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Abstract

Transition metal dichalcogenide (TMD) semiconductors are attracting much attention in research
regarding device physics based on their unique properties that can be utilized in spintronics and
valleytronics. Although current studies concentrate on the monolayer form due to the explicitly
broken inversion symmetry and the direct band gap, bulk materials also hold the capability of
carrying spin and valley current. In this study, we report the methodology to continuously control
the spin-orbit coupling (SOC) strength of bulk TMDs Mo;,W,Se, by changing the atomic ratio
between Mo and W. The results show the size of band splitting at the K valley the measure of the
coupling strength is linearly proportional to the atomic ratio of Mo and W. Our results thus
demonstrate how to precisely tune the SOC coupling strength, and the collected information of

which can serve as a reference for future applications of bulk TMDs.
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1. Introduction

Two-dimensional transition metal dichalcogenide (TMD) semiconductors 2H-MX; (M = Mo, W; X =
S, Se, Te) have attracted much attention due to the possibilities of applications in spintronic and
valleytronic devices [1-8]. By virtue of the lattice symmetry with explicitly broken inversion symmetry,
spin-dependent, valley-dependent, and Berry curvature dependent properties are expected. Up to
now, most of the research has focused on the monolayer system, whereas bulk 2H-MX; has
attracted relatively less interest due to two major disadvantages. First, the restored inversion
symmetry in the bulk form causes spin degeneracy, which hinders the formation of a spin current
or other properties associated with the Berry curvature. In the atomic and electronic structure of
bulk 2H-MX; (Figs. 1(a) and (b)), the inversion symmetry generates nearly degenerate bands at the

K valleys as spin-split
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bands when the spin-orbit coupling (SOC) of the two layers are oppositely combined (Fig. 1(c)).
Second, the valence band maximum (VBM) and the conduction band minimum (CBM) of the
monolayer is located at the K valleys and form a direct band gap, whereas those of the bulk result
in an indirect band gap [9-13]. This direct-to-indirect band gap transition from monolayer to bulk

renders the use of bulk MX, unfavorable for the optoelectric devices and field-effect transistors.

However, recent studies have revealed that bulk MX, can be used for spintronic and valleytronic
devices. In the case of WSe,, the bulk band is spin-polarized even with the inversion symmetry [14]
and it is possible to induce the indirect-to-direct bandgap transition by applying strain to the
multilayer system [15]. Additionally, surface doping of alkali metals on TMD semiconductors
produces spin-splitting by breaking the inversion symmetry, which changes the CBM to the K point
as well as the VBM to the K point to form a direct band gap in the case of MoTe, [16, 17].
Furthermore, it is demonstrated that even in the absence of a direct bandgap, bulk TMD
semiconductors can also produce valley and spin currents by employing a circularly polarized light

source [18].

Despite the growing possibilities of utilizing bulk TMD semiconductors, only a few attempts have
been made to tune the SOC of the bulk, which directly influences the band gap of the bulk TMD
as well as its spin- and valley-dependent responses. In this work, we report the results of successfully
controlled SOC of a TMD semiconductor by exchanging the transition metals. By analyzing Mo;.
W,Se, single crystals using energy-dispersive X-ray spectroscopy (EDS) and angle-resolved
photoemission spectroscopy (ARPES), we demonstrate that the band splitting at the K points is
linearly proportional to the W composition ratio. The results not only illustrate the methodology to
control SOC in TMD semiconductors but can also serve as a reference for the future applications of

bulk TMD in both valleytronics and spintronics.
2. Methods

Mo1,W,Se; single crystals were grown by the chemical vapor transport (CVT) method. In addition
to the stoichiometric amounts of tungsten (purity: 99.99%), molybdenum (purity: 99.99%), and
selenium (purity: 99.999%) powder, more selenium or iodine (purity: 99.999%) was added as a
transport agent. The mixed powders were put into quartz ampoules, sealed in high-vacuum
conditions (~107 torr), and then transferred to a two-zone furnace. After the crystals were removed
from the ampoules, EDS measurements were conducted for selected crystals after cleavage using
the Magellan 400, scanning Electron Microscope at The Analysis Center for Research Advancement
in the Korea Advanced Institute of Science and Technology. The details of the CVT conditions and

the atomic ratio of Mo and W obtained from the EDS measurements are listed in Table 1.

The very same crystals were then transferred ex situ to beamline 4.0.3 at the Advanced Light Source



(ALS) to perform angle-resolved photoemission spectroscopy (ARPES). Samples were cleaved in situ
at 60 K for WSe;, and at 80 K under ultra-high vacuum better than 100 torr. The incident photon
energy was fixed at 70 eV; however, the photon energy has little effect on the band splitting size at
the K valleys [19]. The total energy resolution was 25 meV for WSe, and 34 meV, estimated with
the reference gold spectrum. A Scienta R8000 electron spectrometer was used to collect the

electrons.
3. Results and discussion

The scanning electron microscope (SEM) images and the corresponding EDS spectra of samples 2,
3, and 6 in Table 1 are presented in Figure 2. The crystals have a hexagonal structure as expected
from the atomic structure with a flat surface. The dimensions of the crystals varied from 0.5 * 0.5
mm? to 1.5 * 1.5 mm?. The change in the Mo and W peaks was observed from the EDS spectra (Fig.
2(b)) and the integrations of the peak intensities were used to estimate the actual mole ratio of
each crystal summarized in Table 1. The full doping range from 0 to 1 was explored with a sufficient

number of doping levels.

Fig. 3(a) shows the band dispersions along the -K direction of Mo ,W,Se, with different doping
levels. For all doping levels, the VBMs were located at the I' point, which is characteristic of the
bulk. The bands split into two nearly spin-degenerate bands upon dispersing toward the K point. It
can be observed that the size of splitting gradually increases as the W doping level increases. To
accurately measure the band splitting at each level, an energy distribution curve (EDC) fitting was
performed for the EDC at the K points (Fig. 2(b)), determining the peak positions in the binding
energy. The fitted results illustrate that the splitting gradually increases from 210 meV to 478 meV
as the doping level increases, in which the two end values correspond well to the previous study
[19].

Combined with the EDS results for each sample, the relationship between the band splitting and
the W composition is plotted in Figure 4. The results show that the band splitting and the W
composition are linearly proportional. In the case of monolayer Mo, W,Se,, density functional
theory (DFT) calculations have already predicted this linear proportionality [6]. Although it is known
that band splitting is expected in the bulk case even without SOC [12, 20] through the interlayer
interaction, such effect does not seem to affect the linear increase in the valence band splitting. The
R-squared value of the fitted line (dashed line in Fig. 4) is 0.997, indicating that SOC is the key

parameter in the splitting and can be tuned precisely by transition metal exchange.

Note that up to the highest doping rate of 0.884 (sample 8 in Table 1), the band splitting strictly
follows a linear proportionality. Because there is only a small amount of Mo atoms in the crystal, it

is highly likely that the Mo atom is non-uniformly and discretely distributed. This could result in a



variation in the splitting size at different locations, producing multiple sets of splitting bands in the
measurements from the combination of information at different locations. However, the occurrence
of one set of splitting bands in all data sets indicates the uniform SOC strength at least within the
area where the collected photoelectrons were excited by the photon beam, which is typically on the
scale of several tens of micrometers. This implies that although the nature of SOC is local, the effects
of combining the elements with distinct SOC strength can be spread non-locally, at least for the

doping levels evaluated in the present study.
4. Conclusion

In conclusion, we have synthesized Mo, W,Se, covering the full doping range and successfully
controlled the SOC. We have observed band splitting at the K valley, demonstrating that SOC
strength linearly increases when replacing Mo atoms with W atoms. The results show that the
valence band splitting of bulk Mo, W,Se, conforms to the calculations for the monolayer TMD. To
obtain full band gap information, further research on the bulk conduction band, which is known to
spin-split in the monolayer limit, is needed. Nevertheless, the comprehensive information on specific
SOC strength in certain doping level provided by the present work can lay the foundation for future

applications of bulk TMD devices.
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Fig. 1. (a) Side view and (b) top view of the crystal structure of 2H-MX,. The dashed lines are mirror
planes. The inset in (b) represents the Brillouin zone of 2H-MX,. (c) Schematics of K and K valleys.
The lack of inversion symmetry for the monolayer causes spin-splitting, whereas in the bulk case,

the bands are nearly spin-degenerate due to the symmetry.

Table 1. Details of the CVT growth conditions and the EDS results of Mo, W,Se; crystals.

Initial material Ampoule Temperature EDS
dimension distribution results
Sample | Mole ratio | Transport | Length | Diameter | Hot zone | Cold Growth | W
(Mo : W) | agent (mm) (mm) (°C) zone (°C) | time (h) | ratio
1 1:0 Se 170 25 880 810 456 0
2 9:1 Se 170 25 910 850 456 0.278
3 5:5 l> 160 25 890 810 288 0.464
4 7:3 Se 170 25 880 810 720 0.513
5 8:2 Se 170 25 880 810 720 0.528
6* 3:7 Se 170 25 880 810 720 0.784
7* 0.816
8 4:6 Se 170 25 880 810 720 0.884
9 0:1 Se 170 25 880 810 456 1

*Samples 6 and 7 are removed from the same ampoule.
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Fig. 2. (a—c) SEM image of samples 2 (a), 3 (b), and 6 (c) listed in Table 1. (d—f) The EDS spectra of
samples 2 (d), 3 (e), and 6 (f) of the area inside the red box of Figs. (a—c).
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Fig. 3. (a) Band dispersions of the selected Mo ,W,Se, (samples 1, 2, 3, 6, and 9 listed in Table 1)
measured by ARPES. (b) EDC spectra at the K point for each doping level with a fitted curve. The
dark blue circles are the normalized intensity, whereas the black and gray solid curves are the results
of fitting using the Lorentzian functions convolved with Gaussian curve, accounting for the

experimental resolution.
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Fig. 4. Band splitting size in terms of W composition. The dashed line is the fitted line where the
splitting size is calculated as 205.34 + 273.59x meV with an R-squared value of 0.997. The error bar

along the energy direction is smaller than the marker size for every data point.





