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The valley degree of freedom of electrons is attracting growing interests as a carrier of
information in various materials including graphene, diamond and monolayer transition metal
dichalcogenides. The latter are semiconducting and are unique due to the coupling between spin and
valley, originating from the relativistic spin-orbit interaction. Here we report a direct observation of
valley-dependent out-of-plane spin polarization in an archetypal transition metal dichalcogenide,
MoS, by means of spin- and angle-resolved photoemission spectroscopy. The result was in fair
agreement with first principles theoretical prediction. This became possible by choosing a 3R
polytype crystal which has a noncentrosymmetric structure, in contrast to the conventional
centrosymmetric 2H form. Furthermore, we confirmed robust valley polarization in the 3R form by
means of circular polarized photoluminescence spectroscopy. Noncentrosymmetric transition metal
dichalcogenide crystals may provide a firm basis for the development of magnetic and electric

manipulation of spin/valley degrees of freedom.

* These authors contributed equally to this work.

Y|Corresponding author: iwasa@ap.t.u-tokyo.ac.jp and ishizaka@ap.t.u-tokyo.ac.jp

1/21


mailto:iwasa@ap.t.u-tokyo.ac.jp
file:///C:/Users/Akashi/AppData/Local/Temp/ishizaka@ap.t.u-tokyo.ac.jp

Transition Metal Dichalcogenides (TMDC) based two dimensional (2D) atomic crystals are
emerging materials with rich physical properties, such as excellent field effect transistor (FET)
performance with a large on-off ratio' and an ambipolar mode®®, electric field induced

superconductivity>® and Zeeman splitting’, as well as strong photoluminescence (PL)®**3. |

n
particular, circular dichroic photoluminescence offers a new opportunity for optoelectronic
functionality called valleytronics, i.e. manipulation of the valley degree of freedom as an information
carrier. Candidate materials for this direction include silicon'*, diamond™, AIAs™™ bismuth®,
graphene?®?®, and TMDCs?*®. Control and detection of valley polarization was indeed demonstrated
by optical pumping of monolayer MoS, and other TMDCs through PL circular dichroism, taking
advantage of the finite band gap, which is absent in graphene'®**?#"_ This functionality came from
the noncentrosymmetric nature in the monolayer MoS,, causing finite Berry curvature?®. As shown
in Fig. 1a, the monolayer is formed by covalently bonded S-Mo-S quasi-2D networks with a trigonal
structure without inversion symmetry, which is also seen in the side view in Fig. 1b. In the bulk, such
2D monolayers are packed by weak van der Waals forces. The most common bulk phase of MoS; is
a so called 2H-polytype?®, whose unit cell is composed of a bilayer with the space group of P6s/mmc,
having a hexagonal Brillouin Zone and the inversion symmetry is restored in the bulk crystal (Figs.
1b,c)??°. The factor which makes TMDC unique is the strong spin-orbit interaction (SOI) due to the
d orbitals of the heavy metals, which leads to coupled spin/valley physics®*. For instance, theoretical
predictions suggest that the top most valence bands located at the corners (K- and K- points) of the
2D hexagonal Brillouin zone undergo a valley-contrasting spin splitting with a polarization
perpendicular to the 2D plane™.

Because of the absence of inversion symmetry, monolayer MoS, and other TMDCs are the
most suitable materials for spin/valley physics and its application to electronic and optoelectronic

devices. Hence, preparation of monolayer systems is the key technology to be developed, and

significant amount of efforts have been devoted for fabrication and characterization of monolayer
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materials and devices. The major routes to monolayers are the mechanical exfoliation of single

8-13 31-33

crystals®° and chemical vapour deposition®°, which usually yield crystalline monolayers with 30
um at maximum in lateral size. This is large enough for basic electrical transport and optical
experiments with micro devices, but not sufficient for deepening spin/valley physics and extending
functionalities. For instance, the spin polarization predicted by the theory still remains to be detected.
However, the noncentrosymmetric structure should not be limited to monolayer. Recently symmetry
control of bilayer or even bulk crystals has been proposed using the FET configurations’#*%.
Application of the electric field perpendicular to the bilayer or multilayers makes the each layer
inequivalent, and consequently, the in-plane inversion asymmetry is restored. Such manipulation of
crystal symmetry by external field is vital for controlling the electronic Bloch states at the surface
state within the screening length, offering a novel route to mimic the monolayer state.

Here we report a totally different way of controlling the symmetry by taking advantage of
the rich polytypism in TMDCs layered materials systems. For the case of MoS,, in addition to the
most stable 2H phase, so called 3R phase having a stacking pattern and the first Brillouin Zone,
shown in Figs. 1b,c, respectively, is known to exist as another stable phase?®?°3*. The space group of
the 3R structure is R3m, and its unit cell is composed of a trilayer stacked in such a way that the
inversion symmetry is kept broken in the bulk form. Using single crystals of the 3R-phase, we
successfully observed the out-of-plane spin polarization in the valence band at the K- and K'
-points, which displays fair agreement with the first principles band calculations taking the SOI into
account. This is the proof of the valley dependent spin polarization expected in the monolayer MoS,,
by use of the multi-layer crystal with noncentrosymmetric stacking pattern of layers. Furthermore,

we demonstrate that information of valley polarization in the 3R-stacking is effectively preserved by

means of the layer number dependence of PL circular dichroism.

Crystal growth and characterization.
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We have grown the 2H- and 3R-MoS; with a chemical vapour transport technique, using I,
and Cl, as carrier gases, respectively®®. Grown crystals were characterized by various methods. First,
the powder diffraction pattern clearly demonstrated the difference in crystal symmetry, despite
almost identical lattice parameters. Fig. 2a displays optical micrographs of typical surfaces of 2H and
3R single crystals. The screw dislocations observed in these two forms of crystals have hexagonal
and trigonal structures, respectively, clearly reflecting their crystal symmetries®®. Fig. 2b shows
convergent-beam electron diffraction (CBED) patterns of 2H-MoS; and 3R-MoS; with [0001]
incidence at room temperature. The patterns unambiguously show the complete pattern symmetries
of 6mm and 3m, respectively, which are consistent with the reported space groups?®. All these
structural characterizations confirmed that 3R phase is dominant when grown with a Cl; carrier gas.
Optical reflection spectra on the 2H- and 3R-phase are shown in Fig. 2c, in which we observe a twin
peak structure at 1.8 — 2.0 eV both in 2H- and 3R-phases. These two peaks are well known excitons
associated with the direct optical transitions at the K- or K’-points in the Brillouin zone. Interestingly,
the splitting in the 3R-phase of 0.14 eV is smaller than 0.18 eV in the 2H-phase. This difference in
the splitting is another fingerprint to distinguish the two phases, as has been already reported in the

transmission spectra in 2H- and 3R-M0S,%*¢,

Spin- and Angle-Resolved Photoemission Spectroscopy.

For detecting the spin polarization, we started with comparisons of the whole valence band
structures determined by angle resolved photoemission spectroscopy (ARPES) and first principles
band calculations including the SOI. Figs. 3a,b display the valence band structures of a 3R-MoS;
bulk crystal obtained by ARPES and calculation. The same comparison is given in Figs. 3c,d for a
2H-MoS; bulk crystal whose overall electronic structure is in agreement with previous reports.>”®

Since both samples are of n-type, the Fermi level (Ef) is fixed near the conduction band bottoms.

Considering that the ARPES images for hv = 40.8 eV (left) and 21.2 eV (right) both include the
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projection of finite k,-dispersions, they are in good agreement with the calculations. Here hv and k;
denote photon energy of the incident light, and the momentum component along the I"-A direction
(Fig. 1c). The overall band structures of 3R- and 2H- MoS; are found to be very similar reflecting the
van der Waals stacking nature of TMDCs. By closely looking into the detailed band structures,
nevertheless, small but contrasting differences between 3R and 2H can be noticed. One difference is
found at the top of valence band at the K -point marked by the green rectangles in Figs. 3a,c, which
are expanded in Figs. 3e-h. The ARPES data (Figs. 3e,g) indicate that the energy splitting of the
valence band top at the K -point is smaller for 3R compared to 2H-MoS; crystal. The values of
splitting, approximately 0.14 and 0.17 eV respectively, agree well with those calculated in Figs. 3f, h,
though there remains some ambiguity arising from the k,-dependent dispersion. This agreement
becomes more impressive when we compared to Fig. 2c, where we saw the similar difference of the
exciton splitting for 3R and 2H crystals. These indicate that the 3R and 2H single crystals can be

successfully distinguished from the viewpoint of the electronic structures.

Based on these results, we proceeded to spin and angle resolved photoemission
spectroscopy (SARPES), which had been useful for directly detecting the k-dependent spin
polarizations in a noncentrosymmetric compound®. By utilizing three-dimensional spin

40,41

polarimeter™"", spin polarizations along x, y, z directions (P, Py, P,) can be unambiguously

measured. Fig. 4a shows the equi-energy band surfaces of 3R-MoS, at E—E. =-0.3eV, where

E_ER represents the energy level relative to the valence band maximum at K point. The

experimentally obtained images indicate the existence of hole-like equi-energy surfaces around T-,
K -, and K'-points, showing an excellent agreement with the calculated curves. As the
spin-resolved calculation indicates by red (spin-up) and blue (spin-down) curves in Fig. 4g, the

valence band top at K -point is expected to show large SOIl-induced Zeeman-type band splitting

with inverted spin polarization at K'-point (P, ~ *1). In fact, this was confirmed in the SARPES
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spectra, as shown in Fig. 4b. The red (blue) curves indicate the intensity of spin-up (-down)
components obtained at K -point. The spectra for z-oriented spin <s,> clearly show that the upper
(lower) band at the K -point top is spin-up (-down) polarized, whereas the in-plane <s,> and <s,>
components have the nearly equivalent intensities. Fig. 4c indeed shows the almost full polarization
along z-direction (P, ~ *1), in contrast to the very small in-plane Py, Py (see Sl for detailed
analysis). Furthermore, the SARPES < s, > spectra for K - and K'-points as shown in Fig. 4d
clearly indicate the inversion of the spin-polarization for both upper and lower bands. It thus offers
direct evidence of the valley/spin coupled state realized in bulk 3R-MoS;, a counterpart of the
recently reported TI/Si(111) surface state.”” In marked contrast, the valence band tops at K -point
for 2H-MoS, and 2H-WSe, are much less polarized with negligible inequivalency of spin-up and
-down components (Fig. 4e, see Sl for the details of SARPES condition), as theoretically expected
(Fig. 4h). It suggests that the effect of inversion symmetry breaking at the surface can be ruled out as
the origin of the huge spin splitting emerging in the 3R system. To demonstrate the spin-dependent
valence band dispersion of 3R-MoS,, the difference of <s,> spin-up and -down SARPES intensities
are shown in Fig. 4f. This provides a firm and clear image of the out-of-plane spin polarization at the

valence band top of the K -point, in agreement with the calculation in Fig. 4g.

Circular dichroic photoluminescence.

To confirm the valley polarization in the 3R-stacking, we have carried out a PL circular
dichroism experiment. We compared circular dichroism on mono- and multi-layers of 3R- and
2H-stackings. For thickness estimation of micro-mechanically cleaved MoS, samples, we performed
micro Raman spectroscopy experiments, in particular focused on the frequency difference between
Elzg and A;y modes, and atomic force microscope (AFM). For the 2H-stacking, an empirical
correlation is established between the energy splitting of the Elzg and Aqq splitting and the number of

layers determined by the AFM*#* We found a similar relation holds for the case of the 3R-stacking
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even quantitatively, as shown in Supplementary Information Section 4. This allowed us to perform
experiments of layer number dependence of PL circular dichroism on 2H- and 3R-MoSs.

Figure 5a shows the circularly polarized PL spectra of mono- and multi-layers of 3R- and
2H-MoS; recorded at 4 K with the o. excitation of 633 nm (1.96 eV), where o, (c.) denotes right
(left) circularly polarized light. All the spectra are composed of sharp Raman and broad PL peaks,
the latter of which show a peculiar layer number dependence of circular polarization. For the
2H-stacking, the intensity difference between . and . PL spectra becomes smaller with increasing

the layer numbers, whereas that for the 3R-stacking does not show clear layer number dependences.

(o) - 1(0.)

under the c. excitation
(o) +1(c,)

The degree of circular dichroic polarization p defined as

is plotted against the layer number N in Fig. 5b both for the 3R- and 2H-multilayers. Here I(c.) and
I(c.) denote the PL intensity of o, and o. polarization, respectively. pis basically independent of N
in the 3R-stacking, whereas p rapidly decreases with N in the 2H-stacking. This result
unambiguously proves that the valley information of the exciton formed by the K- (K’-) point states
is robustly preserved in the 3R-stacking, in marked contrast to the 2H-stacking. In Fig. 5c, we plot
the same data as a function of inverse layer number (1/N), and found that the data falls on a straight
line, proving us with an opportunity of simple modelling of a relaxation mechanism of valley
excitation in multilayer structures.

While the whole difference between the 3R and 2H plots is obvious, one would also notice
that the layer-number dependence of p in the 2H-stacking is rather unexpected: Since the bilayer and
quadralayer flakes are inversion symmetric, p of these systems should be negligibly small. In reality,
such a large p in inversion symmetric bilayer TMDCs has been widely observed®. A
layer-localized exciton, which is localized in each layer of bilayer rather than spread over two layer,
has been proposed to explain this phenomenon®*. This situation is rationalized, taking account of

the fact that the substrate surface adds a symmetry-breaking electrostatic potential to the system?.
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Ref. 26 allows us to estimate the potential difference between the neighbouring layers of at least
several tens of meV, which is comparable to the first-principles interlayer hopping t.*. In such a
case, hybridization between layers is less effective and excitons tend to be localized at each
monolayer. When a circular polarized light generates excitons, those in K - (K'-) point are localized
in the upper (lower) layer, and the reduction of p is dominated by intralayer/intervalley hopping and
interlayer/intravalley hopping (the probability of interlayer/intervalley hopping should be negligible
compared to these two hopping). Note that this model should be applied also to 3R-stacking.

Figure 5d displays schematics of the band structures and two relaxation paths, originating
from intralayer/intervalley hopping (yellow arrow) and interlayer/intravalley hopping (solid and
dotted blue arrows), of K-point excitations in bilayer structures of 2H- (left) and 3R- (right) stacking.
We here ignored the exciton relaxation paths intrinsic to indirect-gap nature of the systems, as it is
irrelevant to the PL polarization observed in the present energy region. Inside each layer, the
intervalley hopping between K- and K’-points is the most dominant valley relaxation mechanism for
both forms. Another relevant relaxation path is the interlayer/intravalley hopping preserving the
momentum of excitons, which is very contrasting between 2H- and 3R-stackings. In the 2H-stacking,
this hopping accompanies the reduction of p, whereas p is not affected in the 3R-stacking (see Fig.
5d). Moreover, from the first-principle calculation, we have found that the interlayer hopping is
much suppressed both in the bulk and bilayer 3R-stackings (see Supplementary Information Section
6). This suggests that the valley exciton is robustly protected from the interlayer hopping by the 3R
local stacking. Hence, the interlayer/intralayer hopping can be neglected for the 3R-stacking during
the discussions on p. It is to be pointed out that the above simple view explains the observed
behaviour of both 2H- and 3R-stackings (Figs. 5a,b,c).

Here we assume that the number of the intervalley or interlayer hopping paths determines
the circular dichroic polarization p. Given the number of the interlayer hopping paths for the

outermost layer and the inner layers are one and two, respectively, the hopping probability P will be
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aw + b by simply counting the number of hopping paths per layer. Here, a and b denotes

the interlayer/intravalley and intralayer/intervalley scattering rates, respectively. The observed

polarization p can be expressed as 1-P, and we obtained p = Za% +1—2a—Db. For the 3R-stacking,

a is effectively zero because of the negligibly small interlayer/intravalley hopping and the
independence between this hopping and reduction of p as discussed above. The dashed lines in Figs.
5b,c are the least square fit, showing fair agreement with the experimental points. The fitting
parameter were a,4=0.28, b,y=0.44, and b3r=0.43, respectively. Within this model, the interlayer
relaxation rate is of the same order as the intralayer relaxation rate in the 2H-stacking, implying that
the important role of the interlayer relaxation in the 2H-form. Note that the b value should be
dependent on the environment such as substrate or impurities included in the crystal, being
suggestive of strong sample dependences.

The N independent polarization shown in Fig. 5 provided solid evidence that the local
stacking pattern in the 3R-multilayers takes an important role. The high ability of keeping valley
information in the 3R-stacking compared to the 2H-stacking should be of significant interest and
importance for understanding the nature of valley system and its further developments. The feature
3R-MoS; will broaden the opportunities of physical measurements as well as easy fabrication

processes for valley-tronic devices.

Conclusion.

To summarize, we have succeeded in observation of spin/valley polarization using a
3R-stacking of MoS; crystals by means of SARPES and PL circular dichroism in combination with
first principle band calculations. The origin of the experimentally and computationally observed spin
polarization in 3R-MoS; and its absence in 2H-MoS; and WSe, is identical to that expected in

monolayer MoS; and other TMDC families. Furthermore, the noncentrosymmetric 3R-stacking is
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extremely useful for preserving the valley information and pushes forward valley/spin-tronics based

on 2D crystals.

Methods
Crystal growth.

2H-MoS,, 2H-WSe;, and 3R-MoS, single crystals were grown by Chemical Vapour Transport (CVT)
technique®. For 2H-MoS, and 2H-WSe,, we used lodine as a transport agent. A mixture of Mo, S, and I, (for
MoS,) or W, Se, and I, (for WSe,) was sealed in a quartz tube and was placed in a two-zone horizontal temperature
gradient furnace: the higher temperature side (Ty) was kept at 900 °C for 14 days while lower side (T,) was 700 °C.
For 3R-MoS,, as a transport agent, we used chlorine which was introduced as MoCls. Ty was kept at 1100 °C for 3
days while T was 900 °C. 3R-MoS, crystals and multilayers are stable at room temperature, once they are

fabricated.

Convergent-beam electron diffraction (CBED) experiments

To confirm the crystal structure of 2H- and 3R-MoS, we conducted convergent-beam electron diffraction
(CBED) experiments. Thin foil specimens for the CBED experiment were prepared by crushing single crystals.
CBED patterns were obtained using JEM-2100F at an accelerating voltage of 200 kV. Figure 2b in the main Letter

shows CBED patterns of 2H- and 3R-MoS, with [0001] incidence at room temperature.
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3R

Figure 1| Crystal structure and Brillouin zones of monolayer, 2H- and 3R-forms of MoS,.

a, Stick and ball crystal structure of MoS, monolayer (top view). b, Side views of three forms of MoS:
(from left to right) monolayer, 2H-crystal, and 3R-crystal. Blue and red spheres correspond to
molybdenum and sulphur atoms. Black dashed lines indicate unit cells; orange arrows indicate lattice
vectors, whereas green vectors indicate orthogonal axis of the real space. c, The first Brillouin zones of
2H- and 3R-MoS,. The solid blue lines and pink shaded areas represent the conventional and primitive
Brillouin Zones, respectively. The hexagonal plane with T, M, K, and K' represents the
corresponding two-dimensional projected Brillouin zone.
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Figure 2 | Structural and optical characterizations of 2H- and 3R- single crystals of MoS,

a, Optical micrograph image of the surface of MoS, crystals showing contrasting screw dislocations
reflecting the crystal symmetry. The black scale bars indicate 10 um. b, CBED patterns of MoS,. The 2H-
and 3R-crystals show mirror symmetries, indicated by yellow, white and red lines, at the position of the
6-fold and 3-fold symmetry, respectively. ¢, Optical reflectivity spectra for 2H- and 3R- crystals. The
two-peak structures are assigned as exciton transitions. The energy splitting was 0.18 eV and 0.14 eV, for

2H- and 3R- crystals, respectively, being consistent with previous literature®®%.
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Figure 3 | Valence band structures of 3R- and 2H-MoS,

a, Valence band structures of 3R-MoS, recorded along - K shown as the red line in i) by ARPES
using hv = 40.8 eV (left) and 21.2 eV (right), respectively. b, Bulk band structures of 3R-MoS, along ky
obtained by the first principles calculations. The band dispersions for various k,, indicated by the inset
colour-scale, are overlapped. c¢,d, Band structures of 2H-MoS, obtained by ARPES and calculation in
the similar manner. e,f, The ARPES image and the corresponding calculation focusing near the valence
band top at K —point for 3R-Mo0S,. g,h, ARPES image and calculation for 2H-MoS,. The region of
measurements for e and g corresponds to the green rectangles in panels a and c, respectively. i,
Momentum cut of the measurement region in a depicted as the red line, overlaid on the projected

two-dimensional first Brillouin zone of 3R-MoS..

18/21



3R-MoS,| K
@
— c
<L = S
- g =
<.05L A A S ¥
(@) ) 2 ks
-1.0L - @ S
-1.5) \\/ - E L
10 00 1.0 '
ke (A7) o '
d 2 [~ 2.8 -24-20-16 28 -24-20-16
S |MoS, / x \ K E-E- (eV) E-E¢ (eV)
¥el
s h
< _ _
= 2
[
g
<
e 2 ::/
- [
= .
. L
o .s
& ¥
z $f
B , s
c 6
2 1.0 1.2 1.4 16 1.0 1.2 1.4 16 1.0 1.2 1.4 16
- -1 -1
k, (A") k, (A7)

Figure 4 |Detection of the spin polarization near the valence band top at K—and K'- point.
a, Intensity mapping at 0.3 eV relative to the top of the valence band at K -point (E - ER =-03 eV)

obtained by ARPES (hv =21.2 eV) and the calculated equi-energy surfaces at k, = /c overlaid on the 2D
first Brillouin zone. Hereafter in this Figure, the red (blue) colour indicates spin-up (-down) component. b,c,
Spin-resolved energy distribution curves (EDCs) at K -point and the corresponding spin-polarization with
error-bars for 3R-MoS, obtained by SARPES. Here, the quantization axes of spin are along the X, vy, z
crystal axes defined in Fig. 1a (see Sl for detailed analysis). d, Spin-resolved EDCs for spin along z-axis,
recorded at the inequivalent valleys of K - and K’-points. e, Spin-resolved EDCs at K -point from the
centrosymmetric materials 2H-MoS, and 2H-WSe, (see Sl for detailed analysis). f, The image obtained
by the subtraction of the SARPES intensities for z-oriented spin-up and -down (Al) recorded along k,. g
Calculated spin polarizations P, of the valence bands along (0, ky ,0) for 3R-MoS.. h, Calculated total spin

polarization of the valence bands along (0, k, ,0) for centrosymmetric 2H-MoS,.
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Figure 5| Circular dichroic photoluminescence of bilayer 2H- and 3R-MoS,

a, Circularly polarized PL spectra at 4 K for mono-, bi-, tri-, and quadra-layers of 2H- (left column) and 3R-
(right column) MoS,, pumped by a left circularly polarized (c_) He-Ne laser with a 633 nm wavelength.
Sharp structures are Raman peaks from MoS, and Si substrate. b, Layer number dependence of
polarization p for 2H- and 3R-stackings with error-bars. c, Inverse layer number dependence of
polarization p for 2H- and 3R-stackings with error-bars. Dashed lines in b and ¢ are the least square fit by
the model described in the text. d, Schematic crystal and band structures of 2H- and 3R-bilayer MoS..
The valence bands coloured with red and blue correspond to the spin-up and -down states, respectively.
The green conduction bands are not spin-polarized. The character of the valence bands are exchanged
between K- and K*- points in the 2H-stacking, while that is preserved in the 3R. The white and black
spheres indicate holes and electrons forming excitons at the K-point by illumination of circularly polarized
light. Intralayer relaxation shown by yellow arrows is the intervalley scattering from K- to K-point. In the
2H-stacking, the interlayer scattering indicated by a blue arrow is also an effective relaxation mechanism
for multilayer 2H-stacking. In the 3R-stacking, on the other hand, the interlayer scattering indicated by a

blue dotted line is much suppressed, and it does not reduce the polarization p.
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