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Abstract

The circular polarization (CP) that the photoluminescence inherits from the excitation
source in # monolayers of transition-metal dichalcogenides (MX>), has been previously
explained as a special feature of odd values of n, where the inversion symmetry is absent.
This “valley polarization” effect results from the fact that in the absence of inversion
symmetry, charge carriers in different band valleys could be selectively excited by
different circular polarized light. Although several experiments observed CP in
centrosymmetric MX, systems, e.g., for bilayer MX,, they were dismissed as being due to
some extrinsic sample irregularities. Here we show that also for n = even where inversion
symmetry is present and valley polarization physics is strictly absent, such intrinsic
selectivity in CP is to be expected on the basis of fundamental spin-orbit physics. First-
principles calculations of CP predict significant polarization for n = 2 bilayers: from 69%
in MoS, to 93% in WS,. This realization could broaden the range of materials to be

considered as CP sources.



The quest for a system manifesting a single type of circular polarized light — left-
handed (LH, or o) or right-handed (RH, or 6_) has been motivated by its promising
application in fields such as spin-Hall effect and quantum computation [1-6]. The
magnitude of the effect is conveniently measured by circular polarization (CP), i.e., the

anisotropy of circular polarized luminescence [7]
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where I (0, ) and I(0_) denotes the intensity of the LH and RH polarized luminescence,
respectively. One approach to the creation of CP is the utilization of spin-orbit-induced
CP [6] in which spin-orbit coupling (SOC) in low-symmetry bulk solids creates spin
splitting (the Dresselhaus [8] and Rashba [9] effects), leading to spin-sensitive absorption
and thus polarized luminescence. Another approach to achieving large p is the creation of
valley-selective CP [10]. Here absorption selects the wavefunction character that can
couple with the circular polarized light, and SOC is not needed to produce the effect. An
example is # = odd monolayers of 2H-stacking transition-metal dichalcogenides (MX>),
(with M: Mo, W; and X: S, Se), having two valleys K and —K with equal energies located
at the corners of their hexagonal Brillouin zone. For a single monolayer n = 1, the lowest

energy transition is momentum-space direct at the wavevectors K and —K and the
wavefunctions of the valence band maximum (VBM) 1/)571:1) (K) = x4+ and

,Sn=1)(—K ) = x— have pure LH or RH characters, respectively. As a result, g,
excitation can excite the valence electrons at the K valley but no electrons at the —-K
valley, while o_ can only excite valence electrons at the —K valley but none of those at
the K valley. Such valley-contrasting CP leads to valleytronics, a parallel concept of
spintronics, with the emergence of interesting phenomena such as valley-Hall effect [11,
12]. However, the limitation to non-centrosymmetric systems both in the spin-orbit
induced CP and in the valleytronics-induced CP poses a restriction on material selection
for achieving CP.

For a bilayer MX; (n = 2) the lowest energy transition is momentum-indirect whereas
the direct transition at K and —K valley is higher in energy, but the exciton emission from
these direct states is still rather strong [13]). More surprisingly, highly selective CP (up to

p = 80%) has been observed for this direct transition in bilayer MX, that has inversion



symmetry [7, 13-16]. Since this fact goes against the generally accepted expectation that
valley-induced CP should be intrinsically absent in centrosymmetric (such as even n)
materials, various extrinsic scenarios were offered to rationalize this unusual observation,
such as substrate charging, low-quality sample, and heating effects, etc. [7, 15, 16].

Recently, Gong et al. [17] discussed the magnetoelectric effects of bilayer MX, using
k - p and tight-binding method. They have argued that because the interlayer coupling is
weak, bilayers will inherit most of the spin-valley physics of monolayers, named “spin-
layer locking”. In this Letter, we focus instead on spin-orbit physics as local effect,
building on the recent realization [18] that SOC-induced spin polarization can exist not
only when inversion symmetry is absent, but also in systems where inversion symmetry
is present (i.e., globally centrosymmetric systems) while its individual sectors (e.g.,
monolayers) lack inversion. We show that such “hidden spin polarization” can lead to CP
for n = even values of (MX>),. This is illustrated in Fig. 1 showing our first-principles
calculated p for the emission from the direct band states at K and —K valley as a function
of the number of monolayers # in (MX>),, reaching asymptotically the bulk value for a
large n. We see that the CP decreases monotonically with increasing » and the results of a
fixed material lie on one curve without odd-even oscillations, in contrast with the
expectation based on valley symmetries [10, 15, 16]. By recognizing that the spin-orbit
physics can induce CP and that this effect is no longer limited to low-symmetry non-
centrosymmetric structures, our finding could broaden the range of materials to be
considered as spintronic CP sources.

Local spin polarization in each monolayer within bilayer MX,. This intrinsic CP in
centrosymmetric systems originating from “hidden spin polarization” can be illustrated
for bilayer n = 2 in (MX>),, where two inversion-asymmetric individual MX, layers a and
B (“sectors” in general) carry opposite local spin polarization. In bilayer MX,, a
monolayer MX, named P is introduced to form inversion partner of layer o. The
corresponding energy bands must be spin-degenerate due to the combination of inversion
symmetry and time-reversal symmetry. However, such global k-space compensation of
spins does not occur in a point-by-point fashion in real space, i.e., on each MX, layer.
Using density functional theory (DFT) calculation implemented by VASP [19] with
projected augmented wave (PAW) pseudopotential [20], we can project the two-fold



degenerate wavefunctions with plane-wave expansion on the spin and orbital basis

(spherical harmonics) of each atomic site. For K valley of the top valence band (V1),
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with the module squared expansion coefficient
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where 1/),,”=2)(K,77) is the hole state of bilayer MX>, |l,m,i) is the orbital angular
. . L Ao .
momentum eigenstate centered about the ith atomic site, s, = 50z 18 the spin operator,

and 71 denotes spin. Note that at K and —K valley s, is a good quantum number with two
spin eigenstates |T) and |[{). By summing C;; , , separately for layer o and for layer f
(each containing 3 atomic sites in a unit cell), we find that for K valley of V1 in bilayers

of MoS,, MoSe,, WS,, and WSe, the spin polarization localized on layer a, S =
SimicalCuvma|” = |Cuamo] ). is 0.83,0.90, 0.97 and 0.95 (out-of plane, in the unit of 2)

respectively, and the local spin polarization on layer B has exactly the same magnitude
but opposite direction. Thus, despite the global inversion of the n = 2 structure, each
individual layer experiences a nonzero local spin polarization S in real space, “hidden” by
the presence of the counterpart on the other layer. We will next show that in such even-
layer stacks of (MX3), the hidden spin polarization induce CP as an intrinsic part of the
fundamental physics even without any sample irregularities.

Photoluminescence process leading to circular polarization. To calculate CP of Eq.
(1) that involves emission experiment, we need a model of what happens to the photo
excited carriers before emission. Taking bilayer MX, as an example, we will next
consider the absorption, relaxation and emission process, as illustrated in Fig. 2. The
splitting between the top two valence bands V1 and V2 at K and —K is due to SOC-
induced spin splitting and the interlayer coupling. Here we consider resonant excitation
(the incident photon energy equals to the direct band gap at K or —K), in which only V1 is
of interest.

Interband absorption is described by the up arrow indicated as O in Fig. 2(a). It

involves promoting an electron from a valence band eigenstate of Eq. (2) momentum-



directly into a conduction band eigenstate, evaluated by the transition matrix element
Py = (1/JC |px + ip, |zpv), where p is the momentum operator. By calculating the transition
matrix element for circular polarized light, say o,, we find that unlike the case of one
monolayer in which absorption is valley contrasting, in bilayer MX, the K and —K valley
have the same absorption, consistent with the presence of global inversion symmetry [10].
However, our present DFT calculations show that the two degenerate spin states in Eq. (2)
have different non-zero absorption magnitude, leading to a net spin of the excited
electrons. To interpret this effect and its impact on CP, we reconsider the valence band
eigenstates of the bilayer system in Eq. (2) expanded in terms of single monolayer
eigenstates, ¢§”=1)(K ) = x4 and 1/;,5":1)(—1( ) = x_ having pure LH or RH characters,
respectively. We approximate the wavefunction of bilayer MX, at K valley as an
expansion in terms of the a layer ()(J(ra)) and —K valley of B layer (y#)) eigenstates,

written as
oK) = Coars” + Coax®HBIN),

WD) = Col™ + GBI, “
where the module squared -coefficient is |Ca(ﬁ),n|2 = Zl‘m,iea(3)|6i,l,m,n|2 , and
Car = Cg1 = Crqj, Cgt = Cq ) = Cpyn denote the majority (maj) and minority (min)
component for each valence spin state. Subscript + (-) denotes pure LH (RH)

wavefunction component. The wavefunctions of V1 at —K valley is just related to those at

K valley by time reversal

WK = Crapd D + Crint )R,

WKL) = Cnind ) + Cnag 2E)BIY). 5)
We have tested the approximation of expanding n = 2 just by the two n = 1 eigenstates by
comparing the calculated ratio of transition matrix elements P, (K, T)/P,.(K,l) of the
corresponding spin states with the initial plane-wave expansion via first-principles
calculation, and find it in good agreement with |Cma j|2 /|Cmin|? from Eq. (4) and (5),
indicating the validity of our wavefunction decomposition onto the monolayer basis.

Unlike the case of one monolayer in which 1/)571:1) (£K) have pure LH or RH

components (y; and y_), the four valence states of bilayer MX,, described by Eq. (4) and



(5), have both y, and y_ components. Therefore, for g, resonant excitation only the

electrons with )(ia) character at the K valley and the electrons with )(J(rﬁ ) character at the —

K valley are excited (y_- components have no contribution to the transition matrix
element), as shown in Fig. 2 by step . Note that for =2 (K, 1) and p =2 (=K, 1)
eigenstates [Fig. 2(a) and (c)], the excited component is the majority term (proportional
to |Cmaj|2) with up-spin |T), while for I/JIEFZ)(K, 1) and 1/),5"=2)(—K, 1) states [Fig. 2(b)
and (d)], the excited component is the minority term (proportional to |Cy,;, |*) with down-
spin [{). As a result, the excited electrons have a net up-spin that equals to the local spin
polarization on o layer at K valley (or B layer at —K) derived from Eq. (4) and (5),

2
Cmajl = 1Cminl? o . . :
= lm’”lz—m"l, creating simultaneously equivalent holes with the same net spin.
|Cmaj| +|Cminl?

Following excitation, relaxation mechanisms might redistribute the photogenerated LH
and RH holes, thereby reducing the polarization anisotropy p. The observed p for
monolayer MoS, has been as large as 100% [7], suggesting ineffective mixture of
photogenerated LH and RH holes caused by intervalley relaxation and thus excellent
retention of the valley-contrasting circular absorption. In bilayer MX>, the dominated
relaxation route considered here is illustrated by the green arrow labeled step @) in Fig.
2(a). For the o, excitation, all of the promoted electrons have y, character, leaving the
excited state with a different LH/RH ratio compared with the ground state. Consequently,
the LH and RH components tends to redistribute within the same valence eigenstate to
retain the ground state (y_ — x.). Such intrastate relaxation could happen much faster
than the electron-hole recombination because of the imbalance excitation between y, and
x— components and the lack of effective barrier to suppress the spin-conserved relaxation.
Three kinds of other relaxation channels that could mix LH and RH components and thus
affect p are also considered. We assume the relaxation time with spin flip much slower,
while the relaxation time with spin conserving much faster, than the electron-hole
recombination time, with the details listed in Supplementary Material [21].

As indicated by red and blue curled arrows (step ®), the radiative recombination fills

the holes with y, and y_ characters of valence band, leading to o, and o_ luminescence,

respectively. In Fig. 2(a) and (c), the excited y, component is majority, so the total



emission is larger than that in Fig. 2(b) and (d), in which excited y, component is

minority. Note that the magnitude of o, and o_ emission in each state reflects the

comparison of y, and y_ components. Supplementary Material considers the matrix

elements (e.g., electric dipole) of interband absorption under resonant excitation [Eq.

(S1)-(S6)]. After relaxation and emission processes take place [Eq. (S7)-(S11)], the
expression of the total CP defined by Eq. (1) emerges [21],
Cmail>=1Cmin!? 2

p= (W) . ©)

Similarly, we can get exactly opposite p by using o_ resonant excitation (see Fig. Sl
[21]). From Eq. (6) we find that the polarization anisotropy p is closely related to S: if a
centrosymmetric material has local spin polarization on each inversion-asymmetric sector,
we can find non-zero CP following excitation of circular polarized light, as all the MX,
bilayers shown in Fig. 1.

The calculated CP [Eq. (6)] refers to the direct transition at K and —K valley, in which
there is a non-radiative electron relaxation from the excited conduction band edge to the
lower conduction band minimum (CBM). This process naturally causes a reduction of
intensity of the photoluminescence from the excited conduction band, which may in turn
contribute to some uncertainty in its measurement (and thus could be responsible for
some of the deviation with theory). Recent experiments [13, 22] show, however, that
although the photoluminescence of the direct band gap energy at K (—K)) valley in bilayer
has a much lower intensity than that in the monolayer case (less than 10%), the intensity
is still sufficient to measure the CP. Note that the central quantity here — the ratio
between emission intensities at different polarizations [Eq. (1)] — need not to be affected
by the fundamental transition being direct or indirect.

Progression of CP from n = 1 to bulk MX,. From the above discussion we note that
the CP of bilayer MX; is directly related to the spin polarization localized on each layer,
rather than the global inversion symmetry. This dependence provides us the route to
evaluate CP for all (MX), stacks by straightforwardly calculating the ratio of LH/RH
components of the valence band wavefunctions expanded by monolayer basis. For 2H-
MX, stacking pattern, the K (-K) valley of each monolayer in (MX3), has pure LH or RH

component alternatively, depending on the odd-even parity of the layer index. When



n > 1, The band edges of (MX3), at K and —K valley, no matter degenerate or non-
degenerate, have no longer a certain helicity, but a mixture of LH and RH characters
from different layers, leading to the reduction of CP away from the case of monolayer. If
the orbital part of (one of) the valence band wavefunction at K or —K valley of (MX3), is

written as
Py = Cxs” + Cox® + CoxP + -+ Cax) (7)
where C; (i = 1,2, ...,n) is the coefficient of LH or RH component from the ith layer, we

can thus obtain the corresponding theoretical circular polarization by resonant excitation

p= (zn(—l)"-1|cn|2)2_ ®)

Ynlcnl?

Note that although the spin part is not included to calculate the CP, it plays a crucial
role for the spin-conserving intrastate relaxation and the prevention of spin-flip relaxation.
Contrasting with the conventional understanding that the CP should oscillate with odd-
even layers due to the absence or presence of inversion symmetry, we found a decreasing
polarization ratio with n, as shown in Fig. 1. The occurrence of a regular decrease of the
CP reflects the reduction in the spin polarization piece localized on each layer as the
number of layers n increases, a decrease caused by the larger mixture of LH and RH
components. In addition, all of (W.X3), stacks have larger p than that of (MoX3), due to
the larger SOC of W atom. All the CP curves reveal an asymptotic behavior to the bulk
value. This is because starting from » = 1 in which the valence states have pure LH or RH
component, the ratio between LH/RH tends to saturate as n increases.

Such trend is confirmed by a recent experiment on few-layer 2H-MoS; [22], which
also exhibits a decreasing dependence on layer number with saturation, indicating a good
agreement with our prediction except for the starting point of CP in monolayer (about
58%, possibly because of the sample quality). This agreement also suggested that the
formation of exciton states, not considered in this work, might not change significantly
the calculated CP. Some other experiments also detected nonzero polarized luminescence
Pexp Of MX, bilayers, but smaller than our calculated theoretical limit (e.g., 14% lower
for bilayer WS, [13]). We list the possible reasons in the Supplementary Material [21].
Furthermore, because of the local spin on each MX, layer, the CP range from 37% (MoS;)
to 83% (WS,) even for 2H-stacking bulk MX, crystal. Recently, the “hidden spin



polarization” effect in bulk WSe, has been observed experimentally by spin- and angle-
resolved photoemission spectroscopy (SR-ARPES) [23], revealing large layer-dependent
local spin polarization. Therefore, we expect the intrinsic CP in centrosymmetric bulk
MX; to be realized by upcoming measurements.

Dependence of p on the interlayer distance and material design for larger CP: The
dependence of p on the interlayer distance for different bilayer MX, compounds is shown
in Fig. S2 [21]. The curves clearly exhibit that the intrinsic CP is enhanced as the
interlayer separation increases, which could be achieved by tensile strain along stacking
direction or within the two-dimensional (2D) plane [24]. At the equilibrium separation,
our calculated CP is 69% for MoS,, 81% for MoSe,, 90% for WSe,, and 93% for WS,
[25]. Furthermore, when the interlayer distance of the MX, bilayer exceeds 4 A, the
coupling between o and [ layer becomes negligible, implying perfect local spin
polarization. As a result, the CP approaches monolayer limit p = 1 when the interlayer
distance is large enough.

Using the understanding of hidden spin polarization, we design a heterostructure with
larger CP by intercalating 2D bilayer BN as inert medium into bilayer MoSe, (see
Supplementary Material [21]). Such sandwiched structures, having both optimized
polarization anisotropy p = 1 and large photoluminescence intensity due to their direct
bandgap, could be good platforms to realize intrinsic CP in a centrosymmetric system by
the current synthesis technology [26, 27].

In summary, by using first-principles calculations, we demystify the occurrence of
intrinsic CP, accessed by direct interband transition at K and -K wvalley, in
centrosymmetric layer stacks made of individually non-centrosymmetric layers, such as n
= even (MX),. The intrinsic CP decreases monotonically with increasing n, in sharp
contrast with the conventional expectation of odd-even oscillations based on valley
symmetries. Such polarization anisotropy results from hidden spin polarization that is
localized on each MX, layer. Our finding is expected to broaden the material selection
that is currently limited to non-centrosymmetric systems for achieving CP and related
phenomena, and provide new possibility for the manipulation of spin in the field of

spintronics and optoelectronics.
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Fig. 1: Calculated circular polarization p for different (MX>), materials as a function of
the number of monolayers n. p corresponds to the direct states at K and —K valley no
matter they correspond to the lowest-energy excitation (as in n = 1) or higher-energy
resonant excitation (as in n > 1) of circular polarized light. The insert shows a schematic
band structure of bilayer MX,. The results by g, and o_ excitation have the same

magnitude but opposite sign.
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Fig. 2: Schematic diagram of photoluminescence process at K and —K valley in bilayer

MX,. Four degenerate valence band (VB) states described in Eq. (4) and (5), i.e., (a)
W=Dk, M, ) YITP (K, ), P (—K, 1), and (d) =P (=K, 1), are shown with
X+ (red) and y_ (blue) denoting LH and RH orbitals of the valence states, respectively.
Taking panel (a) as an example, three steps in photoluminescence are indicated. (D
Absorption by a resonant g, excitation. The red arrow indicates that the excitation
promotes electrons with y, character into conduction band (CB). @ Intrastate relaxation
denoted by green arrows. (3) Radiative recombination filling the holes of VB state. The

red and blue curled arrows denote o, and o_ emission, respectively, with the lengths

representing the relative intensity of emission regarding Cpq; > Cin-
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