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We systematically investigate the phonon dichroism in proximitized graphene with broken time-reversal symmetry.
We find that in the absence of any type of spin—orbit coupling, phonon dichroism vanishes. Linear and circular phonon
dichroism occur in the presence of uniform (staggered) intrinsic spin—orbit coupling and ferromagnetic (antiferromagnetic)
exchange coupling. All these situations can be distinguished by their specific behaviors of phonon absorption at the transi-
tion point. Our finding provides new possibilities to use phonon dichroism to identify the form of spin—orbit coupling and
exchange coupling in proximitized graphene on various magnetic substrates.

Keywords: phonon dichroism, spin—orbit coupling, proximitized graphene, electron—phonon interaction
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1. Introduction

Recent years have witnessed a surge of interest in study-
ing topological states in two-dimensional materials,!!! such as
quantum anomalous Hall effect?! and quantum spin Hall ef-
fect in graphene.>#! Since the occurrence of these topological
states does not rely on the existence of strong magnetic field
as in quantum Hall effect, they provide potential applications
in dissipationless electronics and spintronics.

To realize these states, large spin—orbit coupling (SOC) or
external magnetization is usually required. However, in pris-
tine graphene, the intrinsic SOC is very weak, yielding a spin—
orbit splitting ~ peV,>® which is unable to drive a topolog-
ical phase transition. When placing graphene on transition-
metal dichalcogenides, e.g., MoS; or WS, the spin—orbit
splitting can be largely enhanced up to the meV scale.!’-18]
The form of SOC, according to the original proposal by Kane
and Mele,*! is uniform on A and B sublattices of graphene.
However, recent spin relaxation anisotropy experiments!!-2!1
suggest that in heterostructures of graphene and transition
metal dichalcogenides, the SOC exhibits a staggered form
with opposite signs on A and B sublattices. Such a new form
of SOC is proposed to support topologically protected pseudo-
helical edge states in Z,-trivial proximitized graphene.?23]

On the other hand, magnetization can be introduced in
graphene by proximity to magnetic substrates with uniform

g.[24341 A natural question

(ferromagnetic) exchange couplin
is whether these topological effects can arise from the stag-
gered (antiferromagnetic) exchange coupling, in which case
the average magnetization vanishes. Up to now, this ques-
tion has received rare attention[?>3-3%1 since it is difficult to
realize the Néel-order antiferromagnetism (AFM) in mono-

layer graphene. An earlier proposal is to place the graphene
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on an antiferromagnetic, perovskite BiFeO3,[38] which, how-
Fortu-
I suggest that

ever, leads to ferromagnetic exchange in graphene.
nately, recent first-principles calculations?3-39—#1
graphene on an Ising AFM MnPSe;[4>* would be a realis-
tic platform for the staggered exchange coupling. This pro-
vides opportunities to investigate new physics in graphene
with proximitized AFM.

Similar to electrons, phonons in topological materials
may bring rich physics due to the coupling between elec-
trons and phonons. Through the electron—phonon coupling,
the topological or geometric information of electrons can be
inherited by phonons, giving rise to unusual phononic behav-

jors, e.g., phonon Hall viscosity,**]

¢ 14549

anomalous phonon mag-

50511 atc

netic momen I phonon magnetochiral effect, !
Particularly, when left- or right-handed circularly polarized
phonons are propagating in conducting materials, they may be
absorbed differently by electrons, a phenomenon named cir-
cular phonon dichroism (CPD).5?] Such phenomenon can be
regarded as a phononic version of Hall absorption, which re-
quires a breaking of time-reversal symmetry by external mag-
netic field or magnetization. Up to now, CPD has only been
theoretically studied in Weyl semimetals’®*! and monolayer
transition metal dichalcogenides MoTe,. 53! For MoTe,, ferro-
magnetic substrate EuO is adopted, which introduces uniform
ferromagnetic exchange and a mixture of uniform and stag-
gered SOC in the system. Nevertheless, the individual roles
of uniform and staggered SOC in CPD are unclear. Moreover,
when replacing the substrate EuO with AFM MnPSes, will
CPD effect still survive? What are the roles of uniform and
staggered SOC in that case? These issues are worth further
investigation to understand better how the topology affects the
phonon physics.

In this work, we study the linear and circular phonon

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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dichroism in proximitized graphene with a combination of uni-
form (staggered) intrinsic SOC and ferromagnetic (antiferro-
magnetic) exchange coupling. We find that in each of these
situations phonon dichroism can occur with unique features,
particularly at the transition points. These phenomena help us
better understand the phonon dynamics in proximitized anti-
ferromagnetic graphene on the MnPSej3 substrate, and provide
opportunities to use phonon dichroism to identify the domi-
nant mechanisms of SOC and exchange coupling in realistic
proximitized graphene.

This paper is organized as follows. In Section 2, we intro-
duce model and methods. The results of phonon dichroism for
proximitized graphene are given in Section 3, including ferro-
magnetic and antiferromagnetic exchange couplings. Finally,
conclusions and discussions are made in Section 4.

2. Model and methods

We start with the effective model of proximity modified
graphene in the vicinity of Dirac points (K valley) He(k) =
Hy + H + Hr + Hz, where the nearest-neighbor hopping and
staggered potential read

Hy :flVF(nkax—FkyGy)So+AGZS0. (D)

Here o; acts on sublattice (A, B) and s; acts on spin (T, |), with
i =0,x,y,z. v is the Fermi velocity and k., are wave vec-
tors. Staggered potential A breaks the inversion symmetry be-
tween sublattices A and B, which opens the band gap of Dirac
cones. The valley index 11 = %1 for £K. The intrinsic SOC is
given by H; = Hyy = NAy0ys; or H; = Hg; = NAs0;s;, which
corresponds to the uniform and staggered intrinsic SOC, re-
spectively. The intrinsic SOC preserves the mirror symmetry
OySy)
breaks the mirror symmetry and mixes spin 1 and |. These

along z axis, whereas the Rashba SOC Hg = %R (Noksy—

terms constitute the experimentally relevant model for non-
magnetic proximitized graphene.!32%34331 In the presence of
magnetic substrates with out-of-plane magnetization, the Zee-
man term is given by Hz = mg0ps, for ferromagnetic exchange
coupling, whereas Hz = m o0s, for AFM exchange coupling.

When phonons are propagating in the graphene plane,
they can be absorbed by electrons through the electron—
(tax, uy)
is the displacement of ions in the momentum space and T'(q)

phonon coupling He_py = u(q) - T'(q). Here u(q) =

is the effective force exerted by electrons. We mainly focus
on the long-wavelength acoustic phonons, which, at each val-
ley, have the form%>7) T1==1(q) = ig[q- o,(q x ).] and
T"=!(q) = K[T"="'(—q)]. K is the complex conjugation op-
erator. Flexural modes, which correspond to the out-of-plane
displacement, are neglected due to the weak electron—phonon

[58] [59-61]

coupling>®' and strong suppression by the substrates.

The absorption coefficients are given by ¥,(q,®) =
Y-t ygﬁ(q,a)), o, = x,y, where the valley-resolved co-
efficients read 023!

hd’k
= 50 L | oz b o[ @

nm

Here p is the mass density of graphene and m,n

are the band indices. = The transition matrix element
[T”]’,;‘”,c g = (n,m,k|Ty (q)|n,n,k — q) and the dynamical
factor Fo (K, @) = [f (Enm ) = [(@+En mk)|8(0+En s —
Ennk—q)- O is the phonon energy and Ep . is the eigen-
dispersion of electronic Hamiltonian He(k). f(Epmk) is the
Fermi distribution function. For long-wavelength acoustic
phonons, ® < |Eg| (Ef is the Fermi energy), and in the low-

temperature limit, 3!

an,]l(k,q) ~ wa(ET],n.,k _EF)S((O +E17,n-,k _En,n,qu)a (3)

where we only need to consider the intraband transition of
electrons, i.e., m = n. For convenience, the ¥y matrix can be
rewritten as

YD(qa (D) + YD(‘L (D) YA(qa (D) + IYA (q7 CO)

V(g 0) = ; (4)

YA_ (qa (D) - WA (qv (D) YD(q? (D) - }/D(qa (D)

where ¥p (¥p) refers to the symmetric (anti-symmetric) lon-
gitudinal absorption of phonons, and ¥4 (y;) refers to the
symmetric (anti-symmetric) transverse absorption. When lin-
early polarized longitudinal or transverse phonons are con-
that is, |ui(q)) = [cos@q,sindg]T and |u(q)) =
[ sin ¢g,c0s ¢]T, the absorption coefficients follow y/t =

Yo £ cos2¢qYp £ sin2¢qY;.
This means that nonzero ¥; or ¥ defines the linear phonon

sidered,
@q is the azimuthal angle of q.

dichroism. On the other hand, when circular phonons are in-

(@)= 511+

read }/L/ R — %, F 74. This suggests that nonzero }, defines the

jected, i.e., , the absorption coefficients

circular phonon dichroism. These absorption coefficients can
be evaluated numerically (see Appendix A).

3. Results
3.1. Ferromagnetic exchange coupling

In this section, we show numerical results of phonon
dichroism in graphene with ferromagnetic exchange coupling
(mg # 0). For simplicity, we first consider the case without
intrinsic SOC, that is, Ay = Ag = 0. If Rashba SOC is also ab-
sent, i.e., A = 0, we find that 74 = 0 due to the opposite con-
tributions from valley £K. This means that circular phonon
dichroism vanishes although time-reversal symmetry is bro-
ken by ferromagnetic order.

106301-2



Chin. Phys. B 32, 106301 (2023)

When the Rashba SOC is present, i.e., Ax # 0, numeri-
cal results are plotted in Fig. 1. According to Fig. 1(a), band
dispersions at valley +K are asymmetric, suggesting that 4
is non-vanishing. The Fermi level is assumed to be in the
conduction band, and kg is the Fermi wave vector at valley
K. Phonons are assumed to propagate along the x direction,
q = qxX, and ¥p 4 as functions of phonon wave vector g, are
shown in Figs. 1(b)-1(d). Here ¥; = 0 since Y; is proportional
to sin4¢4,1%%! where ¢4 = 0 is the azimuthal angle of g. Re-
sults for single valley K, —K and both valleys are plotted in
green, blue and yellow, respectively. We can see that there are
two peaks for /D/A> labeled by ¢.; and g>. The occurrence
of peak values is because ¥y p /4 o< 1 /sin 6 (see Appendix A)
and 0 =~ 0 at g = g¢| or gc». Here 0 is the angle between the
phonon wave vector q and electron wave vector k, and g ~ 2k

at ¢ = gc1 Or gc2.

—K
o 0sf® i (b)
3 = 601 — valley K
F = JR— _
B 0 & Valley — K
5] Q
g &
M_o.5 c2
0 0.05 “0.10 0.15
ke ao (A1)
0
AN
(c) 1|qc2) 0.6 (d)
& —30 o 4c3
3 < 0 “
< AN
< [ qc1
—60 —0.6
0 0.05 ) 0.10 0.15 0 0.05 0.10 0.15
g (A1) a (A1)

Fig. 1. (a) Electronic band structure and (b)—(d) phonon absorption co-
efficients of proximitized graphene with ferromagnetic exchange coupling
mr = 0.2 eV in the absence of intrinsic SOC. In (b)—(d), green, blue and
yellow lines correspond to valley K, —K and both valleys, respectively. kg
is the Fermi wave vector at valley K. Parameters: A = 0.3 eV, hivgp =
6.59 eV-A, Er = 0.33 eV, kg = 0.061 A~1, Ag = 0.225 eV, g = 1.5 eV,
p =3.8x 1077 kg/m?, y = hg?ki/(16mpEE) = 1.59 x 107 s~!. Phonon
dispersion @ = fic|q|, with the average sound velocity ¢ = (¢ +¢)/2 =
1.66 x 10* m/s.57)

The sudden jumps after peaks originate from the dynam-
ical factor F,(k,q) in Eq. (3). When ¢, becomes larger than
gc1 OT gc2, the condition Ey ,, g = @ + Ep from Foh(k,q) is
no longer satisfied, thus excluding the contribution from val-
ley K or —K and giving rise to the sudden jumps. The results
for valley =K have the same sign for ¥;, 5, whereas they have
opposite signs for y4. This originates from the opposite Berry
curvature of electrons in valley =K. Since the band disper-
sion is particle-hole symmetric, we also check the case for the
Fermi level lying in the valence band. We find that vy, 5 re-
mains the same, whereas Y4 flips the sign. Such behaviors are
similar to that of Berry curvature. This suggests that the cir-
cular phonon dichroism Y4 may provide additional features to

reveal the quantum geometric properties of electronic bands.

When the uniform intrinsic SOC is further included, nu-
merical results are plotted in Fig. 2. The Fermi wave vec-
tor kp at valley K becomes larger than valley —K. As a re-
sult, the transition point g¢; (gc2) occurs when the contribu-
tion from valley —K (K) suddenly vanishes. Compared with
Fig. 1, a prominent feature in Fig. 2 is that the contribution
from valley —K is strongly suppressed at the transition point
qx = gc1. Such suppression results from a combination of fer-
romagnetism, uniform intrinsic and Rashba SOC, which leads
to vanishing transition matrix elements between wave vector k
and k —q, i.e., [7}":_1]’}:,61 ~ 0 and [Y}n:_l]g‘k,q ~ 0. By
contrast, the result for valley K is monotonic and shows sharp
peaks at the transition point g, = g»>. The different behaviors
at g, = gc1 and g originate from the different matrix struc-
tures of effective Hamiltonian H. (k) at valleys K and —K.

BN K s —Valley K
o 0.5 kp v — Valley —K
0 N_~— e _ 20 s — Total
no 0 < 1.0
§ 2N < 10f 05 |1
= —0.5 //\ 0 -
0
0 0.1 0.2
ks g (A7)
0 7

0 0.1 0.2 0 0.1 0.2
aw (A-D) gz (A1)

Fig. 2. (a) Electronic band structure and (b)—(d) phonon absorption co-
efficients of proximitized graphene with ferromagnetic exchange coupling
mp = 0.2 eV and uniform intrinsic SOC Ay = 0.2 eV. Insets of (b)—(d) show
the details of the highlighted region. In (b)—(d), green, blue and yellow
lines correspond to valley K, —K and both valleys, respectively. Parameters:
kp =0.096 A=, 1 = 0.99 x 108 s~!. Other parameters are the same as Fig. 1.

1o K 30( ) — Valley K
-K b) — Valley
2 o (2) L — Valley — K
% 5 v 20 — Total
~— =]
. (s
55 0 2 3
g “ 10
@05
—-1.0 0
Kz
0
(©) \ ()
e2 qc1 qc2
—10 -
& 0 N & opPD=—/—_¥—— !
~ ~
[a) —2§ get g
<20
—4
0 0.1
—30 —0.2
0 0.1 0.2 0 0.1 0.2
7 (A1) ¢ (A7)

Fig. 3. (a) Electronic band structure and (b)—(d) phonon absorption co-
efficients of proximitized graphene with ferromagnetic exchange coupling
mp = 0.2 eV and staggered intrinsic SOC Ag = 0.2 eV. Insets of (b) and
(c) show the details of the highlighted region. Parameters: kg = 0.075 A1,
1 = 3.7 x 107 s~1. Other parameters are the same as Fig. 1.
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When the uniform intrinsic SOC is replaced by the stag-
gered one, numerical results are shown in Fig. 3. We find that
Yp/b /4 are strongly enhanced and have peak values at the tran-
sition point g, = ¢.1, in marked contrast to the case with uni-
form intrinsic SOC. This is because in the presence of stag-
gered SOC, the transition matrix elements [7}’7:—1]']&7 4 and
[Tynzfl]',;’fk_ o are nonzero, and the presence of factor 1/sin 6
gives rise to the peak values of ¥ 5/, at the transition point
(6 = 0). The above studies suggest that in the presence of
ferromagnetic exchange coupling, the uniform and staggered
intrinsic SOC have distinguishable features in the linear or cir-
cular phonon dichroism.

3.2. Antiferromagnetic exchange coupling

In this section, we show numerical results of phonon
dichroism in graphene with antiferromagnetic exchange cou-
pling (ma # 0).
SOC are taken into account, numerical results are plotted in

When both uniform intrinsic and Rashba

Fig. 4. We find that at the transition point g, = g and for val-
ley —K, ¥p,p have significant peaks while ¥y is strongly sup-
pressed and exhibits non-monotonic behaviors when increas-
ing gy. The difference between ¥y, /5 and ¥4 originates from
the finite transition [7;11:—1]%,7,,67 o and vanishingly small tran-
sition [Enz_l};’c’fh o+ Note that there is a correspondence be-
tween AFM with uniform intrinsic SOC and ferromagnetism
with staggered intrinsic SOC at valley K, thus they have the
same Yp/p/4 for valley K as shown in Figs. 3 and 4 (denoted
by green curves). Nevertheless, such correspondence fails for
valley —K, which gives rise to the distinction between the two

situations.
1.0 40
( )K -K (b) — Valley K
. a . — Valley — K
0.5 30 y
>® ke — Total
- Ep e
> 0 ~
20 Q
g s
[=}
= -0.5
—1.0 oo
0
(c) N
_10 qc2
o &
g —20t  Of N =
& 2 Rqa fe o1
=30t _, :
40 0 0.1
(i} 0.1 0.2 0 0.1 0.2
g (A1) qx (Ail)

Fig. 4. (a) Electronic band structure and (b)—(d) phonon absorption co-
efficients of proximitized graphene with AFM exchange coupling ma =
0.2 eV and uniform intrinsic SOC Ay = 0.2 eV. Insets of (b) and (c)
show the details of the highlighted region. Parameters: kg = 0.075 A~!,
1 = 3.7 x 107 s~ 1. Other parameters are the same as Fig. 1.

When the uniform intrinsic SOC is replaced by the stag-

gered one, numerical results are given in Fig. 5. At the

transition point gy = ¢c1 and for valley —K, ¥p/p/s are
again strongly suppressed. This is due to the fact that
[E”:*I]’é'fk_q ~ 0 and [Tynzfl]’,g"k_q ~ 0 at the transition
point. Such behaviors are quite similar to the situation with
ferromagnetic exchange coupling and uniform intrinsic SOC
as in Fig. 2. The reason is that there is a correspondence be-
tween AFM with staggered intrinsic SOC and ferromagnetism
with uniform intrinsic SOC at valley —K. As a result, ¥p/p/4
for valley —K are exactly the same between the two situations
as shown in Figs. 2 and 5 (denoted by blue curves). However,
there is a major difference in the behavior of y4. In Fig. 2(d),
14 for valleys K and —K has opposite signs, therefore the to-
tal y4 exhibits a sign change by increasing g,. By contrast,
in Fig. 5(d), y4 for valleys K and —K has the same sign, thus
the total 4 displays no sign change. This provides the distin-
guishable features from all above situations.

1.0
(3) K -K 60t (b) — Valley K
/; 0.5 & — Valley —K
© ’ £ — Total
E 40 15
ED 0 ’ \?O* 10 1(1 1
5] S 5 .
b=t [ 20 o] B —
/= —-0.5
qc2
—~1.0 0 4
© 0 0.05 0.10
i ¢ (A7)
N\ 0.61 (d)
qc2
- 0.4
S
3 qc1
< 0.2 |
Gc2
0 ]
0 0.05 0.10 0 0.1
% (A7 @ (A7)

Fig. 5. (a) Electronic band structure and (b)—(d) phonon absorption co-
efficients of proximitized graphene with AFM exchange coupling ma =
0.2 eV and staggered intrinsic SOC Ag = 0.2 eV. Insets of (b) and (c)
show the details of the highlighted region. Parameters: kg = 0.045 A~!,
% = 0.5 x 107 s~!. Other parameters are the same as Fig. 1.

4. Conclusions

To summarize, we systematically study the phonon
dichroism in proximitized graphene with external magnetiza-
tion. We find that any combination of uniform (staggered) in-
trinsic SOC and ferromagnetic (antiferromagnetic) exchange
coupling can lead to nonvanishing phonon dichroism. Qualita-
tively different behaviors of linear and circular phonon dichro-
ism among these situations are compared, particularly at the
transition point. This provides opportunities to apply phonon
dichroism effect to detect the form of SOC and magnetic ex-
change coupling in proximitized graphene.

Note that phonon dichroism has no direct relation to the
topological properties of the graphene system. Actually, the
situation in Figs. 2, 3, 4 and 5 corresponds to Chern phase with
Chern number C = 2, metallic phase, Chern phase with C =1
and metallic phase, respectively. >3] Phonon dichroism is more
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likely a band geometric quantity, which connects electronic
states with wave vectors k and k — q. In the long-wavelength
limit ¢ — 0, circular phonon dichroism 74 is related to the
interband Berry connection.[®?l That is the reason why 7}, re-
verses the sign when the Fermi level is tuned from the conduc-
tion to valence band in Fig. 1.

In contrast to Weyl semimetals,®?! phonon dichroism
in graphene has several distinct features. First, circularly
polarized phonons are constructed by non-degenerate longi-
tudinal and transverse acoustic modes in graphene, rather
than two degenerate transverse modes in Weyl semimet-
als. Such non-degeneracy substantially suppresses the out-
of-plane phonon angular momentum and the screening effect
of electrons.3>%3 Second, the absorption of phonons is much
stronger in graphene due to the smaller 2D mass density and
larger electron—phonon coupling strength. This suggests that
the experimental observation of circular phonon dichroism is
more feasible in graphene.

Phonon absorption is qualitatively different from photon
absorption. For photon absorption, transitions of electrons
are allowed between conduction and valence bands, therefore
the optical conductivity is contributed by the band geometric
quantities of both conduction and valence bands. For absorp-
tion of acoustic phonons, transitions of electrons are within
valence (conduction) bands with different wave vectors since
acoustic phonon modes are unable to induce the interband
transitions. As a result, phonon absorption coefficients depend
on the information of band geometries of purely valence (con-
duction) bands.

The proposed CPD effect can be detected by the pulse-
echo technique!®*%! based on different absorption coeffi-
cients between left- and right-handed circularly polarized
phonons. An alternative detection is the Raman spectroscopy
analysis!®®¢7] of phonon polarization by injecting linearly po-
larized acoustic waves.

Appendix A: Numerical method

To numerically calculate the absorption coefficients
Yp/b/a/A» We can change the integral variable from k to k =
|k|, k¥ = |k — q|,5*! and obtain

Y(q7 o)

Z / vak [ pap Tk @)Xy
87rpa) lk—q| 2gksin® '

1=D,D,A, A, where

(AD)

Xp = [T [Tk o] + [Tk o [T k)"
Xp = LMo [[TMR )" = [Tk [T —g] "
Xa= Im{[Tn]kk: q[[ ]kk q] 1

XA—ZRe{[Tn]kk: q[[ ]k:k, q]*}? (A2)

and ¥ = 8¢, —¢.+0 + Op,—p,—6- Pk = tan" ' (ky/k,) and ¢g =
tan~!(gy/qx). 0 is the angle between g and k, satisfying

2 k2 _ k’2
cosO = CHT,
4g2k2 — K2 — k2
sing — V4 (2q = i (A3)
By integrating out the delta function, we have
h k K XY
Yl(qa ) = Qn Z ;
87p 17 | dEdnknk' | dEé,k,/.k | 2gksin O
X O, i =EOE, , y=Er+0O@ (K — [k —q])
xO(k+q—K). (A4)

Ep ki s eigen-dispersion of electronic Hamiltonian He (k).
O(+) is the Heaviside function. The derivatives can be evalu-
ated numerically by

dEn ui dH (k)
A0 Oo=tgo = (M., k|— o = [1,1,k) 89, g, 20,
dEy 1k ( )
dT]'{,n 6% Pqt6 = (n, n,k:| aK In,n k>6¢k PELH]
(A5)
where
0 f+ 0 0
aHe(k)s 7170 0 0
dk ¢k=¢qi67 O 0 0 f:l: ’
00 £ 0
0 g:. 0 0
dH. (k') ¢ 0 0 0
dK’ O =0q:+6 = 0 0 0 gy’ (46)
0 0gi 0
with
. k2—q2—|—k/2
— B —i(pq=+0) 1+i— %+
fr=hvee "2gksing |’
. kK
gL = :Fithefl(‘?qie).i. (A7)
qsin®
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