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The band structure of a monolayer MoS, comprises spin-split subbands, owing to the mutual presence of
broken inversion symmetry and strong spin-orbit coupling. In the conduction band, spin-valley coupled subbands
cross each other at finite momenta, and they are valley degenerate. When exposed to surface acoustic waves, the
emerging strain-induced effective magnetic fields can give rise to spin-flip transitions between the spin-split
subbands in the vicinity of the subband crossing point, resulting in the emergence of a spin-acoustic resonance
and the acoustoelectric current. Resonance peaks occur at acoustic frequencies of gigahertz range in the vicinity
of the subband crossing point. An external magnetic field breaks the valley degeneracy, resulting in the valley-
selective splitting of spin-acoustic resonances, both in surface acoustic wave absorption and acoustoelectric

current.
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I. INTRODUCTION

Monolayer transition-metal dichalcogenides (TMDs) [1,2]
represent direct-band-gap semiconductors with a hexagonal
lattice possessing two inequivalent valleys related to each
other by time-reversal symmetry. They are at the center
stage of recent developments in condensed-matter physics, as
they demonstrate a variety of fascinating physical phenom-
ena [3—12]. One such phenomenon in monolayer TMDs is
the spin-valley coupling [13] arising due to the coexistence of
inversion symmetry breaking and strong spin-orbit coupling
(SOC). As a result of spin-valley coupling, a spin splitting
occurs, resulting in a unique band structure with the conduc-
tion and valence bands split into spin-polarized subbands with
opposite spin orientation in both the valleys.

The band structures of different TMDs have been stud-
ied lately in detail using the tight-binding model and such
methods as the Kk - p and density functional theory [2,14-17].
In particular, the findings reveal different nature of spin
splittings in molybdenum-based compounds (MoX;) and
tungsten-based compounds (WX;). The dispersion of spin-
split electron states in MoX, possesses specific features. In
particular, the spin-up and spin-down branches cross at finite
value of the electron momentum, while no such crossings
happen in WXj. For the particular case of MoS;, an effec-
tive splitting of spin-resolved branches varies from 3 meV
at small electron momenta to zero at the electron momenta
corresponding to the crossing of spin-split branches.

This property potentially allows for the emergence of
electron spin-acoustic resonance (SAR) phenomenon [18] in
MoS,, which is the subject of this paper. SAR involves the
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selective absorption of energy by the two-dimensional (2D)
electron gas from the acoustic vibrations corresponding to
energies equal to the difference between the spin-split sub-
bands, resulting in resonant transitions between the subbands
due to spin-phonon interactions. We calculate the transition
probability of spin-flip processes induced by surface acous-
tic waves (SAWSs) in semiconducting structure consisting of
a MoS; monolayer located on the semi-infinite substrate
surface on which the Rayleigh SAWs travel. Initially dis-
covered in paramagnetic materials [19-24], later SAR was
also studied in silicon carbide and nitrogen vacancy centers
in diamond [18,25-28] by exposing them to SAWs. They
represent a powerful tool to study a variety of transport phe-
nomena [29-32].

SAWSs have been used to manipulate electrons not only
in TMDs [33,34] but also in other 2D materials, such as
graphene [35-38] and black phosphorus [39,40]. In our pre-
vious works [4,5], we studied acoustoelectric effect in TMDs,
disregarding the effects of spin-orbit coupling. Here, the
interaction of spin-polarized conduction-band electrons in
spin-split subbands with SAWs is the focus of research. The
main effect discussed here is the spin-acoustic resonance
that is specific to monolayer MoS, due to its unique band
structure, unlike the acoustoelectric effect [4,5], which can
be observed in different TMD materials. We also study the
acoustoelectric current here, which arises in the system as a
consequence of transfer of SAW momentum to the electron
subsystem accompanied by the spin-flip transition processes.

Furthermore, an external magnetic field breaking the time-
reversal symmetry [41,42] results in an additional Zeeman
splitting of the originally degenerate bands and thus, it
allows for an additional control of the phenomenon in ques-
tion. Indeed, the Zeeman splitting is opposite in different
valleys, thus breaking the valley degeneracy of the entire

©2022 American Physical Society
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FIG. 1. Energy dispersions for valleys n = 41 and spins s = =1
plotted using Eq. (6), where the energy is shifted by A/2.

system, which is reflected in the transition probability and the
acoustoelectric (AE) current. Transport phenomena depen-
dent on the combined effect of valley and spin degree
of freedom in TMDs hold a promising future in various
applications [43,44]. Acoustic resonances hold crucial sig-
nificance in the development of quantum technologies and
devices [25,29]. Its dependence on valley degrees of freedom
can bring a huge enhancement and broadening of the potential
of its present applicability.

II. DISPERSION OF SPIN-SPLIT SUBBANDS IN THE
CONDUCTION BAND OF MoS; MONOLAYER

Up to the first order in electron momentum p, the ef-
fective k - p Hamiltonian for the two-band model in MoS,
reads [13,15]

A
HO = U(’?anx + pyay) + Eazv (1)

where v is the Fermi velocity, o; are the Pauli matrices, A is
the gap between the conduction and the valence bands, and
n = %1 is the valley index. The intrinsic SOC term describ-
ing the spin splitting of valence and conduction bands reads
as [45]

Ae Ay
Hgo = 7”@ +T)s. — 7”(@ — D)s.. ®)

where 7 is the identity matrix in the pseudospin sector, A,
and X, are the spin-orbit splittings of the conduction and the
valence bands, respectively, and s, is the spin Pauli matrix
with eigenvalues s = 1. Thus the total Hamiltonian reads
H = Hy + Hso. The eigenenergies of this Hamiltonian corre-
sponding to the spin-split branches of the conduction band are
given by (Fig. 1)

v+)‘fc _’_\/[Afns(z}wfkn)]z_,r_vaZ’ (3)
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and the corresponding eigenstates of the electrons in the con-

duction band are
m={" er @
lps r)= s )
! NS

S
sin ()2

where p, = np, +ip,; p=|pl, and S is the monolayer area.
In Eq. (4),

A —sn(hy — Ae)

2\/[A—.m(2xv—,\()]2+v2pz.

Two spin-resolved branches described by Eq. (3) cross if
Xy > 0and A, < 0, as it is the case for MoS, monolayer [15].
Expanding the energy in (3) for small momenta vp K A
gives the spin-dependent energy branches in effective-mass
representation,

cos By, =

&)

B~ D s+ 2 ! 2 6
N — =1 c ) =
ns(P 2 " 2m,,,s My A — sk,

where the term proportional to A. was omitted in the ex-
pression for the effective mass due to its smallness, |A.| K
Ay [45].

II1. SPIN-LATTICE INTERACTION
DUE TO RAYLEIGH SAW

A. Rayleigh SAW interaction with electron spin

Let us assume the dielectric substrate surface with MoS,
monolayer corresponds to the plane z = 0 with the axis z
directed out of the bulk of the substrate. The monolayer is
of n type; thus the Fermi level lies in the conduction band.
Rayleigh SAWs propagating along the substrate surface create
longitudinal and transverse deformations. For simplicity, we
assume an isotropic substrate, and thus the wave equation for
Rayleigh SAWs in terms of the substrate displacement vector
u reads [46],

it = c?Au+ (¢} — ¢?)grad div u, (7)

where ¢; and ¢, are longitudinal and transverse sound veloci-
ties, respectively. If the SAW propagates in the X direction, the
displacement vector u(r,t) has the following components [47]:

U (2) = (kBe + i, Ae¥)e™ =y =0,
u(z) = (—ikyBe" — ikAe“*)e™ ", (8)
where
=\ -0 o=yl —0d k=K. ©)
and
Vh o 2/1-8 Vb
= , B=- . . (10)
W.\/Ct X PK (2—-£82) w/ecrxpk
where
2(1 — x? R+ 41— 3%k
ki(2 — x*)? 2k; 2 — x2)

Here x is a constant characterizing the SAW dispersion in
such a way that w = ¢, xk, Iy is the SAW intensity, k is
the SAW wave vector, and p is the density of the substrate
material [47].

We consider a standard experimental setup consisting of
the substrate and a TMD monolayer attached to its surface.
The strain field produced by SAWs traveling along the sub-
strate is directly transferred to the monolayer lattice. The
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SAW-induced strain field appearing in the monolayer is due
to the molecular coupling between the latter and the substrate.
Since the wavelength of the SAW is large enough, the theo-
retical description of the system can be based on the classical
continuity equations for the components of the stress tensor
in the substrate and the monolayer [36]. Such an approxi-
mation simplifies the theoretical consideration of mechanical
deformations, independent of the microscopic nature of the
molecular forces.

The Hamiltonian capturing the effects of strain and curva-
ture to the spin dynamics of electrons in TMDs in terms of the
out-of-plane displacement u, at z = 0 reads as [48]

B, + 18, Vi,
w-Brny )1

ns - BC(r1 t)

o= (ﬂ(—isx 5V,

where §; are Pauli spin matrices, V2 is the Laplace operator,
and B.(r, t) and B, (r, t) are effective magnetic fields express-
ing the interaction between deformation field and the spin
degree of freedom for electrons in TMD monolayers in the
conduction (c¢) and valence (v) band, respectively:

B.(r. 1) = 2807 u;, £ (37 — 97 )u.(z = 0), 0],

xy

B, (r,1) = [2692u;, & (87 — 87 )u-(z = 0),0].  (13)

Xy
The deformation constants g and &)’ describe the strength of
spin-strain interaction [48]. Thus the interaction of a Rayleigh
SAW with a MoS, lattice takes place due to the coupling of
spin with strain-induced effective magnetic fields.
Substituting Eq. (8) and Eq. (13) in Eq. (12) yields

£3, s
—iBs, £

where §1 = §, & i§,. Finding the conduction-band eigenfunc-
tions, W, ,(p), from Eq. (4) in the limit vp < A and using
Egs. (14) and (3) allows us to find the transition matrix ele-
ment capturing the spin-lattice interaction,

M) (D', p) = nk*E.(s'|3,|s) (KB + ikA)

2 /
@) 5(9 ko E), (15)

V(r,t) = —nk(ik;B + ikA)( >e"""""“’, (14)

S i I
or
/ 27.[)4
M . p)f = o262 (P k- 2! 16
M) = IMolP8*| S + k= )=, (16)

where |[My|> = k4$3|/clB + kA|? only depends on the parame-
ters of the Rayleigh SAW.

B. Spin-acoustic resonance

The transition rate from an initial state |, s, p) to the final
state |, s’, p’) in a valley n obeys the Fermi golden rule,

2
S0 p) = = D7 (ML P L (P) = o )]
PP

X S(Ens’(p/) - Ens(p) - hw) (17)

Substituting Eq. (16) in Eq. (17), and then converting the
summation over p’ to an integration and using the translation

property of the § function yields
2
ges(p) = —IMo "Wy, (18)
where
W, = Z[fns(l’) — fos (P + HK)]
P

X 8[Eyy (p + 1ik) — Ey(p) — o] 19)

With account of electron relaxation, the § function transforms
into a Lorentzian and then the transition probability reads

W, = n 3 Jos(P) — fos (P + 1K)

T (B (p + 1K) = Eyy(p) — i) + (£)

(20)
where we used the phenomenological relaxation time, T,
without considering the details of a particular microscopic
mechanism of electron relaxation. Following the work [49],
we consider T to be an effective parameter which accounts
for all the relaxation effects. From the general perspective, the
electron relaxation time in our theory is the spin-flip time. The
microscopic nature of spin-flip relaxation processes may be
due to both intra- and intervalley electron transitions. A de-
tailed analysis of all the effects which contribute to T deserves
a separate study and is a topic of recent research.

In the above expressions, f; «s) = [eEnser—er)/ksT 4 1]~1
is the Fermi distribution function for the spin-polarized elec-
trons in the spin-split subbands. We can find W,, in Eq. (20)
numerically to obtain the transition probability, and the results
are shown as a function of SAW frequency in Figs. 2(c)
and 2(d).

For analytical results, writing the Fermi distribution func-
tions in the low-temperature limit and substituting the energies
gives [50]

2
— M — 2|)\C|>i|

My,

—@(EF
1

X iik)? 2
((P+ ) + 2| — P

2mmr 21y

ey

— ho)’ + (A)TR

Let us note that the k-dependent terms in Eq. (21) can be
omitted in the limit vkt ~ [k < 1, where [ is electron mean
free path.

The second 6 function in Eq. (21) vanishes when
erp < 2|A.|, categorizing spin-flip transitions in two distinct
regimes: (i) transitions, which occur when only the lower band
is filled (¢r < 2|A.|) and (ii) when both the bands are filled
(er > 2|X.|). Performing the integration in Eq. (21) yields

uS my T
W, = ——{arctan | | hw — 2|A.| + er | =
" 2n2h2{ [( el % F>fl}

— arctan [(an) - 2|Ac|)ﬂ } (22)
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FIG. 2. Panels (a) and (b): Analytical results for normalized transition probability W, /(uS/ 27%h%) as a function of SAW frequency at
zero temperature. The vertical lines correspond to the cut-off frequencies at the onsets of resonances for 2|A.| — epm,, /. Offset of resonance

occurs in (a) at a common frequency 2|A.| (black grid line) and in (b) at (2|A.| —

%w)%f (grid lines of corresponding colors). The

corresponding spin-flip transitions are depicted in the same colors in the inset plots. Panels (c) and (d): Numerical results for normalized

transition probability at different temperatures.

for ep < 2|A¢|, and

/,LS nmy.s T
W, = ——arctan | | iw — 2|A.| + er | =
T op2p? { |:< (el 2 F> h:|

m/j (er — 2|AC|)]%“
(23)

— arctan [|:ha) —2|Ae| +

for er > 2|A.|, where w is the reduced mass (1/u) =
(1/my, ) — (1/my ¢), which is equal in both of the valleys.
Also, note that W, = W,__;.

Figure 2 shows the behavior of transition probabilities
described by Egs. (22) and (23). Panel (a) corresponds to
Eq. (22), whereas panel (b) demonstrates Eq. (23). Adjust-
ing the Fermi level ¢r via the electron density, we obtain
the curves for transition probability in Fig. 2(a) for ep ~
2 meV at T = 107!" s and in Fig. 2(b) e ~ 30 meV at T
107% s. The value of spin-orbit splitting is taken as ||
1.5 meV for MoS, monolayer [15]. In both cases, the onset
of SAR occurs at SAW frequency @ = 2|A.| — (m,,/10)EF.
However, the upper cutoff of the frequency is different: while
in Fig. 2(a) it is always 2|A.|, irrespective of the Fermi energy,
in Fig. 2(b) the cutoff depends on the Fermi energy, w =

2IAc| — (my o/ e )(my s /my o). Thus the SAW frequency

should satisfy the condition

my ¢
;qu &F SO < <2|?»c| -

1,8

My, m
EF | —
" m

0,8

20kl — (24)

Panels (a) and (b) show contrasting dependence of the
height and the width of the resonances on the Fermi en-
ergy: while in panel (a) (¢r < 2|A.|) the height and the
width of each peak increase with the increase of Fermi
energy (indicating an increasing probability of resonant
transitions over a wider range of SAW frequencies), in
panel (b) (er > 2|A.]), this probability decreases with the
increase of the Fermi energy, and it ultimately goes to
zero when the Fermi energy reaches the point of subbands
crossing.

We note that resonant spin-flip transitions occur at SAW
frequencies determined by the energy difference between the
subbands [see Figs. 2(a) and 2(b) inset]. As a consequence,
the SAW frequency required for resonant transition from
the bottom of the band is much higher (~10'> Hz) than
for transitions close to band crossings (~10° Hz). These
values of relaxation time are taken so that the clean limit
(wt > 1) is satisfied to achieve the SAR resonance condi-
tions. Since SAW experiments usually operate with MHz
to GHz frequencies, let us focus on the case e > 2|A[,
where the Fermi level is close to the band-crossing point.
Hence we use Eq. (23) [and not Eq. (22)] in our further
analysis.
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Figures 2(c) and 2(d) show the transition probabilities for
different values of temperature after direct numerical inte-
gration of Eq. (20). We note that at zero temperature, the
numerical results match the analytical results exactly. With the
increase of temperature, the resonance peaks start to smear
out. The smearing effect is more pronounced in the regime
er > 2|A.| as compared to ep < 2|A.].

Furthermore, the energy absorbed per unit time as a result
of the spin-lattice interaction can be found after substituting
W, in Eq. (18) and multiplying this expression by a quantum
of energy hiw:

S s
Q, = |M0|2#hw{arctan |:<ha) —20h] + m/z gF) %}

my g T
— arctan | [ fiw — 2|A.| + (er = 2[AD |z | ¢-
7 h

(25)
Since W,—; = W, __, therefore Q,—; = Q,—_; also.

C. Valley degeneracy breaking

Applying an external magnetic field in Z direction yields a
Zeeman shift of Agp = gupB, where g is the TMD monolayer

J

electron g factor, B is the magnitude of the external magnetic
field and up is the Bohr magneton. The part of the Hamilto-
nian accounting for the spin angular momentum of electrons
reads

HB = —ABO'QSZ, (26)
and thus the full Hamiltonian transforms into

v(npx —ipy)

(A2 4+ nkes — Aps
H = ( —A/2+n)uvs—ABs>' 27)

v(npx +ipy)

The energy of the spin-split subbands of the conduction band
then reads

2

Eps(p)~ 2 — nsiae] + =2
,sP%——’?S c
7 2 2m,

- SAB’ (28)

where a similar approximation as in Eq. (6) was employed.
Following the analytical calculations in the zero-temperature
limit as in the previous section gives the modified transition
probability, Wg, which now accounts for the external mag-
netic field (for g > 2|A.|)

n mi1 T
Wﬁ=+1 = ﬁ{arctan [(78[: + how — 2(|)"c| + AB)) £:|

— arctan [(m‘l;' [er — 2(JAe] + Ap)] + hiw — 2(|Ac] + A,@)ﬂ } (29)

and

-1,-1
WB

3 . m
_ = ——= j arctan
=17 onp?

T
er +ho — 2(|Ac| — AB))ﬁ]

m_i T
— arctan [( M’ [er —2(JAc| — AB)] + hw — 2(|A.| — AB)) gi| } 30)

Evidently, the transition probabilities differ in both valleys.
This difference stems from the Zeeman splittings, which are
different for different valleys.

Figure 3(a) shows the valley-dependent transition probabil-
ities defined in Egs. (29) and (30) as functions of applied SAW
frequency. At B =0 the curves corresponding to different
valleys overlap (black curve), and they start deviating towards
opposite sides of the frequency spectrum after the magnetic
field is turned on. This deviation increases for higher magni-
tudes of magnetic field. SAR peak frequency for the K valley
undergoes a redshift, as in this valley the distance between
the spin-split subbands increases from 2|A.| — 2(|A.| + Ap),
thus requiring higher energy for the transition to occur. For
similar reasons, the peak frequency in the K’ valley under-
goes a blueshift, as in this valley the intersubband distance
decreases, 2|1.| = 2(]A.| — Ag). Moreover, the line shape of
SAR remains the same for both the valleys (green and red
curves). The deviations of these curves from the black curve
(SAR curve in the valley degenerate case) are symmetrical in
each valley.

(

Figure 3(b) shows the dependence of spin-flip transition
probabilities on magnitude of applied magnetic field at certain
fixed frequencies. These probabilities are equal when B = 0
(red and green curves start from the same point), and the
curves start deviating from each other once B is turned on.
At some magnitudes of magnetic field (of the order of few
mT), SAR peaks experience their maxima, which depend on
the SAW frequency. Furthermore, the curves are asymmet-
rical. Increasing B up to ~20 mTs results in vanishing of
Wf , indicating that spin-flip transitions are suppressed. The
energy absorbed in both valleys experiences a similar valley-
dependence behavior as Wp: Qg ~ wWg and Q¢, ~ oWy,.

When thermal occupation of the spin-split states is con-
sidered, the resonance peaks in both valleys become smeared
out with increasing temperature. At temperatures 7 ~ 4 K or
higher, the spin-acoustic resonance vanishes (see Fig. 4).

IV. ACOUSTOELECTRIC CURRENT

The SAW-induced spin-flip transitions result in an emer-
gence of electric current in the system due to the imbalance
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FIG. 3. Illustration of the valley degeneracy breaking of the spin-split subbands in the presence of Zeeman splitting: The modified transition
probability as a function of the SAW frequency (a) and the magnitude of external magnetic field (b) for the valley index n = +1 (green) and
n = —1 (red). (a) The solid lines correspond to B = 2 mT, and the dotted lines correspond to B = 4 mT. The black line corresponds to the
case of zero magnetic field. (b) Curves of different colors correspond to different SAW frequencies: 2 GHz (solid), 3 GHz (dotted), and 6 GHz
(dashed). Inset in (b) shows spin-split subbands having spin-up (green) and spin-down (blue) spins, before (solid) and after (dashed) application

of external magnetic field.

of electron populations in the spin-split subbands. The SAW
transfers its momentum to the electrons under spin-flip transi-
tions caused by the spin-SAW interaction and corresponding
SAW-phonon absorption. The current density can be found
using the standard expression [49]

S ool —on )M @ ) L (E ()

p.p

. 2me
=S

- f(En,s’ (p/))]a(Ens’ (P/) - En,s(p) - hw)’ (31)
where U;’i,s =dE, (p)/dp is the electron velocity in the cor-
responding spin-resolved subband.

Integrating over p’ in the regime vkt ~ [k < 1, as before,
and thus expanding the distribution and the §— functions for
small k gives [50]

. P

Iy == /dp;[f(En,s(p)) — f(Eys(p))]
x Ik - Vpa(Er],s’ (P) - En,s(p) - ha))
+C [ dpBatE, (p) = £, = )
x [k - Vp f(E, ¢ (P))], (32)

04

03t

Re 02}

W,

01 / / \\..oeszzodegrazzzziiiy

00

w (Hz)

FIG. 4. Effect of temperature on valley degeneracy breaking.
Transition probability in the presence of external magnetic field
B =2 mT at temperature 0.04 K (solid), 0.4 K (dotted), and 4 K
(dashed) for n = 1 (green) and n = —1 (red).

where

2we |Myl?
C=—1—3.
h  2nh
Accounting for relaxation processes requires the é functions
to be replaced by Lorentzians. In the low-temperature limit,
analytical calculations give two contributions to AE current
flowing in the x direction,

(33)

1—¢ 1
€ L tTe
jf]“) = jp arctan [”—Q} — jo arctan |:“ Qj| (34)
€

€r T
2 2 I
=i (14 Zma) e oy
a €r (% + eQ) /€2 +1

where the SAW wave vector is assumed to be pointing to
k = (ks 0),

hk, 210
g

(36)

Jo=C

which is valley independent, and the dimensionless parame-
ters read

g i A ]

€= —=¢€r, — =€, =&,

F kBT T TER ! EF *

ho — 2|1

ho=20e _ g P o 37)
€F my.s my s

We note that the first contribution in Eq. (32) primarily comes
from the difference of the populations of spins in two sub-
bands. The second contribution comes from the gradient of
population distribution in one band. Hence, a possible phys-
ical origin of the two contributions of the AE current are
intersubband [Eq. (34)] and intrasubband [Eq. (35)] processes
in the acoustoelectric current.

The current in the presence of magnetic field has the same
form; however, 2|).| entering Eqs. (34) and (35) via ¢;, should
be replaced by

K valley: 2|A.] —> 2(JAc| + Ap), (38)

K’ valley: 2|Ac] —> 2(JAc| — Ap). (39)
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FIG. 5. Two contributions of the acoustoelectric current before and after the application of external magnetic field in K and K’ valley as
functions of frequency of the SAW. Insets in (a) and (b) (upper inset) show the sole contribution due to valley-dependent parts of the respective

currents. Lower inset of (b) shows only the valley-independent part, jj.

Since jy does not depend on the splitting parameter 2|A.|
originating from SOC, it is not affected by valley degeneracy
breaking.

Figure 5 shows two contributions to AE current. Both j{
and j" depend on frequency through (i) the factor j, and
(ii) other terms in corresponding equations. The factor jj is
directly proportional to w via the wave vector k. Evidently, it
vanishes as k goes to zero; thus both contributions to electric
current are of drag nature.

However, the dependence of j{ and j{ on frequency is
more complicated than that of j;, which becomes clear from
the comparison of the main plots and insets in both panels
of Fig. 5. Also, all the dependence on the valley parameter
lies in (ii) terms. Furthermore, it should be mentioned that the
overall magnitude of j,gb) turns out orders of magnitude higher

than j{, and thus the latter can be disregarded.

V. CONCLUSIONS AND OUTLOOK

In a 2D MoS; monolayer exposed to a Rayleigh sur-
face acoustic wave there can occur a spin-acoustic resonance
accompanied by the onset of acoustoelectric current in the
system. Moving the doping level allows for the spin-acoustic
resonance to happen in two distinct frequency ranges, de-
pending on the relation between the Fermi level ¢r and
the spin-orbit splitting A.: (i) at hypersound frequencies for
er < |2A.|, and (ii) at GHz frequencies for ep > 2|A.|. The
latter case, which occurs for electron momenta close to the
subband crossing point, seems more accessible from an ex-
perimental viewpoint due to the frequency range. The value
of Fermi energy in the vicinity of the crossing point of
spin-resolved subbands corresponds to high electron densities.
According to our estimations, for MoS, it is of the order of
n ~ 1013 — 10" cm~2. However, such densities are still ac-
cessible in modern experiments on TMD monolayers [51,52].

In the presence of the time-reversal symmetry in the sys-
tem, the resonance and the acoustoelectric current take place
in both the valleys at the same SAW frequencies. An applica-
tion of an external magnetic field, producing different Zeeman
splittings in different valleys, results in valley-dependent
behavior of spin-acoustic resonance and the energy absorbed
by the system. Valley-dependent spin-acoustic resonance
peaks are observed at applied magnetic fields of few mTs and
vanish when magnetic fields are increased to around 20 mT.
Increasing the temperature, the resonance peaks start smear-
ing out. The valley degeneracy breaking no longer occurs
when temperature reaches around 4 K. This indicates that the
observation of valley spin-acoustic resonance might only be
limited to low-temperature experiments. The acoustoelectric
current comprises two parts, originating from intersubband
and intrasubband contributions. The spectrum of current
density manifests distinct behavior for the two contributions,
with magnitudes differing by three orders of magnitude.

The other possible way to lift the valley degeneracy is
the illumination of the TMD monolayer sample by an exter-
nal electromagnetic field. The specific valley-selective optical
transition rules [8,53] result in inequivalent valley populations
and thus produce different currents in different valleys, even
in the absence of an external magnetic field. In this case the
photoinduced valley spin-acoustic resonance can take place in
the absence of external Zeeman field. Thus, the effects con-
sidered here may serve in acoustoelectric spectroscopy of the
valley-selective phenomena as an additional tool to monitor
valley physics in TMD monolayer materials.
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