 bulk. An interfacial generation

is possible, but this would imply a trivial dependence on the TaTe2 thickness

(see Section 5.7.8), and preliminary first principles modeling of a torque from a

“hidden spin-polarization” [22] suggests that this effect is small in our system.

One trivial mechanism can arise from resistivity anisotropy within the TMD.

Both TaTe2 and WTe2 exhibit significant resistance anisotropy, where we show

the extracted resistivity of TaTe2 from our devices as a function of φI−ac in Fig

5.5a (where we have removed contributions from the Py layer and contact resis-

tance as outlined in Section 5.7.8). The extracted in-plane resistivity anisotropy

is 2.6±0.6. When an electric potential is applied away from one of the principle

axes in a material with anisotropic resistivity, the electric field and the current

are no longer collinear, i.e. for a potential along the sample bar the generated

current may be tilted. In a bar consisting of just one material, say TaTe2, the

boundary conditions force the transverse current at the edges of the bar to be

zero. However, in a bilayer with Py, the transverse component of current in the

TMD will turn into the Py to establish a return current flowing in the reverse

transverse direction and result in a circulating transverse current loop. The Oer-

sted field generated by this current loop naturally produces a field-like torque

on the Py layer with Dresselhaus symmetry (~τ⊥ ∝ sin(2φI−mp)m̂ × x̂), in addition

to the standard Oersted torque with a Rashba symmetry from the projection
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Figure 5.5: a) Measurement of the TaTe2 resistivity for 10 of our devices as a
function of φI−ac, extracted from the two-point resistance. (b) Simulated current
paths for a TaTe2(10 nm)/Py(6 nm) bilayer bar of length 4 µm and width 3µm
with a φI−ac = 45◦ for a constant voltage applied across the length of the bar. The
color map shows the height of the current streamline, with positive values in
the Py layer and negative values in the TaTe2 layer.

of current flowing along the bar. We have modeled the current pathways and

associated Oersted fields in our TaTe2/Py bilayers through the finite element

analysis software package COMSOL. Figure 5.5b shows the simulated current

path for a constant voltage applied across the length of a bar (length 4 µm and

width of 3 µm) with an anisotropy ratio of 2.6. Here, the principle axes tilted at

a 45◦ angle from the length of the bar (φI−mp = 45◦). The blue streamlines show

the current within the TaTe2, and the red streamlines show the current flowing

within the Py.

By taking the ratio of the integrated total current within the TaTe2 layer going

in the y-direction (along the width of the bar) to that in the x-direction (along

the length of the bar) we can estimate a value of C/A due to the Oersted field

generated by tilted currents. The result has the same dependence on φI−mp as

measured for the TaTe2/Py bilayers and the correct overall sign of C/A vs. φI−mp

for TaTe2/Py. For an anisotropy ratio of 2.6 we estimate a ratio of C/A ∼ 0.32,

within a factor of 2 of the result found in experiment. This quantitative differ-
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ence might be explained by an underestimate of the resistivity anisotropy in the

TaTe2 or by spatial non-uniformity in the resistivity as a function of thickness in

the Py layer. If such a non-uniformity were due to increased scattering at the

TaTe2/Py interface, the average effective resistivity of the Py would be higher

above the midplane of the Py layer than below. This causes the return current of

the transverse current loop flowing in the Py to add to the Oersted field from the

transverse current flowing in the TaTe2, while the longitudinal current in the Py

at the same time subtracts from the Oersted field produced by the longitudinal

current in the TaTe2. This has the overall effect of increasing C and decreasing

A, giving an enhanced value of C/A.

Additional evidence that the Dresselhaus torque in TaTe2/Py is due to an

Oersted field rather than a spin-orbit torque is that all other components of spin-

orbit torque in TaTe2/Py are measured to be small or zero (including the in-

plane antidamping torque with Rashba symmetry, ∝ m̂ × (m̂ × ŷ), that is usually

dominant in spin-orbit systems). This may also be the reason that TaTe2 does

not exhibit an out-of-plane antidamping torque ∝ m̂ × (m̂ × ẑ) even though it

is symmetry allowed. Last, the observed Dresselhaus torque ∝ m̂ × x̂ and the

Oersted torque from the longitudinal current ∝ m̂× ŷ have a similar dependence

on the thickness of the TaTe2 (see Section 5.7.8).

A torque from tilted currents in WTe2/Py bilayers also qualitatively explains

the Dresselhaus symmetry torques observed in WTe2/Py devices, and is dis-

cussed in more detail in Section 5.7.9.
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5.6 Conclusions

In summary, we have measured current-induced torques with Dresselhaus-like

symmetry in both TaTe2/Py and WTe2/Py. This component of torque can likely

be explained as due to the Oersted field generated by a component of cur-

rent transverse to the applied voltage in the sample, arising from the resistiv-

ity anisotropy in the low-symmetry TMDs. Understanding the various possible

torque generation mechanisms in low-symmetry systems is crucial for potential

engineering of the microscopic mechanisms by which crystal symmetries can be

used to manipulate spin-orbit torques. It is our hope that this work clarifies one

such mechanism that does not have its basis in a spin-orbit torque mechanism.
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5.7 Supplemental Information

5.7.1 Analysis of ST-FMR measurements

The details of our ST-FMR analysis can be found in Section 2.8.2. To determine

a quantitative measure of the torques (not just a ratio) from Eqs. 1 and 2, we

determine αG, R (φ) and IRF as discussed in Section 2.8.2, with the exception that

R (φ) is measured under a 0.1 T field in this work.

The torque conductivity reported in the main text is defined as the angu-

lar momentum absorbed by the magnet per second per unit interface area per

unit electric field. It provides a measure of the torques produced in a spin

source/ferromagnet bilayer independent of geometric factors. For a torque τK

(where K = A or C) we calculate the corresponding torque conductivity as:

σK =
MSlwtmagnet

γ

τK

(lw) E
=

MSltmagnet

γ

τK

IRF · Z
,

where MS is the saturation magnetization, E is the electric field, l andw are the

length and width of the TaTe2/Permalloy bilayer, Z is the measured RF device

impedance, and tmagnet is the thickness of the Permalloy. We approximate µ0MS ≈

µ0Me f f = 0.83 T, as extracted from the ST-FMR measurements.
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Figure 5.6: First harmonic Hall signal (red) and fit (black) in Device 16 with 20
mT applied in-plane field and a 300 mV RMS excitation across sample and a 50
Ω bias resistor in series.

5.7.2 Second harmonic Hall measurements

Hall bars are fabricated using the same process as our ST-FMR devices, and

have a length and width as specified in Table 5.1; the width of the voltage probes

used for the Hall measurements are scaled by a ratio of 0.375 times the width of

the bar for each device. The active region of the Hall bar has a uniform TaTe2

thickness, with no monolayer steps as measured by atomic force microscopy.

We apply a voltage V (t) = V0 cos (2π f t)across the sample and a 50 Ω bias resistor

in series at a frequency f=1.3 kHz, where V0 = 300 mV or 200 mV root mean

square (RMS) for bars of width 3 µm and 2 µm respectively. The first (V f
H) and

second (V2 f
H ) harmonic of the Hall signals are measured simultaneously as a

function of applied magnetic field angle, where the magnitude of the applied

field is held constant throughout a given measurement (ranging from 0.01 to

0.1 T). The current through the Hall bar is measured separately under the same

experimental conditions as the Hall measurement. Figure 5.6 shows the first

harmonic Hall signal as a function of applied magnetic field angle, φ, and is fit
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using the equation:

V f
H = I0RPHE sin(2φM),

where I0 is the current applied to the Hall bar, RPHE is the planar Hall resistance

and φM is the angle of the magnetization with respect to the current direction. In

the limit where B� BA, φM = φ−(BA/B) sin(2φ−2φEA), where BA is the magnitude

of the in-plane magnetic anisotropy in the Permalloy and φEA is the angle of the

magnetic easy-axis with respect to the current direction. The first harmonic Hall

measurement is used to determine I0RPHE, BA, and φEA. V2 f
H is related to the out-

of-plane (τ⊥) and in-plane (τ‖) components of the current-generated spin-orbit

torques by (see Section 3.6.1 for a derivation1):

V2 f
H ≈I0RPHE cos(2φM)

τ⊥/γ

B + BA cos(2φM − 2φEA)

+
I0RAHE

2
τ‖

/
γ

B + µoMeff + BAcos2(φM − φEA)
,

(5.4)

where RPHE is the planar Hall resistance, RAHE is the anomalous Hall resistance,

µoMeff is the effective magnetization field, and γ is the gyromagnetic ratio. In

high symmetry systems the spin-orbit torques have a purely Rashba-like spin-

symmetry with an out-of-plane component ~τ⊥ ∝ m̂ × ŷ and an in-plane compo-

nent ~τ‖ ∝ m̂×(m̂×ŷ) where the applied current is the x̂ direction. In this case, both

torque magnitudes are proportional to cos(φM) and therefore V2 f
H (φ) = V2 f

H (−φ)

for small BA. Figure 5.7a shows V2 f
H as a function of φ for one of our Hall bar

devices (Device 16). As in our ST-FMR measurements, the measured second

harmonic Hall signal clearly lacks φ → −φ symmetry. This asymmetry cannot

be captured by Rashba-like torques and the small in-plane magnetic anisotropy

(grey fit in Fig. 5.7a), pointing to the presence of additional torques. If we al-

low for a Dresselhaus-like component of field-like torque, ∝ m̂ × x̂, and model

the out-of-plane torques present in our Hall bar as a sum of Rashba-like and

1Note that there is an unfortunate difference in the definition of the in-plane torque direction
in Chapter 3 than in the other chapters.
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Figure 5.7: (a) Second harmonic Hall voltage for Device 16, where the dashed
grey line gives the fit function assuming only Rashba-like torque contributions,
and the black curve shows the full fit using Eq. 5.5 . As can be clearly seen, the
small uniaxial anisotropy in the Py only weakly breaks φ → −φ symmetry and
is unable to account for our observations. The applied in-plane magnetic field
is 20 mT with a 300 mV excitation across the device and an in series 50 ohm
bias resistor. (b) The second harmonic Hall fit values of τA and τC as a func-
tion of applied in-plane magnetic field for Device 16 under the same excitation
conditions.

Dresselhaus-like components:

τ⊥ = A cos(φ) + C sin(φ),

we can accurately capture the φ→ −φ symmetry breaking in the observed V2 f
H .

To fit the second harmonic Hall data, we must consider the effects of magne-

tothermal voltages. For an in-plane magnetization, thermal contributions to the

second harmonic Hall voltage are dominated by the planar Nernst effect aris-

ing from an out-of-plane thermal gradient, which adds a term proportional to

cos(φ) to V2 f
H . In the limit of µ0Meff � B, BA, the second harmonic Hall voltage

arising from τ‖ also has an overall angular dependence of cos(φ) if τ‖ has only a

Rashba-like contribution. We therefore combine the terms proportional to cos(φ)

into one fit parameter to yield a total fit function of:

V2 f
H ≈ cos(2φM)

A cos(φM) + C sin(φM)
B + BA cos(2φM − 2φE)

+ N cos(φM) + offset, (5.5)
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where A is proportional to the out-of-plane torques with a cos(φm) depen-

dence,

A = I0RPHEτA/γ,

and C is proportional to the out-of-plane torques with a sin(φm) dependence,

C = I0RPHEτC/γ.

N is a combination of an in-plane antidamping torque and the planar Nernst

contributions. Figure 5.7a shows the measured V2ω
H as a function of φ (red) for

Device 16 and the fit (black). Figure 5.7b shows τA/γ and τC/γ as a function

of applied magnetic field, where I0RPHE extracted from the first harmonic Hall

signal is divided from the fit values of A and C. The field independence of the

extracted terms confirms their origin as current-generated torques.

We determine the individual torque conductivities σA and σC from the sec-

ond harmonic Hall measurements according to (here the subscript K = A or C):

σK =
Mslwtmagnet

~γ/2e
τK

(lw) E

(
~

2e

)
=

eMsltmagnet

µB

τK

V

(
~

2e

)
To estimate the applied electric field we divide the applied voltage by the length

of the Hall device. We estimate the saturation magnetization as the effective

magnetization, Ms ≈ Meff , determined from the average Meff of our ST-FMR de-

vices (described below), finding µ0Meff = 0.83T ± 0.02T. This is a reasonable

approximation given that Hall and ST-FMR devices are made from the same

ferromagnetic deposition and fabrication process.
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Device Device Type t (nm) L ×W (µm) C/A τS/τA BA φI−ac φRaman

Number ± 0.3 nm ± 0.2 µm (0.1 mT) ±2◦

1 ST-FMR 8.8 5 X 4 -0.687(7) 0.20(2) 23 29 45
2 ST-FMR 19.7 5 X 4 0.384(7) -0.04(2) 20 -57 -70
3 ST-FMR 6.8 4 X 3 -0.31(1) 0.17(3) 48 70 50
4 ST-FMR 11.3 5 X 4 -0.596(8) 0.30(2) 20 21 25
5 ST-FMR 10.4 5 X 4 -0.238(6) 0.18(2) 29 70 –
6 ST-FMR 9.1 5 X 4 -0.275(6) 0.22(1) 21 63 65
7 ST-FMR 15.4 5 X 4 0.197(6) 0.21(2) 28 -7 -7
8 ST-FMR 16.4 5 X 4 0.147(6) -0.02(2) 16 -86 -90
9 ST-FMR 9.4 3 X 2 0.189(4) 0.18(1) 17 -72 –

10 ST-FMR 11.0 4 X 3 -0.521(5) 0.18(1) 25 9 –
11 ST-FMR 16.1 4 X 3 0.02(1) -0.01(4) 53 -90 -90
12 ST-FMR 6 4 X 3 0.334(9) 0.16(3) 48 -68 -55
13 ST-FMR 8.2 4 X 3 -0.46(1) 0.15(3) 43 69 50
14 ST-FMR 17.4 4 X 3 -0.50(1) 0.06(3) 25 56 25
15 ST-FMR 4.5 4 X 3 -0.23(1) 0.27(3) 29 73 20
16 SH 14.2 10.3 X 3 0.237(6) – 19 -15 -20
17 SH 7.8 7.2 X 2 -0.052(4) – 31 80 85
18 SH 16.4 4.9 X 2 0.282(5) – 18 -59 -20
19 SH 5.0 16 X 3 0.182(8) – 46 -71 –

Table 5.1: Comparison of device parameters, torque ratios, and magnetic
anisotropy parameters for TaTe2/Py heterostructures.

5.7.3 Cross-sectional HAADF-STEM

For electron microscopy measurements, we prepare a thin cross-sectional

lamella from the active area of Devices 7 and 11 using the focused ion beam (FIB)

lift-out technique. Imaging is performed perpendicular to the current direction

of the sample. Aberration-corrected high-angle annular dark-field (HAADF)

STEM is performed in an FEI Titan Themis operating at 300 kV. The conver-

gence semi-angle is 21.4 mrad, and the inner collection angle for HAADF is 68

mrad. The probe current is 50-60 pA. To overcome drift and scan noise, we

collect stacks of 30 images taken with 1 µs/pixel dwell time and align and aver-

age them using rigid registration. Despite the high voltage, we do not observe

knock-on damage between frames or during imaging. The sample alignment

from the expected crystal axis for devices 7 and 11 differed by only ∼ 5 degrees,

which is typical for samples prepared using FIB lift-out. STEM imaging cour-
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Figure 5.8: Resonant field for ST-FMR devices as a function of applied magnetic
field angle for Device 7 (a) and Device 11 (b). The angle at which the resonant
field is minimized gives the direction of the magnetic easy axis, φEA, here 83◦ and
0◦, corresponding to φI−ac values of −7◦ and −90◦ , respectively. The magnitude
of the magnetic easy axis, BA, can also be directly extracted from the fit. The
applied microwave frequency is 9 GHz with applied powers of 2 dBm and 5
dBm respectively.

tesy of Ismail El Baggari.

5.7.4 Measurement of the in-plane magnetic anisotropy

In our ST-FMR devices, measurements of the resonant field (B0) as a function

of the applied magnetic field angle (φ) can be used to extract the in-plane mag-

netic easy-axis direction and magnitude. The angular dependence of B0 can be

described by:

B0 = BKittel − BA cos(2[φ − φEA]),

where BKittel is the resonance field without any in-plane anisotropy and φEA is

the angle of the easy-axis with respect to the current direction. Figure 5.8 shows

the magnetic field at ferromagnetic resonance as a function of the in-plane mag-

netization angle for Devices 7 and 11. The data from both samples indicate the

presence of a uniaxial magnetic anisotropy within the sample plane, at angles

of 83 and 4 degrees from the current direction, respectively. Table 5.1 shows the
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Device 7 Device 11

Device 7 Device 11

Figure 5.9: (a,b) Raman spectra for Devices 7 and 11, with a 488 nm excitation
and with the excitation and detector polarized parallel to each other. φRaman is
the angle between the excitation polarization and the device current direction
(along the bar). The red traces show spectra with the polarization parallel to
the current and the black traces show spectra with the polarization approxi-
mately perpendicular. (c,d) Angular dependence of the Raman spectra for the
two devices. The color map represents the peak intensity (with arbitrary units).
The maximum of the ∼ 80 cm−1 peak corresponds to the TaTe2 a-c mirror plane,
where φRaman → −φI−ac.

magnitude of BA and φEA for all devices.

In our Hall bar devices, measurements of the first harmonic Hall voltage (de-

scribed in Section 5.7.2) can be used to determine the magnitude and direction

of the induced easy-axis in the Permalloy film. The Hall voltage is given by

VH = I0RPHE sin(2φM), where I0 is the current applied to the Hall bar, RPHE is the

planar Hall resistance and φM is the angle of the magnetization with respect to

the current direction. In the limit where B � BA, φM = φ − (BA/B) sin(2φ − 2φEA).
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Device 7 Device 11

Figure 5.10: (a,b) Cross-sectional HAADF-STEM images of Devices 7 and 11
respectively. The images are taken perpendicular to the current direction for
each device (along the ST-FMR sample bar). (a) looks down the TaTe2 b-axis
and (b) looks along the TaTe2 b-axis, confirming that in each device the induced
magnetic easy-axis lies along the TaTe2 b-axis.

The first harmonic Hall measurement is used to determine I0RPHE, BA, and φEA.

Figure 5.6 shows the first harmonic Hall voltage for Device 16.

We find that TaTe2 and WTe2 both induce a magnetic easy axis in the adjacent

Py, but in opposite directions with respect to their respective crystallographic

mirror plane direction (TaTe2 induces a magnetic easy-axis perpendicular to the

a-c mirror plane, whereas WTe2 induces a magnetic easy-axis along its b-c mir-

ror plane). The magnitude of the induced easy axis is stronger in WTe2/Py bi-

layers (6.2-17.3 mT) as compared to the TaTe2/Py bilayers (1.7-5.3 mT). We find

no such magnetic easy axis in NbSe2/Py or MoTe2/Py devices.
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5.7.5 Determination of TaTe2 crystal axes

As noted in the previous section, similar to WTe2/Py bilayers, TaTe2 induces

a magnetic easy axis in the adjacent Permalloy layer. We use this easy axis

to determine the angle between the current direction and the TaTe2 crystal

axes. For TaTe2/Py, we found that the alignment of the magnetic easy axis is

along the b-axis of the TaTe2 crystal using a combination of magnetic anisotropy

measurements together with polarized Raman spectroscopy and cross-sectional

HAADF-STEM imaging. Details of the HAADF-STEM imaging can be found in

Section 5.7.3. The Raman measurements are performed using a Renishaw inVia

confocal Raman microscope with a linearly polarized 488 nm wavelength exci-

tation and a co-linear polarizer placed in front of the spectrometer entrance slit.

The sample is positioned such that the excitation electric field is in the sample

plane with a normal angle of incidence.

No previous measurements of a polarization-dependent Raman spectrum in

TaTe2 have been reported to our knowledge, but the symmetry of the polariza-

tion dependence is required to be the same as the room temperature monoclinic

phase in 1T’-MoTe2 (space group # 11), which has been studied in detail (see

Sections 6.7 and 6.8). This is because the polarization dependence of the Raman

signal is governed by the point group (2/m) which is the same for both TaTe2

and 1T’-MoTe2. Raman spectra are shown for two samples (Devices 7 and 11)

in the Fig. 5.9. We have verified by cross-sectional HAADF-STEM imaging in

both of these devices (Fig. 5.10) that, like in 1T’-MoTe2, the ∼ 80 cm−1 parallel-

polarized Raman mode in TaTe2 is maximized along the crystallographic a-c

mirror plane. For each of these devices, the measured magnetic easy-axis corre-

sponds to the TaTe2 b-axis (Fig. 5.8). The values of φI−ac as measured by Raman
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(φI−ac → −φRaman) are reported in Table 5.1 for 15 of our devices. For 12 of these

devices the induced magnetic easy axis lies within 20◦ of the estimated peak of

the Raman 80 cm−1 mode (the a-c plane). For the remaining three devices there

is significant disagreement. A shape anisotropy in the Py bar can account for

some of the discrepancy in our ST-FMR samples the etched bar length is ∼ 40

µm long (the majority of the bar is covered by the top leads) leading to an as-

pect ratio of 3:40 or 4:40 and a shape anisotropy of ∼ 10 Oe. In at least one of

these samples (Device 18) the discrepancy may be explained by mild damage

that occurred to the device between the electronic measurements and Raman

characterization.

5.7.6 In-plane torques in TaTe2/Py bilayers

In the main text we focused on the out-of-plane torques in TaTe2/Py bilayers.

Here, we will comment on the in-plane torques present in our samples as mea-

sured by ST-FMR. The symmetric component of the Lorentzian fit of the mixing

voltage (Eq. 5.1) is proportional to the in-plane torques in the bilayers. We ob-

serve a small but non-zero torque component with an angular dependence pro-

portional to cos(φ) in our samples, corresponding to a torque ∝ m̂×(m̂× ŷ), which

we call τS. The angular dependence of the in-plane torques is shown for two dif-

ferent devices in Fig. 5.11 a and b, and the ratio of this torque to τA is reported

in Table 5.1 for all devices measured. The relatively small size of the measured

symmetric signals (blue) is evident when plotted with the corresponding anti-

symmetric signals (red) on the same scale (Fig. 5.11 c and d). In some of our

samples, we also observe a very small in-plane torque ∝ m̂ × ẑ, which we call

τT. We therefore fit the dependence of the applied magnetic field angle for the
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Figure 5.11: (a,b) Symmetric component of the mixing voltage (red points) for
ST-FMR devices 12 and 13, corresponding to the in-plane torque. The black
curves show fits using Eq. 5.6. (c,d) Symmetric (VS , blue) and antisymmetric
(VA, red) components of the mixing voltage, corresponding to in-plane and out-
of-plane torques, plotted on the same scale. (e,f) Ratios of the fit components
S/A and T/A vs. φI−ac and tTMD. In (a-f) the applied microwave frequency is 9
GHz.

symmetric component of the ST-FMR mixing voltage, VS, as a sum of these two

torques:

VS = sin(2φ)
[
S cos(φ) + T

]
. (5.6)

160



The torque τT is allowed by the symmetry of the TaTe2 crystal, however, this

small component of torque is inconsistent across our devices, and does not

show the expected dependence across the a-c mirror plane, i.e. it does not al-

ways change sign for positive and negative φI−ac as expected by symmetry. We

therefore do not report it as a torque ubiquitous to the TaTe2/Py system. Figure

5.11 e and f shows S/A and T/A as a function of φI−ac and the TMD thickness,

tTMD for all of our ST-FMR devices. Due to the small size of the in-plane torques

in the TaTe2/Py bilayer system, we do not report the in-plane torques as mea-

sured by the second harmonic Hall technique as it is difficult to separate such a

small term from the Nernst voltage present in our samples.

5.7.7 Model for C/A

In the main text we have modeled the φI−mp dependence of the torques propor-

tional to m̂ × x̂ as arising solely from a Dresselhaus symmetry and the torques

proportional to m̂ × ŷ as a sum of Rashba and Dresselhaus symmetry contribu-

tions:

τC
⊥ = C sin(φ) = [D sin(2φI−mp)] sin(φ),

τA
⊥ = A cos(φ) = [R + D cos(2φI−mp)] cos(φ),

where R is the component of cos(φ) torques arising from a Rashba symmetry,

and D for Dresselhaus, which can generate both cos(φ) and sin(φ) dependent

torques. The fit equation used to extract a ratio of D/R from the plot of C/A as a

function of φI−mp is:
C
A

=
D/R sin(2φI−mp)

1 ± D/R cos(2φI−mp)
, (5.7)
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Figure 5.12: (a) 1/R� as a function of the TaTe2 thickness for the 5 devices with
the same aspect ratio (4 × 3 µm) and within ±10◦ of |φI−ac| = 65◦ (red circles).
The fit (black line) allows an extraction of the resistivities for TaTe2 and Py. (b)
Torque conductivities for the same 5 devices, as shown in the main text. Here,
the dashed blue line gives the estimated Oersted field contribution to σA.

where the sign of D/R sets the relative orientation of the field directions in the

Dresselhaus and Rashba symmetries and the ± in the denominator sets the over-

all orientation. Our TaTe2/Py bilayers are represented by the scenario shown

in Fig. 5.1 a and b, where D/R is negative and the sign in the denominator is

positive, consistent with an Oersted field from tilted currents dominating both

contributions. We note that this model does not take into account the possibility

that D and R may differ in their dependence on the thickness of the TMD.

5.7.8 Thickness dependence of the torques

Here we report the thickness dependence of torque conductivities σA and σC for

5 devices ±10◦ within |φI−ac| = 65◦ where all selected devices also have the same

aspect ratio of 4×3 µm. In Fig. 5.12a we plot 1/R� for these 5 devices as a function

of TaTe2 thickness, where R� = wR/l is the sheet resistance as determined from

the two point resistance of the device, R, with width w and length l. The fit
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function is given by:
1

R�
=

tmag

ρresidual
+

tTMD

ρTMD

where tmag is the thickness of the Py, ρresidual is the residual resistivity at tTMD = 0

and includes the Py resistance and device contact resistance, and ρTMD is the

resistivity of TaTe2 for |φI−ac| = 65◦. We extract values of ρTMD ∼ 120±10 µΩcm and

ρresidual ∼ 150 ± 20 µΩcm. Using these values, we can estimate the Oersted field

contribution to the torque conductivities. For the torque ∝ m̂ × ŷ the estimated

Oersted field torque conductivity is given by:

σOe =

(e
~

)
µ0MStmagσ

Charge
TMD tTMD,

where we estimate Ms ≈ Meff from the ST-FMR measurements and σ
Charge
TMD ∼

8.3 ± 0.5 × 105(Ω−1m−1) from the extracted resistivity. The blue line in Fig. 5.12b

gives the estimated σOe contribution for σA. Note that this estimate is for a ma-

terial with an isotropic resistivity and may overestimate the value as it does not

capture the effects of tilted current paths, as well as any thickness dependence

to the TaTe2 resistivity. Also, as noted in the main text, if the resistivity of the Py

is not uniform across its thickness (for instance due to increased scattering near

the TaTe2/Py interface) this could have the effect of decreasing the measured

value Oersted torque ∝ m̂ × ŷ due to competing Oersted torques from the TaTe2

and current above the midline of the Py thickness.

5.7.9 Dresselhaus-like torque in WTe2/Py bilayers

As discussed in the main text, the WTe2 crystal structure allows a Dresselhaus-

like spin-polarization based on a symmetry analysis of either the bulk crystal

or the WTe2/Py surface. A torque arising from such a current-induced spin-
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Device t (nm) L ×W (µm) τB/τA τB/τA C/A BA φI−bc

Number ± 0.3 nm ± 0.2 µm w/out C w/ C (0.1 mT) ±2◦

1 5.5 4.8 × 4 0.373(4) 0.372(3) -0.010(5) 70.1(7) -87
2 15.0 6 × 4 0.011(7) 0.011(7) -0.01(1) 151(2) -5
5 8.2 6 × 4 0.133(8) 0.132(8) 0.10(1) 150(1) -15
7 3.4 4 × 3 0.207(8) 0.206(8) 0.02(1) 153(1) -15
9 6.7 5 × 4 0.278(6) 0.279(6) 0.089(9) 173(1) -65

11 14.0 5 × 4 -0.13(1) -0.128(9) -0.19(1) 138(2) 32
12 5.3 5 × 4 -0.320(6) -0.319(6) -0.024(8) 156(3) 84
14 5.3 5 × 4 0.340(7) 0.341(7) -0.09(1) 140(1) 69
15 5.5 5 × 4 0.332(7) 0.331(6) -0.060(6) 155(1) 75
16 3.4 5 × 4 0.236(8) 0.236(7) -0.09(1) 132(1) 29
17 2.6 5 × 4 0.020(8) 0.021(8) -0.039(1) 20(2) -2
18 5.0 5 × 4 -0.451(7) -0.444(6) -0.090(8) 20(3) 74

Table 5.2: Comparison of device parameters, torque ratios, and magnetic
anisotropy parameters for WTe2/Py bilayers as originally detailed in Chapter
2, but with the additon of a Dresselhaus torque component to the fit for the
out-of-plane torques. We find a small but nonzero value for the ratio C/A for
samples in which φI−bc is sufficiently different from 0◦ or ±90◦. We also show
that the inclusion of the Dresselhaus-like torque ∝ m̂ × x̂ does not affect our
previously reported values for the out-of-plane antidamping torque component
because the ratio B/A is unchanged within measurement uncertainty.

polarization is maximized when an in-plane current is applied at an interme-

diary angle with respect to the WTe2 mirror symmetries (b-c mirror plane and

a-c glide plane). In our previous work, we did not originally notice a torque

component arising from a Dresselhaus-like spin-polarization as we focused on

samples with current perpendicular or parallel to the b-c mirror plane (φa−I = 0◦

and φa−I = 90◦), where the Dresselhaus-like component is expected to be mini-

mal. Adding a Dresselhaus-like component, m̂ × x̂, to the fit of the out-of-plane

torques (VA, antisymmetric component of Vmix) for the WTe2/Py ST-FMR devices

studied in Chapter 2, gives an overall dependence for the applied magnetic field

angle, φ, of:

VA = sin(2φ)[A cos(φ) + B + C sin(φ)],

where A represents torques ∝ m̂ × ŷ, B represents torques∝ m̂ × (m̂ × ẑ) and C

represents torques ∝ m̂ × x̂. Figure 5.4 shows one such device and fits with and

without the C parameter. Table 5.2 shows the values of C/A extracted from the
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fits from the devices studied in Chapter 2, as well as the values of B/A deter-

mined with and without including the parameter C in the fits. As can be seen in

the table, our previous observations of the out-of-plane antidamping torque in

WTe2/Py bilayers are not affect by the inclusion of this extra term. Figure 5.3b

shows the extracted values of C/A plotted as a function of φI−bc, the angle of the

applied current to the WTe2 b-c mirror plane (φI−bc = φa−I−90◦). The dependence

of C/A on the direction of current with respect to the WTe2 crystal axes is similar

to our TaTe2/Py samples: C/A goes to zero when current is parallel or perpen-

dicular to a mirror plane (φI−bc = 0◦ and 90◦), and is maximal when current is

applied between these two values. We model the dependence of C/A using Eq.

5.7, and extract a value of D/R = −0.13 ± 0.02. We note that for our WTe2/Py

samples, we do not have sufficient resolution to accurately determine the sign

in the denominator of Eq. 5.7, with both giving the same ratio of D/R within

the fit error and with comparable residuals (+, red curve; −, black curve). Since

we know from our previous work (see Chapter 3) that the Rashba component

of the out-of-plane torque is dominated by the Oersted field, we can determine

that the sign in the denominator should be positive.

Using the two-point sheet resistance of our WTe2/Py devices, we have ex-

tracted an in-plane resistivity anisotropy of ∼2 in WTe2, with the a-axis being

less resistive. We find a value of ρa−axis = 530 ± 140 µΩcm and a value of

ρb−axis = 1160 ± 100 µΩcm averaged across devices that have been exfoliated

in nitrogen and vacuum. We note that this difference in surface treatment may

affect the absolute values of the resistivities, but it would be surprising if it af-

fected the sign of the anisotropy. The resistivity anisotropy for WTe2 found here

is consistent with both TaTe2 and MoTe2 [23] in that the metal-atom chain is

the low resistance axis for all of these materials. This implies that qualitatively
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the torques with Dresselhaus symmetry in WTe2/Py heterostructures can be de-

scribed by the tilted currents induced through the resistivity anisotropy.

References

[1] A. Brataas, A. D. Kent, and H. Ohno. “Current-induced torques in mag-

netic materials.” Nature Materials 11, 372 (2012). Review Article.

[2] L. Liu, T. Moriyama, D. C. Ralph, and R. A. Buhrman. “Spin-Torque Fer-

romagnetic Resonance Induced by the Spin Hall Effect.” Physical Review

Letters 106, 036601 (2011).

[3] L. Liu, C.-F. Pai, Y. Li, H. W. Tseng, D. C. Ralph, and R. A. Buhrman. “Spin-

Torque Switching with the Giant Spin Hall Effect of Tantalum.” Science 336,

555 (2012).

[4] I. M. Miron, G. Gaudin, S. Auffret, B. Rodmacq, A. Schuhl, S. Pizzini,

J. Vogel, and P. Gambardella. “Current-driven spin torque induced by the

Rashba effect in a ferromagnetic metal layer.” Nature materials 9, 230 (2010).

[5] J. C. R. Sánchez, L. Vila, G. Desfonds, S. Gambarelli, J. P. Attané, J. M. De
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K. Výborný, A. J. Ferguson, and T. Jungwirth. “An antidamping spinorbit

torque originating from the Berry curvature.” Nature Nanotechnology 9, 211

(2014).

[12] T. D. Skinner, K. Olejnı́k, L. K. Cunningham, H. Kurebayashi, R. P. Cam-

pion, B. L. Gallagher, T. Jungwirth, and A. J. Ferguson. “Complemen-

tary spin-Hall and inverse spin-galvanic effect torques in a ferromag-

net/semiconductor bilayer.” Nature Communications 6, 6730 (2015).

[13] L. Chen, M. Decker, M. Kronseder, R. Islinger, M. Gmitra, D. Schuh,

D. Bougeard, J. Fabian, D. Weiss, and C. H. Back. “Robust spin-orbit torque

167



and spin-galvanic effect at the Fe/GaAs (001) interface at room tempera-

ture.” Nature Communications 7, 13802 (2016). Article.

[14] C. Ciccarelli, L. Anderson, V. Tshitoyan, A. J. Ferguson, F. Gerhard,

C. Gould, L. W. Molenkamp, J. Gayles, J. Železný, L. Šmejkal, Z. Yuan,
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Buhrman, and D. C. Ralph. “Thickness dependence of spin-orbit torques

generated by WTe2.” Physical Review B 96, 054450 (2017).

[19] J. Li and P. M. Haney. “Interfacial magnetic anisotropy from a 3-

dimensional Rashba substrate.” Applied Physics Letters 109, 032405 (2016).

[20] M. Hayashi, J. Kim, M. Yamanouchi, and H. Ohno. “Quantitative charac-

terization of the spin-orbit torque using harmonic Hall voltage measure-

ments.” Phys. Rev. B 89, 144425 (2014).

168



[21] C. O. Avci, K. Garello, M. Gabureac, A. Ghosh, A. Fuhrer, S. F. Alvarado,

and P. Gambardella. “Interplay of spin-orbit torque and thermoelectric ef-

fects in ferromagnet/normal-metal bilayers.” Phys. Rev. B 90, 224427 (2014).

[22] X. Zhang, Q. Liu, J.-W. Luo, A. J. Freeman, and A. Zunger. “Hidden spin

polarization in inversion-symmetric bulk crystals.” Nature Physics 10, 387

(2014).

[23] H. P. Hughes and R. H. Friend. “Electrical resistivity anomaly in β-MoTe2

(metallic behaviour).” Journal of Physics C: Solid State Physics 11, L103 (1978).

169



CHAPTER 6

SPIN-ORBIT TORQUES IN MOLYBDENUM DITELLURIDE

6.1 Introduction

This chapter explores the spin-orbit torques generated in yet another low sym-

metry transition metal dichalcogenide (TMD), MoTe2 [1–3]. What makes MoTe2

unique among the commonly studied TMDs is that it is polymorphic – it is read-

ily stabilized into three distinct crystal structures: hexagonal (α), monoclinic (β)

and orthorhombic (γ) – and provides a platform for a rich variety of physics in

its different phases, ranging from semiconductor physics [4] to superconduc-

tivity [5], and quantum spin Hall physics [6] to topological semi-metals [7–12].

Previous work has shown that laser annealing [2], electrostatic gating [3], and

strain [13, 14] can all be used to transition from the α to the β phase, with the

latter two being reversible.

The octahedrally coordinated phases (β and γ) of MoTe2 provide a particu-

larly unique opportunity to probe the symmetries relevant for the generation

of novel spin-orbit torques. The monoclinic phase (space group 11) retains in-

version symmetry, with a screw axis along the Mo-chain (in the monoclinic ba-

sis, typically called the b-axis) and a mirror plane perpendicular to the screw

axis. Whereas the orthorhombic phase lacks inversion symmetry and is, in fact,

isostructural to WTe2 (space group 31) with a c-axis screw symmetry, an a-c

glide plane and b-c mirror plane (in the orthorhombic basis). Both phases, how-

ever, are limited to the same single mirror plane symmetry at their surface. This

motivates MoTe2 as an ideal test of the symmetry requirements for the gener-

ation of an out-of-plane antidamping torque. Will such a torque be present in
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Figure 6.1: a) Octahedrally coordinated MoTe2 crystal in both the γ (Td) and β
(1T ’) phases with the mirror plane along the page and the Mo chain running
into the page. Image adapted from Ref [15]. b) Geometry of the induced spin-
orbit torques in our MoTe2/Py heterostructures. c) The mixing voltage, Vmix,
as a function of applied magnetic field for Device 1, MoTe2(monolayer) / Py(6
nm), where the current is applied perpendicular to the mirror plane and the
field applied at an angle of 40o (red) and 220o (black), showing a clear lack of
two-fold rotational symmetry in the generated spin-orbit torques. The applied
microwave power is 5 dBm at 9 GHz.

both phases of MoTe2, implying perhaps that only the symmetries of the in-

terface matter? Or will an out-of-plane antidamping torque only be present in

the γ phase, implying that broken inversion symmetry in the spin-generation

material is crucial?

Bulk crystals of both the α and β phases of MoTe2 can be stabilized at room

temperature, with resistivities ∼103 Ωcm and ∼10−3 Ωcm respectively [16]. The

γ phase is obtained by a shift in the stacking of the van der Waals layers in β-

MoTe2, as shown in Fig. 6.1a. Note that an individual layer of octahedrally co-

ordinated MoTe2 is isostructural to a monolayer of WTe2 regardless of the bulk

phase (space group 11, commonly referred to as 1T’). The transition between

phases occurs as β-MoTe2 is cooled below 250 K [1], though both pressure [5, 17]

and impurity doping [18–20] have been shown to influence the transition tem-

perature. As this first-order transition is predominately a shift in the stacking

order of the layers, it is reasonable to suspect that there also be a thickness de-
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pendence to the transition in the few-layer limit. In fact, resent work by the Tsen

group [15, 21] has suggested this as a viable possibility. Further discussion of

the MoTe2 crystal phase in our devices can be found in Section 6.8.

The fabrication of our samples is identical to that of the previous chapters.

We exfoliate flakes of bulk β-MoTe2 crystal (provided by HQ graphene) onto

Silicon / Silicon Oxide wafers, where the last step of the exfoliation process is

carried out under vacuum (< 10−6 torr) in the load lock of our sputtering sys-

tem. We then use grazing angle sputtering to deposit 6 nm of our ferromagnet,

Permalloy (Py=Ni80Fe20), and subsequently cap our films with 2 nm of Al by

conventional sputtering. The equilibrium direction of the Py magnetic moment

is contained within the sample plane. Flakes are identified for patterning by

optical and atomic force microscopy, where we select regions of flakes that are

clean (no tape residue) and atomically flat (<300 pm roughness). Samples are

patterned into our device structures (either ST-FMR bars or Hall balls) through

electron beam lithography and ion mill etching. See Section 2.2 for more details.

For our studies on MoTe2, we will focus on spin-torque ferromagnetic reso-

nance (ST-FMR) measurements, but we have also performed second harmonic

Hall measurements and we state here only that they are consistent. At present,

we have performed measurements of the spin-orbit torques only at room tem-

perature. Measurements as a function of temperature through the β to γ phase

transition are ongoing.
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6.2 Spin-Torque Ferromagnetic Resonance Measurements

In a ST-FMR measurement, we use a ground-signal-ground type device struc-

ture (see Fig. 2.1 for an image of a finished device), in which we apply a GHz fre-

quency current to the MoTe2/Py bar through the capacitive branch of a bias tee.

We set the angle of the applied magnetic field with respect to the current direc-

tion, φ, and sweep the magnitude of that field to tune the ferromagnet through

its resonance condition while measuring the resultant DC mixing voltage at the

inductive end of the bias tee. The mixing voltage, Vmix, can be modeled as the

sum of symmetric and antisymmetric Lorentzians (see Section 2.8.2). The am-

plitudes of those Lorentzians are related to the in-plane (τ‖) and out-of-plane

(τ⊥) torques on the ferromagnet, respectively, by:

VS = −
IRF

2
dR
dφ

1
αGγ (2B0 + µ0Meff)

τ‖ (6.1)

VA = −
IRF

2
dR
dφ

√
1 + µ0Meff/B0

αGγ (2B0 + µ0Meff)
τ⊥, (6.2)

where R is the device resistance, φ is the angular orientation of the magnetiza-

tion relative to the direction of applied current in the sample (since the mag-

netization is saturated along the applied field direction), dR/dφ is due to the

anisotropic magnetoresistance in the Py, µ0Meff is the out-of-plane demagneti-

zation field, B0 is the resonance field, IRF is the microwave current in the bilayer,

αG is the Gilbert damping coefficient and γ is the gyromagnetic ratio.

In high symmetry materials such as Pt, the generated spin-orbit torques are

confined to the out of plane field-like torque, ~τA ∝ m̂× ŷ, and in-plane antidamp-

ing torque, ~τS ∝ m̂×(m̂× ŷ), which both have a dependence on the magnetization

direction ∝ cos(φ). Note that we define the applied current as always being in

the x̂ direction (see Fig. 6.1b). If only torques τA and τS are present, Vmix will
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Figure 6.2: a) Dependence on the applied field angle for both the symmet-
ric, VS, and antisymmetric, VA, component of the mixing voltage for Device 1,
MoTe2(monolayer) / Py(6 nm) with current applied perpendicular to the MoTe2

mirror plane. Fits of the angular dependence are made using Eqs. 6.3 and 6.4.
An out-of-plane antidamping torque is observed. b) Dependence on the applied
field angle for VS and VA in Device 2, MoTe2(5.6 nm) / Py(6 nm) with current
applied along the MoTe2 mirror plane. No out-of-plane antidamping torque is
observed, consistent with the symmetry requirements or the MoTe2 surface. In
both samples the applied microwave power is 5 dBm at 9 GHz.

be ∝ sin(2φ) cos(φ) and exhibit two-fold rotational symmetry up to a minus sign,

where the ∝ sin(2φ) arises from dR/dφ due to the anisotropic magnetoresistance

of the Py. Figure 6.1c shows Vmix at two applied field angles, 40o and 220o, for

one of our devices (Device 1) where the applied current in the device is per-

pendicular to the MoTe2 mirror plane and the 220o trace has been multiplied by

−1 for comparison. Clearly two-fold rotational symmetry is not present in the

observed Vmix signal, suggesting the presence of additional torques.

Figure 6.2a shows the extracted fit parameters VS and VA as a function of
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applied field angle for Device 1. The angular dependence of VA (red circles) is

not consistent with being ∝ sin(2φ) cos(φ). To extract other out-of-plane torques

present in the system, we fit the angular dependence of VA as:

VA = sin(2φ)[A cos(φ) + B + C sin(φ)]. (6.3)

The fit parameter B is related to torques ~τB ∝ m̂ × (m̂ × ẑ) – the out-of-plane

antidamping torque first observed in WTe2 and discussed in chapters 2 and 3.

The fit parameter C is related to torques ~τC ∝ m̂ × x̂, the Dresselhaus-like torque

we have discussed in the preceding chapter on TaTe2. For Device 1, we find a

ratio B/A = 0.30 ± 0.03 indicating a sizable out-of-plane antidamping torque,

whereas C is zero to within experimental uncertainty.

We may similarly fit VS to extract additional in-plane torques:

VS = sin(2φ)[S cos(φ) + T + U sin(φ)], (6.4)

where T gives torques ~τT ∝ m̂× ẑ, and U gives torques ~τU ∝ m̂× (m̂× x̂). In Device

1, T and U are zero within experimental uncertainty.

When current is flowed perpendicular to a single mirror plane (e.g. in WTe2,

where there are no other symmorphic symmetries present) a net torque gener-

ated by an out-of-plane spin ∝ m̂ × ẑ and ∝ m̂ × (m̂ × ẑ) is allowed by symmetry.

In the case of Device 1, the presence of a non-zero τB is consistent with the sym-

metries of the MoTe2/Py interface. However, if current is instead flowed along

a mirror plane, such a torque is forbidden by symmetry. Figure 6.2b shows

VS and VA for a MoTe2/Py device in which current is flowed along the MoTe2

mirror plane (Device 2). Consistent with this symmetry requirement, fits of VA

and VS using Eqs. 6.3 and 6.4 yield values of B and T that are zero within ex-

perimental uncertainty. For more details on the symmetry arguments, see the
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discussion in Sections 2.8.6 and 2.8.8. For a further discussion of the crystal axis

dependence see the subsequent section, Section 6.3.

In Section 2.8.2 we provided a detailed discussion on determining the mag-

nitude of the torques using Eqs. 6.1 and 6.2 as well as associated torque con-

ductivities. Briefly, we must first determine values for αG, R(φ), and IRF. The

Gilbert damping is estimated from the frequency dependence of the linewidth

via ∆ = 2π fαG/γ+ ∆0, where ∆0 is the inhomogeneous broadening. R(φ) is deter-

mined by measurements of the device resistance as a function applied in-plane

magnetic field angle (with a field magnitude of 0.1 T). The RF current is de-

termined by estimating the reflection coefficients of our devices (S 11) and the

transmission coefficient of our RF circuit (S 21) through vector network analyzer

measurements. These calibrations allow calculation of the RF current flowing

in the device as a function of applied microwave power and frequency:

IRF = 2
√

1mW · 10
Psource(dBm)+S 21(dBm)

10 (1 − |Γ|)2/50Ω (6.5)

where Psource is the power sourced by the microwave generator and Γ =

10S 11(dBm)/20.

The torque conductivity, defined as the angular momentum absorbed by the

magnet per second per unit interface area per unit electric field, provides an

absolute measure of the torques produced in a spin source/ferromagnet bilayer

nominally independent of geometric factors. For a torque τK (where K = A, B, C,

S , T or U) we calculate the corresponding torque conductivity via

σK =
MslwtPy

γ

τK

(lw)E
=

MsltPy

γ

τK(1 − Γ)
(1 + Γ)IRF · 50Ω

(6.6)

where Ms is the saturation magnetization, E is the electric field, l and w are

the length and width of the MoTe2/Permalloy bilayer, and tPy is the thickness
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of the Permalloy. Here, tmagnet = 6 nm. The factor Mslwtmagnet/γ is the total

angular momentum of the magnet, and converts the normalized torque into

units of angular momentum per second. Due to the unavailability of mm-scale

MoTe2/Permalloy bilayers, we are unable to measure Ms directly via magne-

tometry, and instead approximate Ms ≈ Meff , which we have found to be accu-

rate in other Permalloy bilayer systems. We estimate µoMeff ∼ 0.83 T as extracted

from our ST-FMR measurements.

6.3 Dependence on Crystallographic Orientation

We have determined the torque conductivities for 13 MoTe2(tTMD)/Py(6 nm) de-

vices all with distinct thicknesses of MoTe2, tTMD, and angles between the current

direction and the MoTe2 mirror plane. See Section 6.7 for details on the determi-

nation of the crystal axes in our devices. We define φI as the angle between the

current and the crystal axis perpendicular to the MoTe2 mirror plane (typically

called the a-axis in the γ phase and b-axis in the β phase), such that φI = 0o is

perpendicular to the mirror plane and φI = 90o is parallel. Figure 6.3a shows σB

as a function of φI for 12 of our devices (we have excluded our MoTe2 bilayer,

tTMD = 1.4 nm, device for now, which will be discussed later). We clearly see that,

consistent with the symmetry requirements on the torques, τB is largest when

current is applied perpendicular to the MoTe2 mirror plane and is progressively

reduced as current is instead applied along the mirror plane.

In contrast to this strong angular dependence, σS (Fig. 6.3b) shows no signif-

icant dependence on φI . This is similar to the σS dependence on φa−I observed

in WTe2/Py heterostructures (see Fig 2.12). We obtain an average value of σS
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Figure 6.3: a) Torque conductivities for the out-of-plane antidamping torque
( ~τB ∝ m̂ × (m̂ × ẑ) for current in the x̂ direction) as a function of |φI | for 12 of our
MoTe2/Py devices, all with distinct MoTe2 thicknesses. We have excluded our
bilayer MoTe2 device in this plot, which is discussed in detail later. b) Torque
conductivities for the standard antidamping torque (~τS ∝ m̂×(m̂×ŷ) for current in
the x̂ direction) as a function of |φI | in all of our MoTe2/Py devices. In both plots
the applied microwave power is 5 dBm. Torque conductivities are averaged
over measurements at frequencies 8-11 GHz in steps of 1 GHz.

for our MoTe2/Py devices of 6800 ± 300 ~/(2e) (Ω−1m−1), similar to the aver-

age value observed in our WTe2/Py heterostructures, 8000± 200 ~/(2e) (Ω−1m−1)

[22, 23], and larger than the ≈ 3000 ~/(2e) (Ω−1m−1) observed in our NbSe2/Py

heterostructures [24].
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Figure 6.4: a) Inverse sheet resistance of devices with current perpendicular to
the MoTe2 mirror plane (red circles) as a function of MoTe2 thickness as mea-
sured by a two-point method. The blue line gives a fit using Eq. 6.7 to extract
the sheet resistances for the Py and MoTe2. b) Torque conductivity for the out-
of-plane field like torque (∝ m̂ × ŷ) as a function of thickness for devices with
current perpendicular to the MoTe2 mirror plane (red circles). The dashed line
gives the predicted Oersted field contribution from the torques (Eq. 6.8) and
the shaded region gives the spread in the expected contribution as given by the
error in the measured charge conductivity in MoTe2. The applied microwave
power is 5 dBm. Torque conductivities are averaged over measurements at fre-
quencies 8-11 GHz in steps of 1 GHz.

6.4 MoTe2 Thickness Dependence

As a probe of the mechanism that drives the spin-orbit torques in our MoTe2/Py

heterostructures, it is helpful to study the torques as a function of MoTe2 thick-

ness. We first extract the individual resistivities of the MoTe2 and Py layers.

Using the two-point resistances of our devices, we may plot the inverse of the
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sheet resistance as a function of tTMD, and using the relation:

1
R�

=
l

wR
=

tPy

ρPy
+

tTMD

ρTMD
, (6.7)

extract the resistivities ρPy and ρTMD. In Fig. 6.4a we show 1/R� as a function of

tTMD for all devices in which the current is aligned perpendicular to the MoTe2

mirror plane, and fit using Eq. 6.7 (blue line) to extract resistivities ρPy = 95 ± 2

(µΩ cm) and ρTMD = 550±75 (µΩ cm). The value obtained for ρPy is similar to that

seen in our WTe2 devices.

Figure 6.4b shows σA as a function of tTMD (red circles) for devices in which

current is aligned perpendicular to the MoTe2 mirror plane. A strong thickness

dependence of the torques is observed. In many material systems the torque ∝

m̂× ŷ (for current in the x̂ direction) is dominated by the Oersted torque – that is,

the magnetic field generated from a simple current-carrying wire. For instance,

we have previously shown that in the WTe2/Py and NbSe2/Py systems τA is

dominated by the Oersted torque (see Chapters 3 and 4). We model the torque

conductivity generated by the Oersted torque as:

σOe =
eµoMStPyσTMD

~
tTMD, (6.8)

where σTMD is the charge conductivity of the MoTe2. The dashed line in Fig. 6.4b

shows the predicted Oersted torque using the extracted value of ρTMD and the

shaded region about the dashed line gives the error in the predicted torque as

given by the spread in ρTMD. All devices with the exception of our monolayer

device are well described by the predicted Oersted torque. Deviation from the

predicted Oersted torque in our monolayer device suggests a possible interfacial

contribution to τA, as suspected in our NbSe2/Py devices, or a strong layer de-

pendence to the MoTe2 resistivity. Previous work on uncapped MoTe2 flakes has

suggested that a band gap is opened in the few-layer limit [6]; however, more
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recent work on capped MoTe2 devices suggests that flakes remain conducting

in this limit when they are not exposed to oxygen [15, 21]. At present, we have

only studied one monolayer MoTe2/Py device, and require more devices in this

few-layer regime before a more concrete conclusion can be drawn.

Figure 6.5 shows the thickness dependence for τA, τB and τS and associ-

ated torque conductivities for devices with current aligned perpendicular to the

MoTe2 mirror plane. The ratio τS/τA, depicted in panel a, shows a roll-off similar

to that of the WTe2/Py devices which were exfoliated under vacuum (Fig. 3.8).

Figure 6.5b shows the magnitude of the ratio τB/τS as a function of MoTe2 thick-

ness. The dependence is largely flat, which implies a similar dependence on

thickness for both torques and is qualitatively similar to the WTe2 dependence

observed (see Fig. 3.6). The striking exception in the thickness dependence is

from our one device in which the MoTe2 is just a bilayer (1.4 nm) thick. In this

device, no out-of-plane antidamping torque is observed within our experimen-

tal error. Note that we plot the absolute value of τB as the sign of the torque is

varied by the orientation of the top MoTe2 flake, again similar to WTe2.

Figure 6.5 c and d show |σB| and σS respectively. Both are largely inde-

pendent of MoTe2 thickness, implying an interfacial origin for the observed

antidamping torques. Again, the notable exception in the |σB| is the bilayer

thick MoTe2 device. Excluding the bilayer device, we find an average value for

|σB| = 930 ± 50 ~/(2e) (Ω−1m−1). The average value of σS is 6800 ± 300 ~/(2e)

(Ω−1m−1). It is interesting that while the magnitude of σS in MoTe2 is similar to

that observed in our WTe2 devices, the value of |σB| is approximately 1/3 that

of WTe2 [22, 23].

We have measured the spin-orbit torques in MoTe2/Py heterostructures in
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Device Name Device t (nm) L ×W (µm) τB/τA τS/τA φI

Number ± 0.3 nm ± 0.2 µm ±5◦

HQ7D11 1 0.7 5 × 4 0.30(3) 1.6(1) 0*
HQ7D1 2 5.6 5 × 4 -0.01(3) 1.3(2) 90*
HQ7D4 3 6.3 5 × 4 0.11(2) 0.82(7) 0*
HQ7D2 4 1.4 5 × 4 0.01(3) 2.0(2) 0
HQ7D3 5 14.2 5 × 4 0.05(1) 0.37(5) 0*
HQ7D6 6 2.1 5 × 4 -0.27(3) 1.71(7) 0*
HQ7D7 7 2.2 5 × 4 0.22(2) 1.6(1) 0*
HQ7D8 8 2.8 5 × 4 0.21(2) 1.4(1) 0*
HQ7D9 9 4.1 5 × 4 -0.16(2) 1.1(1) 0*

HQ7D10 10 9.4 5 × 4 -0.08(1) 0.55(7) 0*
HQ7D5 11 2.2 5 × 4 -0.21(3) 1.8(2) 35
HQ5D5 12 2.3 4.5 × 4 0.10(2) 1.2(1) 30
HQ5D8 13 9.4 4 × 3 -0.023(8) 0.64(3) -70
HQ5D6 14 8.6 4 × 3 0.075(8) 0.57(4) -5

Table 6.1: Comparison of device parameters, torque ratios, and magnetic
anisotropy parameters for MoTe2/Py bilayers. Here φI is the angle between the
current and the crystal axis perpendicular to the MoTe2 mirror plane as mea-
sured by polarized Raman spectroscopy, where “*” indicates the value has been
estimated from the exfoliation direction and has yet to be checked by Raman
(though this has proven to be a generally accurate estimate).

monolayer steps from a single MoTe2 layer to quadlayer MoTe2 with current

perpendicular to the MoTe2 mirror plane. Though we are at present limited by

the number of devices in this thickness regime (we have one monolayer, one

bilayer, two trilayer devices and one quadlayer), we can make some interesting

preliminary observations on the few-layer dependence and relevant compar-

isons to WTe2. In our monolayer, trilayer and quadlayer MoTe2 devices, we

observe a large out-of-plane antidamping torque. Similarly, our WTe2 mono-

layer and trilayer devices show a strong out-of-plane antidamping torque (see

Fig. 3.5, no quadlayer WTe2 has been studied as of yet). However, in bilayer

devices, the out-of-plane antidamping torque is significantly reduced. In WTe2

bilayers (two devices) τB is ∼1/2 that of the monolayer and trilayer devices, and

in our MoTe2 device τB is zero within our experimental uncertainty. The ori-

gin of this reduction is unknown. Note that σS for the bilayer is not reduced.

In WTe2 and γ-MoTe2, the non-symmorphic crystal symmetries (b-c glide plane
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a b

c d

Figure 6.5: a and b) Ratio of (a) τS/τA and (b) τB/τS as a function of MoTe2 thick-
ness for devices with current aligned perpendicular to the MoTe2 mirror plane.
The device that shows a value of zero τB/τS is bilayer MoTe2. The applied mi-
crowave power is 5 dBm at 9 GHz. c and d) The torque conductivities (c) σB and
(d) σS as a function of TMD thickness. Both are largely independent of thick-
ness implying an interfacial origin. The device that shows a value of zero σB is
bilayer MoTe2. The applied microwave power is 5 dBm. Torque conductivities
are averaged over measurements at frequencies 8-11 GHz in steps of 1 GHz.

and c-axis screw) require the spin responsible for generating τB to have the op-

posite sign in adjacent layers, though do not affect the in-plane component of

the spin responsible for generating τS. It is tempting to relate the reduction of

τB in bilayer WTe2 and MoTe2 to the symmetry mandated layer dependence for

the sign of the generated out-of-plane spins; however, we caution the reader

that a standard diffusion type model for the out-of-plane spins would not be

consistent with the short spin diffusion length implied by the observed thick-

ness dependence of σS.

Perhaps the most plausible explanation lies in the observed few-layer de-
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pendence of the band structure in the TMDs. As previously noted, in uncapped

MoTe2 flakes a band gap emerges in the few-layer regime [6]. Although sub-

sequent studies of capped MoTe2 suggests thin flakes (< 10 nm) may actually

be conducting [15, 21], it has been well established that a band gap opens in

the few-layer limit for encapsulated WTe2 [25, 26]. Further, while the few-layer

dependence of the TMD band structure should be significantly altered by band

bending, doping, or strain type effects that arise from interfacing the TMD with

metallic Py, it is reasonable to suspect that some thickness dependence of the

band structure will persist in the few-layer limit. This, of course, is not a di-

rect explanation for suppression of τB in bilayer thick devices, and is merely a

suggested starting point. We are actively pursuing further measurements in the

few-layer regime.

6.5 Dresselhaus-like Torques

Figure 6.6 shows the torque conductivities for the torques ∝ m̂ × x̂, σC, and the

torques ∝ m̂× (m̂× x̂), σU, as a function of applied current direction, φI . Again, at

φI = 0o current is directed perpendicular to the MoTe2 mirror plane. We refer to

such torques as Dresselhaus-like, and have discussed these torques in detail in

the context of TaTe2 and WTe2 (see Chapter 5). In the case of a Dresselhaus-like

torque, symmetry requires that the torque be zero when current is either along

or perpendicular to a mirror plane. Consistent with that requirement, both σC

and σU are zero when current is flowed along or perpendicular to the MoTe2

mirror plane, and are maximal at an intermediary angle.

Due to their low-symmetry crystal structure, β and γ-MoTe2 exhibit an
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Figure 6.6: a and b) Torque conductivities for the Dresselhaus-like torques (a)
∝ m̂ × x̂ and (b) ∝ m̂ × (m̂ × x̂) as a function of |φI | for all of our ST-FMR devices.
The applied microwave power is 5 dBm. Torque conductivities are averaged
over measurements at frequencies 8-11 GHz in steps of 1 GHz.

anisotropic resistivity within the sample plane [27]. We must therefore be aware

of the effect discussed in Section 5.5 – when a voltage is applied across a crys-

tallographic direction that is not one of the principle axes, the resultant current

will be tilted. This will causes a component of the Oersted field to instead be ori-

ented along the current direction and generate a torque ∝ m̂× x̂. Additionally, if

there is a standard antidamping component of the torque, typically ∝ m̂× (m̂× ŷ),

the tilting of the current will generate an antidamping torque ∝ m̂ × (m̂ × x̂). At

present, we do not have enough devices at intermediary values of φI to accu-

rately gauge the magnitude of these effects, and ultimately determine whether

σC and σU are dominated by contributions from tilted currents or an intrinsic

spin-orbit contribution.
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Figure 6.7: Dependence on the applied field angle for both the symmetric, VS,
and antisymmetric, VA, component of the mixing voltage for a device that shows
an in-plane field-like torque ∝ m̂ × ẑ (Device 3), with MoTe2(6.3 nm) / Py(6
nm) and current applied perpendicular to the MoTe2 mirror plane. Fits of the
angular dependence are made using Eqs. 6.3 and 6.4. The applied microwave
power is 5 dBm at 9 GHz

6.6 In-plane Field-like Torque

The symmetry requirements for τB are identical to that of the in-plane field-like

torque, ~τT ∝ m̂ × ẑ. That is, if current is flowed perpendicular to a single mirror

plane, τT is allowed by symmetry. However, in WTe2 we did not observe any

significant value of τT even though a large τB was present. The situation in

(presumably) strained NbSe2/Py devices was exactly the opposite. There we

observed a large value of τT, but no τB.

In some of our MoTe2/Py devices we do observe a small but nonzero value
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of τT. Figure 6.7 shows VS and VA for one such device (Device 3) for which

current is applied perpendicular to the mirror plane. Fitting VA and VS with

Eqs. 6.3 and 6.4 we can extract a ratio of the torques τT/τS = −0.12 ± 0.06 and

τT/τB = −0.9 ± 0.5. Note that in all devices with the current perpendicular to

the mirror plane, the ratio of τT/τB is always negative (see Fig. 6.8a), suggesting

that to two effects may be correlated.

Interestingly, if we look at |σT| as a function of φI , as shown in Fig. 6.8b, no

clear dependence is observed. This suggests that either the fit parameter T from

Eq. 6.4 is non-zero due to an artifact we have not considered, or that the torque

is inexplicably not dependent of the symmetries of the MoTe2 crystal. Figure

6.8c shows |σT| for all of our devices (regardless of φI) as a function of tTMD,

showing that |σT| is stronger in thicker samples. This thickness dependence is

intriguing and not yet understood.

6.7 Determination of Crystal Orientation

Crystals of β-MoTe2 exfoliate with the c-axis out of plane and are generally elon-

gated in the Mo-chain direction, with sharp and cleanly cleaved edges running

parallel to that direction. This is very similar to WTe2, and can be used as a

first-order approximation of the in-plane crystal axis during device fabrication.

The following two subsections discuss our additional methods for verifying the

MoTe2 crystal alignment with our devices.
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Figure 6.8: a) The torque ratio τT/τB as a function of thickness for devices with
the current applied perpendicular to the MoTe2 mirror plane direction. Note
that the ratio is always negative. We have excluded the bilayer device as τB ∼ 0.
The applied microwave power is 5 dBm at 9 GHz. b and c) Torque conductiv-
ity σT as a function of (b) |φI | and (c) TMD thickness for all devices. No clear
dependence on |φI | is observed in contrast with σB and the MoTe2 crystal sym-
metries. Interestingly, a clear dependence on tTMD is observed, with only thick
flakes showing a significant effect. The applied microwave power is 5 dBm.
Torque conductivities are averaged over measurements at frequencies 8-11 GHz
in steps of 1 GHz.

6.7.1 Magnetic Easy Axis

In WTe2/Py bilayers, the WTe2 induced a strong in-plane magnetic easy axis that

corresponded with the b-axis of the crystal, regardless of the applied current di-
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Figure 6.9: Parallel polarized Raman spectra for a thick MoTe2 flake (∼50 nm)
using (a) and (b) 488 nm and (c) and (d) 532 nm wavelength excitation taken at
room temperature. For the 488 nm excitation, the ∼78 cm−1 mode is maximized
when the excitation polarization is perpendicular to the MoTe2 mirror plane.
The observed angular dependence of the modes in both (a) and (c) are consistent
with the symmetries of either the β and γ phase of MoTe2.

rection. This correlation (checked through polarized Raman spectroscopy, see

Section 2.2) provided an efficient means for extracting the angle between the

WTe2 crystal axes and the current direction through electrical measurements.

TaTe2 also generated a similar effect, though the magnitude of the easy-axis was

weaker. In contrast to WTe2 and TaTe2, MoTe2 does not induce any measurable

magnetic easy-axis within the Py. We note that NbSe2/Py devices also showed

no measurable induced magnetic easy-axis. This is an interesting contrast in

and of itself, perhaps suggesting a weaker coupling between the TMD and fer-

romagnet. It also means that we must use an alternative method of determining

the alignment of the current with respect to the MoTe2 crystal.
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6.7.2 Raman Spectroscopy

The Raman spectra of MoTe2 has been well characterized in all three crystal

phases [2, 3, 15, 28–31]. We use polarized Raman spectroscopy to determine

the crystal axis orientation of our MoTe2 devices. Raman measurements are

performed with the CCMR inVia confocal Raman microscope with a linearly

polarized excitation and a parallel polarizer placed in front of the spectrometer.

The sample is aligned to the linear polarization direction (along the length of

the device) and spectra are taken as the sample is rotated in steps of 10o.

Most of the literature regarding Raman spectroscopy on MoTe2 has used a

532 nm wavelength excitation; however, we have found that the intensity of that

excitation in our Raman microscope can damage thin flakes. Instead, we use a

488 nm excitation which does not damage our devices when properly attenu-

ated (∼10%). In order to compare our Raman measurements with those of the

literature, we have calibrated our 488 nm excitation with measurements using a

532 nm excitation on a thick flake (≈ 50 nm), which is not appreciably damaged

by the beam. Figure 6.9 shows the measured Raman spectrum for (a and b) 488

nm and (c and d) 532 nm on the same flake. Our Raman measurements are con-

sistent with either β-MoTe2 and γ-MoTe2 phases, which cannot be distinguished

with the measurements sensitivity of this Raman spectrometer (see the follow-

ing section). The ∼78 cm−1 peak is maximized when the excitation polarization

is aligned perpendicular to the MoTe2 mirror plane for the 488 nm excitation

(Fig. 6.9a), i.e. along the Mo-chain direction.
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6.8 Determining the Crystal Phase in the Few-Layer Limit

The majority of published studies on γ-MoTe2 have focused on bulk crystals

[1, 9–12, 29, 31] although a handful of reports have studied the phase transi-

tion between the β and γ phase in the thin-film limit [15, 28–30]. The β and γ

phase can be distinguished through polarized Raman by the presence of one

additional peak at ∼11 cm−1 and a small peak splitting in the ∼130 cm−1 mode

[29, 31]. These peaks emerge in γ-MoTe2 as bulk crystals are cooled below the

transition temperature of 250 K, showing a temperature hysteresis of about 20

K. Resolving this ultra low frequency peak and the small peak splitting at ∼130

cm−1 is beyond the resolution capabilities of the CCMR inVia confocal Raman

microscope.

The studies on thin-film β-MoTe2 have used both polarized Raman spec-

troscopy [15, 29, 30] and second harmonic generation (SHG) [28] to charac-

terize their films. SHG can provide an additional probe of the crystal phase in

few-layer thick films – SHG is strongly sensitive to the presence or lack of inver-

sion symmetry. Odd layer number β films retain total bulk inversion symmetry,

whereas even number β- and any few-layer γ-MoTe2 beyond monolayer have

broken global inversion symmetry. These studies, and in particular Beams et

al., have conclusively shown that their uncapped few-layer films are consistent

with the β phase at room temperature.

However, recent reports on few-layer capped MoTe2, where the flakes are

exfoliated in a nitrogen glove box and capped with hexagonal boron nitride to

protect the films from oxidation, have found a contrasting result [15, 21]. In

these capped MoTe2 samples, they find that the transition temperature from β
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to γ is increased to 400 K in the few-layer limit, and that γ-MoTe2 is stabilized at

room temperature.

Our films are similarly protected from oxidation by the ferromagnet and ad-

ditional capping layers (2 nm of Al2O3 and ∼60 nm of SiO2), implying that our

few layer devices may be stabilized in the γ phase at room temperature. Un-

fortunately, the presence of the metallic Py layer makes SHG characterization

difficult. We are currently working to make measurements using a specialized

Raman microscope with the ability to resolve the ∼11 cm−1 mode and the peak

splitting at ∼130 cm−1.

6.9 Discussion and Concluding Remarks

In summary, we have studied the current-induced spin-orbit torques in

MoTe2/Py heterostructures at room temperature. We have observed an out-

of-plane antidamping torque, τB, qualitatively similar to the τB observed in

WTe2/Py heterostructures. This torque is consistent with the symmetries of

the MoTe2 surface – at the interface of MoTe2 and Py the structural symmetries

are limited to a single mirror plane, and consistent with that symmetry, τB is

only observed when a component of the current is flowed perpendicular to that

mirror plane. The magnitude of the observed torque is ∼1/3 that observed in

similar devices using WTe2 as the spin source layer, and in both materials, τB is

largely independent of the TMD thickness. The standard antidamping torque,

τS, is also independent of thickness indicating that both torques are likely gen-

erated by an interfacial mechanism. The notable exception in the thickness de-

pendence of τB is the bilayer thick MoTe2 device, in which no τB is observed.
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This again is qualitatively similar to our observations on similar WTe2 devices,

but the origin of this effect is unknown. Unlike WTe2, we observe an in-plane

field-like torque, τT, in MoTe2/Py heterostructures. We find that this torque is

largely independent of the crystal orientation, in tension with the symmetry re-

quirements for the torques. Instead, τT seems to depend more on the thickness

of the TMD, being larger in thicker films.

We note that at present, we do not know whether our MoTe2 devices are

stabilized in the γ phase or the β phase at room temperature. We are actively

pursuing measurements to determine the phase of our devices in the few-layer

limit. Additionally, we will soon perform measurements as a function of tem-

perature in the hope of determining the dependence of the spin-orbit torques

on the crystal phase. It is our hope that those temperature dependent measure-

ments will help to illuminate some of the mysteries outlined in this chapter.

Is inversion symmetry breaking in the bulk of the spin-generation material a

necessary requirement for the generation of τB? Why is there no τB in bilayer

MoTe2, and is the attenuation of τB in bilayer dependent on the crystal phase?

And similarly, what is the effect driving the observed τT? Is it a genuine torque?

If so, what is breaking the relevant symmetry since it does not seem to depend

on the crystalline orientation?

References

[1] R. Clarke, E. Marseglia, and H. P. Hughes. “A low-temperature structural

phase transition in -MoTe2.” Philosophical Magazine B 38, 121 (1978).

[2] S. Cho, S. Kim, J. H. Kim, J. Zhao, J. Seok, D. H. Keum, J. Baik, D.-H. Choe,

193



K. J. Chang, K. Suenaga, S. W. Kim, Y. H. Lee, and H. Yang. “Phase pat-

terning for ohmic homojunction contact in MoTe2.” Science 349, 625 (2015).

[3] Y. Wang, J. Xiao, H. Zhu, Y. Li, Y. Alsaid, K. Yan Fong, Y. Zhou, S. Wang,

W. Shi, Y. Wang, A. Zettl, E. Reed, and X. Zhang. “Structural phase transi-

tion in monolayer MoTe2 driven by electrostatic doping.” Nature 550 (2017).

[4] C. Ruppert, O. B. Aslan, and T. F. Heinz. “Optical Properties and Band Gap

of Single- and Few-Layer MoTe2 Crystals.” Nano Letters 14, 6231 (2014).

[5] Y. Qi, P. G. Naumov, M. N. Ali, C. R. Rajamathi, W. Schnelle, O. Barkalov,

M. Hanfland, S.-C. Wu, C. Shekhar, Y. Sun, V. Süß, M. Schmidt, U. Schwarz,
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CHAPTER 7

FINAL THOUGHTS AND FUTURE DIRECTIONS

This dissertation has focused on studying the novel spin-orbit torques gen-

erated in low-symmetry spin-source materials. Our primary work describes the

first observation of an out-of-plane antidamping spin-orbit torque in WTe2/Py

heterostructures, as well as the generation of this torque in heterostructures

where we have replaced WTe2 with a similar material, MoTe2. We have shown

that this novel torque, as well as the accompanying in-plane antidamping

torque, is generated by an interfacial mechanism such as the Rashba-Edelstein

effect or an alternative surface scattering spin-orbit effect [1, 2]. However,

the details of such a microscopic mechanism have yet to be identified. Ques-

tions such as: “What physical parameter controls the size of the observed

torques (atomic dipole moments, spin-orbit coupling, Berry curvature, spin-

polarization of the conduction bands, etc.), and can that parameter be manipu-

lated (gating, strain, different materials, etc.)?”, “Can an out-of-plane antidamp-

ing torque be generated through a bulk mechanism given the right material?”,

and, “What role, if any, does the adjacent ferromagnet and associated interface

play in the out-of-plane spin-generation?” will need to be addressed if the work

presented in this dissertation is to truly inform the design of novel materials for

potential memory applications.

Using those questions as a guide, we can pose several potentially fruitful

experiments. Perhaps the most straightforward idea, though technically chal-

lenging, is to study a pure van der Waals heterostructure system in which the

metallic ferromagnet Py is replaced with a material such as CrI3, CrBr3 or CrCl3.

This is advantageous for several reasons: (1) disorder at the interface associated
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with the deposition of the Py is removed from the system. This makes modeling

of any torques through first principles calculations infinitely more achievable.

(2) If the van der Waals ferromagnet used is insulating, the spin-source mate-

rial would no longer be pinned to the Py fermi level and could be studied as a

function of gate voltage and doping in the few-layer regime. (3) It allows for a

straightforward study of several different van der Waals ferromagnets, probing

the effects of an in-plane vs. out-of-plane magnetization, as well as conducting

vs. insulating ferromagnets. One could even imagine making a trilayer stack, in

which WTe2 and a conducting 2D ferromagnet, such as Fe3GeTe2, are separated

by an insulating hexagonal boron nitride tunnel barrier for spin-dependent tun-

neling spectroscopy measurements [3].

Our work on NbSe2 discussed in Chapter 4 suggests another approach. In-

stead of starting with a low symmetry material, we can start with a material of

higher symmetry and systematically lower the symmetries constraints through

the application of a strain [4]. By studying the response of the spin-orbit torques

to the application of a known strain (both in magnitude and crystallographic di-

rection), one might gain further insights into the physical parameter behind the

generation of torques ∝ m̂ × ẑ and ∝ m̂ × (m̂ × ẑ). Further, one could imagine

applying a dynamic strain (not just a fixed, static strain set during fabrication)

to such a system, perhaps by use of a four-point-bend apparatus [5], that effec-

tively turns these novel torques on and off throughout a measurement. Would

the novel torques be linear with the applied strain? Or would there be some

peak or jump as strain stabilizes a new state in NbSe2 (perhaps one of the charge

density states)?

One might also venture into the vast number of other low-symmetry mate-
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rials in an attempt to learn more about what exactly makes WTe2 and MoTe2

special. Here, one will find the Inorganic Crystal Structure Database (ICSD) to

be an invaluable resource. We have started such an exploration by limiting our

search to materials that might have a bulk spin-generation effect (i.e., are mon-

oclinic or lower), have large spin-orbit coupling, and can be exfoliated for ease

of device fabrication, such as ReSe2 or TaTe2, but this approach has not guar-

anteed results. As discussed in Chapter 5, no out-of-plane antidamping torque

was observed in TaTe2, even though it is symmetry allowed. It is not yet clear

whether TaTe2 does not show such a torque simply because no sizable (in-plane

or out-of-plane) antidamping torques were observed at all, or if there is a deeper

reason related to the band structure, crystal structure, etc. that specifically lim-

its an out-of-plane antidamping torque. Further, our work on TaTe2 provides a

valuable lesson for those who choose to study other low-symmetry materials –

artifacts such the Oersted field generated by tilted currents will be present in all

low-symmetry systems!

In looking into materials that require an epitaxial growth, one must try to

control, or at the very least be aware of, the domain structure and crystallo-

graphic twins in the material. Ferroelectric materials might be one way in which

the grain boundaries and the “symmetry-breaking” direction of the material

could be tuned after growth.

As a means of studying the effects of a low-symmetry surface on torque

generation, one might also look into the available low-symmetry single crys-

tal substrates, where a polycrystalline ferromagnet could be simply deposited

on top. When the low-symmetry substrate is insulating, spins generated in the

metallic ferromagnet might scatter off the low-symmetry surface and induce a

201



novel torque [1, 2, 6]. Upon last looking, crystal vendors such as MTI supply

only two monoclinic substrates: Ga2O3 and CdWO4. We have made very pre-

liminary torque measurements on CdWO4/Py heterostructures, and it is worth

pursuing these measurements further.

It is worth noting that there are a plethora of other interesting effects in these

low-symmetry heterostructure systems, such as the induced in-plane magnetic

easy-axis observed in WTe2/Py and TaTe2/Py. This effect is in line with the the-

oretical predictions made by Li and Haney [6]. We have also made preliminary

measurements of the induced uniaxial magnetic anisotropy in CdWO4/Py and

CdWO4/Fe heterostructures, finding that the magnetic anisotropy increases to

∼ 300 Oe at 10 K and that the insertion of 2 nm MgO or a thin dusting of W

(0.5 nm) between the layers completely destroys the effect. If this effect could

be tuned to be just a factor of 5 larger, this could effectively be used to stabilize

in-plane magnetic moments for memory technologies.

There is much to do. Good luck!
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