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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 CrI3 is more than two orders of magnitude enhanced by the spin-lattice 
coupling, which has never been reported in literature. Fundamental understanding 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 positions are substan- 
tially changed due to the spin-lattice coupling, making the structure more stiff and more symmetric, 
which 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 deep- 
en our understanding on thermal transport and shed light on future research of thermal 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 demand-  s 
for the increased density of data storage. During the 
operation of magnetic storage devices, efficient tempera- 
ture 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 vibrations1. Thus, the reliable opera- 
tion of the magnetic storage device demands the funda- 
mental study of the spin effect 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 system2. Our study will fill the gap 
based on the study case of two-dimensional (2D) ferro- 
magnetic chromium triiodide (CrI3).

Since the discovery of graphene, 2D layered materials 
of atomic thickness have greatly attracted people’s re- 
search interest with broad application prospects in many 
fields3. Very recently, 2D CrI3 with intrinsic magnetism 
robustly down to monolayer limit was synthesized,4 
which shows promising applications in many technologies 
from sensing to data storage and spintronics2. Tremen- 
dous studies have been performed to explore the mag- 
netism in 2D CrI3, such as magnetic anisotropy,5  lay-  er 
thickness effect,4,6,7 field effect,7–9 doping,10 strain
engineering,11 etc. However, the thermal transport in 2D 
CrI3 has not been studied yet, which is of great sig-

nificance to its applications in spintronics and magnetic 
storage. Most importantly, the 2D CrI3 brings an oppor- 
tunity 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 CrI3. 
The thermal conductivity is found more than two or- 
ders of magnitude enhanced by the spin-lattice coupling, 
which is especially strong for the acoustic phonon modes. 
Deep analysis shows 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, deep- 
ening our understanding on thermal transport and shed- 
ding light on future research of thermal transport in mag- 
netic materials.

RESULTS AND DISCUSSIONS

The geometric configuration is optimized with spin 
[ferromagnetic (FM)] or without spin [paramagnetic (P- 
M)] polarization, respectively. The monolayer CrI3 pos- 
sesses a much lower energy in the FM state compared to 
the case in the PM state, revealing the preferred stabil- 
ity and the FM ordering. The lattice constant, bond 
angles and the calculated lowest total energy of CrI3    in 
FM states are found to be consistent with previous 
reports12–14. The effect of the spin-lattice coupling is 
firstly reflected by the structural deformation. In addi-
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FIG. 1. The effect of spin-lattice coupling on structure and 
lattice vibrations of monolayer CrI3. (a) Comparison of 
phonon dispersion with/without spin considered [in the fer- 
romagnetic (FM) or paramagnetic (PM) states]. The partial 
density of states (pDOS) is calculated in the FM state. (b,c) 
The top and side views of monolayer CrI3 in the PM state, 
where the circles, lines, and arrows show the effect of spin- 
lattice coupling on the geometric configuration.

tion 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 Supplemental Table S1. Thus, the struc- 
ture is altered remarkably by the spin-lattice coupling as 
illustrated in Fig. 1(b,c). Consequently, the structure 
becomes much more stiff and symmetric.

To study the effect of spin-lattice coupling on the lat- 
tice vibrations, the phonon dispersions are calculated 
based on the structures optimized with or without the 
FM ordering, respectively. As shown in Fig. 1(a), the 
overall group velocity for acoustic phonon branches in- 
creases slightly with FM ordering. Besides, the phonon 
bandgap is enlarged due to the simultaneous 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 cou- 
pling 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 cal- 
culations based on the FM structure, imaginary frequen- 
cies 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 al- 
so 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 effec- tive 
and non-destructive manner to modulate the phonon 
bandgap beyond the strain engineering or doping15,16.

The effect of spin-lattice coupling on the atomic vi- 
brations governed thermal transport properties is then 
examined, which is characterized by the thermal con-

ductivity. The temperature dependence of the (isotrop- 
ic) thermal conductivity of monolayer CrI3 agrees very 
well with the well-known κ 1/T relation. It is inter- 
esting to find the thermal conductivity having a sharp 
jump between the FM and PM states when the tem- 
perature reaches the Curie temperature [Fig. 2(a)]. As 
shown in Fig. 2(b), the thermal conductivity at room
temperature (300 K) increases from 0.062 (PM state; R- 
TA: 0.054) to 6.599 W/m−1K−1 (with FM ordering; R- 
TA: 5.437), which is a more than two orders of mag- 
nitude enhancement. Such an enhancement is rarely 
seen in literature16,17. Detailed analysis on the giant
effect of spin-lattice coupling on the thermal conduc- 
tivity 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 con- 
sidered is comparable to those of some typical semicon-
ductors such as silicene (19.21 W/m−1K−1),16 phospho- 
rene (15.33 and 4.59 W/m−1K−1 for zigzag and armchair 
directions, respectively),18,19 and monolayer gallium ni- 
tride (GaN) (14.93 W/m−1K−1)20–22. Thus, the thermal 
conductivity of monolayer CrI3 with FM ordering would
be large enough for its applications in nanoelectronics 
and magnetic storage. In addition, the efficient mod- 
ulation of the thermal conductivity of monolayer CrI3 
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 larg- 
er than the Curie temperature (45 K) of monolayer CrI3

4. 
As a consequence, possible manners might be needed to 
keep the FM ordering in monolayer CrI3 at high tem- 
peratures [Fig. 2(a)], such as electric field,8,9,23 magnet-
ic field,7 electrostatic doping,10 etc. Also note that the 
bandgap of monolayer CrI3 is estimated to be 1.2 eV
(Fig. 4), which means that monolayer CrI3 is a semi- 
conductor. Thus, at room temperature only the thermal 
conductivity contributed from phonons is considered in 
this study, while the contribution from electrons is ne- 
glected. In real experiments, unintentional doping would 
possibly happen for the exfoliated monolayer CrI3, 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 (κ) can be expressed as24

(1)𝜅𝛼 = ∑
𝑞𝑝𝐶𝑣(𝑞, 𝑝)𝑣𝛼(𝑞𝑝)2𝜏(𝑞,𝑝),

where CV is the volumetric specific heat capacity of 
phonon following the Bose-Einstein statistics,  𝑣 𝛼(𝑞 ,  𝑝 )
is the α(= x, y, z) component of group velocity of 
phonon mode with wave vector  and polarization p, and 𝑞
τ is the phonon relaxation time. Based on the phonon 
dispersion as shown in Fig. 1(a), the heat capacity and 
group veloc-
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FIG. 2. The effect of spin-lattice coupling on the thermal conductivity (κ) of monolayer CrI3. (a) The temperature dependence 
of κ in FM and PM states, respectively. The Curie temperature of monolayer CrI3 is 45 K. Filled circles are from calculations 
and the doted lines show the κ 1/T relation. (b) The effect of spin-lattice coupling on the κ of monolayer CrI3 by comparing 
the κ 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.

FIG. 3. Mode level analysis of thermal transport properties and anharmonicity of monolayer CrI3. The comparison of (a) phonon 
relaxation time, (b) scattering phase space and (c) Grüneisen 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.

ity 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 con- 
ductivity, we further performed the mode level analysis 
on the phonon relaxation time [Eq. (1)].

The effect of spin-lattice coupling on the phonon re- 
laxation time is shown in Fig. 3(a). The more than two 
orders of magnitude enlarged phonon relaxation time re- 
veals the weakened phonon-phonon scattering and lead- 
s 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 scatter- 
ing phase space and phonon anharmonicity, respective- 
ly. The 3-phononos scattering 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,
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which is supposed to limit the acoustic-optical phonon 
scattering based on previous studies25,26. Consequently, 
the scattering phase space is slightly diminished by the 
spin-lattice coupling [Fig. 3(b)]. However, the alterna- 
tion of the scattering phase space only changes slightly, 
which cannot fully explain the largely diminished scat- 
tering rate. Thus, the reason for the spin-lattice cou- 
pling weakened phonon-phonon scattering must lie in 
the weakened phonon anharmonicity, which is evidently 
shown in Fig. 3(c) as quantified by the Grüneisen param- 
eter.

The potential energy well is plotted in Fig. 3(d) to 
present a visualized view of the effect of spin-lattice cou- 
pling on phonon anharmonicity by comparing the poten- 
tial energy well of monolayer CrI3 with and without FM 
ordering. It is shown that the corresponding energies for 
the positive and negative movement of atom become clos- 
er when changing from PM to FM state. Thus, the poten- 
tial energy well becomes more symmetric with FM order- 
ing. By fitting the potential energy well with a polyno- 
mial, the harmonic (a2) and anharmonic parameters (a3) 
can be obtained as listed in the inset table of Fig. 3(d). 
The slightly enlarged a2 well reveals the slightly enhanced 
bonding strength18,22 and the correspondingly enhanced 
group velocity [Fig. 1(a)]. While the largely reduced a3 
well reveals the largely weakened phonon anharmonici- 
ty  as  quantified  by  the  Grüneisen  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, which is consistent with the behavior 
of the phonon anharmonicity and thermal conductivity 
(Supplemental Figure S1).

To achieve the fundamental understanding on the un- 
derlying mechanism of the spin-lattice coupling and its 
effect on phonon anharmonicity, we further studied the 
orbital projected density of states (pDOS) of the elec- 
tronic structure with spin and the spin density. The cal- 
culated spin-polarized electronic band structures of CrI3 
in FM states (Supplemental Fig. S3) are well consistent 
with previous reports13,14. As shown in Fig. 4(a), the to- 
tal DOS for spin-up and spin-down are non-symmetric, 
especially near the Fermi level. Thus, there is a net 
magnetic moment (5.628 µB) in monolayer CrI3, show- 
ing the magnetism. Detailed analysis finds that the net 
magnetic moment in monolayer CrI3 mainly comes from 
the Cr atom.  The magnetic moment on each Cr atom   is 
3.044 µB, which mainly comes from the Cr-d orbital 
(97.668%). Based on the crystal field theory, the d or- 
bitals can be splitted into two groups of  dxy;yz;zx(t2g) and 
dx2 −y2 ;z2 (eg). As shown in Fig. 4(b), the Cr-t2g
dominates the contributions at both the valence band

FIG. 4. The electronic projected density of states (pDOS) 
for monolayer CrI3 with FM ordering. The (a) total pDOS,
(b) Cr-t2g , eg orbitals projected pDOS, and (c) I-px, py, pz or- 
bitals projected pDOS are shown separately. (d,e) The isosur- 
face plots (0.0045 e/A3) for spin density with yellow indicating 
spin-up and cyan indicating spin-down.

mainly comes from the I-p orbital due to the hybridiza- 
tion between Cr-d and I-p orbitals. Detailed analysis 
based on Fig. 4(c) shows that the I-px, py dominates the 
contributions at the VBM while the I-pz 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-t2g orbital than the Cr-eg orbital. Besides, there 
also exists Cr-I-Cr superexchange interaction due to the 
overlap between Cr-d and I-p orbitals, leading to the op- 
posite and small contribution to the magnetic moment 
from p orbital of I atom. The magnetism in monolayer 
CrI3 obtained in this work agrees very well with previ- 
ous studies29,30. The Heisenberg exchange interactions in 
monolayer CrI3 can be expressed as1

(2)Η = ― ∑
𝑖 ≠ 𝑗𝐽𝑖𝑗𝑆𝑖𝑆𝑗,

maximum (VBM) and the conduction band minimum
(CBM), which is due to the octahedral-like nature of Cr
coordinates27,28. 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 µB, which

where s  the  spin  state  of  lattice  position  i,  and  Jij𝑆𝑖 𝑖
describes the exchange interactions between lattice po- 
sitions of i and j. The exchange interactions directly 
affect the lattice vibrations by affecting the forces acting
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on atoms through the effect on the Hamiltonian of the 
system [Eq. (2)],1 which is evidently shown by the spin 
density [Fig. 4(d,e)]. Thus, the exchange interactions in 
monolayer CrI3 lower the total energy of the system by
3.11 eV and make the structure more symmetric through 
spin-lattice coupling [Fig. 1(b,c)]. Moreover, due to the 
small split energy between the Cr-t2g and Cr-eg orbitals 
caused by the weak-field from ligand I atoms, high-spin 
complexes are formed in monolayer CrI3, leading to a 
stronger repulsion between Cr and I atoms27. Conse- 
quently, 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 
understood from the fundamental point of view of elec- 
tronic structure.

Before closing, we would like to point out that, the 
giant effect of spin-lattice coupling on the thermal trans- 
port discovered in this study is not limited to the case of 
2D CrI3.  Similar phenomena could be also found in
other systems,  for example,  the layered   van der Walls
magnetic materials in the 2D form, such as CrGeTe3

31–33

and Fe3GeTe2,34,35 (similar structure change as CrI3 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 CrI3. The struc- ture 
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 re- 
markably modulated thermal transport properties. The 
thermal conductivity of monolayer CrI3 is enlarged more 
than two orders of magnitude by the spin-lattice cou- 
pling, 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 or- 
dering. Deep analysis shows that the mechanism lies in 
the spin-lattice coupling weakened phonon-phonon scat- 
tering due to the weakened phonon anharmonicity. Fun- 
damental understanding on the underlying mechanism 
is achieved by analyzing the coupling among electronic, 
magnetic and phononic properties based on the orbital 
projected electronic structure and spin density. The Cr- 
Cr direct exchange and Cr-I-Cr superexchange induce ad- 
ditional strong interatomic interactions. Consequently, 
the structure becomes more symmetric with the lowered 
total energy of the system, and the Cr atom becomes vi- 
brating 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 CrI3 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)  method36  as im-
plemented in the Vienna ab initio simulation package 
(vasp)37.  The Perdew-Burke-Ernzerhof (PBE)38 of gen-
eralized gradient approximation (GGA) is chosen as the 
exchange-correlation functional. The valence electron 
configurations of Cr and I atoms are considered as p6d5s1 
and s2p5, respectively. The kinetic energy cutoff of wave 
functions is set as 665 eV, and a Monkhorst-Pack39 k- 
mesh of  15  15  1  is  used  to  sample  the  Brillouin Zone 
(BZ), with the energy convergence threshold set
as 10−6 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 CrI3 in FM state, we turn on the spin switch all the 
way, while switch off for the PM. The spin-orbit cou- 
pling is not included here. All geometries are fully op- 
timized until the maximal Hellmann-Feynman force is s-
maller than 10−8 eV/A. The interatomic force constants 
(IFCs)  are  obtained  based  on  the  4     4     1 supercel-
l with convergence test performed. The phonon disper- 
sions are evaluated based on the harmonic IFCs using the 
PHONOPY package40. The cutoff distance at the 9th n- 
earest neighbors ( 0.75 nm) is found to be large enough 
to obtain converged and reliable thermal conductivity41. 
During the procedure,  the translational and  rotational
invariance of IFCs are enforced using the Lagrange mul- 
tiplier method40,42,43. The Born effective charge  (Z∗) and 
dielectric constant (E) are also included, which are 
obtained based on the density functional perturbation
theory (DFPT). The interrogation grid in the thermal 
conductivity calculation is adopted as 70  70   1, which is 
chosen based on a full convergence test (Supplemen- tal 
Figure S2). The Gaussian broadening is set auto- 
matically in the calculations using an adaptive Gaussian 
broadening scheme so the method is completely parame- 
ter free. Finally, the thermal conductivity is obtained by 
solving the linearized phonon Boltzmann transport equa- 
tion (BTE) using an iterative procedure as implemented 
in the ShengBTE package with the effective thickness of
7.09 A43,44.  Detailed information on the employed meth- 
ods can be found in Refs. [18,20,43–45].
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