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High performance thermal management is of great significance to the data security and working stability
of magnetic devices with broad applications from sensing to data storage and spintronics, where there
would exist coupling between the spin and phonon (lattice vibrations). However, the knowledge of the
spin effect on thermal transport is lacking. Here, we report that the thermal conductivity of monolayer
Crls is more than two orders of magnitude enhanced by the spin—lattice coupling. Fundamental under-
standing is achieved by analyzing the coupling among electronic, magnetic and phononic properties
based on the orbital projected electronic structure and spin density. The bond angles and atomic

Received 30th October 2019, positions are substantially changed due to the spin-lattice coupling, making the structure more stiff

Accepted 4th February 2020 and more symmetric, and lead to the weaker phonon anharmonicity, and thus the enhanced thermal
conductivity. This study uncovers the giant effect of spin—lattice coupling on the thermal transport, which

would deepen our understanding on thermal transport and shed light on future research of thermal
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rsc.li/materials-c transport in magnetic materials.

The development of future digital information technology largely
depends on the availability of data, which is very sensitive to the
cost of data storage and thus demands for the increased density
of data storage. During the operation of magnetic storage
devices, efficient temperature control and high performance
thermal management is of great significance to the data security
and working stability, where thermal transport plays a key role.
In particular, due to the magnetic characteristics of such devices,
there would exist coupling between the spin and phonon or
lattice vibrations." Thus, the reliable operation of the magnetic
storage device demands the fundamental study of the spin effect
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on the phononic thermal transport. However, despite the
extensive studies on the thermal transport, the knowledge of
the specific effect of spin on thermal transport is still lacking,
especially for low-dimensional system.> Our study will fill the gap
based on the study case of two-dimensional (2D) ferromagnetic
chromium triiodide (Crl;).

Since the discovery of graphene, 2D layered materials
of atomic thickness have greatly attracted people’s research
interest with broad application prospects in many fields.® Very
recently, 2D Crl; with intrinsic magnetism robustly down to
monolayer limit was synthesized,” which shows promising
applications in many technologies from sensing to data storage
and spintronics.” Tremendous studies have been performed to
explore the magnetism in 2D Crl;, such as magnetic anisotropy,’
layer thickness effect,”®” field effect,”® doping,'® strain
engineering,"" etc. However, the thermal transport in 2D Crl; has
not been studied yet, which is of great significance to its applications
in spintronics and magnetic storage. Most importantly, the 2D
Crl; brings an opportunity to study the spin effect on the
phononic thermal transport, which would be of great interest
to the heat transfer community.

In this study, we report the giant effect of spin-lattice coupling
on the thermal conductivity of monolayer Crl;. The thermal
conductivity is found more than two orders of magnitude
enhanced by the spin-lattice coupling, which is especially
strong for the acoustic phonon modes. Deep analysis shows
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that the mechanism lies in the spin-lattice coupling weakened
phonon anharmonicity. This study uncovers the giant effect of
spin-lattice coupling on thermal transport and the underlying
mechanism, deepening our understanding on thermal trans-
port and shedding light on future research of thermal transport
in magnetic materials.

Results and discussions

The geometric configuration is optimized with spin [ferromag-
netic (FM)] or without spin [paramagnetic (PM)] polarization,
respectively. The monolayer Crl; possesses a much lower energy

(a) 250

200 ~

Wave number (cm™)

Cr

Fig.1 The effect of spin-lattice coupling on structure and lattice
vibrations of monolayer Crlz. (a) Comparison of phonon dispersion with/
without spin considered [in the ferromagnetic (FM) or paramagnetic (PM)
states]. The partial density of states (pDOS) is calculated in the FM and PM
states, respectively. (b and c) The top and side views of monolayer Crls
in the PM state, where the circles, lines, and arrows show the effect of
spin—lattice coupling on the geometric configuration.
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in the FM state compared to the case in the PM state, revealing
the preferred stability and the FM ordering. The lattice constant,
bond angles and the calculated lowest total energy of Crl; in
FM states are found to be consistent with previous reports.'*™**
The effect of the spin-lattice coupling is firstly reflected by the
structural deformation. In addition to the lattice constant that
changes from 6.992 to 7.003 A (increase by 0.158%), the bond
lengths (2.3%), the bond angles, and the atomic positions
change a lot, as listed in the ESI,{ Table S1. Thus, the structure
is altered remarkably by the spin-lattice coupling as illustrated
in Fig. 1(b and c). Consequently, the structure becomes much
more stiff and symmetric.

To study the effect of spin-lattice coupling on the lattice
vibrations, the phonon dispersions are calculated based on the
structures optimized with or without the FM ordering, respec-
tively. As shown in Fig. 1(a), the overall group velocity for
acoustic phonon branches increases slightly with FM ordering.
Besides, the phonon bandgap is enlarged due to the simulta-
neous up- and down-shift of high- and low-frequency optical
phonon modes, respectively, which is also evidently shown by
the partial density of states. Thus, the spin-lattice coupling
leads to the slower vibration of atom I with larger mass and
the faster vibration of atom Cr with smaller mass. Note that,
when we try to perform non-spin calculations based on the
FM structure, imaginary frequencies emerge in the phonon
spectrum, which indicates that the FM structure is not stable in
the PM state without spin. Such phenomena of the imaginary
frequencies also reveal the significant effect of spin-lattice
coupling on the structural stability in the FM state. In addition,
the FM ordering enlarged phonon bandgap also means that
controlling magnetism could probably be an effective and non-
destructive manner to modulate the phonon bandgap beyond
the strain engineering or doping.">*°

The effect of spin-lattice coupling on the atomic vibrations
governed thermal transport properties is then examined, which

1
I 100
() 103 | 6.599
i 88% =
Koop ' 8
: . 2=
x 2 i w180 e
i Pio i = g
é 10°4 o= : 5
= 1 25 ) i 60 5
2 8¢ ¥ ; 2
2 55 : | £
© 5] ! o
3 ) 5 {40 g
S 1074 32% ! S
o 1 o0.062 C . 1 g
© ] | @
E : 120 ©
3] : e
£ ' d
= | I
102 . —= 0
X< > O >
Mm@ w5 ¢
3 Q S Q
& o S S
o v

Fig. 2 The effect of spin—lattice coupling on the thermal conductivity (k) of monolayer Crls. (a) The temperature dependence of k in FM and PM states,
respectively. The Curie temperature of monolayer Crls is 45 K. Filled circles are from calculations and the doted lines show the x ~ 1/T relation. (b) The
effect of spin—lattice coupling on the x of monolayer Crls by comparing the x at 300 K between the states with/without FM ordering. The effect on the
percentage contribution of acoustic and optical phonon modes to thermal transport is shown in blue referring to the vertical axis at right.
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is characterized by the thermal conductivity. The temperature
dependence of the (isotropic) thermal conductivity of mono-
layer CrlI; agrees very well with the well-known x ~ 1/T relation.
It is interesting to find the thermal conductivity having a sharp
jump between the FM and PM states when the temperature
reaches the Curie temperature [Fig. 2(a)]. Specifically, as shown in
Fig. 2(b), the thermal conductivity at room temperature (300 K)
increases from 0.062 (PM state; RTA: 0.054) to 6.599 W m™* K™ *
(with FM ordering; RTA: 5.437), which is a more than two
orders of magnitude enhancement. Such an enhancement is
rarely seen in literature.'®'” Detailed analysis on the giant
effect of spin-lattice coupling on the thermal conductivity
shows that the effect is mainly on the acoustic phonon modes.
The contribution to thermal transport of acoustic phonon
modes increases from 32% to 88%, which becomes dominant
with FM ordering [Fig. 2(b)]. The thermal conductivity with
spin-lattice coupling considered is comparable to those of some
typical semiconductors such as silicene (19.21 W m™* K *),*®
phosphorene (15.33 and 4.59 W m ™' K ! for zigzag and arm-
chair directions, respectively),"®'® and monolayer gallium
nitride (GaN) (14.93 W m~" K ').?°** Thus, the thermal con-
ductivity of monolayer Crl; with FM ordering would be large
enough for its applications in nanoelectronics and magnetic
storage. In addition, the efficient modulation of the thermal
conductivity of monolayer Crl; promises its broad applications
in thermal switch related fields, such as thermal diode, thermal
transistor, thermal logic devices, etc.

Note that the thermal transport properties studied in this
work are at room temperature (300 K), which is larger than the
Curie temperature (45 K) of monolayer Crl;.” As a consequence,
possible manners might be needed to keep the FM ordering in
monolayer Crl; at high temperatures [Fig. 2(a)], such as electric
field,>*>* magnetic field,” electrostatic doping,"® etc. Also note
that the bandgap of monolayer Crl; is estimated to be 1.2 eV
(Fig. 4), which means that monolayer Crl; is a semi-conductor.
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Thus, at room temperature only the thermal conductivity
contributed from phonons is considered in this study, while
the contribution from electrons is neglected. In real experi-
ments, unintentional doping would possibly happen for the
exfoliated monolayer Crl;, where the electron contribution to
thermal conductivity shall be included and the results could
be much more interesting that deserve further study in
future.

Based on the phonon gas model and kinetic theory, the
thermal conductivity () can be expressed as>*

ke =Y Cv(§,p)va(Gp)’t(q,p), 1)
ap

where Cy is the volumetric specific heat capacity of phonon
following the Bose-Einstein statistics, v, (7, p) is the «(=x, y, 2)
component of group velocity of phonon mode with wave vector
¢ and polarization p, and 7 is the phonon relaxation time. Based
on the phonon dispersion as shown in Fig. 1(a), the heat
capacity and group velocity are only altered slightly by
the spin-lattice coupling. Thus, to achieve a more detailed
understanding of the giant effect of spin-lattice coupling on
the thermal conductivity, we further perform the mode level
analysis on the phonon relaxation time [eqn (1)].

The effect of spin-lattice coupling on the phonon relaxation
time is shown in Fig. 3(a). The more than two orders of magnitude
enlarged phonon relaxation time reveals the weakened phonon-
phonon scattering and leads to the giantly enhanced thermal
transport (Fig. 2). Specifically, the effect of spin-lattice coupling
on phonon relaxation time is more remarkable for acoustic
phonon modes [Fig. 3(a)], leading to its dominant role in
thermal transport with FM ordering (Fig. 2) as analyzed above.
It is well known that the phonon-phonon scattering is governed
by two factors, namely scattering possibility and scattering
strength, which are determined by scattering phase space and
phonon anharmonicity, respectively. The 3-phonons scattering
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Fig. 3 Mode level analysis of thermal transport properties and anharmonicity of monolayer Crlz. The comparison of (a) phonon relaxation time,
(b) scattering phase space and (c) Grliineisen parameter with/without FM ordering. (d) The comparison of potential energy well with/without FM ordering.
The inset table of (d) shows the fitted harmonic and anharmonic parameters in the inset formula. The arrow on the inset top view of the structure

indicates the positive direction of atomic displacements.
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phase space is evaluated based on the conservation of energy
and momentum of the involved phonon modes. As shown in
Fig. 1(a), the phonon bandgap is enlarged by the spin-lattice
coupling, which is supposed to limit the acoustic-optical
phonon scattering based on previous studies.>*”*® Consequently,
the scattering phase space is slightly diminished by the spin-
lattice coupling [Fig. 3(b)]. The tiny alternation of the scattering
phase space cannot fully explain the largely diminished
scattering rate. Thus, the reason for the spin-lattice coupling
weakened phonon-phonon scattering must lie in the weakened
phonon anharmonicity, which is evidently shown in Fig. 3(c) as
quantified by the Griineisen parameter.

The potential energy well is plotted in Fig. 3(d) to present a
visualized view of the effect of spin-lattice coupling on phonon
anharmonicity by comparing the potential energy well of
monolayer Crl; with and without FM ordering. It is shown that
the corresponding energies for the positive and negative move-
ment of atom become closer when changing from PM to FM
state. Thus, the potential energy well becomes more symmetric
with FM ordering. By fitting the potential energy well with a
polynomial, the harmonic (a,) and anharmonic parameters (as)
can be obtained as listed in the inset table of Fig. 3(d). The
slightly enlarged a, reveals the slightly enhanced bonding
strength'®?* and the correspondingly enhanced group velocity
[Fig. 1(a)]. While the largely reduced a; reveals the largely weakened
phonon anharmonicity as quantified by the Griineisen parameter
[Fig. 3(c)]. Moreover, the magnitude of the anharmonic IFCs is also
compared between the FM and PM states. It is shown that the
anharmonic IFCs for PM phase is larger than that for FM phase
(ESL Fig. S1), which is consistent with the behavior of the phonon
anharmonicity and thermal conductivity.

To achieve the fundamental understanding on the under-
lying mechanism of the spin-lattice coupling and its effect on
phonon anharmonicity, we further studied the orbital projected
density of states (pDOS) of the electronic structure with spin
and the spin density. The calculated spin-polarized electronic
band structures of Crl; in FM states (ESI,1 Fig. S3) are well
consistent with previous reports.’*'* As shown in Fig. 4(a), the
total DOS for spin-up and spin-down are non-symmetric, espe-
cially near the Fermi level. Thus, there is a net magnetic
moment (5.628 i) in monolayer Crl;, showing the magnetism.
Detailed analysis finds that the net magnetic moment in
monolayer Crl; mainly comes from the Cr atom. The magnetic
moment on each Cr atom is 3.044 ug, which mainly comes from
the Cr-d orbital (97.668%). Based on the crystal field theory,
the d orbitals can be splitted into two groups of dy,z.x (t2¢) and
dy2_y22 (€5). As shown in Fig. 4(b), the Cr-t,, dominates the
contributions at both the valence band maximum (VBM) and
the conduction band minimum (CBM), which is due to the
octahedral-like nature of Cr coordinates.””*® In addition to the
Cr-d orbital, small contribution to the magnetic moment also
comes from the I atom, which is opposite to that from the Cr
atom. The magnetic moment on each I atom is 0.077 g, which
mainly comes from the I-p orbital due to the hybridization
between Cr-d and I-p orbitals. Detailed analysis based on
Fig. 4(c) shows that the I-p,, p, dominates the contributions

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The electronic projected density of states (pDOS) for monolayer
Crlz with FM ordering. The (a) total pDOS, (b) Cr-tq, €4 orbitals projected
pDOS, and (c) I-px, py. p- orbitals projected pDOS are shown separately.
(d and e) The isosurface plots (0.0045 e A=3) for spin density with yellow
indicating spin-up and cyan indicating spin-down.

at the VBM while the I-p, dominates the contributions at
the CBM.

There exists strong Cr-Cr direct exchange due to the cation-
cation coupling and the relatively lower energy of the Cr-tp,
orbital than the Cr-e, orbital. Besides, there also exists Cr-I-Cr
superexchange interaction due to the overlap between Cr-d and
I-p orbitals, leading to the opposite and small contribution to
the magnetic moment from p orbital of I atom. The magnetism
in monolayer Crl; obtained in this work agrees very well with
previous studies.>*° The Heisenberg exchange interactions in
monolayer Crl; can be expressed as’

H=> J;SiS), (2)
i#j

where S is the spin state of lattice position 7, and Jij describes
the exchange interactions between lattice positions of i and j.
The exchange interactions directly affect the lattice vibrations
by affecting the forces acting on atoms through the effect on
the Hamiltonian of the system [eqn (2)]," which is evidently
shown by the spin density [Fig. 4(d and e)]. Thus, the exchange
interactions in monolayer Crl; lower the total energy of the
system by 3.11 eV and make the structure more symmetric
through spin-lattice coupling [Fig. 1(b and c)]. Moreover, due to
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the small split energy between the Cr-t,; and Cr-¢, orbitals caused
by the weak-field from ligand I atoms, high-spin complexes are
formed in monolayer Crl;, leading to a stronger repulsion
between Cr and I atoms.”” Consequently, the Cr atom becomes
vibrating faster [Fig. 1(a)], and the potential energy well becomes
more symmetric [Fig. 3(d)]. Based on the above analysis of the
coupling among electronic, magnetic and phononic properties,
the weakened phonon anharmonicity and thus the enhanced
thermal conductivity by spin-lattice coupling can be well under-
stood from the fundamental point of view of electronic structure.

Before closing, we would like to point out that, the
giant effect of spin-lattice coupling on the thermal transport
discovered in this study is not limited to the case of 2D Crl;.
Similar phenomena could be also found in other systems, for
example, the layered van der Waals magnetic materials in the
2D form, such as CrGeTe;.*'® and Fe;GeTe,,**?° (similar
structure change as Crl; has been confirmed by our separate
DFT calculation) which deserves further studies.

Conclusions

In summary, we performed first-principles study of spin effect on
the geometric structure, lattice vibrations, and thermal transport
in monolayer Crl;. The structure is found to be altered remarkably
by the spin-lattice coupling, including lattice constant, bond
angles, bond lengths, and atomic positions, which leads to the
remarkably modulated thermal transport properties. The thermal
conductivity of monolayer Crl; is enlarged more than two orders
of magnitude by the spin-lattice coupling, which would be large
enough for its applications in nanoelectronics and magnetic
storage. The effect is found to be especially stronger for the
acoustic phonon modes, which dominate thermal transport with
FM ordering. Deep analysis shows that the mechanism lies in the
spin-lattice coupling weakened phonon-phonon scattering due
to the weakened phonon anharmonicity. Fundamental under-
standing on the underlying mechanism is achieved by analyzing
the coupling among electronic, magnetic and phononic proper-
ties based on the orbital projected electronic structure and spin
density. The Cr-Cr direct exchange and Cr-I-Cr superexchange
induce additional strong interatomic interactions. Consequently,
the structure becomes more symmetric with the lowered total
energy of the system, and the Cr atom becomes vibrating faster,
leading to the more symmetric potential energy well and the
weakened phonon anharmonicity. To the best of our knowledge,
for the first time this study uncovers the giant effect of spin-lattice
coupling on the thermal transport properties with monolayer Crl;
as a study case, which would deepen our understanding on
thermal transport and shed light on future research of thermal
transport in magnetic materials.

Methods

All the first-principles calculations are performed based on the
density functional theory (DFT) using the projector augmented
wave (PAW) method?® as implemented in the Vienna ab initio
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simulation package (VASP).>” The Perdew-Burke-Ernzerhof
(PBE)*® of generalized gradient approximation (GGA) is chosen
as the exchange-correlation functional. The valence electron
configurations of Cr and I atoms are considered as p°d°s' and
s”p’, respectively. The kinetic energy cutoff of wave functions is
set as 665 eV, and a Monkhorst-Pack®® k-mesh of 15 x 15 x 1 is
used to sample the Brillouin Zone (BZ), with the energy con-
vergence threshold set as 10 ° eV. A large vacuum spacing of
20 A is employed along the out-of-plane direction. For the
calculations of electronic, magnetic, and thermal transport
properties of Crl; in FM state, we turn on the spin switch all
the way, while switch off for the PM. The spin-orbit coupling is
not included here. All geometries are fully optimized until the
maximal Hellmann-Feynman force is smaller than 107% eV A~
The interatomic force constants (IFCs) are obtained based on
the 4 x 4 x 1 supercell with convergence test performed. The
phonon dispersions are evaluated based on the harmonic IFCs
using the PHONOPY package.*® The cutoff distance at the 9th
nearest neighbors (0.75 nm) is found to be large enough to
obtain converged and reliable thermal conductivity.*’ During
the procedure, the translational and rotational invariance of
IFCs are enforced using the Lagrange multiplier method.*****?
The Born effective charge (Z*) and dielectric constant (E) are
also included, which are obtained based on the density func-
tional perturbation theory (DFPT). The interrogation grid in the
thermal conductivity calculation is adopted as 70 x 70 x 1,
which is chosen based on a full convergence test (ESI,T Fig. S2).
The Gaussian broadening is set automatically in the calculations
using an adaptive Gaussian broadening scheme so the method is
completely parameter free. Finally, the thermal conductivity is
obtained by solving the linearized phonon Boltzmann transport
equation (BTE) using an iterative procedure as implemented in
the ShengBTE package with the effective thickness of 7.09 A.*>**
Detailed information on the employed methods can be found in
ref. 18, 20 and 43-45.
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