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Spin-orbit coupling in systems with broken inversion symmetry gives rise to the Edelstein effect, which is
the spin polarization induced by an electric field or current, and the inverse-Edelstein effect (also known as the
spin-galvanic effect), which is the electric current induced by an oscillatory magnetic field or spin polarization.
At the same time, an interplay between spin-orbit coupling and electron-electron interaction leads to a special
type of collective excitation—chiral-spin modes—which are oscillations of spin polarization in the absence of
a magnetic field. As a result, both Edelstein and inverse-Edelstein effects exhibit resonances at the frequencies
of chiral-spin collective modes. Here, we present a detailed study of the effect of electron correlations on the
resonances in Edelstein and inverse-Edelstein effects in a single-valley two-dimensional electron gas and in
a multivalley Dirac system with proximity-induced spin-orbit coupling. While the chiral-spin modes involve
both in-plane and out-of-plane oscillations of spins, we show that only the in-plane modes are responsible for
the resonances. In the multivalley system, electron correlations split the in-plane modes into two. We study
the spectral-weight distribution between the two modes over a large parameter space of intra- and intervalley
interactions. Finally, we demonstrate that chiral-spin modes enable a resonant enhancement of charge-to-spin
conversion and directional control of the injected spins in the spin-pumping process, both of which are relevant

to spintronics.
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I. INTRODUCTION

In systems with inversion symmetry, electron spin couples
to its momentum in two ways. One is Mott skew scattering
[1], where electrons scatter from heavy-atom impurities with
an amplitude that depends on the angle between the momen-
tum and spin. The other one is the Elliot-Yafet mechanism
[2,3], where Bloch electrons residing in a spin-orbit coupled
energy band scatter from (not necessarily heavy) impurities
in a spin-sensitive manner. On the other hand, breaking of
inversion symmetry lifts the twofold degeneracy of electron
states (while still preserving the Kramers degeneracy), thus
enabling direct coupling between electron momenta and spins.
Examples of spin-orbit coupling (SOC) in systems with bro-
ken inversion symmetry are Dresselhaus [4], Rashba [5,6],
and, in multivalley systems, the valley-Zeeman (VZ) (also
known as Ising) mechanisms [7].

Spin-orbit interaction of both types (with and without in-
version symmetry) leads to several spin-dependent transport
phenomena. These include the spin Hall effect [8—10], which
is the induced spin accumulation transverse to the electric
current (observed via Kerr microscopy [11] and electrolu-
minescence [12] in GaAs-based heterostructures), and the
inverse spin Hall effect [13], which is the electric current
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induced by a nonuniform spin injection (observed via optical
induction of spin polarization [14,15], also in GaAs-based het-
erostructures). Broken inversion symmetry, in particular, leads
to a current-induced spin polarization in systems with odd-in-
momentum spin-splitting of the electron states [16], known
in the context of two-dimensional electron gases (2DEGs) as
the Edelstein effect [17], which has been observed in GaAs
heterojunctions [18] and possibly also in strained InGaAs
[19]. Systems with broken inversion symmetry also exhibit the
inverse-Edelstein/spin-galvanic effect (observed in GaAs het-
erojunctions [20] and at Bi/Ag interface [21], and explained
subsequently in Ref. [22]), where an inhomogeneous spin
distribution drives electric current [23].

Apart from the steady-state effects, described above, there
are noteworthy dynamical effects that arise in systems with
broken inversion. One example is the dynamical spin ac-
cumulation at the 2DEG boundaries [24]. Another is the
electric-dipole spin resonance (EDSR) effect [25-27], where
the electric(E)-field of an electromagnetic wave couples di-
rectly to electron spins via spin-orbit interaction. This effect
was observed in a variety of systems: bulk semiconduc-
tors [28,29], quantum wells [30], quantum dots [31,32], and
nanowire-based qubits [33]. In all previous experiments, spin
splitting was induced by a static magnetic(B)-field. However,
it has been predicted that SOC-induced intrinsic splitting
of the Bloch states leads to resonances from the so-called
chiral-spin modes (CSMs) even in the absence of the static
magnetic field [34-38]. The resonances from these collective
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modes can be probed by both oscillatory E- and B-fields. Hith-
erto not detected via EDSR, resonances due to CSMs have
been observed by resonant electronic Raman spectroscopy in
zero field in topological surface states of Bi,Se; [39], and
in finite fields in CdTe quantum wells [40—44]. CSMs have
also been predicted to exist both at finite and zero fields in
multivalley systems with proximity-induced SOC, such as
graphene on a transition-metal-dichalcogenide (TMD) sub-
strate [45,46].

Collective modes encode important information about the
nature of excitations and correlations in a system. With the
rising interest in terahertz (THz) spectroscopies of quantum
materials [47] and in ultrafast spin-based devices [48,49], it
becomes essential to not only know the dispersion relations of
collective modes, but also to know how they respond to vari-
ous experimental probes. In this light, the goal of the present
paper is to investigate how CSMs respond to oscillatory E and
B-fields and study how they modify the SOC-induced effects
mentioned above.

Linear response of a metal to oscillatory E and B-fields
can be written in terms of the induced magnetization M,, and
induced current J,, (o, B € {x,y}) as

M.(q, Q) = x35(q, )Bs(q. Q) + 05 (q, REg(q, Q),
(1a)
Ju(q, Q) = 0up(q, DER(Q, Q) + x5 (Q, Bs(q, Q), (1b)

where oMF and x'B are the cross-response tensors that arise
solely because of SOC, as opposed to the direct-response
tensors, spin susceptibility(x*) and conductivity(o), which
exist already without SOC. We use the convention where the
repeated index is summed over. The spin susceptibility x°*
entails the conventional electron spin resonance (ESR) that
is induced by applying an additional static magnetic field, as
well as the chiral-spin resonance (CSR) [34,37], which is a
zero-field spin resonance due to CSMs. The conductivity o
entails both the Drude part and the EDSR effect [36,46]. In
this work, we analyze the cross-response terms in Egs. (1a)
and (1b) in the presence of both SOC of several types and
electron-electron interactions. We present a systematic com-
parison of both types of cross-responses (cME and x'B) in
single-valley 2DEGs with Rashba or Dresselhaus SOC, as
commonly encountered in semiconductor heterostructures, as
well as in multivalley Dirac systems away from the charge-
neutrality point with proximity-induced SOC of both Rashba
and valley-Zeeman (VZ) types, such as in graphene on a
TMD substrate [50,51]. The main difference between these
two systems arises not due to the electron energy spectrum
(parabolic vs. linear), but the dimensionality of the Hilbert
space, which allows for mixed spin-valley excitations in mul-
tivalley systems but not in single-valley ones. For brevity,
nevertheless, we will dub the first class of systems as “2DEG”
and the second class as “Dirac”.

Our results can be divided in two categories. The first one
includes theoretical predictions for resonance lineshapes in
cross-responses, while the second one contains proposals for
utilizing cross-response resonances in spintronic devices. In
the first category, we show that, both in single- and multivalley
systems, CSMs corresponding to in-plane fluctuations of the
spin lead to resonant versions of the Edelstein and the
inverse-Edelstein/spin-galvanic  effects. This in itself
is not surprising. In particular, the resonance in the

Edelstein conductivity, o™E, in the noninteracting limit of a
single-valley 2DEG, was already pointed out in Refs. [52,53]
(although in a different context, centered around spin
accumulation effects). What is special for a multivalley
system is that the intervalley electron-electron interaction
splits the modes into two. We analyze the spectral weights
of the two modes in the cross-responses as functions of the
various parameters of the model and show that the low-energy
mode carries most of the spectral weight. Next, we point out
that cross-response arises only from SOC that couples the
momentum to spin. Thus, both Rashba and Dresselhaus SOCs
are expected to induce cross-responses, albeit with a different
tensor structure, but the VZ SOC is not, because it couples
spins to valleys but not to electron momenta.

In the second category of results, we show that the charge-
to-spin conversion metric commonly used in spintronics
literature o« oME /o also experiences a resonant enhancement
because of CSMs. It should be noted that while both o™E and
o exhibit resonances due to CSMs, the resonance in oME is
by a few orders of magnitude (depending on the extent of
disorder) stronger than in o, and thus oMF /o is enhanced
as well. Finally, we propose a protocol for spin-pumping in
graphene with proximity-induced SOC, based on CSMs. This
protocol allows one to control the direction of pumped spins.

The rest of the paper is organized as follows. In Sec. II,
we discuss the formalism of the Landau kinetic equation for
a Fermi-liquid with SOC. The electrically driven direct and
cross-responses in both single and multi(two)valley systems
with Rashba SOC are discussed in Sec. III, while the mag-
netically driven responses are discussed in Sec. IV. The
same effects for a single-valley system with Dresselhaus SOC
are discussed in Sec. V. In Secs. VI A and VIB, we analyze
the effect of electron-electron interactions (eei). In Sec. VIC,
we discuss the spectral weights of interaction-split resonances
in a multivalley system. In Sec. VII, we discuss potential
applications of our results in spintronics. Our conclusions are
given in Sec. VIII. Appendices A and B provide details of
solving the equations of motion for single- and two-valley
systems.

II. THE LANDAU KINETIC EQUATION

Following the method summarized in Ref. [54], we employ
the Landau kinetic equation for a Fermi liquid [55] in the
following form (here and thereafter we set /i = 1):

Ot + i[é, Al + 3{0ch, e} — 5{0kh, 0} = Lo, (2)

where € is the quasiparticle energy and 7 is the nonequilibrium
distribution function. Both € and 71 are matrices of the corre-
sponding dimensionality in the spin and valley subspaces, and
are parameterized as

¢ =e(k.r.1) = Hyk) + Hsoc(k) + er(k, 1, 1)
+8&exi(r, 1), (3a)
n=nk,r,t) =nyk) + nsoc(k) + énk,r,¢). (3b)
In Eq. (3a2), 1‘70(}() is the single-particle Hamiltonian in the
absence of SOC, Hsoc (k) describes the SOC,

érk,r, 1) = / Tr[F (k, K)éa(K, r, 1)] “)
"
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describes the effect of interaction between quasiparticles via
the Landau functional (LF) F (k, k') with [, = [d*k/Q27)?,
and 8é€. (1, 1). is a correction to the energy caused by the driv-
ing oscillatory (and, in general, spatially non-uniform) electric
and magnetic fields. Explicit forms of Hy(k) and Hsoc(K)
will be presented later in Sec. III. The Landau functional is
taken to be the same as when SOC is absent. This means that
SOC is assumed to be weak, such that Asoc/u < 1 (where
w is the chemical potential and Agoc is the energy splitting
of states at the Fermi level), and is treated perturbatively. The
last condition automatically implies that we can only consider
the situation when both spin-split subbands are occupied.

Next, in Eq. (3b), 7ip (k) is the equilibrium electron distribu-
tion, fisoc(K) = nf)l-?soc(k) is the correction caused by SOC
with n6 = 0cng, and §A(k, r, ¢) is the nonequilibrium part of
7. Note that the deviation from equilibrium enter both directly,
via é7n(k, r, ), and indirectly, via the corresponding change in
the quasiparticle energy, as specified by Eq. (4).

Finally, the collision term on the right-hand side of Eq. (2)
accounts for relaxation processes. A microscopic description
of relaxation processes is beyond the scope of this paper.
At the phenomenological level, Lo can be decomposed into
the parts corresponding to relaxation of different degrees of
freedom, i.e., charge, in-plane and out-of-plane components
of spins, and valley polarization. These degrees of freedom
will be made explicit in Sec. III. For each component, one can
introduce a phenomenological relaxation time [56]. We will
assume that our resonances lie in the ballistic regime, where
ASOCTmin > 1 (Tmin being the shortest relaxation time). Thus,
the net effect of Iy is only to introduce an effective broaden-
ing of the resonances. To avoid dealing with the multitude of
phenomenological parameters, we set all the relaxation times
to be equal to some effective relaxation time T and model the
collision integral as Fon = —87(K, T, t)/t. Microscopically,
such a case is encountered—up to numerical coefficients—
in the ballistic limit of the D’yakonov-Perel’ spin-relaxation
mechanism resulting from scattering by short-range impuri-
ties in the presence of Rashba and/or Dresselhaus SOC [57].
In general, the scattering time t may depend on the electron
energy. However, since we are interested only in low-energy
excitations near the Fermi surface, T can be evaluated right at
the Fermi energy. Unlike some other SOC-related phenomena,
e.g., Hanle effect [58], CSMs are not sensitive to the particle-
hole asymmetry. As a result, the energy dependence of t is
not relevant for their damping. We caution the reader that, as
a consequence of choosing to work in the ballistic regime, the
limit of €2 = 0 cannot be taken in the results presented in this
paper.

From now on, the driving £ and B-fields are assumed to be
weak and spatially uniform, such that the kinetic equation can
be linearized in §71 and §é.x(¢). In accord with an assumption
of weak SOC, it will also be linearized in Hsoc. In this regard,
a term o Hgocéey: i allowed as it is still linear in its con-
stituents. If the external driving force is caused by the E-field,
the linearized kinetic equation takes the form [59]

8,67 + i[Hsoc, 87] — in), |:1‘?soc, / ﬁkk'mk}
”

= en)(Vx + Vsoc) - Eoe ™ + Leon, (5)

where —e is the electron charge, Ege =¥ is the applied oscilla-
tory E-field, which has only in-plane components, while ¥y =
9H, /0k and Vsoc = 9Hsoc /0k are the parts of the velocity
operator with and without SOC, respectively. The coupling of
the E-field to electron spins, i.e., the EDSR effect, occurs via
the efiy¥soc - Eoe™™ term on the right-hand side of Eq. (5).
For the B-driven case, the equation takes the form [60]

3,87 + i[Asoc, A — in;, |:1‘?soc, / ﬁkk’Sﬁk’:|
”

_ _l-n/ 8UB
02

where (Bg, B.)e™™* is the applied oscillatory B-field.
Throughout the paper, we will use bold symbols to denote
in-plane vectors, while the z-component will be labeled ex-
plicitly. Note that a spatially-uniform but oscillatory B-field
does not induce magnetization in the absence of SOC because
the spin susceptibility vanishes in this limit as, dictated by spin
conservation. Accordingly, the driving term in the right-hand
side of Eq. (6) vanishes for Hsoc = 0.

After solving for 671, we will be interested in calculating
two observables: the electric current density, as deduced from
the continuity equation, and magnetization. These are given
by [61,62]

[Bo - 8 + B.S., Hsocle ™™™ + feon,  (6)

J= —g/Tr[{ak(ﬁo + Hsoc), (87 — igere)l]l,  (Ta)
k

8B

M= _5HB gMUB
2

Tr[8sA], M, = — 222
k 2 k

Tr[5%87], (7b)

where g is the effective Land€ g-factor, up is the Bohr mag-
neton, and §* with o € {x,y, z} are the spin matrices. The
traces are taken over both the spin and valley subspaces.
All the parameters of the single-particle Hamiltonians in
the above equations—g, vsoc, etc.—are assumed to include
Fermi-liquid renormalizations. To simplify notations, we will
use the same symbols for bare and renormalized quantities.

III. ELECTRIC-FIELD DRIVING: ELECTRIC-DIPOLE
SPIN RESONANCE AND THE RESONANT
EDELSTEIN EFFECT

Both EDSR and the resonant Edelstein effect are driven
by the oscillatory E-field. We first consider a single-valley
system with Rashba SOC, in which case

N k2 N
Hy = <2— - M>§0 and Hsoc = vr(k x 8) - z, ¢S]
m

WAy

where indicates a matrix in the 2 x 2 spin space, m is the
effective mass, and vg is the Rashba coupling constant with
units of velocity. Correspondingly,

. ko < .

Y= and Vsoc = vr (Ky X §), €))
where k, is the unit vector along k. The kinetic equation be-
comes significantly easier to solve if the 2 x 2 distribution
function is expanded over the Pauli matrices in the “chiral”
basis [34,38],

si(k) = —8(e — ep)u(k)é', ief{0,1,2,3}, (10)
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0 0 1 Az

where &0 =§° ¢&l=—5, &2 =5cosf +sinf, & =
§*sin@ — §¥ cos @, 0 is azimuthal angle of k, and —&(e — €F)
is the zero-temperature limit of d.ng. The label i denotes the
degrees of freedom of the system. Because of the §-function,
the functions u;(K) are projected onto the Fermi surface and
depend only on 6: u;(k) = u;(8). Since the Rashba SOC is
rotationally symmetric, the equations for harmonics of u;(8)
with different projections of the angular momentum onto the
Z axis decouple. It is then convenient to expand the functions
u;(0) over a complete basis of the eigenstates of the angular

momentum operator as 1;(6) = 3.°° ___u™ e In terms of

m=—00 71
u?m), the components of the current density are rewritten as

(=D (1)
u +u
JX — evg [UF%

N W =) D )
2kr 2i 2 '

(=1 (1)
u — U
Jy = evg [UF%

de (D 4D D )
- = + . , (1D
2kg 2 2i

where vp is the Fermi velocity, kg is the Fermi momentum,
AR = 2urkp is the energy splitting due to SOC at the Fermi
level, and vg = m/m is the total density of states at the Fermi
level. The first term in the current density is the usual contri-
bution from free carriers that gives the Drude response, while
the second term arises from SOC. Likewise, the components
of the magnetization are rewritten as

-1 1 —1 1
v, el (0 i )
* 2 2 2i ’
PO L e N W o
) 2i 2 ’
M. = glLBV}I (0) 12
c= o (—w) (12)

Next, as an example of a multivalley system, we consider
gated monolayer graphene, in which case the two valleys are
centered around the K and K’ points at the corners of the
Brillouin zone. Although intrinsic SOC in graphene is very
weak, substantial SOC can be induced by mounting graphene
on a heavy-element substrate, e.g., TMD. It is known that
SOC in this case is a combination of two types: Rashba and
valley-Zeeman (VZ), the latter acting as an out-of-plane Zee-
man field of polarity alternating between the K and K’ valleys
[51]. For definiteness, we assume that the chemical potential
(u) crosses the conduction band (the upper Dirac cone). As
we are interested in energies near , we can project out the
valence band (the lower Dirac cone) and obtain the following
4 x 4 Hamiltonian:

R . s s
Ho = (vek — )2°%5°,  Hsoc = TR%O(ku x8)-z+ 72%3§3.

(13)

Here, in addition to the 2 x 2 spin matrices §, there are also
2 x 2 7 matrices that act in the valley space, and Ag and
Az are the Rashba and VZ SOCs, respectively, both with
units of energy. Since a gated system has a finite kg, it is
also convenient to introduce a velocity vg = Ar/2kp. When
comparing Hamiltonian (13) with Eq. (8), it is worth noting
that the SOC term in the former depends only on the direction
of k but not on its magnitude. This is the result of projecting
out fully occupied bands in the Dirac system. Consequently,
the structure of spin-orbit part of the velocity operator

¥k = ek, 2%0,  ¥soc = vr(k, - §)(k, x 2)t°,  (14)

differs from that in Eq. (9). Next, the nonequilibrium part of
the distribution function is modeled as [45,46]

8 = —8(e — ep)upte® + w08 + wit'e® + My e,
i?je{]12’3}7 (]5)

where the u; terms describe the spin-chiral sector in the same
way as for 2DEG [cf. Eq. (10)], the W; terms describe the
valley sector, and the M;; terms describe coupled fluctuations
in the spin-valley sector. Analogously to u;(6), we expand the
valley and spin-valley terms as,

VV,(@) = Zvvi(m)eime’ Ml](e) — ZM;;W)eimH’ (16)

respectively in the case of equally populated valleys, the
valley degree of freedom is decoupled both from the other de-
grees of freedom, as well as from the external field. Therefore,
the W; terms need not be considered. Applying the general
expression for the electric current, Eq. (7a), to the two-valley
case, we obtain

P 1 ug_l)—f-u(()l) n AR ug_l)—u(zl)
Ll R 2k 2i ’

-n _ M ESIe))
J_evTvu_)”_R W Tu (17)
R ¥ 2k 2 ’

where vl = 2kp/mvg. The expressions for the components
of the magnetization are same as in the single-valley case
[Eq. (12)], with v corresponding now to the two-valley case.
Comparing Eq. (17) with Eq. (11), we see that while the Drude
parts of the current (cx vg) are the same for the single- and
two-valley systems, the SOC-induced terms are different be-
cause of a difference in the SOC parts of the velocity operators
[cf. Egs. (9) and (14)]. As we shall see below, this makes the
Q-dependence of J in the Dirac system different from that in
the 2DEG.

For the case of a single-valley 2DEG, the equations of
motion for u?'") are solved in Appendix A. Substituting these
solutions into Eq. (11), we obtain for the E-field induced
current

ioo| 11 (i)’ .
2DEG: J=—| =+ = — ) {2+ R;g ()} | Ey,

=0(Q)
2

X
where R (Q) = =—2—-. (18)
Q2 -2
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The superscript “2D” stands for “2DEG”, Q=Q+i /T, and
o0 = *vlvit /2 (19)

is the dc Drude conductivity. The prefactor of E is identified
as the total charge conductivity o (). The first, 1/, term
in the square brackets gives the frequency dependence of the
Drude contribution, while the second term represents renor-
malization of the Drude weight by Rashba SOC, arising from
the first term (2) in the curly brackets, as well as the EDSR
peak at Q = Ag, arising from the second term.

Turning to the current response of a two-valley Dirac sys-
tem, the equations of motion for the spin and spin-valley
degrees of freedom, ™ and Mi(J'."), are solved in Appendix B.
Substituting these solutions into Eq. (17) yields

. =\ 2
Di J iog| 1 n 1/ Q RDi(Q) E
1rac: = —| = = — s
| alap) E 0

o (2)

) A2
where RPI(Q) = ——R 20
———

2
_}‘SOC

The superscript “Di” stands for “Dirac”, and oy is the same
as in Eq. (19), with v} redefined appropriately. The current
responses in the 2DEG and Dirac systems have the same
Drude part, which is to be expected since this part arises from
the free carriers at the Fermi surface. The functional form of
the coupling to the resonance is different in the two systems,
but become similar near the resonance. This difference arises
from the difference in the structure of Eqgs. (11) and (17). We
also see from Eq. (20) that, for finite Az but Ag = 0, the reso-
nance part of the current response vanishes for a Dirac system.
This demonstrates the necessity of a Rashba type of SOC for
the EDSR effect. If both Rashba and VZ types of SOC are

present, the resonance occurs at frequency Asoc = v AZR + A%.

Now we turn to the magnetization response, starting with
the case of a 2DEG. As seen from Eqgs. (11) and (12), J and M
contain the same harmonics of u(6). This implies that driving
the system with an E-field produces not only a direct response,
i.e., the charge current, but also a cross-response, i.e., the
magnetization. A straightforward calculation using Eq. (7b)
leads to (see Appendix A)

ME

10,
2DEG: M = — S_gr RID(QE) x 2, RIEL(Q) =RE(Q),

oME(Q)
M. =0, 2

oME _ 8B e)hRVgT
O T 2 kg

is the dc Edelstein conductivity [17]. In this context the prefac-
tor of E is identified with the dynamic Edelstein conductivity
oME(Q), which exhibits a resonance at the same frequency
Q = Ar as the charge conductivity. Note that the induced
magnetization lies in the 2DEG plane, transverse to the ap-
plied E-field, and the prefactor of its resonant part (o' /7) is

independent of the relaxation time t since o)'F o 7.

(22)

For the Dirac case, we need the uﬁm) and Mi('.") compo-
nents which are found by solving the kinetic equation (see
Appendix B). To calculate the magnetization, we again use
Eq. (7b) which yields the same result as Eq. (12). Conse-
quently,

. iog"® (2 ? Di 5 pDi Di
Dirac: M= —— — | Ryp()EgxZ2, Ryp(R2)=Rp(R),
QT )\R
o ME(Q)
(23a)
M. =0, (23b)
where o'F is the same as in Eq. (22), with v} redefined

appropriately. Observe that M in Eq. (23a) vanishes if Ag = 0,
irrespective of Az.

IV. MAGNETIC FIELD DRIVING: CHIRAL-SPIN
RESONANCES AND THE RESONANT INVERSE
EDELSTEIN EFFECT

Both chiral-spin resonances and the resonant inverse Edel-
stein effect are driven by the oscillatory B-field. Solving the
kinetic equation in the presence of magnetic driving, we find
(see Appendices A and B)

2DEG:M = —%R%(Q)Bo, R (Q) = RiD(Q),
—
X1(€2)

M, = —xoRys () B;;
N— ——

xL(€2)
. X0 |Di i AR + 225
Dirac: M = —TRM)B(Q)BO, RIDV(Q) = Q?_AZZ ,
-— soc
X1(§2)
1Di 1Di AR
M, = —xoRyp (2) B;,  Ryp (2) = o 2
x1(82) so¢
(24)
where
X0 = & ugv (25)
is the static spin susceptibility in the absence of SOC and
xB = ﬁ = %M (26)
© 7 ¢ 2 dkp

Once again, vl is appropriately redefined. While the static

spin susceptibility remains isotropic even in the presence of
SOC (provided that both Rashba subbands are occupied) [63],
the dynamic susceptibility is anisotropic, with its in-plane
component () being twice smaller than the out-of-plane one
(x1)-

We already know from Eqgs. (11), (12), and (17) that what-
ever induces M must also induce J. For the case of B-field
driving, the induced charge current represents the resonant
inverse Edelstein effect. Note that the current is induced only
by the in-plane component of the B-field and flows in the
direction perpendicular to By, and that, similar to the case
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FIG. 1. Cross responses vs direct responses. (a) Direct (J£) and cross-response (/%) parts of the induced current normalized to Jy =
e*vEvlEy/2Asoc in a two-valley Dirac system. The inset shows the JE response without the Drude tail. (b) Direct (M?) and cross-response
(ME) parts of the induced magnetization, normalized to My = xoB,/2, which is the magnetization of free electrons in a static B-field of
amplitude By. The responses are plotted for TAsoc = 50, 20, 5 (from dark curves to light ones), Az = 0.5Ag, and p = SAg.

of the Edelstein effect, the prefactor of its resonant part is
independent of t. For B-field driving, we obtain

. AR
2DEG: J = —x®RiE(Q)By x 2, RiP(Q) = _2—1‘2,
N Ny R Q2 — 22
x'B(Q)
(27a)
) ) 22
Dirac: J = —x°R3 Bo x 2, RjB(Q) = =525—,
Qz - )‘SOC
(27b)

where xo and xJ® are the same as in Eqs. (25) and (26),
respectively, with v} appropriately defined. Thus, the cross-
responses persist in multivalley systems but vanish when
Ar = O (irrespective of Az). We also remind the reader that
while these results are valid for 2 around the resonance, our
model form of the collision integral does not allow us to
extend Eqgs. (27a) and (27b) down to the static limit, where
the induced current must vanish [22].

We now examine the case of a normally incident elec-
tromagnetic wave, when the amplitudes of the electric and
magnetic fields are related by Ey = cBy. In Figs. 1(a) and
1(b), we show the magnitudes of the E-driven and B-driven
current and magnetization for a two-valley system, denoted by
JE =0 (Q)Ey, J® = x"B(Q)Ey/c, ME = cMEcBy, and M8 =
X11(£2)By, respectively. In the noninteracting limit, the results
for a single-valley system are similar. Several features need to
be pointed out. (i) Electrically driven responses (both direct
and cross) are orders of magnitude stronger than magnetically
driven ones, even away from the resonance. (ii) Although
the total current induced by the E-field is much larger than
that induced by the B-field, it is largely dominated by a
featureless Drude background, making the EDSR peak barely
discernible—even for a large quality factor, e.g., AsoT = 50.
On the other hand, the resonance in a much smaller B-induced
current is well resolved. (iii) For magnetization, the reso-
nances are well resolved in both direct (B-induced) and cross
(E-induced) cases, but the signal is stronger in the cross-
response. This remains true as long as oME(Q)c > xMB(Q),
which translates into Ag /2 > gkr/kc ~ 1073, where k¢ =
mec is the Compton wavevector, with m, and c being the bare

electron mass and speed of light in vacuum, respectively. This
condition is easily satisfied near and below resonance, but
not at higher frequencies. Observe that magnetization cross-
response has an additional enhancement near 2 & Agoc of at
least an order of magnitude. This is due to the presence of
CMSs in our system.

Remark. Before proceeding further, we need to make the
following observation. If only Rashba SOC is present in the
Dirac system, then the magneto-electric response for both
2DEG and Dirac systems near resonance and for normal in-
cidence can be written in a unified form, namely,

2 k, E
M = — X (RQ)By +iZ-CR(Q)sgn(ip) — x 2),  (28a)
2 gkp c

8kr
2 ke

iO‘()

JQT

(EO + ?R(QEy + i2 —sR(Q)sgn(Ag) cBy x z)

(28b)

where s = vg/vg and R(Q2) = )»2R/(Q2 — AZR). The first term
in Eq. (28a) represents CSR, while the second one represents
the resonant Edelstein effect, which is phase-shifted by 7 /2
with respect to the E-field. For an electromagnetic wave with
Ey = cBy, the second term is larger than the first one by a
factor of kc/kp, which is ~10° — 10* for a typical semi-
conductor heterostructure. The first term in Eq. (28b) is the
Drude part of the current, while the second term represents
EDSR. The amplitude of this term is proportional to s, which
is typically small (< 107> — 10=#), and thus EDSR can be
discerned against the Drude part only if the quality factor is
very large [36]. Finally, the third term in Eq. (28b) represents
the resonant inverse Edelstein effect, whose amplitude is sup-
pressed by kr /kc when compared to the EDSR.

V. CROSS RESPONSES IN THE PRESENCE
OF DRESSELHAUS SPIN-ORBIT COUPLING

The existence of cross-responses is not unique to Rashba
SOC. Any perturbation that mixes spin and momentum will
lead to similar effects but with a different tensor structure
of the response functions. As another example, we consider
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Dresselhaus type of SOC, encountered on surfaces of crystals
without a bulk inversion center [4,64]. For a 2DEG on the
(001) surface plane, the Hamiltonian of Dresselhaus SOC
reads

Hsoc = vp(Siky — 3yky), (29)

J

107 1 1 /A jo ME
J= 7“{9 + Q(4D> D%E(Q)]Eo, M, = s.gt DI (Q)E,,

with vp being the Dresselhaus coupling constant. Correspond-
ingly, the spin-orbit part of the velocity becomes

Vsoc = UD(ku)cfx),Z - kuy§y$’)~ (30)

One can now proceed along the same lines as for the Rashba
case. For electric-field driving, we find

ioME

M, = — s‘zor DD (Q)E,,

(€19}

where DIP(Q) = D{D.(Q) i 1s same as Ri2(Q2) = RI:(Q) in Eq. (18), but with vg — vp, which results in A\x — Ap. The same
applies to the definition of o)'F in Eq. (22) For B-field driving, we get
"™ op "™ op X0 12D 2D
Jx = __DJB (Q)B)m Jy DJB (Q)B\u M = _?DMB(Q)BO’ Mz = _XODMB(Q)Bzv (32)
T _,_, ————,

XIB

where xo is same as in Eq. (25) and ng(Q) =

DI%,][)B(Q) are also same as R%]B?(Q) =

XL
Xl

Rlzvl[)B(Q) [Eq. (24)], but, again, with vg — vp.

In a compact form, the cross-response tensors for pure Rashba and pure Dresselhaus cases are

_lO‘U R2 E(Q)(
oy (Q) =
BRZD(Q)< 0
Xap () = 1
DRy

A characteristic difference in the tensor structure of the
cross-response functions in the two cases allows for an unam-
biguous identification of the dominant type of SOC in a given
material. This is to be contrasted with the tensor structure of
direct response functions, i.e., conductivity and spin suscep-
tibility, which are diagonal for both Rashba and Dresselhaus
cases. The difference in the tensor structure of cross-response
functions could be exploited in transport measurements to
extract different components of SOC. The anisotropic aspect
of the tensor has been explored in the context of both the
Edelstein effect and its inverse in the static and diffusive
regimes [65-73]; in the present work, we have explored its
dynamical version in the ballistic regime.

VI. EFFECT OF ELECTRON-ELECTRON INTERACTION
ON RESONANT CROSS-RESPONSES

Electron-electron interaction (eei) affects the dynamic re-
sponse of a system with SOC in a number of ways. The most
important one is that it endows electron spins with rigidity
with respect to finite-g perturbations. As a result, the vari-
ous resonances both in the direct and cross-response sectors
become dispersive modes of a FL with SOC [35,43,74]. At
g = 0 (which is the subject of this paper), eei renormalizes the
resonance frequencies. For weak SOC, such renormalizations
can be expressed in terms of the Landau parameters of the
underlying Fermi liquid in the absence of SOC [34,38,46].

1
1 0
0

1

O>’ for Rashba SOC,

_MO D2D (Q)(_O1 ?), for Dresselhaus SOC.

), for Rashba SOC,
(33)

_1), for Dresselhaus SOC.

In addition, eei is responsible for splitting of both ESR and
EDSR peaks in a two-valley Dirac system [46]. Finally, eei
leads to damping of the resonances even in the absence of
disorder [75].

While the effects of eei on direct responses (ESR and
EDSR) have been studied extensively in the past (see review
[54] and references therein), here we extend the analysis to
cross-responses. To do so, we come back to Egs. (2)—(4)
and restore the Landau interaction functional, & g. Since the
Landau functionals are different for single- and multivalley
cases, we will treat the two separately, in Secs. VI A and VI B,
respectively. Furthermore, eei also renormalizes the parame-
ters of the free Hamiltonian, i.e., vp, — vj, Usoc — Vg, and
g — g". However, as stated earlier, we shall suppress the as-
terisks for brevity, with the understanding that all parameters
are already renormalized.

A. Single-valley system

We start with the standard form of the Landau function
for a single-valley system in the absence of both SOC and
B-field [55]

ng§1v§2§§3>§4(9’ 0")=F%(, 0)8¢,618c14

+ FA(G’ 9,)§§1 S §§2§4’ (34)

where ¢; label the spin components, F5/4 are the symmet-
ric and antisymmetric parts describing the interaction in the
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charge and spin sectors, respectively, and @ denotes a vector
a with three Cartesian components. The angles 6, 6’ are the
azimuthal angles of momenta k, k’ in Eq. (4) with magnitude
kp; in a rotationally invariant system, the Landau function
depends only on 8 — 6’. The components of the Landau func-
tion can be decomposed into angular harmonics according
to X(0,0) =3, X,e™?%) where X € {F5, FA} and m is
the z component of the angular momentum. It will also be
convenient to introduce the following combinations of the
Landau parameters:

m m +F m
fS,(m) — l_’_an’ fa( ) =1 + %7
FS  —FS
S,(m) — m—1 m+1 | (m) =1 FA
fZ - =/ +Fys
FA  +FA FA  —F4
(m) =1 m—1 m+1 m) _ “m—1 m+1 . 35
oV A a— f2 =5 (35)

In the presence of eei, one needs to use the full form of the
electric current with the Landau functional taken into account,
as given by Eq. (7a). The (temporal Fourier transform of)
current density is then evaluated as

-1 (1)
+ u,
Jy = evg |: fs(l)—
2
-1 (n =1 (1)
n AR f(o) u, ~—u, + uy
2kg 20 2 ’
(=1 )]
u u
Jy, = evg |:UFfS'(1)—O 2 0
1

1) (1 (=1 (1)
L A il S Bt i ) RET
2kr 2 2

The definition of the magnetization in Eq. (7b) does not in-
volve the Landau function, hence its explicit form remains the
same as in the noninteracting case, Eq. (12) (modulo “silent”
renormalization of the Hamiltonian parameters).

Solving for the components of u (see Appendix A), we
obtain the following responses for E-field driving:

op | 5O f<0>
J—?[ 5 ts <4M> {2+ R (Q)}]Eo,

a(2)

_ (fi”%—ffl))fm)»ﬁ

RZD(Q)
JE 02 _ f_f_l)f(l))“lzg
—ioME
M=—""RD(Q)E)x2), M =0,
Qt
—————
O-ME(Q)
Rk (Q) = R (), (37)
and for B-field driving
0) £(1)52
K BRD 2D f F%%R
= Rz (2)B , Rg(Q)= —"F7"—"—
J B(HBo <2, Rip () = IOFTIPR

x'B()

M = RHZD(Q)B RHZD(Q) L
2 f(l)f(l))\Z
N e’
x1)
12D 12D f(O))‘z
M = _XOR (Q)Bb RM (Q) f(O)f(O))ﬁ .

xH@)
(38)

As noted earlier, the resonance frequencies are renormalized
by eei, but differently so for the modes involving the in-
and out-of-plane components of M (for the case of B-field
driving). While both these resonant frequencies show up in the
direct response (as was also demonstrated in Refs. [34,38]),
only the frequencies corresponding to the resonance in the
in-plane components of M show up in the cross-response.

B. Two-valley system

The Landau function for a two-valley system can be written
as [45,46]

UEEUIUZQUCHM);(S‘I aicren(©,0")
= F5(0,0')80,0,8000,0c, 6,0 6rc4
+ FA(6, 0")80,0,80,0, Gercs * Sere)
+ G0, 0)(To0, * Torvy)Bgy01866,)
+HO,0) (0,0 - T,0)Bs6  50e)s (39)

where v; label the valleys. In addition to the usual charge
(FS) and spin (F#) components, the Landau function for a
multivalley system contains also valley (G*) and spin-valley
components (H), which account for intervalley interactions.
In Eq. (39), we neglected the difference between the in- and
out-of-plane components of G* and H, which results from
processes that swap electrons between different valleys. The
matrix element of such processes is small as long as the radius
of eei is much larger than the lattice spacing, which we assume
to be the case here.

Like in the 2DEG, the components of the Landau func-
tion can be decomposed into angular harmonics according to
X(0,0) =Y, X,e™?=%) where X € {FS, FA, G, H}. Af-
ter that, the expression for current density becomes

—1) (1)
S(1)”0 + uy,
2

+ AR <1)”§__1)_”;1) s yus™ + uf”
2k \7T 2i 2 ’

( 1) (1)

-1) (1) ( n_ @
2k 2 2i '

J, = evg|:v f
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Here, in addition to Eq. (35) we have defined

Hy_1 + Hyp

H, —H
h"™ =1+ H,, h<+'">=1+—2 . ohm = el

2
Like in the 2DEG case, renormalization of the couplings (via f™, £, h{"™, and h factors) leads to splitting of resonant

frequencies of the in-plane and out-of-plane modes. In addition, electron-electron interaction also couples the spin-chiral
and spin-valley degrees of freedom leading to an additional splitting of the in-plane resonance frequencies. Solving for the
eigenvalues of the system in the m = 1 channel [see Eqs. (B3) and (B4) in Appendix B], we get the following resonance
frequencies [46]

(41)

(1) (1)
f(l)f+ +h(1)h+

QL =T2+Q) where I'’= ( > >)»2R + (fPr + fﬁ)h(j))xz, and
2
FOFD — pOpP ’ D1 n,.a 1 Dy #(1) (1 1, (1 !
Q= | |5 ) M+ RO+ ORI+ FOLL + hOREORD + SR | (42)
Response to electric-field driving yields the following current density
. =\ 2 JE JE
ioy | £SO 1(9) DI Di Wy W-
J=—|—+=—) Ru(Q)|Ey, where R3:(Q)=— - — ,
T [ Q Q\op) E IE Q-2 (@2-Q?)
a(2)
(142 (1Hy2 (142
A — h
Wi = szerR [Qi _ Q%E] Q2 = h(')h(j))\zR n [(fi) (E{_ )7 +A%, (43)
0 +
and magnetization
. =\ 2
Mo Zlot (2 ROL(Q)Egx2 M,=0, where RPL(Q)= — LA ,
1914 AR N Q2 — Qi) (@2 - Q2)
O-ME(Q)
ME _ MR o2 2
Wt = 2_9(2)[52i — Que); (44)
e = VR g + (1 = fOR = hD0g, (45)
For B-field driving, the current density is given by
J = —x0"Ri(Q)Bo x 2, (46)
—— ——
x"B(2)
where
iy W W SO+ G+ SO0 R0 o a7
JB( )_92_91_92_927’ + — 29(2) ( + JB)’ ( )
o = [f.f.l)h(l))LZR + (fil) _ fil))(fil) +f£1)))¥%][f(l)h£:))\21{ + (hs,_l) _ h(_l))(h:_l) + h(_l)))né] “5)
8 SO+ D + R +h02 ’
while the magnetization reads
X0 ,|Di i Di WP wHE
M = —?R&B(Q)BO, M, = —xoRiB() B,, where RIP(Q)= > - T @
() xH(Q)
FOa2 + 20" + 1)
wMB — R 200 208 — Qs (49)
_ [P 42087 = O[B4+ G — hDYR 4 B ]
ME SO 4+ 2 + h D) ’
' 702
Rﬁgl(ﬂ) = _ + ~R (50)

)
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FIG. 2. Dynamical response of a single-valley system with Rashba spin-orbit coupling. Panels (a) and (b) display the evolution of
the cross-response functions, ReoME(2) and Imx’®(2), respectively, with a dimensionless interaction parameter r, defined by F' = —r,
FIA =—r/2, FZA = —r/4, FIS = r/6. The values of other parameters are chosen as tAr = 20 and u = SAgr. Panels (c) and (d) depict the
behavior of the same response functions as in (a) and (b), respectively, with increasing damping, while the interaction parameter is fixed at
r = 0.5. Panels (e) and (f) depict the direct response functions, Reo () and Im x '(R2), respectively, for the same set of parameters as in (c) and
(d). The inset in (e) shows the resonance in the conductivity with the Drude background subtracted.

The three resonant frequencies are 24, 2_, and Q, =
VO Dz 4+ fOR22. The first two correspond to the in-
plane CSMs, which are split into two because of the coupling
between the spin-chiral and spin-valley degrees of freedom.
Both the Q2 and ©2_ modes show up in cross-response. The
2, mode corresponds to oscillations of M, and does not
appear in cross-response. Note that there is one more out-of-
plane mode, identified in Ref. [46], which does not couple to
macroscopic electric and magnetic fields, but can be induced
by spin population imbalance between valleys. In the limit of
Az — 0, this mode corresponds to out-of-phase oscillations of
the out-of-plane components of the magnetization in different
valleys.

C. Lineshapes of the cross-response resonances

In this section, we analyze the lineshapes of resonances in
the presence of eei, which are markedly different for single-

and two-valley systems. Figures 2(a) and 2(b) show the cross-
response functions, Reo™ME(Q) and Imy'B(Q), respectively,
for a single-valley system as a function of the interaction
parameters F{g’u}, as specified in the figure caption. We see
that the interaction leads to a downward shift of the res-
onance frequency and a reduction of its amplitude. Panels
(c) and (d) of the same figure show how the resonances
in the cross-response functions evolve with damping, while
panels (e) and (f) display the corresponding behavior for
the direct response functions, Reo(£2) and Imy!!(2). We
observe that the resonant peaks in Imy'B(Q) and Imyx'(Q)
behave with damping in the usual way, becoming both broader
and lower as damping increases. In contrast, while the peaks
in ReaME(Q2) and Reo (2) broaden with increasing damping,
their amplitudes remain almost independent of damping for
TAR > 1, and actually increases with damping for tig 2 1.
This unusual behavior arises from the interplay between the
frequency dependence of the resonant and nonresonant factors
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FIG. 3. Dynamical response of a two-valley system with Rashba and valley-Zeeman spin-orbit couplings. Panels (a) and (b) display the
evolution of the cross-response functions, Rea™F(2) and Imx "B (), respectively, for increasing values of the interaction parameter r, such
that F' = —r, FA = —r/2, F! = —r/4, F’ = r/6, and for a fixed value of Hy,» = 0.9F', ,. The values of other parameters are chosen as
TAsoc = 20, it = Sksoc, Asoc = ./AZR + A2, and Az = 0.5\g. Note that the splitting of the resonance peak increases with interaction. Panels
(c) and (d) depict the behavior of the same response functions as in (a) and (b), respectively, with increasing damping, at fixed interaction
parameter » = 0.5. Panels (e) and (f) depict the direct response functions, Reo (£2) and Imy ! (), respectively, for the same set of parameters
as in (c) and (d). The inset in () shows the resonance in the conductivity with the Drude background subtracted.

in Eq. (21), and also from the fact that both conductivities
are normalized to the dc values, which by themselves are
proportional to 7.

Figure 3 displays both direct and cross-response functions
for a two-valley system. The main difference compared to the
single-valley case is that each resonance is now split into two,
which occurs because eei couples excitations in the spin and
spin-valley sectors. As damping increases, the resonances in a
two-valley system behave similarly to those in a single-valley
system.

Next, we observe that in a two-valley system, the spectral
weight is distributed quite unevenly between the interaction-
split resonances in oME, XJB, and x, but more evenly for
o. To elucidate this point, we analyze the ratio of the spec-
tral weights as a function of the interaction parameters.
According to Egs. (43)-(50), the spectral weight of a

resonance at frequency Q2. is given by :i:Wi‘j“/ /224, where
a=J,M and a = E, B. To compare the spectral weights
of the modes in various response functions, we introduce a
dimensionless quantity—the difference in spectral weights of
the lower and higher energy modes divided by their sum,

, (=W 2Q) = W29,

“ = - - . (&)Y
(=Weae 2Q_) + Wi /2Q,
Using Egs. (43)—(50), we arrive at
, Q Q\Q2, —Q,.Q_
R e )
QL —-Q_/Q, +Q,Q

where Q,, are introduced in Egs. (43)—(50). If the ratio r)““' is
close to one (minus one), the spectral weight is predominantly
carried by the lower (higher) energy mode, while if it is close
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FIG. 4. Ratio of the spectral weights of the interaction-split resonances for a two-valley system. The variation of the ratio 7% with the
parameter r. The shades from dark to light in each case correspond to u = H,,/F4 € {0,0.1, ..., 0.9}.

to zero, the two modes carry comparable spectral weights. We
see that for fixed resonance frequencies 24, the distribution
of spectral weights across different responses aa’ is controlled
by the ratio Q2 /2, Q_. Variations in 4, across different
responses lead to distinct spectral weight allocations between
the modes. Figure 4 displays the ratio 7% as a function of
the interaction parameter r, defined in the caption to Fig. 3,
for a range of intervalley interactions in the spin sector pa-
rameterized by H,, = uFrf, with u being the same for all m.
We observe that the values 7% are clustered in the interval
(~0.5, 1) for the ME and JB responses, and in the interval
(~0.9, 1) for the MB response, which means that spectral
weight is concentrated mostly in the lower-energy mode, for
a wide range of both r and u. In contrast, the JE response
exhibits a large variation in the spectral weights ratio, which is
close to 1 for smaller values of u but quickly approaches zero
for larger values. The parameters chosen in Fig. 3 happen to
correspond to a strong intervalley interaction (¢ = 0.9), which
explains why the two peaks in the conductivity [Fig. 3(e)] are
of comparable strength.

VII. CONNECTION TO THE EXPERIMENT

In this section, we discuss the prospects of experimen-
tally detecting the resonances discussed in the preceding
sections. In what follows, we focus on two-valley systems,
where neither direct nor cross-response resonances due to
CSMs have been detected yet, as well as emphasize the
advantages of measuring the cross-responses, and propose
potential applications of the resonant cross-responses to
spintronics.

A. Detecting resonances in cross-response

As seen from Fig. 1, the E-field driven responses, both
direct JE and cross ME, are stronger than their magnetically
driven counterparts (the note separation between the green
and red lines in the figure panels). While the E-field driven
cross-response is stronger at all driving frequencies, there is an
additional boost (of about another order of magnitude) from
coupling to the CSM of the system. This is evident from the
peak in Fig. 1(b) around 2 ~ Agoc. This boost is pronounced
much stronger in the cross-response sector (M%), via the reso-
nant Edelstein effect, than in the direct sector (J¥). This is so
because the resonance in JZ is typically masked by the Drude
tail, unless SOC is very strong, and one needs to find a way
to subtract the Drude contribution from the data (we remind
the reader that Fig. 1 is for noninteracting electrons and hence
there is only one peak). Additionally, for a DEG, which can
have both Rashba and Dresselhaus types of SOC, the tensor
structure of the cross-response function o™ME (Sec. V) indi-
cates that its different components are proportional to different
types of SOC. These observations suggest that (i) the CSMs
resonances would be better resolved in cross-response rather
than direct-response measurements, and (ii) detecting the res-
onance in different components of the cross-response tensor
would allow one to identify the dominant type of SOC in
2DEGs. In direct response, the effect of different types of SOC
is not distinguishable, and hence a detailed modeling is neces-
sary to extract Rashba and/or Dresselhaus coupling constants
from the data [41-43,74]. In contrast, cross-response offers a
more straightforward approach to identify the dominant type
of SOC. To estimate the size of the cross-response effect,
note that with pulsed E-fields on the order of a few MV /cm
[76-78], the peak magnetization near CSRs from Eq. (23a) is

099602-12



RESONANT EDELSTEIN AND INVERSE EDELSTEIN ...

PHYSICAL REVIEW B 113, 099602 (2026)

!Bzy
AjEI p
B

1

FIG. 5. Probing the resonant inverse Edelstein (spin-galvanic)
effect. When an electromagnetic pulse (labeled 1) is incident at a
grazing angle to the 2D plane, such that the E-field is polarized
perpendicular to the plane, the in-plane Drude response is absent.
The response would be primarily from the in-plane field B;. In case
of normal incidence (pulse 2), the current induced by the B-field B,
would be masked by the Drude part of the current induced by the
E-field E,.

expected to be ~(Asoct/250)up per square nm of the sample.
(For graphene on TMD, we have Asoct ~ 5 [51]). Since Asoc
is in the meV range, the resonance frequencies lie in the THz
range. Correspondingly, the wavelength of THz radiation is in
the mm range and, to avoid finite size effects, one would need
samples of larger dimensions. In this regard, it is worth noting
that it is now possible to grow large graphene samples that are
suitable for THz spectroscopy [79].

B. Detecting CSMs via resonant inverse-Edelstein effect

In this effect, an oscillatory B-field drives an electric cur-
rent. As one can see from Eq. (46), the induced current is
perpendicular to the direction of the B-field. For a normal
incidence of an electromagnetic pulse, both E- and B-fields
are in the 2DEG plane. Therefore, the magnetically driven
current is along the E-field of the pulse, and thus also along
the electrically driven current. As we stated earlier, the latter
contains a large Drude component, which masks both the
EDSR part of JE and J®. However, if the electromagnetic
wave is incident at a grazing angle, with the E-field pointing
out of the plane, as shown in Fig. 5, the Drude response is
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absent, thus allowing full access to the resonance because of
the inverse Edelstein effect.

C. Applications to spintronics

Resonant charge-to-spin conversion. The efficiency of
charge-to-spin (C2S) conversion by a spintronic device, op-
erating in the dc regime, is commonly quantified by an
intrinsic figure-of-merit, > = eaME(0)/ugo (0), with units
of inverse velocity [80]. The highest values of vgnp ~ 0.1 — 3
[81-83] are achieved when u is tuned to the bottom of the
Rashba-split bands, so that only the lowest subband is oc-
cupied. This can be a challenging regime to enter as the
doping has to be fine-tuned to access this region. For a more
common case of larger p, when both subbands are occu-
pied, vgn is significantly smaller [80]. Here, we extend the
quantification of C2S conversion to the dynamical regime,
by defining a dynamical figure-of-merit tensor, n$5%(R2) =
|eool>’éE(Q)/uBoaﬁ(Q)|. In Fig. 6(a), we demonstrate that op-
erating near a CSM resonance frequency leads to a substantial
enhancement-by a factor of~10? — 10°~in C2S conversion
merit tensor, as compared to its value away from the reso-
nance. While Fig. 6(a) is plotted for a Dirac system, the result
is similar for a 2DEG. What is noteworthy for the 2DEG case
is that the enhancement happens in the large-p limit, where
the conversion is known to be suppressed in the dc regime.

Figure 6(b) shows the effect of eei on nf\,zs(Q). We see two

peaks in n€?5(2) which essentially track the two CSMs, that
split with increasing interaction parameter r and also shift to
lower energies. The resolution of the peaks is dependent on
disorder. In Fig. 6(b) we used tAsoc = 20.

Architecture for ultrafast spin-pumping. Precessing magne-
tization of a magnet pumps spins to an adjacent nonmagnetic
layer (without pumping charge) [84,85], producing a flow of
spins o< g;M x dM/dt, which are polarized along the preces-
sion axis [86]. Here, g, is the spin-mixing conductance that is
controlled by the properties of an interface between the mag-
netic and nonmagnetic layers. Conventionally, spin-pumping
is achieved by exciting a ferromagnetic resonance (FMR),
which lies typically in the GHz range. Recently, ultrafast spin-
pumping using antiferromagnetic resonance (aFMR) in the
sub-THz regime has also been demonstrated [48,49]. Given
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FIG. 6. Resonant charge-to-spin (C2S) conversion. (a) Enhancement in the C2S conversion merit tensor in a two-valley system near the
CSM resonance frequency in the noninteracting limit. 2o = 0.2Xsoc is a reference frequency, chosen sufficiently far away from the resonance.
(b) Same as (a) but with electron-electron interactions included via the parameter r, as defined in the caption to Fig. 3. Here, tAsoc = 20, and

the remaining parameters are the same as specified in Fig. 3.
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FIG. 7. Architectures for spin-pumping. Panels (a) and (b) illustrate proposed architectures for electrically driven, ultrafast THz spin-
pumping in a graphene layer, part of which is attached to a TMD substrate. The latter induces SOC in the adjacent layer. In (a), a circularly
polarized pulse injects spins, polarized in the out-of-plane direction, into a SOC-free region. In (b), a linearly polarized pulse is applied in
combination with an static magnetic field, By, which controls the polarization of injected spins. The direction of spin polarization in the
SOC-free part of graphene is shown by little arrows. A spin detector, e.g., a Pt strip, registers the spin current via the inverse spin Hall effect.

The density of arrows conveys diffusive spreading of the spins.

that the SO-induced spin-splitting in graphene on TMD is in
the THz range [51,87], we propose a different architecture
for ultrafast spin-pumping, based on the resonant Edelstein
effect. The proposed setup is shown in Figs. 7(a) and 7(b).
Panel (a) depicts an all-electric platform, in which a circu-
larly polarized THz pulse is incident on a region of graphene
with both Rashba and VZ types of SOC induced by a TMD
substrate. Via the resonant Edelstein effect, the circularly
polarized E-field of the pulse produces a circularly polar-
ized magnetization, which induces electron spins to precess
about the normal to the plane. Since the SOC-free side of
graphene is not spin polarized, precessing spins flow out of
the region in contact with TMD towards a detector, which
registers the spin-current via the inverse spin-Hall effect. The
TMD-free side may need to be masked, to be protected from
the THz pulse. The SOC-free region need not be suspended,
but rather mounted on a SOC-inert substrate. Since the pre-
cession axis in the SOC-coupled region is out-of-plane, the
direction of pumped spins in the SOC-free region is also
out-of-plane.

One can also inject in-plane polarized spins using a linearly
polarized pulse in combination with a static in-plane B-field
(By), as depicted in Fig. 7(b). While the induced magneti-
zation is linearly polarized in the absence of By, the latter
introduces elliptic polarization with its axis along Bg. The
ellipticity is proportional to |Bg| [37,38]. Since the precession
axis of magnetization is fixed by the direction of By, the
orientation of pumped spins is controlled by the orientation
of By as well.

In the above proposals, graphene was chosen for its long
spin relaxation length [88,89] (in the absence of a TMD sub-
strate), as well as the demonstrated feasibility of on-chip spin
injection into graphene using ferromagnetic contacts [90].
According to Ref. [51], AgT ~ 5 in graphene on a TMD
substrate, which makes the resonance reasonably sharp.

VIII. CONCLUSIONS

While the dc Edelstein effect and its inverse—the spin-
galvanic effect—along with their roles in spin-charge conver-
sion have been studied in the past, this work focuses on their
resonant counterparts in the presence of electron-electron
interactions (eei). The resonance arises from the chiral-
spin modes (CSMs)—collective excitations of a Fermi liquid
with spin-orbit coupling (SOC), induced by broken inversion

symmetry. We analyzed the similarities and differences of
the above effects in single-valley (2D electron gas) versus
two-valley (monolayer graphene on TMD) systems.

In particular, we demonstrated that in the noninteract-
ing limit, both the resonant Edelstein effect and its inverse
occur in the same way in single and two-valley systems
with Rashba type of SOC. Out of three CSMs, only two
in-plane modes give rise to resonances in cross-response.
We also showed that electrically driven responses (both di-
rect or cross) are stronger than magnetically driven ones.
While a resonance in direct response, which occurs in the
optical conductivity o (£2) via the EDSR effect, is not well
resolved because of a strong Drude background, a resonance
in the cross-response function, i.e., the Edelstein (or mag-
netoelectric) conductivity oME(2), is very prominent. For a
single-valley system, a resonance appears in different com-
ponents of the response tensor, depending on if the dominant
SOC is of the Rashba or Dresselhaus type. While a two-valley
system also has the valley-Zeeman (VZ) SOC that affects
the resonance frequency, CSMs occur in cross-response only
because of Rashba SOC. We also suggested that the reso-
nant inverse-Edelstein effect, driven by an oscillatory B-field,
is best observed at grazing incidence of an electromagnetic
pulse.

Electron-electron interaction (eei) renormalizes the reso-
nance frequencies and alter the line shapes both in single-
and two-valley systems. In a two-valley system, eei splits the
resonance into two peaks, corresponding to coupled oscilla-
tions in spin-chiral and spin-valley sectors. We showed that
for a wide range of interaction parameters, the spectral weight
is distributed unevenly between the two peaks, such that the
lower energy mode carries a larger spectral weight.

In view of potential applications to spintronics, we showed
that a commonly used figure of merit, () o« oME(Q)/0 (),
which quantifies the efficiency of charge-to-spin conversion,
is enhanced near a resonance by several orders of magnitude,
and that in the regime of large number densities, where the
dc counterpart of 75 is suppressed. We also suggested an ar-
chitecture for pumping resonantly excited spins and a way to
control the direction of the excited spins, using either circu-
larly polarized light or linearly polarized light in combination
with an in-plane static magnetic field. Both these properties
are of prime interest in spintronics.

To conclude, one can state that, in general, the response of
a conductor with SOC to oscillatory E- and B-fields can be
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described by the following relations:

Ju= 0up(Q) Eg+  xap(Q)  Bg,
—— —_———
Drude+EDSR+Hall Resonant inverse-Edelstein
Ma = G%E(Q) Eﬁ + Xaﬁ(Q) Bﬁ. (53)
——

Resonant Edelstein Chiral-spin resonance

The underbraces below the response functions denote the
effects that they manifest. The tensor structure of the cross-
response functions depends on the type of SOC [cf. Eq. (33)],
which may be used to identify various types of SOC present
in a given material. With respect to the polarization of the
oscillatory fields, we showed that the in-plane E and B-fields
induce both direct and cross-responses, while the out-of-plane
B-field induces only direct response. We also point out that
cross-responses in insulators have recently been considered
in Ref. [91]. Having understood the electromagnetic response
from the chiral-spin modes, one could also explore their role
in the chiral-induced spin selectivity phenomena [92] that
have been attracting significant interest in recent years.

IX. RASHBA: HAMILTONIAN AND PERSON

As is the case for many papers in the field of spintronics,
the key physical ideas discussed in the present work can be
traced back to the seminal contributions of Emmanuel Iosi-
fovich Rashba (E.I.LR.): the early work by Rashba and Sheka
on spin-orbit coupling in non-centrosymmetric 3D crystals
[5], and by Bychkov and Rashba on spin-orbit coupling in
2D heterostuctures [6], as well as a closely related paper
by E.ILR.’s former student, Victor Edelstein, on what is now
known as ‘Edelstein effect’ [17].

One of us (D.L.M.) had the privilege of knowing E.L.R.
since his graduate school days. Although his own research
interests at the time were far from spintronics, the seeds
of appreciation for the beauty of spin-orbit coupling were
planted through E.IR.s talks, interactions with his disci-
ples, and personal discussions. These seeds came to fruition
much later, during a direct collaboration with E.ILR. on de-
veloping a Fermi-liquid theory in the presence of spin-orbit
coupling [93].

That project was ambitious and took more than a year to
complete. The collaboration with E.LLR. was both immensely
rewarding and intellectually rigorous. Although the Fermi-
liquid theory was not part of his daily toolkit, E.IR. left
no stone unturned and insisted on absolute clarity in every
statement. We went through more than 30 versions of the
manuscript before it met his high standards.

Despite his advanced age and ongoing health issues at the
time, his energy and dedication were remarkable. After nearly
every phone conversation, D.L.M. would receive a neatly
typed note summarizing the points discussed. On a lighter
note, when E.LLR. happened to call D.L.M. after 10 p.m., he
would apologize—not for the late hour, but for interrupting
his work.

If one were to search for a single word to characterize
E.ILR.—both as a scientist and as a person—the most fitting
choice would be correct. Correct in his theoretical predictions,
correct in his interpretations of experiments, and correct and

respectful in his interactions with colleagues and co-authors,
from graduate students to distinguished professors alike.
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APPENDIX A: EQUATIONS OF MOTION
A SINGLE-VALLEY SYSTEM

Taking the Fourier transform of the kinetic equa-
tion [Eq. (5)] with respect to time, we find the following
decoupled equations of motion for E-field driving:

ev
iQu” = =[G+ 1)

- i((sm,l - 8m,—l )Ey]a
iQu\™ + agui™ =0,

A
ingm) —_ }»Ru(]m) = iei[((sm,l - 8m,—1)Ex
F
- i(8m,l + Sm,—l )Ey]a
A
lngm) = Ei[(sm,l + (Sm,—l)Ex

_i(8m,l - Bm,fl)Ey]- (Al)

Here, E, and E, are the in-plane components of Eo. It is
evident that the E-field couples only to the m = £1 har-
monics. This is to be expected as E excites electric dipoles,
which correspond to the |m| = 1 angular momentum chan-
nels. Equation (A1) also shows that left-circularly polarized
light selectively couples to one of the m = =1 channels, while
right-circularly polarized light couples to the other. We recall
that M, is expressed in terms of the m = 0 harmonic of u;
while the in-plane magnetization are given in terms of the
m = %1 harmonics of the same [cf. Eq. (12)]. Since the E-
field drives only the m = £1 harmonics, it also induces the
M, and M, components of the magnetization (of amplitude
o ARr) but not M, [94].
For B-field driving, the equations of motion read

iQul"” =0,
m m A’
iQu™ + gl = g“z B [t + 8- 1)B:

- i(sm,l - Sm,fl)By]a
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D™ i = gu;kR 5 0B, while for B-field driving we obtain
iQul"” = 0. (A2)
.. . cO,, (M) _
Similar to the E-field case, the m = 41 harmonics are iQuy =0,

driven by the in-plane B-field, which translates into an in-

iQu(m)—I—)» ulm (m)—i-i)» ulm (m)
duced electric current. Also like the E-field case, the left/right ! R¥2 I+ Rty S

polarized B-field selectively couples to one of the m = %1 _ 8MBAR . _
harmonics. However, unlike the E-field case, the B. compo- T4 (@Gt + 8By = i1 = Om—1)By ],
nent does couple to the m = 0 harmonic pf u, which leads to o ) ) oy SMUBAR
the induced M, component of the magnetization. iQ2u, Arup = ) Sm,0Bz,
Next, we follow the same steps as for the noninteracting )
limit to derive the equati ion i j iQuy" = 0. (Ad)
quations of motion in the presence of eei. 3
For E-field driving those read
iQu(()m) - _ﬂ[((gm 1+ 8m-1)Ex — i1 — 8m—1)E,], The combinations of Landau parameters in the two last equa-
2 ’ ’ ’ ’ tions, f™ and £, are defined by Eq. (35) of the main text.
iQ”Em) + ARu(z”l) i'") + i)»Rugm) Fim =0, As in the main text, the symbols Ag, vg, and g now represent
’ renormalized quantities. In addition to these renormalizations,
ingm) _ )LRM(I"” Fm = ie)‘_R[(ng — 8m_1)E, eei also induces new couplings between harmonics of u;,
4k ' described by the last terms on the left-hand side of the second
— (81 + Sm—1)Ey], and third lines in Egs. (A3) and (A4). However, the structure
A of the driving terms remain the same as in the noninteracting
ing’”) = ei[(aml 4 Sm—1)Ex — i1 — 8m—1)Ey], case. Aside from FL renormalizations of the parameters, the
F

main effect of eei is to split the resonances involving for the
(A3) in- and out-of-plane degrees of freedom.

J

APPENDIX B: EQUATIONS OF MOTION FOR A TWO-VALLEY SYSTEM

The equations of motion for E-field driving are

. (%3 . .
iQug” = === (Gt + 8y )Ex = i1 — DB, iQu)" + Arug” =0,
ieh
—)LRuY") + ing") + )\.2M3(fr;) = KR[(am,l - (Sm,fl)Ex - i(am,l + (Sm,fl)Ey]y lngm) — kzMélg) = 0,
F
: (m) (m) __ _ (m) | (m) (m) __ : (m) _ (m) __
zSZMl1 +)\.RM3!2 =0, )\.RM3Y1 +IQM3!2 + Azuy = 0, 152M3‘3 Azly = 0. B1)

The two-valley case differs from the single-valley one primarily by the presence of VZ SOC. However, even if VZ SOC is absent,
there are still differences in how the degrees of freedom couple to the E-field, e.g., the ug’") component does not couple to the
E-field. This is a consequence of the modification of the velocity operator [Eq. (14)]. Despite this, as we have seen in the main
text, the current and magnetization will not be sensitive to this change. Furthermore, without VZ SOC, the spin-valley sector is
also decoupled from the E-field. The presence of VZ SOC, however, couples the spin-chiral and spin-valley degrees of freedom.
This suggests that in the presence of VZ SOC, one can use E-field to access fluctuations in the spin-valley sector.

For B-field driving, the equations of motion read

SMUBAR

iQui™ =0, iQul" + g = T G+ 8 1)Be — i1 = S 1By,
o™ iU M = SR B Qu 3 M =0, QM 4 M =0,
—ARMYY + QMY + azu" = —ig“jkz (B — Sm—1)By — i(Bn1 + 8m—1)By],
M — 2 = 6 5 DB~ i~ 1B, (B2)

Without VZ SOC, the spin-chiral sector couples to the B-field in the same way as in the single-valley case, while the spin-valley
sector remains decoupled. However, VZ SOC again couples these degrees of freedom. Thus, VZ SOC plays an important role in
allowing both the E and B-fields to couple to the spin-valley fluctuations.
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On taking eei into account with the help of Eq. (39), the equations of motion for electric-field driving are given by

.. (m) €UR ,
lQu() = _7[(8m,1 + 8m,71)Ex - l(am,l - 8m,71)Ey]v

™ £ QU A M

iQui" — Az MR — ingMY R = 0,

—)\RM(m)h(m) + lQM(m) + )\Zu(m)f(m) iAgu
Same equations for B-field driving read

iQui” =0, iQu\" + igud” f + idgud” U =

iQui"™ — MR — ing MR = 0,

—IRMYVR™ + QMY + dzu" £ — idgu

A
iQM;f’g) _ kzuém)ffrm) _ i)»zugm)ffm) gMB Z

. - . AR
e N (U

iQu™ + ajuy" I + ingu” f = 0

(Sm,fl)Ex - i(am,l + 8m,71)Ey]v

QMY + ArMY R + ing MR = 0,

M =0, QM — Al F — idgul f =0 (B3)
L S Bt + 6By — (Bt — 8By,
A MUDR™ = @5%031,
QMY + ArMYY R + iARMgﬁg)him) =0,
P = —i% B 8,0t — S OBy — (B + BBy
——[(Gm1 + Sm,—1)Bx — i(8m,1 — 8m,—1)By]. (B4)
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