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Semimetallic  tungsten ditelluride displays an extremely large non-saturating

magnetoresistance, which is thought to arise from the perfect n-p charge compensation with low

carrier densities in WTe,. We find a strong Rashba spin-orbit effect in density functional

calculations due to the non-centrosymmetric structure. This lifts two-fold spin degeneracy of

bands. A prominent Umklapp interference pattern is observed by our scanning tunneling

microscopic measurements at 4.2 K, which differs distinctly from the surface atomic structure

demonstrated at 77 K. The energy dependence of Umklapp interference shows a strong

correspondence with densities of states integrated from ARPES measurement, manifesting a fact

that the bands are spin-split on the opposites side of I. Spectroscopic survey reveals the

electron/hole asymmetry changes alternately with lateral locations along b axis, providing a

microscopic picture for double-carrier transport of semimetallic WTe,. The conclusion is further

supported by our ARPES results and Shubnikov-de Haas (SdH) oscillations measurements.

WTe,, a layered transition-metal dichalcogenide (TMD), whose sheets consist of a tungsten

layer sandwiched by adjacent chalcogenide layers, has been the subject of intense interest for its

extraordinary magnetoresistance (XMR) [1-6]. The non-saturation of the resistance with

magnetic field differs significantly with normal MR phenomenon, where the magnetoresistance
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is quadratic only in low fields, and tends to saturate at high fields [1]. This phenomenon has been
ascribed to the perfect n-p charge compensation in WTe,, based on the investigations by angle-
resolved photoelectron spectroscopy (ARPES) [7] and theoretical calculations [3]. The two-band
model for semimetals implies a sharp resonance with exact compensation (n=p), which results in
MR given by Ap/p=p’B*and p,, growing with B* without saturation [1,3].

Tungsten chains are formed within dichalcogenide layers along a axis of the WTe,
orthorhombic unit cell, making the compound structurally one dimensional. As a consequence, a
quasi-one dimensional, semi-metallic Fermi surface topology of WTe, was found along the I'-X
direction [1]. High resolution scanning tunneling microscopy (STM) has been recently used to
visualize the surface morphology of WTe, and reported a lattice distortion due to surface
reconstruction [8]. Very recently, a complicated Fermi surface of WTe, was reported via the
ARPES measurements [9], in which nine Fermi pockets were resolved. This observation differs
from the simple Fermi surface topology (one electron and one hole pocket) significantly. More
important, similar to the case of topological insulators [10-12], the circular dichroism that is a
signature for strong spin-orbital coupling (SOC) and a spin texture, was observed at the Fermi
surface in photoemission spectra [8,9]. Such spin texture provides mechanisms to protect the
backscattering at zero fields thus may be responsible for the XMR.

Here we find, in accord with other recent results, a spin splitting of the bands, symmetrical
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around the zone center leading to multiple sheets of Fermi surface along the I'-X direction. The
breaking of spin degeneracy is in general possible either from time reversal symmetry breaking,
i.e. magnetism, or the combination of spin-orbit and spatial inversion symmetry breaking. WTe,
is not magnetic, and therefore the splitting must be due to spin-orbit, i.e. the Rashba-Dresselhaus
Hamiltonian. We find this splitting in our first principles calculations including spin-orbit,
confirming its spin-orbit origin. The splitting as seen is along I'-X, reflecting the crystal
symmetry, which is orthorhombic and not cubic. Therefore, this is Rashba type splitting. The
SOC lifts two-fold spin degeneracy of bands across Fermi level (Er) and produces five Fermi
pockets, including two electron pockets, two hole pockets and one deeper hole band that just
kisses Er. In conjunction with scanning tunneling microscopy and spectroscopy (STM/STS)
measurements, we observe umklapp-type interference pattern on the surface of in situ cleaved
WTe, single crystal at 4.2 K. Such an umklapp-type interference pattern is a spectroscopic
feature instead of pure geometric one. It is dominated by spin-conserving processes, with that a
reciprocal lattice vector g is permitted, whereas ordinary interferences are forbidden by spin
conservation at low temperature. The band splitting is further evidenced by the energy
dependence of the interference patterns.

DFT calculations, with the full-potential linearized augmented plane wave (LAPW) WIEN2k

package and the PBE exchange-correlation functional [13], were performed to investigate the
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WTe, bulk structure (see methods for details). Atom positions after relaxation are shown in

Supplementary Tab. S1 and the relaxed structure is given in Fig. 1(a). There is an interesting

connection between WTe, and MoS; in that bulk MoS; is centrosymmetric, while the single layer

version is not, which leads to spin-orbit induced valley effects in MoS, [ 14].

The band structure shown in Fig. 1(b) is in agreement with previous reports [1,15] in showing

WTe, to be a semimetal with valence and conduction bands that barely cross the Fermi energy at

different places in the Brillouin zone along the I'-X direction. Our calculated band structure is

similar on a large scale to that reported previously [1], but differs in details presumably due to

the structure used. With SOC, the non-centrosymmetric structure leads to the structure inversion-

asymmetric (SIA) spin splitting term in Hamiltonian, i.e. a Rashba effect [16-18]. Importantly,

the splittings are large enough to give visibly different Fermi surfaces (Fig. 1(d)). There are five

non-degenerate bands crossing the Fermi level: two electron bands, two hole bands and one

deeper hole band that just kisses Er to give very tiny hole sections. A closer inspection of the

calculated low-lying electronic structure in the I'-X direction is illustrated in Fig. 1(c) (right

panel), showing that an original set of electron and hole bands with spin degeneracy splits into

two sets of electron and hole bands. The two large hole sheets of the Fermi surface are connected

across the zone center, while the two electron sheets have small necks along the k, direction (Fig.

1(d)). Importantly, the low energy structure is not reasonably characterized as one or even two
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dimensional. The calculated plasma energies in the three crystallographic directions are
Q,,=1.07 eV, Q,,=0.83 eV and €, ,=0.62 eV, which would predict a constant scattering time
conductivity anisotropy of csx/csz~(Qp’x/Qp,Z)2 of approximately 3 and similarly oy/c, of
approximately 1.7, i.e. a moderately anisotropic three dimensional semimetal.

The five pockets of the Fermi surface (Fig. 1(d)) lie along the I'-X direction, which is
supported by SdH oscillations (see Fig. S1 for details) measured with perpendicular field (H//c
axis) [19]. ARPES measurements (left panel of Fig. 1(c)) resolve three bands across Er along I'-
X, referred as a, B and & bands, respectively (see methods and Fig. S2 for details). The B and 6
bands contribute two Fermi crossings along I'-X and forms the two hole pockets. The a band
gives two Fermi crossings and forms an electron pocket. Two bands are found to be located
around 80 meV (the y band) and 190 meV (the € band) below Er. Therefore, except for the tiny
hole pocket inside of hole dumbbells, all four Fermi pockets predicted by our DFT calculations

are clearly resolved.
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(a) The relaxed bulk structure of WTe,. (b) The calculated band

FIG. 1. Calculated electronic structures of WTe,.

2

with relaxed structure of the slab. (c) The photoemission intensity plot (left panel) along I'-

>

structure of WTe, bulk

3

X direction together with a closer inspection of the calculated electronic structure (right panel). The colorful lines

4

are the schematic drawings of the low-lying electronic structure of WTe,. (d) Calculated 3D Fermi surface for WTe,

5
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bulk. Fermi surfaces for the five bands crossing the Fermi level shown as blue for hole surfaces and red for electron

surfaces. The bottom right panel shows the total Fermi surface.

In the topological insulators, SOC induces the spin texture in the topologically protected

surface states, namely opposite spin direction on the opposite side of I, which provides the

protection against backscattering in the absence of magnetic scattering at zero field [20-22].

Although the existence of spin texture in WTe; has been detected by ARPES measurements [9], a

direct observation of spin-texture and its dependence with external magnetic field are still

missing. For this purpose, extensive STM/S measurements were performed.

Figure 2(a) shows a representative topographic image of a fresh-cleaved WTe, surface obtained

at 77 K. Based on crystal-chemical considerations and experience with other layered TMDs such

as MoSe; and IrTe, [23,24], cleavage occurs between adjacent chalcogenide layers so that Te

terminated surfaces are exposed. On the surface of WTe,, the tellurium octahedra distort slightly

and the metal atoms are displaced from their ideal octahedral sites, forming zigzag metal-metal

chains along a axis (Fig. 2(b)). The Te atom layers are buckled with the Te(i) atoms displaced a

little into the sandwich layer and Te(o) atoms moved slightly out. We therefore assign the

brighter feature in Fig. 2(a) to Te(o) atoms while the darker ones to Te(i) atoms.

Figure 2(c) gives the calculated total DOS for WTe, bulk and the projections of the electronic

density of states (PDOS) onto W (d bands) and Te (p bands) atoms. Both W (d orbitals) and Te (p
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orbitals) contribute to the overall DOS of valence and conduction bands. In order to investigate

the electronic structure of the WTe, surface, conductance spectra (dl/dV versus V4), which

measure the local density of states (DOS) at the tip site, were obtained. Thousands of tunneling

spectra were acquired on clean WTe, surface at different locations (cyan curves in Fig. 2(d)) and

an averaged dI/dV spectrum is superposed (shown as black curve in Fig. 2(d)), which are in

excellent agreement with the theoretical calculations. Without the consideration of the spin, the

electronic structure of WTe, around Er is fairly simple: The valence band and conduction bands

barely cross the Fermi energy at different places in the Brillouin zone (a schematic scratch of the

band structure of WTe; is shown in the insert of Fig. 2(d)). We then are able to identify an Ecgm

(conduction-band minimum) at ~-40 mV and an Eypy (valence-band maximum) at +40~+60

mV. The overlap between the valence band and conduction bands is 80 meV to 100 meV, leading

to the semimetallic nature of the sample. The spectroscopic results agree reasonably well with

our band structure calculations and ARPES measurements [7].
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FIG. 2. STM/S measurements of cleaved WTe,. (a) Atomically resolved STM topographic image of the cleaved

WTe, surface acquired at 77 K. (b) Top view of crystal structure of WTe,. Top Te(i) and Te(o) atoms are

highlighted by red circles. (Right panel) FFT image of (a), displaying Bragg vectors and the corresponding first

Brillouin zone (purple rectangle). (c) The calculated total DOS, with projections of the DOS onto different atoms, W

(d obitals) and Te (p obitals). The energy zero is set to the Fermi level. (d) dI/dV spectrum acquired on the WTe,

surface. Setpoint parameters: V, =+50 mV (a), Ry = 0.5 GQ; Vs =5 mV. (Inset) schematic band structure of WTe,.
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Dramatic changes take place when the sample is cooled down to 4.2 K, at which STM images
of the surface exhibit a unique “lattice” pattern (Fig. 3(a)). The size of unit cell for this phase is
3.5%6.3 A, exactly the same as the unit cell of the WTe, surface taken at 77 K. Quite obviously,
the darker protrusions shift from the center (77 K) to the edge (4.2 K) of the unit cell and form a
rectangular lattice instead of the triangular one at 77 K (left panel of Fig. 3(b)). Note that no
structural transition has been reported for WTe, in this temperature range and actually a
structural change for the top Te layer is extremely energetically unfavorable. We calculate the
energies of three different structures for top Te-W-Te trilayer, including 1T, 1T (the most stable
configuration for WTe,) and an artificial model named as 1T”. Only the structure of 1T” could
give a rectangular tungsten lattice, but its energetic cost is extremely high as 0.28 eV per atom.
Therefore, the rectangular lattice at 4.2 K should represent electronic variations on the surface.

The observed “lattice” pattern cannot be assigned to the charge ordering since no gap opening
is obtained (Fig. 2(d)) [25-28]. Alternatively, the phase transition can be a result of the quasi-
particle interference (QI) induced by surface Rashba SOC splitting. It is vital to realize that states
with kT: and -k_F) have opposite spin directions. All of the interference processes building up the
FS topology should be forbidden in the absence of spin-flip [29]. One the other hand, in the
umklapp-type interference processes, a reciprocal lattice vector g are not forbidden by spin. For
example, interference between (E, «) and (E+§ , <) 1s permitted, while interference between

11
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(E ,<—) and (-E ,—) i1s NOT allowed (Fig. 3(b), right panel). As a consequence, the presence of
defect is not necessary for the scattering and the pattern is formed extending the entire sample
surface where a regular crystalline lattice of WTe, preserved, as that reported for the Be(110)
surface [30].

The umklapp-type interference processes are further evidenced by differential conductance
mapping at different energy levels. The differential conductance maps taken with sample bias
varying from -0.4 V to 0.5 V are shown in Supplementary Fig. S3 and a representative dl/dV
mapping at -0.1 V is given in Fig. 3(c), together with the corresponding fast Fourier transform
(FFT) image (Fig. 3(d)). As we know, dI/dV map is a spatial visualization for the distribution of
electronic density of states by removing the topographic effect. The g, and g, in Fig. 3(d) do not
always exist, especially for some bias energies. For example, when the bias is below -400 meV,
only an unidirectional stripe pattern is visible at the dI/d} map, manifesting an interference with
a reciprocal lattice vector g,, where g, and g, + g, are missing in its FFT image. Even the
vector g, also becomes very weak at -0.4 eV. With the increment of the bias, QI patterns show
the interference with reciprocal lattice vectors not only along the I'-X direction, but also for the
I'-Y direction. The intensity of interference pattern with the reciprocal lattice vector g, reaches
the maximum at -200 meV, while with g, has a maximum at around -100 meV, as illustrated in
Fig. 3(e). The result of strong energy-dependence of dI/dV patterns presented here suggests an

12
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electronic origin of g, and g, vectors, instead of atomic-resolved structural feature. The
appearance of g, and g, vectors can be explained as the result of umklapp-type interference on
the surface dominated by spin-conserving processes.

By comparing with the integrated DOS from our ARPES measurement (Fig. 3(f)), a
coincidence was found, showing that the interference maxima for reciprocal lattice vectors
always occur at the top/bottom of downwards v, € bands or upwards band a. Such coincidence
manifests those downwards/upwards bands are spin-split, namely opposite spin direction on the
opposite side of I' in momentum space. If the bands are non-spin-splitting, the Fourier transform
of STM dI/dV maps near Eg, will show the image of two-dimensional Fermi contours with high
intensities at 2kg [31-33]. It will not give lattice-like spots with that the reciprocal lattice vectors
g are permitted, as we observed in our experiments. Once the bands become spin-splitting, states
with kr and -kr have opposite spin directions. Ordinary interferences building up the Fermi
surface topology in the FFT maps should be forbidden at very low temperature by spin-
conservation processes [34]. Only the spin-conserving interferences are permitted and the energy
dependence of such spin-conserving patterns has to be coincident with the maxima of the spin-
splitting bands. Our observation gives a spatially visualized picture of the “spin texture”, which

agrees with Jiang ef al.’s circular dichroism (CD) measurement [9].

13
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FIG. 3. STM images and tunneling spectra obtained at 4.2 K. (a) STM topographic image, V}, =500 mV, /=100 pA.
(b) (Left) STM images taken at 77 K and 4.2 K. (Right) Schematic drawing showing umklapp-type interference
processes in spin-conserving processes. (¢) dl/dV image with V;, =-100 mV, /=100 pA. The size of image is 10
nmx10 nm. (d) FFT pattern of the image shown in panel (c). (¢) The energy dependence of the intensities for vector

, and + , respectively. (f) A schematic illustration for bands near Er along I'-X direction with the
integrated DOS (thick black line) from ARPES data.

Due to the surface enhanced Rashba SOC, the origin of the degenerate band is shifted by kg,
but in opposite directions for up- and down-spins with in overall spin-orbit lowering of Ar
energy. This Rashba type spin orbit splitting is k-dependent, but is about 50 meV at some £, and

lower at others. When the measuring temperature 7, is raised i.e. at 77 K, the peculiar
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interference pattern vanishes and an STM image representing the surface geometry is observed,
meaning that scattering processes have sufficient energy mix bands at different energy, removing
the spin protection from scattering; conversely at low T, the STM image will be dominated by
such interference pattern, as what we observed at 4.2 K.

A spectroscopic survey was taken to study the DOS distributions on surface. Figure 4(a)
shows 50 differential tunneling conductance spectra acquired within five UCs (marked by a blue
line in Fig. 3(a)). All curves exhibit similar line shapes without evidence for an energy gap. From
the spatial mapping this series of spectra (Fig. 4(b)), DOS oscillation of both filled states and
empty states with lateral displacement, is clearly observed. The maximum position of filled
states does not meet with the maximum of empty states and the separation between the lateral
positions of the maxima for empty and filled states is about 2 A, manifesting a separation of
electron/hole-like channels.

It has been proposed that particle-hole asymmetry arises from an imbalance between the
tunneling rate for electron injection and extraction [35,36], and this mechanism has been widely

applied in the high-Tc cuprate superconductors studies [37,38]. The ratio of particle-hole

ff 2N(#E)dE

asymmetry R(7) can be given by R(7) = f—051 NGE)E

[36]. By integrating empty and filled states
from -0.2 V to 0 and from 0 to 0.4 V, respectively, a normalized particle/hole asymmetry ratio is

calculated, as shown in Fig. 4(c). The electron/hole ratio is varying within a unit cell along b axis,

15



which is perpendicular to tungsten chain. The overall electron/hole ratio within a unit cell equals
to one, with R lower than one (electron-like) in half of the unit cell and vice versa in another half,
suggesting the perfect n-p charge compensation in WTe, [1,3]. As far as we know, such a
microscopic picture of separated electron/hole channels for a double-carrier system has not been

observed previously for semimetallic materials.

100 =

80

:

o

0

80
gﬁ ., 02— |
& I‘" 0 x(nm) 3.7
= - .
240 | C E | Unitcell  1OI€
N ] E ——

£

<}

£

20 S14

8

m

k=)

9 L=
o+——— & Electron
02 00 02 04 T 1 i

Bias(V) Lateral distance (nm)

16



10

11

12

13

14

15

16

17

18

FIG. 4. dI/dV spectra obtained at 4.2 K. (a) A series of dI/dV spectra acquired along the blue line in Fig. 3(a). V}, =50

mV, I=100 pA, Vms =5 mV. (b) A gray-scale plot of these dI/dV curves with the tip displacement. (c) The calculated

ratio of electron/hole asymmetry based on the spectra survey in panel (a).

Finally, we checked the electronic properties of WTe, surface under applied perpendicular

magnetic field. As shown in Fig. S4(a), no distinct change in the spectrum is observed upon

applying magnetic fields from 0 to 8 T. Detail analysis of the spectroscopy behavior under

magnetic field can be found in Fig. S4.

In summary, STM/S, ARPES and transport measurements, corroborated by DFT calculations,

reveal that strong Rashba type spin-orbit effects due to the non-centrosymmetric structure

substantially split the electron and hole bands crossing the Fermi level and lift the spin

degeneracy of these bands. The band structure is not reasonably described as one dimensional

and is instead three dimensional in nature. Low temperature STM/S measurements show an

umklapp-type interference pattern on WTe, surface at 4.2 K, proven to be a spectroscopic feature

instead of a pure geometric one, which is dominated by spin-conserving processes. Spectroscopic

surveys reveal that the ratio of electron/hole asymmetry changes alternately with lateral locations

along b axis, while the overall electron/hole ratio within a unit cell stays in balance. In WTe, the

Fermi surface is arranged along the a-axis which is the current direction for the XMR and the

direction in which the Rashba-type splitting are important. The inversion symmetry is broken by
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a lack of reflection in the c-direction. This leads to an important spin texture in the a-b plane, as

was discussed by Jiang and co-workers based on ARPES [9]. Thus the magnetic field along ¢

breaks this texture. We infer that it is this that enables scattering between parts of the Fermi

surface that have different spin without field and underlies the XMR effect. Our findings provide

a microscopic atomic level understanding of the electronic and spin structure of the exotic

semimetal material WTe, and show the importance of the interplay of spin-orbit interactions

with the non-centrosymmetric crystal structure.
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