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Abstract

In two-dimensional materials, different atomic stacking induces anisotropic atomic interactions
and phonon dispersions, leading to the anisotropy of in-plane thermal transport. Here, we report
an exceptional case in layered pentagonal PdSe;, where the bonding, force constants, and lattice
constants are nearly-equal along the in-plane crystallographic axis directions, while the thermal
conductivity is surprisingly much greater along b-axis than along a-axis with a ratio up to 1.8.

Such strong anisotropy is not only unexpected in in-plane uniform structured materials, but also
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comparable to the record high in-plane anisotropic thermal conductivity in the nonuniform
structured material reported to date (the ratio is ~2.0 in TiS3). By combining the inelastic X-ray
scattering measurement and the first-principles calculations, we attribute such high anisotropy to
the low-energy phonons along a-axis, particularly their lower group velocities and “avoided-
crossing” behavior. The different buckling structures between a- (zigzag-type) and b-axis (flat-
type) are mainly responsible for such unique phonon dynamics properties of PdSe». This finding
helps to discover materials with high anisotropic in-plane thermal conductivity in uniform
structures and reveals new physics of anisotropy of in-plane thermal conduction. Due to the
unique features in structure and thermal transport properties, PdSe2 may serve as a new platform
for designing novel devices to route heat flow precisely at the nanoscale.

Keywords: anisotropy, thermal conductivity, phonon dispersion, inelastic X-ray scattering,

PdSe;

1. Introduction

Due to their excellent physical properties, low-dimensional materials play an irreplaceable role
in meeting the requirements of intelligent and miniaturized devices. Potential applications of
these materials have been studied in a variety of fields, such as electronics [ 1,2], sensors [ 3,4],
and spintronics [ 5]. However, controlling heat dissipation remains a challenge, making thermal
management an intriguing topic in optimizing the performance of the low-dimensional-materials-
based devices. In two-dimensional (2D) layered materials, the weak interlayer van der Waals
(vdW) interaction and the strong intralayer covalent bonds lead to highly anisotropic thermal
conduction between the out-of-plane and in-plane directions. In addition, the anisotropy of in-

plane thermal conductivity (IPTC) also exists in many 2D materia [ 6- 9]. Such anisotropy is



mainly attributes to the different structures in the basal plane. Generally, the softer bonds will
lead to lower thermal conductivity due to the lower phonon group velocity, while the harder
bonds behave the opposite result [ 10- 12]. For example, a record high anisotropy ratio of 2 has
recently been reported in the basal plane of titanium trisulfide due to the large difference of
bonding and lattice constants between a- and b-axis [9]. The thermal conductivity along the
tightly bonded atomic chains (b-axis) shows twice as large as that along the weaker bonding
interchain (a-axis) because the higher group velocity. In contrast, in the uniform honeycomb
structure systems, such as graphene (lattice constant is 2.46 A) [11], the IPTC is equal along the
crystallographic axes, while in the basal plane, the IPTC is lower along armchair direction than
zigzag direction due to the lower contribution from the localized phonon density of state, which
will induce low phonon group velocity along armchair-direction. Furthermore, in structures with
uniform bonds but with relatively large lattice constant ratio, such as honeycomb phosphorus
with a lattice constant ratio of 0.71 [10,11], the IPTC has similar behavior as that of graphene
along the zigzag and armchair directions. Therefore, even in relatively high symmetry in-plane
structures with uniform bonds and equal lattice constants, the IPTC may show an anisotropic
behavior if the phonon dispersions are different along the crystallographic axes. Yet, the strong
IPTC anisotropy along the crystallographic axes in the uniform in-plane structure is rarely
reported.

Recently, pentagonal-structure 2D materials, such as penta-graphene [ 13], penta-silicene [ 14],
and noble metal dichalcogenides (MX2) (M =Pt, Pd, and X =S, Se, Te) [ 15, 16], have become
the focus of interest due to their unique electrical, mechanical, and optical properties. Among
them, palladium diselenide (PdSe>) has been reported to show strong anisotropy of electrical

[17,18], optical [15,17], and thermoelectric properties [ 19]. Much work has focused on the



theoretical lattice dynamics calculations, but less was confirmed by measurements [ 20- 22].
PdSe: takes a puckered pentagonal structure with an orthorhombic lattice (a=5.75 A, b=5.87 A,
c=7.69 A, a/b=0.98) (Fig. 1a) [ 23], in which four Se atoms covalently bond the Pd atom with a
nearly-equal Pd-Se bond length (2.44 A /2.44 A = 1), bond strength (2.51 eV /2.50 eV = 1), and
bond force constant (4.18 eV A2/ 4.15 eV A2 = 1) [24], showing a nearly-uniform structure
along a- and b-axis (Fig. 1b). Surprisingly, a strong in-plane anisotropy of IPTC with a ratio up
to 1.4 has recently been reported by micro-Raman thermometry (MRT) [22] in layered
pentagonal PdSe;. However, the in-plane lattice dynamics is still not explored experimentally

and the microscopic mechanism of this strong thermal conductivity anisotropy is still unknown.

Here, we report a giant anisotropy of IPTC with a ratio up to ~ 1.8 in layered pentagonal PdSe»
over a wide temperature range. Using the inelastic X-ray scattering (IXS) and the first-principles
calculations, we find that such large anisotropic thermal conduction is closely related to the
different buckling structures in PdSe;. The puckered Se atoms make the [PdSe4] planes form a
zigzag-type chain along a-axis, which induces the flat low-energy (LE) phonon branch and the
avoided-crossing behavior in the phonon spectrum, both of which strongly suppresses the heat
transport. While the [PdSe4] planes form a flat-type chain along b-axis, which induces more

dispersive branches (higher group velocities), leading to higher thermal conductivity.



Fig. 1 Crystal structure of PdSe:. a and b are the front and top views of the crystal structure,

respectively. The nearly-equal Pd-Se bond lengths showing nearly-regular quadrilaterals. ¢ and d
are the side views, showing a zigzag-type pucker along a-axis and a flat-type pucker along b-

axis, respectively.

2. Results and Discussion

The IXS measurements were obtained using the high-resolution inelastic X-ray (HERIX)
spectrometer at the Advanced Photon Source (Supplementary Fig. 1, see Methods). Figure 2
shows the LE-phonon dispersions of PdSe> measured by IXS at room temperature along I'-X, I'—
Y, and I'-Z directions (a-, b-, and c-axis respectively in real space of orthorhombic structure),
overlaid with the calculated dispersions (the entire energy dispersions are shown in
Supplementary Fig. 2). It can be seen that the calculation is in excellent agreement with IXS
measurements, particularly along the interlayer direction (vdW forces) (Fig. 2c). The accurate
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modeling of the phonon dispersion is essential for the accuracy of the thermal conductivity
calculations. The acoustic phonons along I'-Z are much smaller than those in the basal plane,

due to the interlayer vdW interactions being weaker than the intralayer covalent bondings.
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Fig. 2 Phonon dispersions of PdSe2 measured at 300 K by inelastic X-ray scattering (IXS),
overlaid with the first-principles calculations (DFT). a, b, and c are the dispersions along I'—
X, I'-Y, and I'-Z, respectively (shown as solid lines). Points are the measurements, and solid
lines are the calculations. Blue triangle, red circle, green square, orange hollow diamond,

magenta hollow circle, and purple hollow square represent the flexural acoustic (ZA) mode,

transverse acoustic (TA) mode, longitudinal acoustic (LA) mode, transverse optical mode



vibrating along b-axis (TOy), the first transverse optical mode vibrating along c-axis (TO;1), and
the third transverse optical mode vibrating along c-axis (TO.3) in a. Blue triangle, red circle,
green square, orange hollow circle, magenta hollow square, and purple hollow triangle represent
the ZA, TA, LA, longitudinal optical (LO), TO.1, and TO,3 modes in b. Blue triangle, red circle,
green square, and purple hollow circle represent the transverse acoustic mode vibrating along b-
axis (TAy), transverse acoustic mode vibrating along a-axis (TAx), LA mode, and LO mode in c.
Error bars are the Gaussian fitting uncertainties. d Calculated low-energy phonon dispersions,

sorted by the phonon eigenvector. Black ellipses indicate the avoided-crossing behavior.

Interestingly, the LE-phonon branches along I'-X show significant differences from those along
I'-Y. For example, the flexural acoustic phonon (ZA) mode, a typical 2D materials featured
mode [ 25] in which the atomic vibration along c-axis direction, shows an anomaly along a- and
b-axis directions. ZA shows a linear dispersive curve along ['-X, while it is quadratic along I'-Y.
Such behavior is quite different from that in other uniform 2D-layered (e.g., uniform pentagonal
and hexagonal structures) and monolayered structures, where the ZA mode shows a quadratic-
like curve in the basal plane [13,14,25,26]. This dispersive difference results from the buckling
Se atoms in the zigzag- and flat-type chains (Figs. 1c and 1d), which form non-planar structures
in the basal plane, leading to the non-pure out-of-plane vibration of the atoms (deviate from c-
axis) near the zone center (q — 0) [27,28] (Supplementary Fig. 3 and Supplementary Table I).
Thus, the ZA branches are not purely quadratic near I'-point along ['-X and possess nonzero
group velocities [ 29]. In addition, the obvious avoided-crossing behavior [ 30,31] can also be
seen from phonon dispersion both along a- and b-axis directions (black ellipses in Fig. 2d). The

transverse acoustic (TA) branch along '-X is bent by the transverse optical mode vibrating



along c-axis (TO.1) and ends only at 3 meV at X-point, while TA phonon along I'-Y goes
straightly up to 9 meV, without such avoided-crossing behavior. The longitudinal acoustic (LA)
along I'-Y also shows avoided-crossing behavior with the TO,1 mode. The second-lowest energy
optical mode, identified as the longitudinal optical (LO) mode along ['-X and TOx mode along
I'-Y, exhibits a significant difference in slopes along the high-symmetry directions in the
calculation. While the lowest energy optical mode, behaving as the TOy mode along I'-X and the

LO mode along I'-Y, also shows moderate difference in slopes along the high-symmetry

directions.
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Fig. 3 Anisotropic thermal conductivity of PdSez. a Temperature-dependence of the
anisotropic lattice thermal conductivity from the Boltzmann transport equation (BTE)
calculations. b In-plane thermal conductivity anisotropy ratio of various 2D-layered materials
versus temperature. The samples used for measurements are 1.62 nm thickness for PdSe; [22],
150 nm for ReS; [34], 11.2 nm for Td-WTe>[32], 100 nm for TiS3 [9], 170 nm for b-P [7], bulk
for SnSe [8], and 124 nm thick nanoribbon for b-As [ 33]. Abbreviations: Thermal bridge (TB),

micro-Raman thermometry (MRT), graphene nanoribbon (GNR), molecular dynamics (MD),



laser flash apparatus (LFA), and time-domain thermoreflectance (TDTR). Grey shadow indicates

the result of this work.

After obtaining the accurate phonon dispersions, we then calculated the thermal conductivity of
PdSe>. As shown in Fig. 3a, it can be found that out-of-plane thermal conductivity is the smallest
one due to the weak vdW interaction. But surprisingly, the in-plane thermal conductivity shows
strong anisotropy, i.€., k» is much higher than x;, and the anisotropy ratio, x» /x4, is almost
constant at 1.8 over the temperature range of 300 ~ 800 K. This is quite unconventional because
PdSe: has nearly-uniform structure along the crystallographic axis, i.e. nearly equal in-plane
lattice constants, Pd-Se bond lengths, bond strengths and the bond force constants, but shows so
strong in-plane anisotropic lattice thermal conductivity. This anisotropy ratio is quite large and
comparable to some of the values in the most in-plane anisotropic layered materials, such as 1.6
for black phosphorus [7], 1.4 for ReS>[34], 1.3 for graphene nanoribbon [6], and even
comparable to the highest score of 2.0 for TiS3 up to date [9]. Table 1 lists the anisotropy of
IPTC in the materials shown in Fig. 3b, which shows the unique anisotropy in IPTC of PdSe;,
i.e., high IPTC anisotropy with nearly-equal in-plane lattice constants and the nearly-isotropic
bonding. This is completely different from the cases in ReS» and TiS3, where the difference
between the weak bonding and the covalent bonding directions induces the IPTC anisotropy, or
the case in the uniform graphene, where the IPTC anisotropy origins from the difference between

the zigzag- and armchair-directions.

Table 1. Anisotropic information of various 2D layered materials at room temperature. The

lattice ratios of GNR, b-P, and b-As are defined by the structure geometry.



IPTC (W/mK)

Materials In-plane directions  Lattice ratios IPTC ratios

a-axis b-axis
PdSe>  a-axis b-axis 0.98 17.45 30.70 1.79 this work

10.95 15.58 1.42 Exp.?

TiS;3 a-axis b-axis 0.69 2.84 5.78 2.04 Exp.®

ReS> a-axis b-axis 0.98 50 70 1.40 Exp.°

Td-WTe g-axis  b-axis 0.56 0.74 0.64 1.16 Exp.¢

SnSe c-axis b-axis 0.93 0.68 0.70 1.04 Exp.©

GNR  zigzag armchair 0.87 1300 1700 1.29 Cal.f
(armchair) (zigzag)

b-P zigzag  armchair 0.71 13.5 19.0 1.41 Exp.®
(armchair) (zigzag)

b-As zigzag  armchair 0.87 34 5.5 1.61 Exp.h

(armchair) (zigzag)

Refs.: *[22], ° [9], © [34], ¢ [32], ° [8], T [6], ¢ [7], " [33]

It should be mentioned that our calculation shows a moderate difference with previous
measurement in PdSe>, where an anisotropy ratio of IPTC up to 1.42 in the thin flake was
reported [22]. There may be two reasons for this discrepancy: (1) The thermal transport
calculation is based on ideal crystal rather than a thin flake. (As a comparison, a bulk single
crystal sample was used for IXS experiment.) For materials with moderate thermal conductivity
and good crystalline quality/large single crystal size, the contribution from phonon-boundary and
phonon-defect scattering is small. Thus, the phonon-boundary and phonon-defect scattering are
weak at high temperature and was ignored in our calculations, where phonon-phonon scattering
is the dominated mechanism. (2) Some limitations for micro-Raman technique, for example, the
nonequilibrium phonons and temperature and strain effects are unavoidable, which may lead to

inaccurate results [ 35,36].
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Fig. 4 Contributions to the anisotropic lattice thermal conductivity of PdSez. a Phonon
energy-dependence of the anisotropic cumulative lattice thermal conductivity at 300 K. The « is
normalized with the thermal conductivity along the corresponding crystallographic direction at
300 K. b Mode contribution to thermal conductivity along a- and b-axis. Light-pink and dark-

sea-green shadows represent the low-energy (LE)- and high-energy (HE)-phonons, respectively.

In order to explore the origin of the strong anisotropy in IPTC, the energy-dependent anisotropic
cumulative lattice thermal conductivities of PdSe> at 300 K are shown in Fig. 4a. It is found that
along a- and b-axis, the LE-phonons below 11 meV dominate the thermal conductivities by
accounting for 85% of the contribution, while the high-energy (HE, 11-32 meV) optical phonons
are responsible for the rest. Therefore, the main contribution to the anisotropy of the IPTC is
from the LE-phonons. To further distinguish the role of phonons in the anisotropic IPTC, we
calculated the mode contributions on the thermal conductivity (Supplementary Fig. 4) and
selected the specific mode contribution with the main contribution (x> 2 W/mK) to the
anisotropic IPTC, as shown in Fig. 4b. Interestingly, TA, LO, and TO, branches have
significantly greater values along b-axis, and respectively possess the anisotropy ratios of 5.57,

2.99, and 1.85, making them the main contribution to the anisotropic IPTC in PdSe». Such high
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anisotropy is in excellent consistent with the phonon dispersion difference for these three
branches. Other LE-phonons have a lower total anisotropic ratio of 1.23, while HE-phonons have
a comparable value along the two high-symmetry directions due to the flat dispersions.

We then explore the origin of such strong anisotropy of in-plane thermal conductivity in this
nearly-uniform structured material. We investigate the group velocity first since it directly

contributes to the anisotropy of thermal conductivity as [ 37]
_ 1 a_ f
Kep _gzcﬂzvﬂﬁ (1)
A
where ¢; is the specific heat capacity of phonon mode A, v¢‘”’is the group velocity of phonon

mode 4 along the o (f) direction, and z, is relaxation time of phonon mode A. The significant in-

plane phonon dispersion differences result in the high anisotropy in phonon group velocities. In
order to further evaluate the anisotropy of the group velocities of all phonon branches, we

calculated the energy-dependent average group velocity as [ 38]

v(a)): (VM) (a)):@_frj ;(Ej—"ié(mw’l)/zgf(w) (2)

where v is the group velocity of phonon mode A at wavevector q along the u-axis and gj(w) is the

phonon density of state of mode ;.

As expected, the group velocities along ['-Y are significantly higher than that along I'-X in the
energy range from 5 to 11 meV (Fig. 5a). Since the anisotropic IPTC is mostly from TA, LO,
and TO.1 as shown in Fig. 4b, we then investigate the group velocity of these three phonon
branches along a- and b-axis directions, as shown in Figs. 5b, 5c, and Supplementary Fig. 5. It

can be seen that our calculation shows good agreement with the IXS measurement at q = 0.1.

12



Both the q- and energy-dependent TA mode shows the large difference. Specifically, the group
velocity vra exhibits a knee point along ['-X due to the avoided-crossing behavior and thus has a
much lower value beyond q > 0.2, which contributes mostly to the strong anisotropy ratio of the
in-plane thermal conductivity. Two optical branches LO and TO.1, also showing large
differences in group velocity, significantly contribute to this anisotropic thermal conductivity.
Other LE-phonon branches have much lower contributions to this anisotropic thermal
conductivity due to the small group velocity difference along a- and b-axis directions

(Supplementary Fig. 5). Thus, the high group velocity difference in the TA, LO, and TO,1 modes

dominate the high anisotropy in IPTC of PdSe:.
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phonons between 5 and 10 meV. Yellow shadow is the guide for eyes. b and ¢, q-and energy-
dependent absolute values of phonon group velocities of the transverse acoustic (TA) mode,
longitudinal optical (LO) mode, and the first transverse optical mode vibrating along c-axis
(TO,1) along I'-X and I'-Y. Balls are the velocities extracted from inelastic X-ray scattering

(IXS)atq=0.1 (r.l.u.).

The effect of the phonon scattering rate on the anisotropic IPTC is also taken into account, as
shown in Fig. 6. The phonon linewidths, inversely related to the phonon relaxation time (2I" =

7 1) [39,40], were extracted from IXS data after deconvoluting with the instrument resolution by
Gaussian fitting. It can be seen that the calculated anharmonic scattering rates of the LE-phonons
are smaller than those from experiments due to the neglect of other scattering processes in
calculations (Fig. 6a), such as the phonon-defect scattering, phonon-interface scattering, and
phonon-boundary scattering. However, the mismatch between the measurement and calculation
has little impact on our discussion because the scattering terms are relatively low compared to
the large difference in group velocity, i.e., the scattering rates of the LE-phonons are weak,
compared to other strong anharmonic materials, such as SnSe, PbTe, and Pd>Ses [41]. Although
there still exists slight differences of scattering rates between I'-X and I'-Y directions (Figs. 6¢
and 6d), the scattering rates of LE-phonons are relatively low. On the other hand, they are much
lower than those of HE-phonons (Fig. 6b), making them unimportant to affect the thermal
conductivity in PdSe». In addition, the near-quadratic properties of the frozen phonon potentials
also indicate weak anharmonicity of the LE-phonons (Supplementary Fig. 6). Therefore, the low

linewidths of harmonic LE-phonons have little impact on the IPTC.
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Blue triangle, red circle, green square, and purple hollow circle represent the transverse acoustic
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mode vibrating along b-axis (TAy), transverse acoustic mode vibrating along a-axis (TAx), LA

mode, and LO mode in e. Error bars are the Gaussian fitting uncertainty.

As discussed above, the avoided-crossing behavior, mainly attributed to the structure geometry
[30,31,42,43] and the unique buckling structure of PdSe», is significant for lowering the group
velocities of TA and TO,1 branches along a-axis. Since the buckling structure induces varying
levels of axial deviation of atomic vibrations, the phonon dispersions are quite different along the
two in-plane high-symmetry direcctions [27-29]. In PdSe>, the vibration of the LE-phonons has
comparable displacements of heavier Pd and lighter Se atoms, especially for TA, LO, and TO~
mode (Supplementary Figs. 7-9). The deviations of Pd and Se atoms from the pure longitudinal
or transverse directions exist from zone center to zone boundary, leading to the large anisotropy
of dispersions along zigzag- and flat-type chains. Except for the ZA branch, LO is another
typical example showing the dispersion anisotropy caused by the buckling structure. Intuitively,
the atomic vibration along the flat-type chain is similar to the slide motion, while the atomic
vibration along the zigzag-type chain behaves the opposite motion, which undergoes large
resistance. Thus, the thermal conductivity is higher along b-axis than a-axis (Supplementary Fig.

8).

Table II. Mode force constants (meV/A?) of TA, LO, and TO,1 modes at q = 0 and 0.3 along the
two high-symmetry directions, obtained by the second derivation of the frozen phonon
potentials. Pd; (i = a, b, c¢) presented here as the reference of the atomic displacement in each

mode.

\kdﬁe\ TA LO TO,
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Pd, Pd. Pd, Pd, Pd. Pd.
I"-point
— — 320 170 260 260
Pds. Pd, Pduc Pds. Pd, Pd,
0.3
134 217 320 410 270 370

Here, the mode force constant (MFC), which is obtained by extracting the second derivative of
frozen phonon potentials in Supplementary Fig. 6, is used to briefly explain the effect of the
buckling structure in PdSe>. MFC reflects all the atomic vibration information in a specific
phonon mode, including the effect of the buckling atoms in a particular mode for the selected
momentum, and thus can evaluate the “strength” of the vibration of the phonon mode. Table II
lists the MFCs of the high anisotropic phonon branches TA, LO, and TO,1 modes at q = 0 and
0.3 along a- and b-axis. It is found that the vibration direction of Pd atoms changes with q, and
the MFC shows higher values along I'-Y than ['-X at q = 0.3. The anisotropy ratios for TA, LO,
and TO,1 mode are 1.6, 1.3, and 1.4, respectively, responsible for the difference in group

velocities along these two high symmetry directions.

3. Conclusion

In summary, a giant IPTC anisotropy with a ratio of about 1.8 is discovered in the pentagonal
structure PdSez. Unlike the most layered materials where the IPTC anisotropy originates from
the anisotropic structures, our findings show that the IPTC anisotropy in PdSe> emerges in the

nearly-uniform in-plane structure with nearly-isotropic bonding. The IXS measurements show a
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significant difference in the LE-phonon dispersions and the group velocities between along a-
and b-axis directions, further revealed by the first-principles calculations. The lower group
velocities and the avoided-crossing behaviors along I'-X, which is induced by the puckered Se
and Pd atoms in the zigzag-type chain, strongly suppress the lattice thermal conductivity along a-
axis. Our results reveal a new mechanism for anisotropic IPTC in the nearly-uniform structures
with nearly-isotropic bonding in 2D-layered materials and provide a theoretical basis for finding
relatively high symmetry in-plane structural materials with anisotropic thermal conductivity,
which are very promising for future thermal applications in novel electronic devices, such as
thermal diode, modulator, or waveguide, to confine the heat to flow at a particular direction.

4. Methods

4.1 Sample information

2D-layered PdSe; crystal in this work was purchased commercially, which were grown by the
chemical vapor transport method [ 44]. High purity Pd and Se powders were weighted out in
stoichiometric ratio of PdSe», and then they were loaded into quartz tubes under vacuum. The
tubes were slowly heated to 1073 K and soaked at this temperature over 100 h for fully melting
and decompositing the powders. Then, the furnace was cooled to 923 K to make the gas
depositing into crystals for 150 h, followed by cooling down to room temperature. The
microscopic structure and the related properties could be found in Ref. [44]. The quality of the
single crystal was re-checked before the IXS experiment by X-ray diffraction shown in
Supplementary Fig. 1. The full width at half maximum (FWHM) of the X-ray diffraction peak at

(002) plane is 0.24 + 0.01°, indicating the high quality of the single crystal for IXS measurement.

4.2 Inelastic X-ray scattering
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The LE-phonon dispersions were measured at room temperature by IXS experiment conducted at
30-ID-C (the High-resolution Inelastic X-ray Scattering beamline, HERIX) at the Advanced
Photon Source (APS). A single crystal of PdSe> with 60 um thickness was attached to a copper
post by varnish (inset in Supplementary Fig. 1). The incident photon energy was 23.7 keV with
an energy resolution AE of 1.2 meV. The IXS measurements were accomplished at constant
wavevector mode in transmission geometry. The orientation matrix was defined by using Bragg

peaks at (2 0 0), (02 0), and (0 0 2).

4.3 First-principles calculations

First-principles calculations were performed based on the density functional theory (DFT) in the
projector-augmented wave (PAW) [ 45] framework as implemented in the Vienna Ab Initio
Simulation Package (VASP) [ 46]. The generalized gradient approximation (GGA) of Perdew-
Burke-Ernzerhof (PBE) to the exchange-correlation functional was used, and the energy cut-off
of 600 eV was set for the plane-wave basis. We used optPBE functional [ 47] to evaluate the
vdW force for the layered structure PdSe,. The Brillouin zone of the reciprocal space was
sampled by a I'-centered grid of 5 x5 x 4. The force components of each atom are smaller than
0.001 eV/A, and the difference of total energy is less than 10 eV during the relaxation of atomic
positions. The experimental lattice constants were used in the calculation, where a = 5.741 A, b
=5.868 A, and ¢ = 7.705 A. The Phonopy code [48] was used to calculate the phonon dispersion
of layered PdSe». In the approach, the second-order interatomic force constants (IFCs) were
computed by the finite difference method in a 2 x 2 x 2 supercell. The phonon transport
properties were obtained by solving the phonon Boltzmann transport equation (BTE)

implemented in the ShengBTE package [ 49]. The fourth-nearest neighbor interactions were
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considered to capture the basic phonon scattering processes embedded in this software to

calculate the anharmonic IFC.
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Supplementary Fig. 1 shows the sample information of PdSe» for IXS measurements. The narrow

full-width-at-half-maximum (FWHM) indicates the high quality of the crystal.
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Supplementary Fig. 1 Rocking curve of PdSe: single crystal for Bragg peak at (002) showing
the high quality of the sample. Inset is the exploited sample with 60 um thickness attached on a
copper post for IXS measurement.
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Supplementary Fig. 2a shows the calculated phonon dispersions of PdSe» throughout the Brillouin
zone (Supplementary Fig. 2b), which is sorted by three groups based on the phonon energy, i.e.,
the low-energy (LE) phonons (including the acoustic and LE-optical phonons) with dispersive

branches, the middle-energy (ME) and the high-energy (HE) phonons with non-dispersive

branches.
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Supplementary Fig. 2 Entire phonon dispersion (a) and the Brillouin zone (b) of PdSe:. Light-
pink and dark-sea-green shadows represent the LE- and HE-phonons, respectively.
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Supplementary Fig. 3a shows the degree of the derivation of the real part in ZA mode eigenvector
heavier Pd atom. The larger derivation along '-X indicates the linear-like dispersion of ZA, while
the little derivation along I'-Y indicates a non-pure quadratic dispersion of ZA. Supplementary
Figs. 3b and 3¢ show the vibration pattern of ZA along a- (upper) and b-axis (bottom) at q = 0.1

and 0.4, respectively. It can be seen that Pd and Se atoms have similar displacements, and the

derivation of the atoms from c-axis is larger along a-axis than b-axis.
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Supplementary Fig. 3 Deviation of the real part of the eigenvector from c-axis of the atoms

in ZA modes. a Degree of the derivation of Pd atoms along '-X and I'-Y directions. b and ¢ are
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the vibration pattern of ZA mode along a- and b-axis at q = 0.1 and 0.4, respectively. Blue balls
represent the Pd atoms, and green balls represent the Se atoms. Arrows are the displacement of
each atom.

Supplementary Fig. 4 shows the difference between each mode contribution to thermal
conductivity along a-, b- and c-axis. It can be seen that 1°-8™ modes (LE-phonon energy region)
contribute more to the thermal conductivity. The mode contributions along a- and b-axis are higher
than that along c-axis due to the weak interlayer van der Waals interactions. The difference
between along a- and b-axis is mainly caused by 1°-8™ modes discussed in detail in the main text.
In LE-phonons, TA (2°), LO (5" mode along a-axis and 4™ mode along b-axis), and TO,1,3 (61—

8" modes) possess higher anisotropy, which are mainly responsible for the high anisotropy of

IPTC in PdSe:.
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Supplementary Fig. 4 Mode contribution of each phonon branch on the thermal conductivity
along a-, b-, and c-axis. Light-pink and dark-sea-green shadows represent the LE- and HE-
phonons, respectively.
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Supplementary Fig. 5 shows the q- and energy-dependent phonon group velocities of ZA, LA,
TOyy, TO2, and TO3 branches along '-X and I'-Y. The group velocity of ZA mode shows a
near-constant value along I'-X, while it monotonically increases along I'-Y. It should be noted
that ZA mode has higher group velocity along '-X than along I'-Y near zone center due to its
linear dispersion behavior, as confirmed by the extracted velocities from IXS measurements. LA
branch has a drop due to the avoided-crossing behavior. The group velocity of TOx has a higher
value than that of TOy over the q and energy region, while the group velocities of TO,2 and TOz

possess comparable values between the two axes directions.
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Supplementary Fig. 5 q- (a) and energy-dependent (b) absolute values of phonon group
velocities of ZA, LA, TOxy, TOz, and TOz branches along I'-X and I'-Y. Balls are the
velocities extracted from IXS at q = 0.1 (r.Lu.).

Supplementary Fig. 6 show the frozen phonon potentials of the LE-optical modes along X-T-Y

direction. It is found that all the LE-optical modes exhibit weak anharmonicity due to the near-

quadratic profile.

29



* ZA_g=0.3 e ZA_g=0.1 e ZA_g=0.1 o ZA_g=03
T 0.6 Quadratic 08 Quadratic 0.6 Quadratic 0.8 Quadratic
£
2
3 04 0.4 0.4 0.4
£
>
2
@ 02 0.2 0.2 0.2
c
i .—n"“.’/’/‘
0.0 0.0 0.0 0.0
0.0 0.1 02 0.0 0.1 0.2 0.0 0.1 0.2 0.0 0.1 0.2
Pd along ¢ (A) Pd along ¢ (A) Pd along ¢ (A) Pd along ¢ (A)
b
151 o TAg=03 15 o TA_g=0.1 15 o TA_g=0.1 151 o TAg=03
= Quadratic Quadratic Quadratic Quadratic
E1z 12 12 12
2
g
3¢ 9 El 9
£
=
) =] B 6 6
s}
c
O oaf -M./ 3 3 3 w.‘.'/"
0 0 Q )
0.0 0.1 02 0.0 0.1 0.2 00 0.1 02 00 0.1 0.2
Pd along be (A) Pd along b (A) Pd along a (A) Pd along a (A)
c
151 o L0 g=03 51 o L0 g=0.1 "8I e r-point 15r o 70, g=0.1 5 o TO,_g=03
—_ Quadratic Quadratic Quadratic Quadratic Quadratic
E 12 12 12 Quadratic 12r 12
k] +cubictquartic
%9 9 9 9 9
£
>
<) 6F 6 6 ] 6
3]
=
i ) ....»"'...‘. 3 1 __...-'".# 3
0 0 1] 0 a
00 2 00 01 02 0.0 0.1 Q2 00 0.1 02 0.0 01 02
Pd alang ac . Pd along ac (A} Pd along a (A) Pd along a (A) Pd along a (A)
15F o TO,_g=03 51 e TO,_g=0.1 15T o Tpoint 5 e 710,_g=0.1 5 e 70,6203
—_ Quadratic Quadratic Quadratic Quadratic Quadratic
E12 12 12 Quadratic 12 12
@ +cubic+quartic
3 e ] 9 9 9
E
5 BF 8 6 ] 6
2
o st 3 A"'.-"f’. 3 3 M_‘.d'dj 3
0 Q 0
O{) DDD 01 02 oK) 0.1 0.2 0.0 0.0 0.1 02
Pd along b (A Pd along ac (A) Pd along ¢ (A) Pd along cl) Pd along b (A)
e
15t o TO, q=03 151 & TO, g=0.1 51 o r-point 151 o 710, g=0.1 5 o TO, g=0.3
= Quadratic Quadratic Quadratic Quadratic Quadratic
E12 12f 12 Quadratic 12 12
i +cubic+quartic,
%9 gl ] 9 El
£
56 3 6 6 6
2
w 3 3t 3 3 3
Q Q Q a Q
00 0.0 0.1 0.2 0.0 0.1 0.2 0.0 0.0 0.1 0.2
Pd along ac (; Pd along ¢ (A) Pd along ¢ (A) Pd a\cng c Pd along ¢ (A)
f
15 ® TO,, g=0.3 151 o TO,, q=0.1 15, I-point 18 . TO,, g=01 e gi;‘;.:;g 3
= Quadratic Quadratic Quadratic Quadratic
£12 12 12 Quadratic 12 12
= +cubictquartic
%9 S 9 9 )
£
>
o 6 ] 3] 6 [}
[
=
w3 3 3 3 3
Q 4] L - 0 0 0
oo 0o 0.1 02 0.0 0.1 02 0.0 0.0 0.2
Pd a\eng ac (; Pd along ¢ (A) Pd along ¢ (A) Pd along cl Pd a\cng c(A)

Supplementary Fig. 6 Frozen phonon potentials of the LE phonons along the g-path,
indicating the harmonic behavior of these modes. a, b, ¢, d, and e are the potentials of the 2™
(TA), 5" (LO along I'-X and TOx along I'-Y) 6" (TOz), 7" (TOz), and 8" (TOz3) modes at g-
points along X-I'-Y direction from left to right, respectively.

Supplementary Figs. 7-9 show the vibration patterns of TA, TO, LO, and TO,1 modes, respectively.

In TA, due to the avoided-crossing around q = 0.3 along I'-X, there is a significant difference
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between the atomic vibrations in the zigzag and flat puckers. In LO, it is found that the atoms
vibrate nearly along the zigzag edge directions along a-axis, especially at high q-points, leading
to a "wave-like" dispersive behavior along I'-X. However, they vibrate nearly along b-axis,
leading to a conventional dispersive mode along I'-Y, and thus the anisotropic phonon dispersion
behavior. In TO,1, the atoms show a typical feature of the out-of-plane vibration mode at q = 0.1.
At q = 0.3, due to the avoided-crossing along both '-X and I'-Y, the atoms show TA vibrations
in the zigzag puckers while they show LA vibrations in the flat puckers. Therefore, the bucking

structure induces significant differences in phonon dispersions between ['-X and I'-Y.

| 2 . o ; ®. " e ~AO 0 O~ 0 @
b @ @ t @ @ O { e @
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TA mode

Supplementary Fig. 7 Vibration patterns of TA mode along a- and b-axis at q = 0.1 (a) and
0.3 (b), respectively.
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LO mode

Supplementary Fig. 8 Vibration patterns of LO mode along a- and b-axis at q = 0.1 (a) and
0.3 (b), respectively.
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Supplementary Fig. 9 Vibration patterns of TOz1 mode along a- and b-axis at q = 0.1 (a)
and 0.3 (b), respectively.
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Supplementary Table I lists the real parts of the eigenvectors of Pd atoms in ZA mode along a-
(zigzag) and b-axis (planar) directions, based on which Supplementary Fig. 3 was obtained.

Supplementary Table 1. Real parts of the eigenvectors of Pd atoms along zigzag and planar
directions.

Real part of the eigenvectors (A)

q-points Directions
X Y z
Zigzag -0.0013 -0.0032 0.3185
o1 Planar -0.0003 -0.0058 0.3168
Zigzag 0.0031 0.0053 -0.3229
02 Planar -0.0007 0.0096 -0.3164
Zigzag 0.005 0.0059 -0.334
02 Planar 0.0002 0.0123 -0.3175
Zigzag -0.0076 -0.0053 0.3543
04 Planar 0.0021 -0.0145 0.3228
Zigzag -0.0371 0.0549 0.5261
0 Planar -0.0114 0.022 -0.4744
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