
Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 2
8 

A
pr

il 
20

25
. D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

5/
20

25
 8

:1
5:

57
 P

M
. 

View Article Online
View Journal
Asymmetric elec
aState Key Laboratory of Advanced Design an

College of Mechanical and Vehicle Engineeri

P. R. China. E-mail: gzqin@hnu.edu.cn
bKey Laboratory of Materials Physics, Mi

Zhengzhou University, Zhengzhou 450001, P
cGreater Bay Area Institute for Innovation,

Guangdong Province, China

† Electronic supplementary informa
https://doi.org/10.1039/d5ta01579k

Cite this: DOI: 10.1039/d5ta01579k

Received 25th February 2025
Accepted 23rd April 2025

DOI: 10.1039/d5ta01579k

rsc.li/materials-a

This journal is © The Royal Society
tron distribution induced
intrinsically strong anisotropy of thermal transport
in bulk CrOCl†
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Jian Zhou, a Zhenzhen Qin b and Guangzhao Qin *ac

Anisotropic heat transfer offers promising solutions to the efficient heat dissipation in the realm of

electronic device thermal management. However, the fundamental origin of the anisotropy of thermal

transport remains mysterious. In this paper, by combining the frequency domain thermoreflectance

(FDTR) technique and first-principles based multiscale simulations, we report the intrinsic anisotropy of

thermal transport in bulk CrOCl, and further trace the origin of the anisotropy back to the fundamental

electronic structures. The in-plane and cross-plane thermal conductivities (k) at 300 K are found to be

21.6 and 2.18 W m−1 K−1, respectively, showcasing a strong kin-plane/kcross-plane ratio of ∼10. Deep analysis

of orbital-resolved electronic structures reveals that electrons are mainly distributed along the in-plane

direction with limited interlayer distribution along the cross-plane direction, fundamentally leading to the

intrinsic anisotropy of thermal transport in bulk CrOCl. The insight gained in this work would shed light

on the atomic-scale design of advanced thermal functional materials.
Introduction

The escalating power density and operating frequency of power
electronic equipment have recently triggered a commensurate
surge in the thermal output of semiconductor devices during
high-power operations, thereby accentuating the prominence of
heat dissipation challenges.1–10 To ensure the consistent and
reliable performance of semiconductor device chips, heat
dissipation is required to be managed skillfully and
effectively.11–15 Notably, anisotropic materials have superior
heat transfer capabilities to eliminate hotspots along the fast-
axis (with high thermal conductivity k) and provide thermal
insulation along the slow-axis (with low k),16,17 which has the
potential to facilitate directional heat transfer and signicantly
enhance the thermal management and overall thermal dissi-
pation efficiency. Consequently, the exploration and develop-
ment of materials characterized by anisotropic heat transfer
capabilities have emerged as a promising approach for
addressing thermal challenges and for practical applications in
heat dissipation and advanced thermal management of
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electronic devices. However, although there has been some
research on thermal transport anisotropy, it lacks systematic
and in-depth exploration. Moreover, the fundamental origin of
the anisotropy of thermal transport remains mysterious.

To date, the common techniques for measuring anisotropic
thermal conductivity based on electrothermal and optical pump
probe principles include the 3-omegamethod,18,19 micro-Raman
thermometry,20 microfabricated suspended devices,21

frequency-domain thermoreectance (FDTR),22–28 time-domain
thermoreectance (TDTR),29–31 etc. Among these measurement
methods, the FDTR possesses the advantages of low costs and
simplicity of operation without the requirement of complicated
microfabrication compared to 3-omega, micro-Raman ther-
mometry, and microfabricated suspended device methods, and
no need for ultrafast pulsed laser or a delay stage in comparison
to TDTR. Moreover, the FDTR method has the ability to
simultaneously characterize the in-plane and cross-plane
thermal conductivities by tting the thermal model at a wide
range of modulation frequencies. Thus, it is of signicant
advantage to employ the FDTR technique to characterize the
anisotropic thermal conductivity of materials.

Additionally, the recently emerged rst-principles calcula-
tions offer a profound fundamental analysis for understanding
and forecasting the thermal transport properties of materials
from the fundamental level of atomic and electronic
structures.32–35 When integrated with nite element models
(FEMs), it further enables multiscale research spanning from
the microscopic to the macroscopic level. Compared to molec-
ular dynamics (MD) simulations using empirical potentials to
J. Mater. Chem. A
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model interatomic interactions36–38 and experiments with the
requirement of equipment and surroundings, rst-principles
based multiscale simulations offer both accuracy and cost-
effectiveness, serving as a powerful tool for the study of
thermal transport properties.

Layered van der Waals (vdW) materials are of great interest
in the eld of anisotropic heat transfer and thermal
management,17,29,39–47 such as graphite29,39 and few-layer gra-
phene,44 transition metal dichalcogenides (TMDs) MoX2 (ref. 40
and 41) and WX2 (ref. 41–43) (X = S, Se, Te), black phosphorus
(BP)45 and phosphorene,46 etc. The sublayers in vdW materials
are connected by vdW forces, and the weak interlayer vdW
interactions usually result in the lower thermal conductivity
along the cross-plane direction compared to the in-plane
direction.40 As one of the representative vdW materials, the
bulk CrOCl with antiferromagnetic (AFM) properties has
garnered much attention due to the potential applications in
spintronics, optoelectronics, and nanoelectronics.48–52 The
anisotropic layered vdW structure makes it a competitive
candidate for anisotropic heat transfer applications. Very
recently, Guo et al. fabricated MoS2/CrOCl heterostructures to
recongure the carrier polarity in MoS2 from n- to p-type via
strong vdW interfacial coupling, enabling the construction of
vertically integrated complementary logic circuits with stable
performance.53 Since effective thermal management is essential
to ensure device stability and prolonged lifetime in high-
performance nanoelectronic devices, understanding the aniso-
tropic thermal transport properties of CrOCl is of great signi-
cance to optimize the thermal management and improve the
performance of heterojunction devices. However, to date,
systematic investigation on the anisotropic thermal transport
properties of bulk CrOCl is still lacking, which hinders its
practical applications. Particularly, previous research on the
anisotropic thermal conductivity of materials has predomi-
nantly employed either experimental measurements39,41,42 or
theoretical calculations,32–34 with relatively limited exploration
into combining both methods to investigate anisotropic
thermal transport properties and fundamentally uncover the
underlying mechanisms. Moreover, previous studies on aniso-
tropic thermal transport primarily focused on the phonon
thermal transport level.32,33 Gaining deep insight from the
electronic structure level could provide new physics of aniso-
tropic thermal transport. Thus, investigating the intrinsic
anisotropic thermal conductivity of bulk CrOCl and its under-
lying fundamental physical mechanisms by combining both
experimental measurements and theoretical calculations is in
urgent demand, which is vital for the advanced thermal
management in nanoelectronic devices.

In this study, by utilizing the FDTR experimental technique
combined with the rst-principles based multiscale simula-
tions, we explore the intrinsic anisotropic thermal transport
properties of bulk CrOCl. The in-plane and cross-plane thermal
conductivities of bulk CrOCl at 300 K are measured by FDTR,
which are further veried by rst-principles calculations. To
reveal the underlying physical mechanisms and the origin of
anisotropy in thermal transport, the mechanical properties,
phonon transport properties, and electronic structures of bulk
J. Mater. Chem. A
CrOCl are further examined. It is found that the asymmetric
electron distribution fundamentally induces intrinsic anisot-
ropy of thermal transport in bulk CrOCl. Finally, the FEMs are
established to simulate the anisotropic thermal transport at the
device level. Our study provides insights for a deep under-
standing of the anisotropic thermal transport properties of bulk
CrOCl, which holds signicant promise for practical applica-
tions in directional heat transfer and advanced thermal
management.

Results and discussion

The vdW bulk CrOCl with the Pmmn space group possesses an
orthorhombic structure and exhibits AFM semiconductor
properties.51,52,54 Fig. 1(a) demonstrates that the primitive cell of
bulk CrOCl consists of two Cr, two O, and two Cl atoms, where
each Cr atom is bonded by the neighboring four O and two Cl
atoms. The Cr–O double sublayers are sandwiched between two
Cl atom sublayers. Moreover, the primitive cell features the 2D
rectangle sublattice in the a–b plane and a large vdW gap along
the c-axis. The optimized lattice constants are a = 3.256 Å, b =

3.940 Å, and c = 7.820 Å, which are in good accordance with
previous results.51,54 Upon analyzing the photograph and scan-
ning electronmicroscopy (SEM) images of the bulk CrOCl single
crystal sample across various scales [Fig. 1(b) and (c)], it is
evident that the surface exhibits a remarkably smooth
morphology at the microscale. This feature provides a solid
foundation and ensures the reliability of the FDTR measure-
ments. For further analyzing the chemical composition of the
sample, the energy-dispersive X-ray spectroscopy (EDS) was
used to obtain elemental maps of Cr, O, and Cl, as exhibited in
Fig. 1(d)–(g). It can be observed that these elements are
uniformly distributed in the sample, conforming to the chem-
ical stoichiometric ratio. As shown in Fig. 1(h), the Raman
spectrum of bulk CrOCl contains three main Ag modes, which
are located at 206.5 (A1g), 413.3 (A2g), and 457.6 cm−1

(A3g), agreeing well with previous reports.48,50 Moreover, the
phase purity of the as-grown crystals was veried by X-ray
diffraction (XRD), as depicted in Fig. 1(j). The exclusive pres-
ence of the (00L) diffraction peaks conrms that the crystal
surface is oriented perpendicular to the crystallographic c-axis.
Furthermore, the observed sharp peaks and equivalent Bragg
surfaces of (001), (003), (004), and (005) planes demonstrate the
high crystallinity of the synthesized single crystal. The results
agree well with the previously reported peaks in the literature.55

To conrm the dynamical and thermal stabilities of bulk
CrOCl, the phonon spectrum was calculated and ab initio
molecular dynamics (AIMD) simulations at 300 K were also
conducted. The results as shown in Fig. 1(i) and (j) indicate that
no imaginary frequency is observed, and the free energy uc-
tuates within a narrow scope. It is also found that the equilib-
rium structure is found without signicant distortion or bond-
breaking, implying that the bulk CrOCl is dynamically and
thermally stable. Besides, as conrmed by the Born stability
criteria,56 the bulk CrOCl satises all required conditions (Table
S3†), clearly demonstrating the mechanical stability of bulk
CrOCl. Moreover, the optical phonon branch frequencies with
This journal is © The Royal Society of Chemistry 2025

https://doi.org/10.1039/d5ta01579k


Fig. 1 (a) The side and top views of the crystal structure of bulk CrOCl. The blue, red, and green balls denote Cr, O, and Cl atoms, respectively. (b)
The photograph of the CrOCl sample. (c) The SEM images of the bulk CrOCl single crystal sample. (d) The SEM image of the analyzed area and the
corresponding elemental distribution of (e) Cr, (f) O, and (g) Cl in the related area by EDS. (h) The Raman spectrum of the CrOCl sample. (i) The
calculated phonon spectrum of bulk CrOCl, where the optical phonon branches with Raman activity are highlighted by the gray region. (j) The
XRD pattern of the CrOCl sample and AIMD simulations of total energy fluctuation in bulk CrOCl lasting for 10 ps with a step of 1 fs at 300 K.
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Raman activity are highlighted by the gray region in phonon
dispersions, which correspond essentially to the three peaks of
the Raman spectrum [Fig. 1(d)]. Note that the acoustic phonon
branches of TA (transverse acoustic branch) and LA (longitu-
dinal acoustic branch) along the G–X, G–Y, and G–Z directions
(in accord with the x, y, z directions in real space) exhibit
a distinct slope with the steepest along the G–X direction, then
G–Y direction, and the smallest along the G–Z direction. Due to
the distinct slopes of the phonon dispersion along different
directions arising from the vdW feature in the lattice, the
phonon group velocities will be also different, promising that
the bulk CrOCl is an anisotropic thermal conductivity material.

The heat transfer properties of materials are signicant for
the application in the elds of advanced thermal
management1–4 and thermoelectrics.5 To study the thermal
transport properties of bulk CrOCl, we utilized the FDTR tech-
nique to experimentally measure its thermal conductivity, and
deep analysis was achieved by rst-principles based multiscale
simulations.

The FDTR technique was employed to characterize the
thermal transport properties of materials using two continuous
wave laser beams as the pump beam and probe beam,22–27

respectively. Fig. 2(a) and (b) display the schematic of the FDTR
setup and beam offset measurement of the focused probe spot's
radius. For accurate measurements, the sample is coated with
a thin Au layer (∼100 nm) as the transducer layer. The Au layer
efficiently absorbs a considerable percentage of the pump
This journal is © The Royal Society of Chemistry 2025
laser's intensity, causing a gradual temperature increase and
the formation of a temperature gradient spreading to the
underlying sample.27 The temperature change of the sample
surface induces a corresponding change in its optical reec-
tivity, resulting in variations in the modulated intensity of the
continuous-wave probe laser reected from the layer surface.
The lock-in amplier is used to record the amplitude and phase
of the reected optical signal at multiple pump beam modula-
tion frequencies. Moreover, the phase lag between the pump
and probe beam is also measured, where the pump signal is
regarded as the reference signal. To acquire the thermal trans-
port properties of the sample such as the k and thermal
boundary conductance (TBC), the layered heat diffusion
model28 is employed with the requirement of material param-
eters such as the heat capacity and layer thickness.

Fig. 2(c) shows the measured phase data with respect to
modulation frequency from 1 kHz to 50 MHz for the bulk CrOCl
sample. The thickness, heat capacity, and thermal conductivity
of Au and the heat capacity of bulk CrOCl are derived by
experimental measurements and theoretical calculations. Thus,
the remaining parameters to be determined are the k of bulk
CrOCl and the TBC of the Au/CrOCl interface, with a focus on
the in-plane and cross-plane k of bulk CrOCl. To ensure the
accuracy of the measured thermal conductivity, we performed
six independent measurements at random points on the bulk
CrOCl sample. Fig. S1† shows the phase signals for the six
independent measurements and Fig. 2(d) displays the results of
J. Mater. Chem. A
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Fig. 2 (a) Schematic of the FDTR setup and sample configuration. (b) Beam offset measurement of the focused probe spot's radius in both x and
y directions. (c) FDTR phase data with respect to frequency from 1 kHz to 50 MHz for the 100 nm Au coated CrOCl sample at 300 K. (d) In-plane
and cross-plane thermal conductivities by fitting the FDTR thermal model for six independent sample points. (e) Sensitivity of the thermal phase
to thermal transport properties as a function of frequency. The spot radius used for sensitivity analysis is ∼3.6 mm based on the beam offset
measurements.
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in-plane and cross-plane thermal conductivity tted by the
FDTR thermal model for six independent sample points. The
average cross-plane k is measured as 2.18± 0.01Wm−1 K−1 and
in-plane k is 21.6 ± 0.68 W m−1 K−1 for bulk CrOCl. It is found
that the k of bulk CrOCl along the in-plane direction is much
larger than that along the cross-plane direction, which shows
a strong anisotropy and the anisotropy value of kin-plane/kcross-
plane is about 10. Moreover, sensitivity analysis is carried out to
determine the sensitivity of the measured phase signals to the
various parameters of Au/CrOCl, including the in-plane k, cross-
plane k, and TBC, as plotted in Fig. 2(e) and S2.† The results
show that the modulation frequency has a signicant impact on
the recorded phase signal's sensitivity. The cross-plane k is
mainly extracted from the model t at a high frequency range
(1 MHz to 50 MHz), while the in-plane k is extracted at a low
frequency range (1 kHz to 1 MHz). Our measured signals cover
a frequency range that includes both in-plane and cross-plane
thermal conductivity sensitive intervals, ensuring the reli-
ability of measurement results. In short, based on the FDTR
measurements, the bulk CrOCl is an anisotropic thermal
conductivity material with promising applications in direc-
tional heat dissipation and advanced thermal management of
electronic devices.

To further study the anisotropic thermal conductivity of bulk
CrOCl and uncover the origin of the anisotropic thermal
transport properties, rst-principles calculations are performed
and the k of bulk CrOCl is obtained through solving the phonon
Boltzmann transport equation (BTE) using ShengBTE code.57

Since the main heat carriers in semiconductors are phonons
and the contribution of electrons to the thermal conductivity is
negligible, we mainly focus on the lattice thermal conductivity
J. Mater. Chem. A
in the following discussions. The calculated thermal conduc-
tivities of bulk CrOCl are compared to the experimental results.
Moreover, deep analysis is performed to achieve fundamental
understanding on the anisotropic thermal transport properties.

To ensure the calculation accuracy of lattice thermal
conductivity of bulk CrOCl, the convergence of k is fully tested
on the basis of cutoff distance, nearest neighbor and Q-grid, as
shown in Fig. 3. The interatomic interactions include the
harmonic interatomic force constants (second-IFCs) and high-
order IFCs (third-IFCs and higher). A long enough cutoff
distance is key to obtaining converged k. However, it is highly
resource consuming to acquire the high-order IFCs compared to
the harmonic IFCs. Thus, the root-mean-square (RMS) for
harmonic IFCs is utilized to evaluate the cutoff distance based
on the estimation of the distance dependent strength of inter-
atomic interactions. The RMS of elements is expressed as:58,59

RMS
�
Fij

� ¼
"
1

9

X
a;b

�
Fij

ab
�2#1

2

; (1)

where Fij
ab is the second-order IFCs tensor, representing the

harmonic response of the force acting on atom i (a-direction)
induced by the inuence of atom j (b-direction) displacement. A
large RMS(Fij) valuemeans the strong anharmonic interactions.
Fig. 3(a) shows that the RMS(Fij) of bulk CrOCl decreases with
the cutoff distance increasing, which converges when the
distance reaches 4 Å. As shown in Fig. 3(b), the k decreases with
the increasing nearest neighbors due to the fact that more
interatomic interactions and phonon–phonon scattering are
considered, where the convergence trend agrees very well with
the distance dependent strength of interatomic interactions
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) The RMS with respect to the cutoff distance. (b) Convergence of the thermal conductivity with the nearest neighbor. (c) Convergence
of the thermal conductivity with theQ-grid. The grey areas mark the converged value. (d) In-plane and cross-plane thermal conductivity of bulk
CrOCl at 300 K from FDTR measurements and DFT calculations. Temperature-dependent (e) thermal conductivities and (f) anisotropic ratio kin-

plane/kcross-plane. (g) Measured intrinsic anisotropic thermal conductivities of typical bulk materials29,40,41,43,45,60–66 via various experimental
methods. (h) Calculated anisotropic Young's modulus of typical bulk materials.34,67–70 (i) The relationship between the anisotropy of Young's
modulus and thermal conductivity. The dashed lines refer to the constant ratio of anisotropy of R (dividing the y-coordinate by the x-coordinate).
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[Fig. 3(a)]. Moreover, we test the Q-grid to ensure the k tends to
remain stable, as shown in Fig. 3(c). With a full convergence test
on the basis of nearest neighbors and Q-grid, the results show
that the 7th nearest neighbor corresponding to the cutoff
distance with 4.18 Å is enough to describe the anharmonic
interatomic interactions and acquire the converged k.

The k of bulk CrOCl at 300 K is predicted to be 23.2 and 2.31
W m−1 K−1 along the in-plane and cross-plane directions,
respectively, agreeing well with the experimentally measured
results, as shown in Fig. 3(d). The calculated results demon-
strate that the experimentally measured thermal conductivity of
CrOCl using the FDTR is reliable. Additionally, the temperature-
dependent thermal conductivity change curves are shown in
Fig. 3(e), which basically agree with the T−1 decreasing law. The
results reveal that the phonon Umklapp scattering is dominant
in the phonon scattering processes. Besides, the k of CrOCl
exhibits strong anisotropy along the in-plane and the cross-
plane directions with the anisotropic ratio being ∼10. It is
observed that the anisotropic ratio kin-plane/kcross-plane slightly
decreases with decreasing temperature as plotted in Fig. 3(f).
The decreased anisotropy at low temperatures could be due to
This journal is © The Royal Society of Chemistry 2025
the different cutoff frequencies of the LA branches along in-
plane and cross-plane orientations, resulting in variable
phonon scattering and then inuencing thermal conductivity.
Specically, along the in-plane direction, because of the higher
cutoff frequency, the peak of phonon thermal conductivity
occurs more rapidly as the temperature decreases. With
approaching the peak, the increase of thermal conductivity
slows down. Consequently, the anisotropy of thermal conduc-
tivity decreases with the decreasing temperature.

To further study the anisotropy of thermal transport in bulk
CrOCl, we collect in Fig. 3(g) the anisotropic thermal conduc-
tivities of bulk vdW materials such as graphite,29 BP,45 h-BN,60

transition metal dichalcogenides (TMDs) MX2 (M =Mo, W; X =

S, Se, Te),40,41,43 Bi2Se3,61 Bi2Te3,62 CrOCl, and non-vdW bulk
materials including 4H-SiC,63 6H-SiC,63 AlN,64 GaN,64 ZnO,65 and
b-Ga2O3.66 The anisotropy ratio of CrOCl is comparable to that
of the widely focused TMD family. Compared to non-vdW bulk
materials, bulk vdW materials usually possess higher anisot-
ropy ratios of thermal conductivity, as also listed in Table S2.†
The difference in anisotropy originates from the fact that the
layers of the bulk vdW materials are connected by weak vdW
J. Mater. Chem. A
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forces, while the atoms in non-vdW bulk are all covalently
bonded. Among these systems, graphite has the highest
anisotropy ratio up to ∼300, with in-plane and cross-plane
thermal conductivities being ∼2000 and ∼6 W m−1 K−1,
respectively.29 Note that BP45 and b-Ga2O3 (ref. 66) exhibit not
only cross-plane anisotropy (ka/kc) but also in-plane anisotropy
(ka/kb).

The elastic constants and Young's modulus can quantify the
bonding strength, which are key factors inuencing the thermal
transport in essence. Thus, the mechanical properties including
elastic constants and anisotropic Young's modulus of all the
above bulk materials are calculated, as summarized in Fig. 3(h)
and Table S3.† It can be seen in Fig. 3(g)–(i) that the anisotropy
exhibited by Young's modulus overall agrees well with the
anisotropy exhibited by thermal conductivity. Especially, the
Young's moduli of bulk CrOCl along in-plane (Ea, Eb) and cross-
plane directions (Ec) are 187.5 and 25.9 GPa, respectively, where
the anisotropy of Young's modulus is well consistent with the
anisotropy of thermal conductivity.

Fig. 3(i) further elucidates the relationship between the
anisotropy of Young's modulus and thermal conductivity,
where R = (anisotropy of thermal conductivity)/(anisotropy of
Young's modulus) is directly correlated with the way of atom
connections. Specically, graphite demonstrates strongest
thermal conductivity anisotropy, which correlates well with its
signicant Young's modulus anisotropy (R z 10). This can be
attributed to the fact that the interlayer atoms in graphite are
connected by the typical vdW forces along the vertical direction.
In contrast, the non-vdW bulk materials such as AlN, GaN, ZnO,
4H-SiC, and 6H-SiC exhibit weak thermal conductivity anisot-
ropy, corresponding to their minimal Young's modulus
anisotropy (R z 1), which originates from the fact that atoms
are connected by covalent bonds. The law as discussed above is
well-veried by the anisotropy of BP along the in-plane and
cross-plane directions, where the anisotropy's magnitude is
directly correlated with the way of atom connections. It can be
seen that the in-plane anisotropic behavior of BP is similar to
that of the non-vdW bulk materials (R z 1), which is due to the
covalent bonding of in-plane atoms. Different from the in-plane
anisotropic behavior, the cross-plane anisotropic behavior of BP
is consistent with that of the typical vdW bulk materials (Rz 3–
10) due to the vdW force connection, such as TMD family MX2

and h-BN. Notably, the anisotropy of thermal conductivity in
CrOCl is comparable to that in the TMD family, while CrOCl
exhibits smaller R lying between the typical vdW and non-vdW
bulk materials. The characteristic lies in the interlayers of
CrOCl being connected by the strongly polarized vdW forces of
two Cl atoms and the strength is between covalent bonds and
vdW forces. Based on the comprehensive discussion presented
above, the anisotropic thermal conductivity properties of bulk
CrOCl are well understood.

To comprehensively understand the underlying physical
mechanism of anisotropic thermal transport in bulk CrOCl, we
further conduct calculations and discussions on the phonon
transport properties. It is well known that the lattice thermal
conductivity along the a-direction (a = x, y, z) can be acquired
by summing the contribution from all the phonon modes (l):57
J. Mater. Chem. A
ka ¼ 1

V

X
l

Clnla
2sla; (2)

where V is the lattice volume of the unit cell, and Cl, nla, and sla
represent the specic heat capacity, group velocity and relaxa-
tion time, respectively. Since the phonon relaxation time and
specic heat have no direction dependence,71 the anisotropy of
thermal conductivity can be attributed to the different phonon
group velocities in distinct directions. Fig. 4(a) shows that the
phonon group velocity along the in-plane direction is clearly
larger than phonon group velocity along the cross-plane direc-
tion at 300 K. The anisotropy behavior of phonon group velocity
agrees well with the slopes of phonon dispersions as shown in
Fig. 1(i), which is consistent with the anisotropy behavior of k as
shown in Fig. 3(d). Furthermore, the phonon mean free path
(MFP) is plotted in Fig. 4(b). It is found that the k values
converge to that of the innite system when the MFP reaches
about 104 nm for both the in-plane and cross-plane directions.
Although the upper limit for the phonon MFP along the cross-
plane direction is slightly larger than that along the in-plane
direction, the relatively lower phonon group velocity along the
cross-plane direction leads to the corresponding smaller k.
Moreover, the phonon relaxation time is inversely related to
phonon scattering rate, depending on both the scattering
strength and scattering probability, which can be evaluated by
the Grüneisen parameter and scattering phase space, respec-
tively. Fig. 4(d) shows that the Grüneisen parameter of bulk
CrOCl at low frequencies is large, implying the strong phonon
anharmonicity. The phase space is related to the accessible
scattering channels for the three-phonon scattering process,
where the larger phase space means more available scattering
channels. As plotted in Fig. 4(e), the phase space of bulk CrOCl
reaches up to 10−7 at the low-frequency range. The integration
of a large Grüneisen parameter and phase space leads to a small
phonon relaxation time as shown in Fig. 4(f).

To uncover the origin of k anisotropy from the view of
phonon branches, the percentage contribution to k from
different branches is extracted as shown in Fig. 4(c). It is clearly
shown that the k along the cross-plane direction is mainly
contributed by the acoustic phonon branches, which agrees well
with most semiconductors such as silicon, GaN, etc. However,
for the in-plane direction, it is unusual to nd that the optical
phonon branches anomalously dominate k. To uncover the
origin, we focus on the thermal transport properties in the high-
frequency region where optical phonon branches locate. It is
clearly shown that the in-plane optical phonon branches at high
frequencies have a higher group velocity [Fig. 4(a)]. Meanwhile,
the corresponding high-frequency optical phonon branches
have a small scattering phase space [Fig. 4(e)]. Thus, the
combination of large group velocity and small scattering phase
space leads to large contributions to the in-plane thermal
conductivity from the optical phonon branches.

To achieve a comprehensive understanding of the intrinsic
anisotropy in thermal transport observed in bulk CrOCl, it is
essential to adopt an analytical approach that extends beyond
phonon transport. This approach thoroughly explores the
electronic structures, as these ultimately govern the material's
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 The anisotropic thermal transport properties of bulk CrOCl at 300 K. (a) Phonon group velocity. (b) Cumulative lattice thermal
conductivity with respect to the phononMFP. (c) The percentage contribution to k fromdifferent branches including the acoustic phononmodes
(TA1, TA2, LA) and optical phonon modes. The (d) Grüneisen parameter, (e) P3 phase space, and (f) phonon relaxation time as a function of
frequency. (g) Orbital projected band structures and pDOS employing the DFT + U method. Considering the AFM properties of bulk CrOCl, the
spin-up and spin-down bands are the same and pDOS is displayed with only the spin-up part. The inset shows the first Brillouin zone. (h) Top and
side views of the ELF. (i) Schematic diagram of charge transfer in bulk CrOCl.
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properties. The orbital projected band structure and projected
density of states (pDOS) are calculated to further analyze the
physical mechanism and origin of the anisotropic properties at
the level of electronic structure, as shown in Fig. 4(g). The spin-
up and spin-down bands are identical due to the AFM feature of
bulk CrOCl. The calculated bandgap is 2.63 eV, which is
consistent with previous reports.51,52 Moreover, it is observed
that the conduction and valence band dispersion along the G–Z
path (corresponding to the z-direction in the real space) is much
atter than that along the G–X path (corresponding to the x-
direction in the real space) and G–Y path (corresponding to the
y-direction in the real space), indicating the highly anisotropic
electronic and crystal structure properties. Note that the
conduction band minimum (CBM) is mainly contributed by the
Cr_d orbitals, and the valence band maximum (VBM) is domi-
nated by the Cl_p and O_p orbitals.

The electron localization functions (ELF) of bulk CrOCl from
the top and side views are shown in Fig. 4(h). It is revealed that
the distribution of electrons is predominantly oriented along
the in-plane direction, with a notably limited interlayer distri-
bution along the cross-plane direction, implying the anisotropic
electronic structure properties. Particularly, Bader analysis72 is
This journal is © The Royal Society of Chemistry 2025
further employed to quantitatively investigate the charge
distribution and transfer in bulk CrOCl. The charge transfer
values for Cr–O and Cr–Cl covalent bonds are 1.19e and 0.54e,
respectively, where the O and Cl atoms gain electrons and Cr
atoms lose electrons due to the O atoms having the strongest
electronegativity. The total number of electrons lost by the Cr
atom with a value of 1.73e is equal to the sum of the electrons
gained by the O and Cl atoms, indicating that the electrons in
bulk CrOCl transfer within sublayers and there is no electron
transfer between the sublayers along the cross-plane direction,
as shown in Fig. 4(h) and (i). Thus, the anisotropic phonon
thermal transport properties are well understood from the
asymmetric electron distribution in bulk CrOCl.

To elucidate the practical applications of anisotropic heat
transfer in device cooling, we further conduct FEM simulations
and analyses of the directional heat transfer process at the
device level based on bulk CrOCl. Fig. 5(a) displays the sche-
matic of anisotropic heat transfer in the bulk CrOCl based
device. The overall initial temperature of the established FEMs
is 120 °C. By setting up a cold end with a temperature of 25 °C in
the in-plane and cross-plane directions, respectively, a temper-
ature gradient for heat ow transfer is created, as shown in
J. Mater. Chem. A
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Fig. 5 (a) Schematic of anisotropic heat transfer in the bulk CrOCl based device. The dashed arrow represents slow heat transfer, while solid
arrows represent fast heat transfer. (b) Temperature evolution with respect to time along the in-plane and cross-plane directions, respectively. (c)
Schematic of anisotropic thermal transport by FEM simulations. The 3D dimensions of the model were 10 mm × 10 mm × 10 mm.
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Fig. 5(c). The results demonstrate that the heat ows faster
along the in-plane direction than along the cross-plane direc-
tion. Fig. 5(b) shows the temperature variation in the in-plane
and cross-plane directions as a function of time. Consistent
with the anisotropic heat ow, the temperature drops more
quickly along the in-plane direction than along the cross-plane
direction. The fundamental reason lies in that the in-plane
direction has a higher thermal conductivity than the cross-
plane direction, which is in line with our computational and
experimental results of bulk CrOCl. Thus, bulk CrOCl with
strong anisotropic thermal conductivity enables directional
heat transfer to rapidly eliminate hotspots, which is promising
for the applications in the eld of heat dissipation and
advanced thermal management of nanoelectronic devices.

Before closing, we would like to discuss the practical appli-
cations based on the investigation of the anisotropic thermal
transport properties of CrOCl. The bulk CrOCl sample size (∼5
mm) as studied is suitable for FDTR measurements and
fundamental studies, and this size is much larger than the size
scale of transistors (50–100 nm) and microchips (<1 mm). For
practical applications, advanced material growth and fabrica-
tion technologies are essential to enable the integration of
sophisticated electrical and thermal functional devices. For
instance, a recent study53 demonstrated the breakthrough in
J. Mater. Chem. A
recongurable van der Waals heterostructure MoS2/CrOCl
complementary logic circuit devices, by obtaining few-layer
MoS2 and CrOCl materials through mechanical exfoliation of
high-quality bulk crystals, and further fabricated vertically
assembled vdW heterostructures using the dry-transfer method.
Future studies on advanced device integration will require
further research breakthroughs in material growth processes
and precision machining technologies.

Conclusion

In summary, utilizing FDTR combined with rst-principles
based multiscale simulations, we systematically explored the
intrinsic anisotropic thermal transport properties of bulk
CrOCl. The in-plane and cross-plane thermal conductivities of
bulk CrOCl at 300 K were measured as 21.6 and 2.18Wm−1 K−1,
respectively, with a strong anisotropic ratio of kin-plane/kcross-plane
of about 10. To uncover the fundamental physical mechanism
for the anisotropic k of bulk CrOCl, rst-principles based mul-
tiscale simulations were conducted. With a full convergence
test, the k of bulk CrOCl at 300 K was calculated as 23.2 and
2.31 W m−1 K−1 along the in-plane and cross-plane directions,
respectively, agreeing well with the measured k. Through
systematic comparison with numerous anisotropic materials,
we reveal the specic correlation between the anisotropy of
This journal is © The Royal Society of Chemistry 2025
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Young's modulus and thermal conductivity in CrOCl. The
anisotropy of thermal conductivity in CrOCl is comparable to
that in the TMD family, while CrOCl exhibits a smaller ratio of R
= (anisotropy of thermal conductivity)/(anisotropy of Young's
modulus), lying between the typical vdW and non-vdW bulk
materials. The characteristic lies in the interlayers of CrOCl
being connected by the strongly polarized vdW forces of two Cl
atoms and the strength is between those of covalent bonds and
vdW forces. Moreover, according to the analysis of phonon
transport properties, it is found that the larger k along the in-
plane direction in bulk CrOCl is dominated by the higher
phonon group velocities compared to the cross-plane direction
with lower phonon group velocities. Furthermore, the orbital
band structures, ELF, and charge transfer are calculated to
essentially understand the intrinsic anisotropy at the funda-
mental level of electronic structures. It is found that the
distribution of electrons is mainly along the in-plane direction
with limited interlayer distribution along the cross-plane
direction. Thus, the intrinsic anisotropy of thermal transport
in bulk CrOCl is fundamentally induced by the asymmetric
electron distribution. Finally, FEMs are established to study the
practical applications of anisotropic heat transfer in device
cooling by simulating the directional heat transfer process at
the device level based on bulk CrOCl. The heat ow is trans-
ferred faster along the in-plane direction than the cross-plane
direction, leading to the temperature dropping more quickly
along the in-plane direction. The insight gained in this work
would shed light on the design of advanced thermal functional
materials. And the bulk CrOCl with strong anisotropic k is
promising for practical applications in directional heat transfer
and advanced thermal management.

Methods
Sample characterization and FDTR measurement technique

The high-quality single crystal bulk CrOCl sample was
purchased from the Shanghai Onway Technology Company,
and was synthesized through the chemical vapor transport
(CVT) method. The phase purity of the as-grown crystals was
veried by XRD [Fig. 1(j)]. We veried the composition of the
samples using a WITEC Raman microscope, Alpha 300R
[Fig. 1(h)], where the three observed peaks and their intensities
were consistent with previous reports.48,50 EDS was further
employed to analyze the compositional distribution of various
elements [Fig. 1(d)–(g)]. A HITACHI SU8220 SEM instrument
was used to characterize the microscopic morphology of the
sample surface.

The FDTR technique was utilized to measure the in-plane
and cross-plane thermal conductivities of bulk CrOCl. A
445 nm pump laser with incident power (∼30 mW) was used to
heat up the sample surface with a transducer layer, resulting in
the periodically changed surface temperature. A 532 nm probe
laser with incident power (∼5 mW) was utilized to detect the
optical reectance owing to the changed surface temperature.
To efficiently absorb pump heat and match with the 532 nm
wavelength of the probe laser, a 100 nm-thick gold layer was
deposited on the CrOCl sample by electron beam evaporation.
This journal is © The Royal Society of Chemistry 2025
The phase of thermoreectance signal was obtained by the lock-
in amplier and balanced photodetector, which was recorded as
a function of modulation frequency and tted to the heat
conduction model.28 The spot radius of the laser, the thickness
and thermal conductivity of the gold layer, and the heat capacity
of the gold layer and substrate were demanded as input
parameters in the heat conduction model. Through beam offset
measurements, the spot radius of the laser was 3.6 mm (1/e2

intensity level) along both x and y directions. The thermal
conductivity of the gold layer was set as 180 W m−1 K−1.73 The
heat capacity of 2 × 106 J m−3 K−1 of bulk CrOCl was calculated
by rst-principles calculations. With the pre-obtained parame-
ters, the thermal conductivity of bulk CrOCl can be evaluated by
tting the measured thermoreectance signals.
First-principles based multiscale simulations

First-principles calculations were carried out using the Vienna
ab initio simulation package (VASP) based on density functional
theory (DFT).74,75 The electron exchange–correlation effect was
described by the generalized gradient approximation (GGA)76 of
the Perdew–Burke–Ernzerhof (PBE) functional77,78 and
projector-augmented wave (PAW) method.79 The plane-wave
energy cutoff was chosen as 600 eV. The convergence thresh-
olds of total energy and force were set to be 10−6 eV and 10−3 eV
Å−1, respectively. The Gaussian smearing method with
a smearing width of 0.01 eV was used. The DFT + U approach
with the value of U− J= 5 eV was employed to handle the strong
correlation effect of Cr_3d orbitals using Dudarev's approach.80

For both ion relaxation and static calculations, a 16 × 13 × 6
gamma-point centered grid was used to sample the Brillouin
zone. Moreover, the DFT-D3 method was considered in all
calculations for the vdW correction.81,82 Furthermore, we veri-
ed the thermal stability of the bulk CrOCl using a supercell of 5
× 4 × 2 via AIMD simulations with a canonical ensemble (NVT)
at 300 K for 10 ps with a step of 1 fs.83 The lattice thermal
transport properties were studied by solving the phonon
Boltzmann transport equation using the Phonopy package84

and ShengBTE code,57 where the 5 × 4 × 2 supercell containing
240 atoms was used for calculating the second and third-order
IFCs. The scalebroad parameter used for ShengBTE calculations
was set to 0.5. Moreover, the convergence of both nearest
neighbor (7th nearest neighbor) and Q-grid (15 × 13 × 11) was
fully tested to achieve accurate lattice thermal conductivity. The
charge transfer was analyzed by the Bader techniques.72

The FEMs are constructed using COMSOL Multiphysics 6.2
(the heat transfer in the solid interface module) to simulate the
anisotropic heat transfer in the bulk CrOCl based device. The
3D dimensions of the model were 10 mm × 10 mm × 10 mm,
and the overall initial temperature was 120 °C. The mesh
generation employed tetrahedral elements with the predened
normal size conguration (Fig. S3†). The in-plane and cross-
plane thermal conductivities obtained from rst-principles
calculations are adopted as input parameters in the con-
structed models. By setting up one end of the box face with 25 °
C in the in-plane and cross-plane directions, respectively,
a temperature gradient for heat ow transfer is established.
J. Mater. Chem. A
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Probes were set on the surface of the high temperature end to
record the temperature variation.
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