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Small polaron dynamics in a two-dimensional magnetic material
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The polaron in magnetic materials can carry not only charge, but also spin information. Therefore, the polaron
dynamics in magnetic material is directly correlated with the spin dynamics. In this work, taking two-dimensional
(2D) CoCl, as a prototypical system, it is found that the 2D transition metal dihalide is an ideal platform for
small polaron formation. At zero temperature, three distinct structures of small polarons, with their charges
mainly localized on one, two, and three Co atoms, have been identified and designated as polarons I, II, and III,
respectively. Polarons II and III are stable at 300 K, and their site-to-site hopping involves the transition to each
other. Notable in-plane spin canting is observed when polaron II is formed. Moreover, the photoexcited charge
carrier lifetime for the spin-minority channel is distinctly reduced by the spin-polarized polaron state in the band
gap, making it four orders of magnitude shorter than the spin-majority channel. The existence of a small polaron
in 2D magnetic materials provides a different stratagem to design 2D spintronic and polaronic devices.
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I. INTRODUCTION

The idea of the polaron was put forth by Landau and Pekar
[1,2], aiming to elucidate the behavior of an electron moving
in a dielectric crystal, which involves atoms displacing from
their equilibrium positions, forming a phonon cloud and ef-
fectively screening the electron’s charge. Later, the concept
of the polaron was extended to broader domains. Apart from
electron-phonon (e-ph) coupling, it can be considered that
the interaction of fermionic particles with bosonic fields can
also give rise to polarons [3,4]. The polarons induced by e-ph
coupling has been identified in a large variety of materials
including transition metal oxides [5-8], alkali halides [9,10],
metal halide perovskites [11-14], and organic semiconductors
[15,16]. The formation and dynamics of the polaron play a
key role in light absorption [17,18], magnetic and spin effects
[18], superconductivity [18,19], carrier mobility [20], band-
gap modulation [21,22], and so on.

Since the discovery of graphene [23,24], there has been
growing interest in the atomically thin two-dimensional (2D)
materials due to their rich physical properties and diverse
applications [25-27]. The polaron formation in 2D materi-
als has just aroused interest from the research community
[3,28-32]. Among 2D materials, manufacturing magnetic 2D
nanostructures is particularly interesting for application in
spintronics and nanoscale magnetic memory devices [33].
Polaron formation in different 2D magnetic materials were
reported very recently [28-30]. Li et al. revealed the Jahn-

“Contact author: zqj@ustc.edu.cn
fContact author: zhaojin@ustc.edu.cn

2469-9950/2024/110(5)/054305(8)

054305-1

Teller exciton-polaron formation and its dynamics in magnetic
semiconductor Crlz [30]. More interestingly, very recently
two different groups separately reported the creation and
manipulation of single small polarons in a monolayer mag-
netic insulator CoCl, using scanning tunneling microscopy
(STM) back to back [28,29]. The STM measurements were
performed at 4 K and density functional theory (DFT) cal-
culations were carried out to understand the structure and
electronic properties of small polarons at zero temperature.
However, it is not clear if these small polarons are still stable
at room temperature. Furthermore, the polaron dynamics is
important in many different aspects. If polarons can be easily
formed, instead of the free charge, the polaron may play an
important role as a charge carrier. Thus, the carrier transport
mobility will depend on the site-to-site hopping of small po-
larons. In addition, the small polaron carries not only a charge,
but also a magnetic moment. The dynamics of the small
polaron are closely correlated to the charge carrier mobility
and the spin dynamics. Therefore, understanding the polaron
dynamics in 2D magnetic material such as CoCl, is of great
scientific importance.

This study investigates small polaron dynamics in 2D mag-
netic materials using first-principles calculations, focusing
on CoCl, as a prototypical system. Three different types of
small polarons have been identified through DFT simulations
using the hybrid functional at zero temperature, each with
distinct local distortions. Moreover, their charge densities
mainly localized on one, two, and three Co atoms, hence
the notations polarons I, II, and III. Polaron I is unstable at
300 K, quickly transitioning to polaron II. Polarons II and
IIT are stable at 300 K. They can convert to each other by
overcoming a 23-meV energy barrier; such polaron transition

©2024 American Physical Society
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is also involved in the polaron hopping process. The polaron
dynamics correlates with spin dynamics due to spin-orbit cou-
pling (SOC), exhibiting in-plane spin canting when polaron II
forms. The small polaron formation makes the electron-hole
(e-h) recombination timescale for spin-up and spin-down car-
riers distinctly different. Spin-polarized polaron states in the
band gap enhance e-h recombination, reducing excited spin-
minority carrier lifetime from 77 ns to 3.3 ps. Conversely, the
spin-majority carrier has four orders of magnitude longer life-
time (66 ns), making CoCl, an ideal system for spin current
generation. This work advances the understanding of small
polarons dynamics in 2D magnetic materials, offering insight
for designing 2D spintronic and polaronic devices.

II. METHOD

We employ DFT calculations with the CP2K package
[34,35] and HSEO6 functional [36,37] to optimize small po-
laron structures in a CoCl, monolayer. A 6 x 6 x 1 supercell
with 108 atoms is utilized, and an equilibrium temperature
of 300 K is set for polaron dynamics analysis through a 4-
ps ab initio molecular dynamics (AIMD) simulation using
a microcanonical ensemble with 1-fs time step, performed
using the HSEO6 functional. The photoexcited spin-majority
and spin-minority carrier lifetimes are determined using
Hefei-NAMD, which combines time-dependent Kohn-Sham
equation (TDKS) with the surface hopping scheme based on
classical path approximation (CPA) [38—41]. Due to the huge
computational cost to include the SOC at the HSE level,
magnetic moment orientation is computed via DFT + U with
SOC, applying U = 6.9 eV [31] to Co 3d orbital in VASP
[42-44] with the projector-augmented wave method [45,46].
Additional computational details are provided in the Supple-
mental Material [47].

III. RESULTS AND DISCUSSIONS

CoCl, is a magnetic insulator with a band gap of 4.1 eV
[48], where the valance band (VB) and conduction band
(CB) are dominated by CI 3p and Co 3d orbitals, respec-
tively (Supplemental Material [47]). The CB is contributed by
the spin-down (spin-minority) orbitals. The atomic and band
structures and phonon dispersion are shown in Figs. 1(a) and
1(b). The formation of a polaron is related to the electron
hopping integral, e-ph coupling, and the phonon frequency.
A material with large e-ph coupling, small electron hopping
integral, and low phonon frequency provides suitable condi-
tions for polaron formation [49-51]. The CB of CoCl, shows
very weak dispersion because of the d orbital character, in-
dicating the small electron hopping integral. In addition, it is
known that the d orbital is often correlated to strong e-ph cou-
pling [52]. Finally, CoCl, is a relatively “soft” 2D material;
the highest longitudinal optical (LO) phonon energy of this
material is as low as 36 meV [Figs. 1(1)-1(k)]. As a compar-
ison, in rutile TiO,, which holds small polarons, the highest
LO phonon energy is around 100 meV [53]. Thus, CoCl, is
expected to be a good platform for polaron formation.

By introducing an extra electron into a (6 x6x 1) supercell
of CoCl,, three distinct polaron structures (labeled polarons
I, II, and III) are observed. The Supplemental Material [47]

provides detailed information on determining these polaron
structures. Figures 1(c)-1(e) depict the projected density of
states (PDOS) and orbital distribution for the three polarons,
while Figs. 1(f)-1(h) exhibit the lattice distortion. For each
polaron, the range of lattice distortion spans over several unit
cells, with the magnitude of the lattice distortion varying be-
tween 0.01 and 0.2 A, characteristic of typical small polarons
[4]. More detailed atomic distortion data can be found in Fig.
S9 [47]. This lattice distortion stabilizes the additional elec-
tron, forming spin-down polaron states in the band gap below
the CB. The orbitals of polarons I, II, and III mainly localize
on one, two, and three Co atoms, respectively [Figs. 1(c)—
1(e)]. Polarons I, II, and III correspond to different local lattice
distortions, therefore their DOS are also different as shown
in Figs. 1(c)-1(e). Notably, the lattice distortion not only
stabilizes states near the CB, forming polaron states, but also
localizes and lifts states close to the VB. Polaron I exhibits
localized VB states with spin-up polarization, making it a
bipolar magnetic semiconductor [54]. In contrast, polarons II
and III feature VB states with spin-down polarization, catego-
rizing them as half semiconductors [55]. The binding energies
for polarons I, II, and III are 0.221, 0.269, and 0.307 eV,
respectively.

As is well known in solid-state physics, the displacements
of the atoms in a polaronic lattice distortion can be expressed
as a linear combination of different phonons, i.e. [3,56],

lR
Azf fZZ,/zMw Bt (D)
where €

qv denotes the orthonormal eigenvector of the vth
branch phonon modes with wave vector q and frequency wg,.
R, is the lattice vector of the pth unit cell and M, is the mass
of the atom «. The modulus of the quantity By, thus has the
physical meaning of the amplitude of the phonon mode qv
which contributes to the atomic displacement At”. In order to
get By, one can perform inverse Fourier transform on Eq. (1)

and utlhze the orthonormality of €;,, which leads to
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Figures 1(i)-1(k) show the phonon dispersion superim-
posed with |By,| (represented by empty circles with circle
sizes proportional to the modulus square of By,) for the
three polaron states. As can be seen from the figures, the
distributions of |B;;v| for all three polarons reveal a diffusive
character in reciprocal space, which is consistent with the
localized nature (small polaron) of the lattice distortions in
real space. Nevertheless, careful inspections show that there
are slight differences between the three polarons. For ex-
ample, while there are significant contributions from optical
phonons in all three polarons, there are fewer contributions
from acoustic modes in polaron I, as opposed to polaron II and
polaron III.

To form a polaron in 2D CoCl, monolayer, an excess
electron is introduced, which will also induce magnetic mo-
ment. The spin density induced by the polaron formation
is shown in Fig. S5, which is comparable to the orbital
distribution of the polaron state. Moreover, for monolayer
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FIG. 1. (a),(b) The band and atomic structures of CoCl, monolayer. The primitive cell and (6 x 6 x 1) supercell are shown in (b). (c)—(e)
Spin-polarized PDOS of the three polaron systems labeled as polarons I, II, and III, respectively. The upper and lower lines represent the
spin-up and spin-down components of the PDOS. The reference energy is the highest occupied electronic state. The orbital distributions of the
three polaron states are plotted in the solid circles, with red, yellow, and purple color. (f)—(h) Top views of structure distortion of the polarons
I, II, and III, respectively. The dashed circles indicate regions where the lattice shows notable distortion. The lattice distortion is magnified
threefold to make it clear for readers. Green and blue balls represent Co and Cl atoms in the polaron structure, respectively, while the gray
balls represent the pristine atomic structure of CoCl,. The average elongation of the Co-Cl bond around distorted Co atom is 0.053, 0.046,
and 0.034 A for polarons I, 11, and III, respectively. (i)—(k) Normal mode decomposition of the polaron induced lattice distortion. The phonon

dispersions are superimposed with | By, |2

CoCl,, a ferromagnetic insulator with sizable magnetocrys-
talline anisotropies exhibits magnetic properties influenced by
SOC [57,58]. Formation of a polaron is expected to change the
orbital distribution and impact the magnetic structure through
SOC. In Fig. 2, we illustrate the orientation of in-plane and
out-of-plane magnetic moments for pristine CoCl, and CoCl,
with three small polarons. Polaron III has negligible impact
on the magnetic structure, while polaron I results in a slightly
reduced magnetic moment with almost no change in direction.
The most pronounced effect on the magnetic structure is ob-
served in polaron II, as evidenced by spin canting on the two
Co atoms where the polaron localizes. The magnetic moments
of the two Co atoms rotates approximately 21° and 11° in
the 2D CoCl, plane, respectively, and their magnitudes are
reduced by around 0.01 ug and 0.7 pg, respectively [Fig. 2(c)].
In the out-of-plane direction [Fig. 2(g)], one magnetic mo-
ment increases by 0.35up and the other decreases by 0.3645.

Since a polaron is more stable than a free charge carrier in
CoCl,, the charge transfer properties in CoCl, are closely cor-

, which are represented with empty circles with the size of the circles proportional to |By

2
v|'

related with the polaron dynamics. Moreover, since polaron
formation influences the spin structure, the polaron dynamics
is also directly related to the spin dynamics. Our investigation
focuses on polaron dynamics at 300 K. The localization of the
polaron states can be numerically quantified using the inverse
participation ratio (IPR) [59-61]. For a wave function ¢, e.g.,
represented on a 3D grid, the IPR can be evaluated as [59]

>N lemlt
[SY o]’

where n is the index for the grid and ¢(n) is the value of
the wave function on the grid. For a totally delocalized state,
i.e., a homogeneous wave function, the values of the wave
function at all the grid points are the same, hence IPR = 1/N.
On the other hand, if the wave function is a totally localized
one, for example delta-function-like, then the values of the
wave function are nonzero only at one grid point, and as a
result IPR = 1.0. For a general wave function, the IPR falls

IPR(¢) = 3
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FIG. 2. Magnetic structure change induced by polaron formation. The direction and magnitude of the magnetic moment on each Co atom
are indicated by the arrows. The in-plane and out-of-plane components of the magnetic moments are shown (a)—(d) and (e)—(h), respectively.

The black and gray arrows in (a)—(h) represent the magnetic moments

in pristine CoCl, without polaron formation. The in-plane and out-of-

plane magnetic moments are 1.64 uy and 1.58 ug, respectively. The arrows in (b)—(d) and (f)—(h) represent the magnetic moments with the
polaron formation. The violet stars indicate the position of the Co atoms where the extra charge of the polaron localizes.

between [1/N, 1.0]. If the number of grid points is very large,
the IPR ranges approximately from O to 1, where a smaller
IPR indicates a more delocalized state.

We traced the evolution of the polaron states, as can be
seen by the green solid line in Fig. 3(a), where we also show
IPRs of the three polaron states at 0 K with dashed lines.
Following the equilibration, we introduce an extra electron
at ta = 0fs. Polaron I is formed within the first 90 fs, as is
consistent with the sharp increase in IPR. This process aligns
with a half period of the A, optical phonon mode. However,
polaron I quickly transforms into polaron III by # = 150 fs,
as observed in the polaron charge density snapshots. Subse-
quently, polarons II and III exhibit mutual transitions or site
hopping, while polaron I only occasionally appears transiently
during transition or hopping processes. For instance, around
t = 2700 fs, when polaron III hops from one site to another,
polaron I emerges temporarily as an intermediate product.
Figure 3(b) displays the histogram of the IPR in Fig. 3(a),
revealing distinct peaks for polarons II and III.

To elucidate the dynamic behavior of small polarons in
CoCl,, we calculated transition and hopping barriers among
polarons I, II, and III [Figs. 3(c)-3(f)]. Here, “transition” is
defined as the conversion between different types of small po-
larons, while “hopping” represents the movement of the same
type of small polaron from one position to another. Notably,
the transition barrier from polaron I to II is only 3.4 meV,
explaining its instability at 300 K. The polaron II to polaron III
transition has a barrier of 23 meV, while the reverse is 77 meV,
facilitating easy observation of their interconversion at 300
K. Polarons IT and III exhibit site-to-site hopping, occurring
directly or indirectly via their transition. Calculations reveal
direct hopping barriers of 28 and 100 meV for polarons II and

III, respectively, larger than the transition barriers between
polarons II and III. Hence, we propose that small polaron
hopping in CoCl, involves transitions between polarons I and
1.

The polaron dynamics simulation indicates that only po-
larons II and III are stable at 300 K. Moreover, the DOS
of polarons II and III shown in Figs. 1(d) and 1(e) indicate
that the formation of polarons II and III reduce the band gap
of spin-down electronic states distinctly, making the CoCl,
system a half semiconductor. For a half semiconductor, the
band gap sizes for spin-up and spin-down states differ, poten-
tially resulting in different lifetimes of spin-up and spin-down
excited carriers. To confirm this point, we use ab initio NAMD
to study the lifetimes of spin-up and spin-down excited carri-
ers, and the results are shown in Fig. 4.

Figures 4(a) and 4(b) show the time evolution of the elec-
tronic states for pristine CoCl, obtained by AIMD at 300 K.
The averaged energy band gaps for the spin-up and spin-down
states are 5.97 and 3.45 eV, respectively. The lifetime for
the excited hole to recombine with the excited electron are
calculated to be 9.0 and 77.0 ns for spin-up and spin-down
states, respectively as shown in Figs. 4(c) and 4(d). The factors
affecting the excited carrier lifetime include the size of the
band gap, the orbital overlap between the CBM and VBM,
and the strength of their coupling with phonons. Here, the
lifetime of spin-up excited carriers is shorter by an order of
magnitude compared to spin-down excited carriers. This can
be understood by examining the DOS and orbital distributions
depicted in Fig. S8 for pristine CoCl,. For spin-down electron
states, both the CBM and VBM are primarily contributed by
Co_3d orbitals. The localized character of d orbitals results in
a small overlap between the CBM and VBM. In contrast, for
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FIG. 3. (a) The time evolution of IPR of the polaron state during 4 ps AIMD simulation with snapshots of the polaron state distribution.
(b) The histogram of the IPR in (a). The red, yellow, and purple dashed lines indicate the IPR of polarons I, II, and III at O K, respectively.
(c)—(f) Transition and hopping barriers among different polarons.

a b c) Lo d)Lo
@ e T R O = O R spin o
iy 2 038 VB 08
3-1 31 CBM S0 £os {7 ns
= 5.97 eV 3 0 345ev E E
g2 e-t g0 9.0 ns g0
c —t VBM S . CBM
w -
-3 2 VBM 02 02
PN A NN AN NN AN AV T3] A A A A A A A A A e At Pristine - spin up — VBM
0 1 2 3 0 1 2 3 0 4 8 12 16 20 00 20 40 60 80 100
Time (ps) Time (ps) Time (ns) Time (ns)
e f - 1.0 h)!1-0
©) 3 Polaron - spin up ® %W @ ? CBM " Polaron - spin dewn
0.8 0.8
2 _ — VBM
E 1 — CBM %, -1 S 0.6 5 0.6 polaron state
~ ~ = =
> > 3 5
2 0 5.53 eV 2-2 E-OA 6 ns 5,-0.4 —— VBM
c -1 c \
S —  VBM G, - e\ri polaron state 02 02 3.3 ps
-3 ./\"/'\/\"‘*/\,W\/\/‘/\/\J\/\M 7 =—t— VBM Polaron - spin up
0 1 2 3 ) 1 > 3 %0 @ @ s 10 8037 & § 1
Time (ps) Time (ps) Time (ns) Time (ps)

FIG. 4. (a),(b) Time-dependent energy evolution for spin-up and spin-down electronic states in pristine CoCl, during the AIMD simulation.
The energy reference is the highest occupied spin down state at t = 0 fs. The average energy band gaps for the spin-up and spin-down states are
5.97 and 3.45 eV, respectively. (c),(d) Time-dependent excited hole population for the spin-up and spin-down states in pristine CoCl,. (e),(f)
Time-dependent energy evolution for spin-up and spin-down electronic states in CoCl, with polaron formation during the AIMD simulation.
The energy reference is the highest occupied spin down state at ¢ = 0 fs. The average spin-down band gap between the VBM and the polaron
state is 1.50 eV, and the average spin-up band gap between the VBM and the CBM is 5.53 eV. (g),(h) Time-dependent hole population for the
spin-up and spin-down states in CoCl, with polaron.
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spin-up states, there is a significant contribution from Cl_3p
orbitals in both the CBM and VBM. Consequently, the overlap
between them is relatively large, leading to a shorter lifetime
for spin-up excited carriers.

After the polaron is generated by an excess electron, the
time evolution of spin-up and spin-down electronic states are
shown in Figs. 4(e) and 4(f). First, the energy band gap of
the spin-down electronic states is distinctly reduced by the
polaron state in the band gap. The averaged spin-down band
gap is calculated to be 1.5 eV. Furthermore, the polaron state
and the VBM states exhibit pronounced energy oscillations,
indicating strong e-ph coupling. The reduction of band gap
and enhanced e-ph coupling suppress the excited carrier life-
time from 77.0 ns to 3.3 ps. In contrast, for spin-up states,
the polaron formation resulting in local distortions reduces the
orbital overlap between the CBM and VBM (see Fig. S8). In-
terestingly, this increases the spin-up carrier lifetime from 9 to
66 ns. As a result, the excited carrier lifetime for spin-up and
spin-down states differs by four orders of magnitude. When
e-h pairs are excited by photons, nearly equal numbers of
spin-up and spin-down e-h pairs will be generated. Here, it is
expected the spin-down e-h pairs recombine on 3.3 ps, leaving
only the spin-up e-k pairs, which have a much longer lifetime.
The residual electrons and holes are both spin polarized and
enable the formation of spin-polarized current.

The existence of polarons I and III was certified by the
STM measurements [28]. However, polaron II was not di-
rectly observed in the experiments. This may be due to the fact
that CoCl, in the STM measurements is not a free-standing
monolayer but is placed on a substrate. The interlayer in-
teraction may affect the relative stability of different small
polarons. Graphite was used in the STM measurement in the
work by Liu et al., which has threefold rotational symme-
try [28]. This might be the reason that polarons I and III,
which also have threefold rotational symmetry, are easy to
observe.

The dynamics aspects of the small polaron in CoCl, are
expected to be detectable by different experimental tech-
niques. Liu er al. observed the hopping of the polarons in
CoCl, under tip perturbation, often occurring during STM
scanning [28]. The atomic magnetic structure can be mea-

sured by spin-polarized STM. For example, Miao et al.
identified the existence of a spin spiral state with canted
plane in monolayer Nil, [32]. Therefore, the spin dynamics
correlated with the polaron dynamics is expected to be de-
tectable by the spin-polarized STM. Finally, the excited
carrier lifetime can be detected by the ultrafast time-resolved
transient spin-polarized photoluminescence and photoabsorp-
tion spectra [62].

Each optimized polaron structure corresponds to a local
energy minimum. Therefore, the number of small polaronic
structures is actually determined by the potential energy sur-
face of the system, which is rather difficult to estimate when
the atomic structure is complex. In this work, we use the
approach described in the Supplemental Material to find the
polaron structures. In fact, we are not assuring that we have
found all the small polaron structures at zero temperature.
Using global search methods, such as genetic algorithms, may
lead to the discovery of additional small polaron structures.

Small polarons are not only identified in CoCl, but also in
other transition metal dihalides like Nil, [32] and FeCl, [29].
We suggest that the prevalence of small hopping integral, low
phonon energy, and substantial electron-phonon interaction
in these materials establishes an ideal platform for polaron
formation and manipulation. These materials, known for their
diverse magnetic properties [57,63,64], position polarons as
not just charge carriers but also single spin carriers. The in-
terplay of polaron dynamics with the magnetism of transition
metal dihalides holds significant promise for applications in
spintronics and data storage.
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