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a b s t r a c t 

In layered materials, it is well known that the cross-plane or cross-chain (CC) thermal conductivity is 

lower than that of the in-plane or along-chain direction due to weaker bonding in the cross-plane or 

CC directions. In this work, surprisingly, we predict using first-principles that the CC thermal conduc- 

tivity κ⊥ is higher than the along-chain thermal conductivity κ‖ with a κ⊥ / κ‖ ratio of 1.174 in bilayer 
α-phase tellurene (2L- αTe), an emerging 2D material that has recently drawn extensive interest due to 

its intriguing electronic, thermoelectronic, and piezoelectronic properties. Also, the room-temperature κ⊥ 
and κ‖ of 2L- αTe are 5.69 W/mK and 4.85 W/mK, which are 251% and 31% enhanced from that of bulk 

Te, respectively. A detailed analysis of lattice structure, phonon spectra, and electron properties of 2L- αTe 

and bulk Te is provided. We find that the larger lattice shrink in CC direction and the change in band 

angle lead to stiffened phonons and weaker anharmonicity, which in turn yield higher phonon group 

velocity and longer phonon lifetime in CC direction for 2L- αTe, resulting in the enhanced thermal con- 

ductivity and the anomolus thermal anisotropy. Crystal orbital Hamiltan population (COHP) and electron 

localization function (ELF) analysis demonstrate the enhancement of the strength of “covalent-like quasi- 

bonding” (CLQB) in CC direction of 2L- αTe, which is accompanied by the lattice shrink in CC direction 

and the change of band angle. Our study identifies a case of unexpected anisotropic thermal transport in 

2D materials, and sheds light on the improvement of thermal conductivity isotropy in 2D materials for 

the thermal management of electronic devices. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

Tellurene, or two-dimensional (2D) tellurium, is a new member 

f the 2D material family [ 1 , 2 ] and has attracted extensive interest

ue to its intriguing properties, such as strain-induced modulated 

andgap [3–8] , outstanding piezoelectricity [ 9 , 10 ], stable photore- 

ponse performance [11–14] , excellent thermoelectric performance 

 8 , 15-19 ], and potential for field-effect transistors [20] . With the

evice size decreasing to nanoscale, thermal management plays an 

ncreasingly important role in these applications. As a result, ther- 

al transport properties are highly relevant to the industrial appli- 

ation of tellurene. 

Tellurene is a phase transition material and found to have 

t least five stable or metastable phases, among which α-, β-, 
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nd γ -phases are relatively stable [ 2 , 6 , 9 , 10 , 21 ]. Specifically, for

onolayer tellurene, β- and γ -phases are stable while α-phase 

s not; on the contrary, for two- and multi-layer tellurene, α- 

hase is most stable [11] . It is noteworthy that there are two dif- 

erent naming methods for the phases. One was originated from 

hu et al. [2] and the other from Wang et al. [10] and Xiang

t al. [6] . Here we follow the second naming convention. Recently, 

he thermal and thermoelectric properties of monolayer β- and 

-phase tellurene have been comprehensively studied by simu- 

ations and experiments [ 8 , 15-18 , 22-25 ]. In a previous work co-

uthored by a subset of the current authors [25] , tellurene ex- 

mples with different thicknesses (as thin as ∼30 layers) were 

abricated and measured to exhibit prominent anisotropic ther- 

al conductivity in along-chain (AC) and cross-chain (CC) direc- 

ions, which is consistent with theoretical results. However, most 

f these works have been focused on the monolayer β- and γ - 

hase, leaving the thermal transport properties of 2D α-phase 

nexplored. 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.122908
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2022.122908&domain=pdf
mailto:luoxb@hust.edu.cn
mailto:ruan@purdue.edu
https://doi.org/10.1016/j.ijheatmasstransfer.2022.122908
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In this work, we focus on the thinnest stable α-phase tellurene, 

.e., bilayer α-phase tellurene (2L- αTe) [11] . Our first-principles cal- 

ulations show that at room temperature in the two in-plane di- 

ections, CC and AC, thermal conductivities are 5.69 W / mK and 

.85 W / mK, respectively, enhanced by 251% and 31% compared to 

ulk Te and showing an abnormal anisotropy ratio κ⊥ / κ‖ of 1.174. 
t should be noted that in bulk Te, the CC and AC thermal conduc- 

ivities are 1.62 W/mK and 3.70 W/mK respectively with a κ⊥ / κ‖ 
atio of 0.439 [25] . In layered materials, it is well known that the

ross-plane or CC thermal conductivity is lower than that of the 

n-plane or AC direction because of the weaker bonding in the 

ross-plane or CC directions. For example, the radial or cross-plane 

hermal conductivities of carbon nanotube bundles and graphite 

re two orders of magnitude lower than their axial or in-plane 

hermal conductivities [ 26 , 27 ], and the thermal conductivity ratios 

⊥ / κ‖ of bulk selenium and tellurium are 0.287 [1] and 0.439 [25] , 

espectively. In a recent report of less thermally anisotropic 2D 

aterial hybrid perovskite butylammonium lead iodide (BA 2 PbI 4 , 

A = C 4 H 9 NH 3 
+ ), κ⊥ / κ‖ is 0.633 [28] which is still smaller than

. In contrast, our bilayer α-phase tellurene results show an abnor- 

al anisotropy ratio κ⊥ / κ‖ above 1 with a value of 1.174. To ex- 

lain the origin of the anomalous thermal conductivity anisotropy 

n 2L- αTe, lattice structures, phonon dispersion relations, phonon 

ransport properties, and electronic properties are subsequently ex- 

lored. According to our analysis, the higher phonon group velocity 

nd longer phonon lifetime in CC direction lead to the anomalous 

hermal anisotropy of 2L- αTe, which originates from the reduction 

f interchain distance of the lattice and the change of the bond an- 

le. The electronic origin of this anisotropy in κ is the strengthen- 

ng of the “covalent-like quasi-bonding” (CLQB) in 2L- αTe [ 11 , 29 ],

hich is demonstrated by the crystal orbital Hamiltan population 

COHP) and electron localization function (ELF). The formation of 

LQB is attributed to wavefunction hybridization and lone electron 

air interaction. Our predicted thermal conductivities and their un- 

xpected anisotropy provide important insights to electronic, opto- 

lectronic, and thermoelectric devices based on 2L- αTe, and could 

nspire experimental studies on this material system and further 

esearch in other 2D material systems. 

. Methods 

In the framework of the Boltzmann transport equation (BTE) 

 30 , 31 ], the lattice thermal conductivity κ can be obtained by 

= 

1 

k B T 2 
1 

8 π3 

∑ 

n 

∫ 
BZ 

f 0 ( ω n, q ) [ f 0 ( ω n, q ) + 1 ] υ2 
n, q ̄h 

2 ω 

2 
n, q τn, q dq , (1) 

here υn ,q , ω n ,q , and τ n ,q are the phonon group velocity, fre- 

uency, and lifetime in the phonon branch n with the reciprocal 

ector q over the first Brillouin zone (BZ). f 0 denotes the occupa- 

ion number of phonons following the Bose-Einstein distribution. 

o obtain accurate κ , we employ an iterative scheme starting from 

he relaxation time approximation (RTA). Within the RTA, the to- 

al phonon scattering rates τ−1 are obtained by summing up the 

hree-phonon scattering rates τ−1 
3 

and the isotopic scattering rates 
−1 
iso 

based on Matthiessen’s rule. Four-phonon scattering is not in- 

luded in this study because the computational cost of this case is 

ar beyond our current computational capability. 

Vienna Ab-initio Simulation Package (VASP) [ 32 , 33 ] with the 

rojector augmented wave (PAW) formalism is used to carry out 

he interatomic force constant (IFC) calculations. The generalized 

radient approximation (GGA) to the exchange-correlation poten- 

ial in the Perdew-Burke-Ernzerhof (PBE) [34] form is applied. A 

lane wave cut-off energy of 500 eV is used for lattice struc- 

ure optimization and IFCs calculations. The total energy and 

ellmann-Feynman force convergence criteria are set to 10 −8 eV 
2 
nd 10 −4 eV/ ̊A. The Tkatchenko and Scheffler (DFT-TS) method 

35] is chosen to correct the van der Waals effect for 2L- αTe, which 

as been proven to show better agreement with the experimental 

ata [10] . For the calculation of 2L- αTe, a 6 × 6 × 1 supercell is

uilt, with a 7 × 5 × 1 Monkhorst-Pack k-mesh applied. Phonopy 

36] and Thirdorder [37] are utilized to extract the 2nd and 3rd 

FCs, considering up to the fifth nearest neighbor. We use Sheng- 

TE [37] code with the iterative solution to solve the phonon BTE, 

ith a q-mesh of 130 × 100 × 1. In order to eliminate the in- 

eractions between tellurene layers and its mirror induced by the 

eriodic boundary conditions, a vacuum spacing of about 30 Å is 

ntroduced. For bulk Te, a 4 × 4 × 4 supercell is built to perform 

he IFCs calculations using a 5 × 5 × 5 Monkhorst-Pack k-mesh, 

nd a 24 × 24 × 24 q-mesh is set to solve the BTE. The conver- 

ence of κ with different q-mesh has been tested, as shown in 

ig. S1. 

. Results and discussion 

.1. Lattice structures and phonon dispersions 

As shown in Fig. 1 (a-c), the lattice of bulk Te is composed of 

tacked helical Te-chains parallel to [0 0 01] direction. The in-chain 

toms are connected by covalent bonds, while the adjacent chains 

re connected by a type of bonding that is not clearly identified 

et. In the later sections, this kind of bonding is observed and dis- 

ussed based on the thermal properties of 2L- αTe and bulk Te. 

ur results support the proposal of CLQB [ 11 , 29 ], which is an in-

eraction stronger than van der Waals (vdW) force but slightly 

eaker than covalent bonds. Bulk Te belongs to the P3 1 21 space 

roup, possessing a three-fold screw axis along [0 0 01] direction. 

he alignment of Te-chains forms a hexagonal shape. The lattice 

onstants and bond lengthes are illustrated in Fig. 1 (a-c). Angle α
s defined as the angle between the specific Te-Te bond and the 

C direction ( Fig. 1 f), which can intuitively imply the interacting 

trength in CC direction. Obviously, the smaller α is, the stronger 

he interaction is in CC direction. For bulk, α is 51.087 °
2L- αTe structure has similarity as well as significant distinc- 

ions from that of bulk Te, as shown in Fig. 1 (d-f). Cutting bulk 

e by ( 10 ̄1 0 ) planes ( Fig. 1 a) and separating two neighbor layers of

e-chains will generate 2L- αTe. Though the Te-chains remain, the 

istance between two neighbor chains has shrunk significantly. In- 

erchain distance reduces from 2.7 to 2.43 Å, and the distance be- 

ween the two nearest interchain atoms also decreases from 3.51 

o 3.33 and 3.28 Å ( Fig. 1 d). In the cross-plane direction (y-axis

or bulk Te, z-axis for 2L- αTe), the interlayer distance gets smaller, 

rom 2.34 to 1.81 Å. At the same time, Te-chains also shrink in AC 

irection (z-axis for bulk Te, y-axis for 2L- αTe), with the lattice pa- 

ameter decreasing to 5.78 Å in 2L- αTe ( Fig. 1 f). Angle α of 2L- αTe

s 46.976 °
Summing up the above, compared to bulk Te, the lattice of 2L- 

Te shrinks in all directions. Specifically, in CC direction, lattice 

onstant shrinks from 4.51 Å to 4.33 Å, decreasing by 3.99%, while 

n AC direction, from 5.96 Å to 5.78 Å, decreasing by 3.02%. The 

arger lattice shrink makes stronger reinforcement of the bondin- 

in the CC direction. Simultaneously, bond angle α decreases from 

ulk to 2L- αTe, indicating a stronger interaction in CC direction, 

oo. 

Figs. 1 (g-j) exhibit the phonon dispersion relations, phonon 

ensity of states (PDOS), and the first Brillouin zones (BZs) of bulk 

e and 2L- αTe, from which we can see the phonon frequency of 

ulk Te ranges from 0 to around 4.5 THz while that of 2L- αTe is

etween 0 and about 4.7 THz. The gap between acoustic branches 

nd optical branches of bulk Te is magnificently larger than that 

f 2L- αTe. Distinctively, there are several intersections of acoustic 

nd optical branches in the phonon spectrum of 2L- αTe along the 
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Fig. 1. Lattice structures and phonon spectra of bulk Te and 2L- αTe. (a) (0 0 01) plane, (b) ( ̄1 2 ̄1 0 ) plane, (c) perspective view of bulk Te. (d) (010) plane, (e) (100) plane, (f) 

(001) plane (in-plane direction) of 2L- αTe. Angle α in (f) is the angle between the Te-Te bond and CC direction. (g) Phonon dispersion relation and PDOS of bulk Te. (h) 

Phonon dispersion relation and PDOS of 2L- αTe. (i) Brillouin zone of bulk Te. (j) Brillouin zone of 2L- αTe. Black quadrangles in (a, b, f) show the unit cells. Parallel red dot 

lines in (a) show the cross sections truncating bulk Te to get 2L- αTe. Green numbers denote the length of bonds, blue and red numbers the distances between atoms in 

angstroms. Double-headed arrow and the black numbers represent the Layer thickness, interchain distance and interlayer distance in angstroms. The red, blue arrow ribbons 

show the cross-chain (CC, or ⊥ ) and along-chain (AC, or ‖ ) directions, respectively. The highlighted ribbon in (h) shows the range of the low-frequency optical phonons. The 

red letters and lines in (i) and (j) are the high-symmetry points and paths. 

p

f

A

a

w

p

a

r  

a

i

t

o

ath A-E-Z-C2-Y2, indicating the strong coupling between high- 

requency acoustic phonons and low-frequency optical phonons. 

 similar feature was found in 2D black phosphorus which has 

 similar layer-stacked structure with 2L- αTe by Hu et al. [29] , 

ho name it as “interlayer acoustic-optical phonon-phonon cou- 

ling”. This feature will create more channels for phonon scattering 
3 
nd will increase the generation of low-frequency optical phonons 

anging from 1.0 to 2.0 THz, as highlighted in Fig. 1 h . Besides, as

 result of the decrease of the interlayer (z-direction) distance, the 

nterlayer CLQB of 2L- αTe is reinforced, thereby the atomic vibra- 

ions in the z-direction are strengthened, leading to the stiffening 

f these low-frequency phonons. 
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Fig. 2. Lattice Thermal conductivity of bulk Te and 2L- αTe. (a) Our predicted directional lattice thermal conductivity and experimental results [1] versus temperature ranging 

from 20 to 700 K. (b) Normalized contributions from different phonon branches to thermal conductivity in the x direction at 300 K. (c) Cumulative directional thermal 

conductivity as a function of phonon mean free path at 300 K. (d) Anisotropy ratio of 2L- αTe compared to different layered materials [ 25 , 28 , 38 , 41 , 42 ]. 
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.2. Thermal conductivity and the abnormal anisotropy of 2L- αTe 

The calculated lattice thermal conductivities of bulk Te and 2L- 

Te versus temperature are shown in Fig. 2 . As seen in Fig. 2 a,

he room-temperature lattice thermal conductivities in AC and CC 

irections of bulk Te are 3.70 W/mK and 1.62 W/mK, respec- 

ively, agreeing well with the corresponding values from exper- 

ments (3.38 W/mK and 1.97 W/mK) [1] . Thermal conductivities 

n AC and CC directions of 2L- αTe remain higher than those of 

ulk Te throughout 20–700 K, with 4.85 W/mK and 5.69 W/mK 

t room temperature, which are 31% and 251% higher than those 

f bulk Te, respectively. The enhancement of the thermal con- 

uctivity from 3D to the corresponding 2D material also hap- 

ens in the case from graphite to graphene, where the in-plane 

oom-temperature thermal conductivity rises from 1950 W/mK 

38] to around 30 0 0 W/mK [39] , with an enhancement of 54%. In

raphene, the contribution of ZA mode to the thermal conductivity 

s the main reason for the in-plane thermal conductivity increase 

40] . However, here in 2L- αTe, LA mode, instead of ZA mode, con- 

ributes the most to the thermal conductivity at room temperature 

 Fig. 2 b). It is worth noting that all the thermal transport proper-

ies calculated in this paper are related to the in-plane direction 
4 
 Fig. 1 f), since the thermal conductivity in out-of-plane direction 

f 2D materials is physically meaningless. In other words, CC ( ⊥ ) 

nd AC ( ‖ ) direction are both in-plane. 
Fig. 2 c shows the cumulative κ as a function of phonon mean 

ree path (MFP) at 300 K, which shows that for 2L- αTe, the κ⊥ 
s slightly higher than κ‖ , opposite to the case in bulk Te. Inter- 
stingly and unexpectedly, 2L- αTe shows an abnormal anisotropy 

atio κ⊥ / κ‖ of 1.174, as shown in Fig. 2 d, distinct from the situa- 

ion in bulk Te [25] and other layer materials [ 28 , 38 , 41 , 42 ]. Espe-

ially, before this work, BA 2 PbI 4 has been found to has the highest 

nisotopy ratio (0.633), which is still less than 1, showing a normal 

nisotropy [28] . The abnormal anisotropy in 2L- αTe challenges our 

ommon sense. Intuitively, κ⊥ should be prominently lower than 

‖ due to the weaker vdW interactions in the CC direction than 

he bonds in the AC direction, just like the situations in all the 

ayered materials with an anisotropy raito lower than 1. This ab- 

ormal phenomenon in 2L- αTe will be explored in detail in later 

ections. 

The rest of this paper is organized as follows: in Section 3.3 we 

ould first give an explanation of thermal conductivity enhance- 

ent from bulk to 2D systems. Then we would examine the phys- 

cal origin of abnormal anisotropy in 2L-Te from two perspectives: 
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Fig. 3. Frequency-dependent phonon group velocities of bulk Te (a) and 2L- αTe (b); Frequency-dependent phonon lifetimes at room temperature of bulk Te (c) and 

2L- αTe (d). 
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ts phonon vibrational properties ( Section 3.4 ) and its bonding na- 

ure ( Section 3.5 ). 

.3. Explanation for the enhanced thermal conductivity from bulk to 

L- αTe 

According to Eq. (1) , higher phonon group velocity υ and longer 

honon lifetime τ yield higher thermal conductivity κ . To explain 
he reason why the κ⊥ and κ‖ both increase from bulk to 2L- αTe, 

honon group velocities and phonon lifetimes of bulk Te and 2L- 

Te are illustrated in Fig. 3 . We can clearly see that in contrast

o bulk Te, 2L- αTe has slightly lower group velocities of acoustic 

honons (low-frequency phonons), suggesting that the difference 

n group velocities is not the cause of the higher thermal conduc- 

ivity of 2L- αTe. By comparing the lifetimes of acoustic phonons, 

e find that the average lifetime of acoustic phonons in 2L- αTe 

s around 50 ps, considerably larger than that of bulk Te with ∼
0 ps, indicating that the longer lifetime is key to the higher ther- 

al conductivity of 2L- αTe. 

To further explore the source of the longer phonon lifetime 

f 2L- αTe, the Grüneisen parameters and phase space are dis- 

layed in Fig. 4 . It can be seen that the amplitudes of the overall

rüneisen parameters of bulk Te are higher than those of 2L- αTe, 

onfirming stronger phonon anharmonicity in bulk Te. However, 

he phase space of 2L- αTe is slightly higher than that of bulk Te, 

ndicating more three-phonon scattering channels in 2L- αTe than 

n bulk Te. Considering the collective impact of Grüneisen param- 

ters and phase space, the longer phonon lifetimes of 2L- αTe are 

ttributed to the weaker anharmonicity instead of the larger num- 

er of three-phonon scattering channels as compared to the bulk 

e. According to the potential energy well analysis in the Fig. S2, 

rom bulk Te to 2L- αTe, the phonon anharmonicity gets weaker in 

C direction, and stronger in AC direction, which implies that the 

nharmonicity in CC direction dominates the impact on thermal 

onductivity. As aforementioned, the lattice shrink is larger in the 
5 
C direction, and the angle α is smaller in 2L- αTe, which reinforce 

he CLQB in CC direction, leading to the weaker anharmonicity of 

L- αTe. 

.4. Vibrational origin of the abnormal anisotropy of 2L- αTe 

To explore the vibrational origin of the anomalous in-plane 

hermal conductivity anisotropy of 2L- αTe, the fitted average direc- 

ional phonon group velocity and directional cumulative κ versus 

honon frequency are plotted in Fig. 5 a. Detail of the derivation 

f the average direction group velocity is illustrated in Support- 

ng Information. It can be seen that υ‖ is initially higher than υ⊥ 
ut then becomes lower when the frequency exceeds 1.0 THz. Ac- 

ording to Eq. (1) , higher phonon group velocity υ yields higher 

hermal conductivity κ . Hence, within the frequency range from 

.0 to 2.0 THz, cumulative thermal conductivity in CC direction, κ⊥ , 
hows a steeper slope than that in AC direction, κ‖ . Interestingly, 
his frequency range from 1.0 to 2.0 THz is exactly where high- 

requency LA modes and low-frequency optical modes locate, as 

ighlighted in Fig. 1 (h). This indicates that the higher κ⊥ is at- 
ributed to higher group velocity of the high-frequency acoustic 

nd low-frequency optical phonons. 

Directional phonon lifetime is another property that impacts 

he anisotropy. The definition of the directional phonon lifetime 

s demonstrated in Supporting Information. According to Eq. (1) , 

onger phonon lifetime τ yields higher thermal conductivity κ . 
igs. 5 b exhibits the frequency-dependent directional phonon life- 

imes in 0–3.0 THz of 2L- αTe, where a prominent gap between τ⊥ 
nd τ ‖ emerges in the frequency range of 1.5–1.8 THz while τ ‖ 
s almost zero. Intriguingly, as aforementioned, the group velocity 

ap happens in this frequency range as well ( Fig. 5 a). The lifetimes

f 2L- αTe maintain overall equal in two directions in the frequency 

ange other than 1.5–1.8 THz. Therefore, longer τ⊥ in the frequency 
ange of 1.5–1.8 THz is another reason for the abnormal thermal 

nisotropy of 2L- αTe. 
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Fig. 4. Frequency-dependent Grüneisen parameter of bulk Te (a) and 2L- αTe (b); Frequency-dependent Phase space of bulk Te (c) and 2L- αTe (d). 

Fig. 5. (a) Fitted directional average phonon group velocity and cumulative κ of 

2L- αTe. (b) Directional phonon lifetime of 2L- αTe. 
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6 
In short, the abnormal anisotropy of 2L- αTe is attributed to the 

igher phonon group velocity and longer phonon lifetime in the CC 

irection. Based upon the lattice structure and phonon dispersion 

nalysis in Section 3.1 , we can now connect lattice change with 

he abnormal anisotropy. As mentioned before, the larger shrink in 

C direction and the decrease of the angle α lead to enhancement 

f the strength of CLQB of 2L- αTe in CC direction, which in turn 

tiffen the phonons and weaken the phonon anharmonicity in CC 

irection. Subsequently, the phonon group velocity rises and the 

honon lifetime increases in CC direction, resulting in the higher 

hermal conductivity in CC direction than in AC direction, i.e., the 

bnormal anisotropy of 2L- αTe. 

.5. Electronic origin of the abnormal thermal anisotropy of 2L- αTe 

To further explore the electronic origin of the enhancement of 

LQB in CC direction, the orbital projected electronic band struc- 

ures and projected density of states (pDOS) [43] are analyzed, as 

hown in Fig. 6 (a, b, f, g). The band gap broadens from 0.1176 eV in

ulk Te to 1.021 eV in 2L- αTe, which shows more non-metal-like 

eature, resulting in an enhancement of atomic insteraction. The 

DOS of the three 5p orbitals become more uniform and mixed 

rom bulk to 2L- αTe below the Fermi level, impling that a stronger 

p 3 hybridization intensifies the CLQB. 

To intuitively show the strength of the Te-Te interactions in AC 

nd CC direction, the projected crystal orbital Hamilton population 

COHP), integrated projected COHP (IpCOHP) and electron local- 

zation function (ELF) are shown in Fig. 6 (c-e, h-j). The COHP is 

 quantitative method to measure the bonding strength between 

tom pairs, through analyzing the bonding and antibonding states 

elow Fermi level [44] . A negative COHP corresponds to bonding 

tate and lowers the system energy whereas a positive COHP cor- 

esponds to antibonding state and increases the system energy. Te- 

e bonding state COHP and IpCOHP are higher in AC direction than 
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Fig. 6. Orbital projected electronic band structure and pDOS, projected COHP (c) and integrated projected COHP (h) for Te-Te interaction in AC and CC direction, and ELF 

distributions for 2L- αTe (a-e, h) and bulk Te (c, f-j). Red arrows in (a) and (f) show the band gaps. The inset in (f) is the zoom-in of the band gap area. (d) (001) plane and 

(e) (010) plane of ELF for 2L- αTe. (i) (10 ̄1 0) plane and (j) (0 0 01) plane of ELF for bulk Te. Black squares in (d, e, i, j) surround the transition area between interchains. 

Note: pDOS curves of the p x and the p y orbitals for bulk Te (g) are totally overlapped, as a result, the p y orbital cannot be observed in the figure. 
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C, proving that Te-Te connection is bond in AC direction and CLQB 

n CC direction, as shown in Fig. 6 c, h. Te-Te COHP and IpCOHP

n CC direction are significantly higher for 2L- αTe than for bulk, 

hich indicates the enhancement of the CLQB in CC direction. To 

how the percentage of strength increase of the Te-Te interaction in 

C and AC direction, we compare the IpCOHP values at the Fermi 

evel reference line in Fig. 6 h. The values of bulk CC and 2L- αTe

C are −0.494 and −0.602, respectively, increasing by 21.9%; while 

he values of bulk AC and 2L- αTe AC are −2.667 and −2.985, re-

pectively, increasing by 11.9%. Apparently, the reinforce of the in- 

eraction is significantly larger in CC direction than in AC direction, 

hich is consistent with the situation in lattice shrink. 

ELF distribution is another way to reflect the strength of inter- 

ction. ELF varies from 0 to 1, where 0 means no electron localized 

nd 1 corresponds to perfect localization. The greater the ELF value 

s, the higher the electron localization degree is, and the stronger 

he interactions (CLQB in CC direction for this case) are. It can be 

een that ELF in CC direction of 2L- αTe ( Fig. 6 d, e) is higher than

hat of bulk ( Fig. 6 i, j), demonstrating the stronger CLQB of 2L- αTe

han of bulk.As aforementioned, the strong interchain interaction is 

he CLQB, which was firstly found in 2D black phosphorus [29] and 

ew-layer tellurene [11] and attributed to wavefunction hybridiza- 

ion. We believe the electron pDOS blow the Fermi level ( Fig. 6 b,

) and the interchain transition area in ELF of 2L- αTe ( Fig. 6 d, e)

s the evidence of wavefunction hybridization. Simutaneouly, with 

he wavefunction hybridization, lone electron pair forms in Te-Te 

tom pairs. The valence electrons of Te are 5s 2 5p 4 , six electrons 

n total, four of which occupy two sp 3 hybrid orbitals and form σ
onds with adjacent atoms in the chain, the other two form the 

one electron pair in another sp 3 orbital. In the CC and interlayer 

irection, lone electron pairs of the nearest neighbors interact with 

ach other, providing additional interation, which also enhance the 

LQB. 

We collect the reported thermal conduvtivities of α-phase Te 

rom bilayer to bulk in Fig. S3. Although the intrinsic thermal 

onductivities of 3-layer, 4-layer, or multi-layer tellurene are not 

ccessible by first-principles calculation within our current com- 

utation capability, we can gain some clue about the thickness- 

ependent property of the thermal conductivity anisotropy by the 
O

7

omparison between 2L- αTe, multilayer α-Te, and bulk Te: starting 

rom 2L- αTe, with the increase of the number of layers, κ⊥ would 

e initially greater than κ‖ , then become smaller than it, and fi- 

ally recover the normal thermal anisotropy in bulk Te. This di- 

ensional crossover behavior has been also found in Bi 2 Te 3 films 

45] , which results from the interplay between phonon Umplapp 

cattering and boundary scattering. Based on the Fig. S3, we be- 

ieve that the transition of α-phase Te from abnormal to normal 

hermal anisotropy happens between 3 to ∼30 layers, i.e., the un- 

xplored region in Fig. S3. 

. Conclusion 

In summary, we study the thermal transport properties of 

he thinnest stable α-phase tellurene, 2L- αTe, by employing first- 

rinciples calculations. For comparison, the thermal transport 

roperties of bulk Te are also investigated. The thermal conduc- 

ivities of 2L- αTe are higher than those of bulk Te in both AC and

C direction by 31% and 251%, respectively. The enhanced thermal 

onductivity is originated from the longer phonon lifetime of 2L- 

Te, which are attributed to the weaker anharmonicity in CC di- 

ection. Unexpectedly, κ⊥ is larger than κ‖ for 2L- αTe, leading to 

n anomalous thermal conductivity anisotropy. To gain insight into 

he microscopic mechanisms behind the enhanced thermal con- 

uctivity and the anomalous anisotropy from bulk Te to 2L- αTe, 

e further analyze the lattice structure, phonon spectrum, and 

honon properties. The direct reason for the abnormal anisotropy 

re the higher phonon group velocity and longer phonon life- 

ime in CC direction of 2L- αTe, which are attributed to the stiff- 

ned phonon and weaker phonon anharmonicity, especially for the 

igh-frequency LA modes and low-frequency optical modes rang- 

ng from 1.0 to 2.0 THz. The weaker anharmonicity and the stiff- 

ess of phonon are caused by the larger lattice shrink in CC di- 

ection and the bond angle change. Electron band structure, pDOS, 

OHP, IpCOHP, and ELF of 2L- αTe and bulk Te are further analyzed 

o obtain deeper understanding. The enhancement of CLQB are 

emonstrated. The origin of CLQB is discussed, which results from 

he wavefunction hybridization and lone electron pair interaction. 

ur study provides the comprehensive understanding for thermal 
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ransport properties of 2L- αTe, uncovers the origin of anomalous 

hermal conductivity anisotropy in 2D Te, and sheds light to the 

hermal management for electronic devices of other 2D materials. 
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