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Polaron spin states in chiral systems
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We theoretically study polaron spin states in chiral systems for both weak and strong electron-phonon coupling
using the well-known Lee-Low-Pines unitary transformations, where the strain tensor induced by the phonon
displacement of chiral structures couples directly with the electron spin. We find that the splitting magnitudes
of polaron spin states are enlarged significantly with increasing the cutoff wave vector of phonon modes, which
directly relate to several key ingredients of the polaron transport for chirality-induced spin selectivity (CISS),
such as the lifetime of spin filtering and the effective masses of spin states. These results not only provide a
potential CISS mechanism based on direct spin-phonon coupling, but also enrich fundamental physics of polaron

studies in various chiral systems.
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I. INTRODUCTION

Chirality-induced spin selectivity (CISS), that electron
transmission or transport through the chiral molecules has one
preferential spin orientation over the other one, was initially
discovered in 1999 [1]. From then on, this effect has been
proved widely by large numbers of experiments in various
chiral systems [2-8], including both the organic and inorganic
materials, even some chiral organic-inorganic assemblies. On
the one hand, it has been proposed as a testing ground for
novel phenomena in quantum physics, chemistry, and biology,
such as the unconventional superconductor [2,3,7], enan-
tiomer separations [4,5], and biorecognition [6]. On the other
hand, it represents the controllable level of spin degrees of
freedom imposing potential applications on quantum sensors,
spintronic nanodevices, and quantum information process-
ing [8]. However, a complete quantitative theory to explain
CISS remains elusive [9-11] and the microscopic processes
are insufficiently understood.

In recent years, polaron transmission and transport in-
stead of the electron in CISS has attracted more attention,
because the propagating process in the chiral structures is
not an isolated one, as an electron inevitably couples with
its surrounding lattice vibrations (phonons) [12—18]. Namely,
the formation of the spatial localized polaron is closer to
the realistic environment. Several polaron transport models
based on spin-orbit coupling, therefore, have been proposed
for CISS. For instance, Zhang et al. [15] pointed out that
the polaron transport through the chiral molecule exhibits a
spin-momentum-locked feature and found that just the inter-
play of the electron-phonon coupling and spin-orbit coupling
results in the spin and lattice being coupled, which leads to
a strongly enhanced spin coherence and then a very high
spin polarization. Fransson [14] predicted that the cooperation
of electron-phonon and spin-orbit interactions generates an
exchange splitting between the spin channels which is viable
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for CISS, which was further confirmed by Vittmann et al. [17].
Recently, Klein and Michaeli [18] developed a general frame-
work for calculating polaron transport signatures of CISS in
the presence of strong electron-phonon coupling, where po-
laron fluctuations will result in strong signals of CISS for both
spin-dependent scattering and asymmetric magnetoresistance.
These polaron models not only give significant enhancement
for the spin-orbit coupling that is necessary for large spin
polarization, but also provide a reasonable explanation for
the temperature dependence of spin polarization in CISS.
However, studies for the underlying origin of polaron spin
states within chiral systems, to our knowledge, are still at the
embryonic stage.

In the present paper, we study polaron spin states in chiral
systems based on direct spin-phonon coupling [19-21], in
which an elastic strain tensor with chirality is induced by the
anisotropic phonon displacement field [22-24]. The ground
energies of polaron spin states are obtained by the well-
known Lee-Low-Pines (LLP) unitary transformation [25-27].
We present the dependence of the phonon wave vectors on
the energy splitting of polaron spin states and find that the
splitting magnitudes of spin states depend on the chirality
of the hosting systems, which implies that an electron has
spin preference during transmission or transport through these
chiral structures. These results highlight the crucial rules of
the polaron effect on the underlying mechanisms of CISS.
Meanwhile, this simple model opens up avenues for studying
polaron physics in chiral molecules and structures.

II. THEORETICAL MODEL

The Hamiltonian of a polaron with different spin states in
the system of spin-phonon coupling can be written as [19-21]

PZ

H =
2m*

-i- U
+ D henaag + S0P — EP), (1)
k

where the first term describes the momentum energy for an
electron with the effective mass m™*and the momentum P. The

©2024 American Physical Society


https://orcid.org/0000-0002-8877-8313
https://ror.org/012tb2g32
https://ror.org/01243ws42
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.110.085430&domain=pdf&date_stamp=2024-08-27
https://doi.org/10.1103/PhysRevB.110.085430

WANG, YANG, CUI, LI, DONG, AND LI

PHYSICAL REVIEW B 110, 085430 (2024)

FIG. 1. Schematic diagrams of chiral systems, where three com-
ponents (e,, e,, e;)of the phonon displacement field are assumed for
the left-handed (a) and right-handed (b) molecules. This phonon dis-
placement induces the chiral strain tensor coupling with the electron
spin directly.

second term stands for the energy of the phononic bath with an
average frequency wy, and ay (a,i) is an annihilation (creation)
operator of the phonon with the wave vector k. The third term
denotes the direct coupling between the spin states of the elec-
tron and the phonon modes with a phenomenological coupling
constant v, and o, is the Pauli matrix with the eigenvalues £1,
representing the spin-up and -down states, respectively. &,
and &, are the components of the lattice strain tensor [19-23]:

1{dU, aU,
== : 2
: 2{8z+8x} 22)
U,  dU.
= bt 2b
5o 2{ 0z By} (2b)

which are induced by the phonon displacement field
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where p is the mass density and e,,—, . is the phonon po-
larization. The relations of the effective phonon displacement
fields with the chiral geometry of molecules or structures are
illustrated in Fig. 1 [24]. The detailed expressions for the
elastic strain can be given by

S = ) [Voae™™ + Viaje ™), (4a)
k

by = Y [Vyare™™ + Viale ™ ], (4b)
k

with the chiral coupling parameters
1
2
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for the right-handed structures and
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for the left-handed ones.

Within the LLP model [25-27], the first and second unitary
transformations are

W, = exp (—i Zkra}:ak>, (7a)
k

Wa = exp [Z (fraf — ffak)i|, (7b)
k

respectively, with f; (f) the variational parameter. Substitut-
ing Egs. (7a) and (7b) into the polaron’s Hamiltonian, and then
performing the LLP transformation, the transformed Hamilto-
nian is

H =W,'W, " HW,W, ~ H, ®)
and

P2

~

Hy =

2m*

k2
+Z (hwo—i- )(Clk + ) + fr)

+ Eoz > (Vi Rky — V) Rk,) (@ + fi)
k

+ D (Vi Rk = VIVRK ) (a) + £, ©)

where some terms including interaction between different
phonons modes, such as two-phonon process with different
wave vectors, have been neglected in the transformation pro-
cesses because of the tiny correction to the total energy of
the polaron.. The superscripts j = R, L denote the right- and
left-handed structures, respectively. The trial wave function of
the Hamiltonian H for the ground state of the polaron [26,27]

%) = 1€'9")0pn) | %), (10)

where [€/9") is the eigenfunction of the electronic state with
the wave vector Q, |0),, denotes the zero phonon state, and
is the wave function of the spin state with the eigenvalues +1,
representing the spin-up (1) and spin-down ({,) states, respec-
tively. The expectation values of the energies for polaron spin

states can be obtained via
k2
<ha)u > fk fk

i—zwg‘)hky Vi) f
k

+ Y (VaPhk, — ViPRK) £, (11)
k

EY) = (y|Holy) =

N c

where the relations ax|Opn) = 0 and aZ |Opn) = [1) are applied.
Minimizing Eq. (11) with respect to f; and f*, we get

0 = v (Ve ik, — V2 liks) /2 (12a)
k k2 2m*) + hoy
o _ v(V 1k, — V) /2 (12b)
k R2k2 /(2m*) + ha
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FIG. 2. (a), (b) The energy splitting of polaron spin states as a function of the phonon wave vectors for the right- and left-handed structures
with weak (a) and strong (b) electron-phonon coupling. (c), (d) The opposite distributions of spin states when electrons move in the opposite
direction, compared to those in (a) and (b), respectively, where the constant co=&y/(fiwom”).

Substituting Egs. (12a) and (12b) into Eq. (11), we get the
ground energies of polaron spin states:

(k2 (k7 + K2) + Ky (k7 + k2) + 2k2K; ]

ER =+ 13
1= Fo Z 12k ) (2m*) + hay (13)
for the right-handed structure and
[K2(k2 + K2) + k2 (k2 + k2) — 2k2k?
Eﬁ = +& Z ?) ( ?) —2k; y] (14)

12k2 ) (2m*) + hay

for the left-handed structure, respectively, where &, =
V25 /(8pwy) and P=Q =0 are adopted for the ground
state of the polaron in Egs. (13) and (14). In fact, the
method of two-unitary transformation has been extensively
employed in traditional polaron physics for weak electron-
phonon coupling. For the strong-coupling case, only the
second unitary transformation is carried out for the polaron’s
Hamiltonian [26,27], which is also an advantage of this
method. Following similar processes of the weak-coupling
case mentioned above, we can easily get the expressions
of the variational function f, ol (fy * )) and the ground ener-

gies of polaron E; (J ) for the strong-coupling case (see the

Appendix). Converting the summation of phonon wave vector
k into the integral Y, = 1/(27)? fok” k*dk [ sin6de fozn do
for Egs. (13) and (14), one can get the splitting of polaron spin
states for the weak- and strong-coupling cases as shown in
Fig. 2, where k. denotes the cutoff wave vector for the phonon
mode.

III. RESULTS AND DISCUSSION

Figure 2(a) displays the energy splitting of polaron spin
states as a function of the cutoff wave vector of phonon modes
for the right- and left-handed structures in the weak-coupling
case. One can see that the amplitudes of spin splitting are
enlarged markedly with an increasing of the phonon wave
vector. This implies that the shorter the wavelength of phonon
modes (corresponding to a bigger phonon wave vector) the
stronger the coupling to the electron spin. In the present
paper, the displacement field of the acoustic phonon modes
via the deformation mechanism is assumed arising from the
facts that (i) the lattice and molecular deformation (distor-
tion) are very common and even inevitable for most organic
materials due to the origin of the soft lattice [5,13,23] and
(i1) chiral molecules laying on the ferromagnetic or metal
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substrates result not only in the deformation being enhanced
significantly, but also in the local interface phonon modes
being induced, giving an additional coupling contribution to
electron spin in most experiments [2—6]. On the other hand,
optical phonon modes via the deformation mechanism in chi-
ral structures should also contribute a similar effect to the
spin splitting. In particular, certain types of deformation op-
tical phonon modes strongly couple with electrons, leading
to the formation of strong-coupling polarons in traditional
semiconductors [26,27]. This will give rise to much larger
spin splitting as shown in Fig. 2(b) in the strong-coupling
case. In addition, it can be easily inferred from Eqgs. (12)
and (13) that the splitting amplitude will be enhanced signif-
icantly with increasing the coupling constant v included in
the spin-phonon coupling term, which denotes the velocity
of the phonon mode and could be varied in the large scale
when different types of phonon modes are taken into account.
Therefore, the CISS effect may be enlarged efficiently by the
spin-phonon coupling except for a fundamental mechanism
based on a coupling of electron spin with the chiral struc-
ture mediated by spin-orbital interaction [4,28]. In Figs. 2(a)
and 2(b), we only present the distribution of spin states when
electrons move in one direction through right- and left-handed
structures, respectively. When electrons move in the opposite
direction, one can see that the opposite distributions of spin
states appear as shown in Figs. 2(c) and 2(d).

In addition to polaron transport instead of electron trans-
port in CISS, several phonon-assisted CISS mechanisms
that highlight the crucial roles of phonon modes of chiral
structures have also been proposed. For instance, electron
spin dynamics in a deformable helical molecule was studied
and shows that just the electron-phonon coupling ensures
the formation of stable solitons with the preferred spin
projection onto the molecule axis [12]. The influences of
electron-vibration interaction on the spin-selective transport
in double-stranded DNA molecules were investigated, where
not only the spin polarization is enhanced, but also a series
of new spin-splitting transmission modes are induced by the
electron-lattice interaction [13]. The nonequilibrium dynam-
ics of delocalized phonon modes of chiral molecules induce
the fluctuation of the spin-orbit coupling when an electron
is propagating through helical potentials, enhancing the spin
selectivity [14]. Obviously, the present model shows a micro-
scopic origin that phonon modes of chiral structure induce
the chiral strain tensor, leading to the difference of spin split-
ting and thus spin selectivity. Meanwhile, a potential CISS
mechanism based on direct spin-phonon coupling is proposed,
compensating for the weak spin-orbital coupling in chiral ma-
terials in previous models. On the other hand, the temperature
dependence of spin polarization has been widely studied in ex-
periments, where different trends including positive [29-31]
and negative [2] dependence and even independence [32] were
obtained. Hence, the temperature dependence of CISS needs
to be explored further. Polaron states describing an electron
dressed by the surrounding lattice phonons provide a potential
explanation for the temperature dependence of CISS, because
the temperature directly relates to the average phonon num-
bers around a polaron [26,27].

Although the coupling between the electron spin and
phonon field plays an important role in CISS as mentioned

above, the underlying microscopic mechanism should be the
synergistic effect of many elements of the chiral structures,
such as the electron-electron correlation [14], the interface-
induced momentum conservation [33], the interplay between
friction and spin-orbit coupling [34], the anisotropic effect of
dipole moments of chiral molecules [24], and the substantial
perturbation in the presence of accidental degeneracies in the
molecular spectrum [35].

Here, the direct spin-phonon coupling mechanism is used
to analyze the splitting of polaron spin states in chiral sys-
tems, which, in fact, was originally developed for studying
the spin-flip relaxation for the spin dynamics in semicon-
ductors [20,21] and has been expanded to related problems
in many low-dimensional materials [36-38]. From the dis-
crepancy of the splitting magnitude of spin states in chiral
systems shown in Fig. 2, it can be predicted that several key
ingredients of polaron transport depend on the chirality of
these structures directly. For instance, the mobility of a po-
laron p = et /m* [25] with average scattering time with spin
flipping T o (271/h)|H’|28(E4 — Ei) [20,21] and the effective

mass of a polaron m* o m*/[1 & s/2E7 /(m*v?)] [26,27] are
related to the energy splitting of spin states (s =1, |) and the
chirality of system (j = L, R). These two physical parameters
have been extensively studied by many traditional methods in
experiments [26,27,39], which implies that these experimental
methods could also be used to identify the CISS effect.

In addition, we only adopt a very simple and traditional
method to study polaron physics in this paper. In the past sev-
eral decades, many advanced methods have been developed
to study the polaron effect, such as diagrammatic quantum
Monte Carlo method, Feynman path integral method, and
first-principles calculation based on the density functional
theory [39,40]. Therefore, we hope our results will stimulate
these advanced methods to explore polaron states in chiral
systems and even the progress of related experiments.

IV. CONCLUSION

In summary, we study the polaron effect of spin states in
chiral systems using the well-known Lee-Low-Pines varia-
tional method. We show that (i) chiral geometry intrinsically
induces the discrepancy of spin-phonon coupling, character-
ized by the different splitting magnitudes of polaron spin
states, which highlights not only polaron transport but that
the electron spin couples with the chiral frame; and (ii) the
splitting magnitudes of polaron spin states are enlarged sig-
nificantly with increasing the cutoff wave vector of phonon
modes, implying that the CISS effect could be effectively
magnified by phonon displacement of the chiral structure.
These theoretical results enlighten the exploration of phonon-
assisted CISS mechanisms.
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APPENDIX: VARIATIONAL FUNCTIONS AND
EIGENFUNCTIONS FOR POLARON SPIN STATES
WITH STRONG COUPLING

Within the frame of LLP’s polaron model [25-27], the
variational functions f; and f;* in the strong-coupling case can
be expressed as

v(Va ik, — Vi 1k, ) exp (— 13k> /4)

1 =7 T . (Ala)
i vV hiky, — Vi lik) exp (— r2k* /4
fk ) — :F ( zy y 2hw) ( 0 / ), (Alb)
0

where rg = «/fi/(m*wy) denotes the radius of the polaron
(ro=1.5 nm is adopted in the numerical simulation). Follow-
ing a similar process for the weak-coupling case mentioned
above, the ground energies of polaron spin states for the
strong-coupling case can be written as

K2 (k2 + k2) + k2 (k2 + k2) + 2k2K2]Q(k)
E%Rjzisoz[ ( z) y(hywo z) }]
k

(A2)
for the right-handed structure and
[K2062 4 K2) + (2 + &) — 242R2]2(k)

L _
Ey, ==& Z fao
k

(A3)
for the left-handed structure. Here, Q(k) = exp (—r2k?/2).
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