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Abstract 
 
Designing materials with low thermal conduc:vity is a crucial objec:ve for applica:ons in 
thermal insula:on and thermoelectrics. Tradi:onal methods such as doping, mechanical strain 
and introducing defects in perfect crystals have been widely explored to impede the flow of 
heat. This work introduces dimensional constric:on and ca:onic disorder as novel avenues to 
manipulate laEce thermal conduc:vity (LTC). High entropy materials characterized by random 
distribu:on of mul:ple elements, creates a suitable environment for thermal insula:on due to 
its configura:onal disorder and local laEce distor:ons. On the other hand, MXenes, derived 
from MAX-phase, have garnered considerable aRen:on due to their unique structural 
aRributes, leading to poten:al applica:ons in catalysis and energy storage. Ti2AlC MAX-phase is 
examined to understand the impact of dimensional constric:on on phonon transport of Ti2C 
with ca:onic disorder, i.e., (Ti0.25Nb0.25Cr0.25Ta0.25)2C. The exponen:al reduc:on in LTC of HE-
MXene is aRributed to disorder scaRering that significantly limits phonon mean free path (MFP) 
and relaxa:on :me. The spread of mode-resolved LTC with MFP highlights the influence of 
disorder on phonon scaRering. This work provides a systema:c approach to engineer LTC 
through dimensional constric:on and ca:onic disorder, laying the founda:on for tailored 
materials with desired thermal proper:es. 
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INTRODUCTION 
 
The incorpora:on of the concept of high configura:onal entropy in disordered solids has 

brought about a revolu:onary shiW in the realm of alloying and materials design. High entropy 

materials have been found to possess excep:onal proper:es, for instance, enhanced 

mechanical strength, improved radia:on resistance, and superior thermal stability, making them 

promising candidates for a wide range of applica:ons in aerospace, energy storage, and 
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structural materials design [1–5]. The configura:onal disorder or high entropy of mixing, 

surprises with a latent mass disorder, charge transfer and hence possible electron-phonon 

coupling. These disorders play a pivotal role in scaRering, thereby contribu:ng to the 

manifesta:on of low thermal conduc:vity [6–8].  

MAX phases, in the recent past, have also garnered considerable aRen:on, driven by their 

unique structural proper:es and promising applica:ons [9–17]. MAX phases, characterized by 

the general formula Mn+1AlXn, where M is an early transi:on metal, A is an element from groups 

IIIA and IVA in the periodic table and X is carbon or nitrogen, exhibit a fascina:ng combina:on 

of metallic and ceramic features. On the other hand, MXenes, dimensionally constricted form of 

MAX phases derived through selec:ve etching, present two-dimensional (2D) structures with 

versa:le proper:es, making them promising candidates for applica:ons ranging from energy 

storage to catalysis [11–13,17]. 

The understanding of the thermal transport of MAX phases and MXenes is crucial for op:mizing 

their performance. Studies have established that MAX phases possess excellent thermal 

transport proper:es, primarily aRributed to their three-dimensional structures and strong 

interatomic bonds [18–21]. In previous studies on semiconductor alloys namely SiGe, AlGaAsSb, 

and InGaAsP, it was found that lowest thermal conduc:vity was obtained at equiatomic 

composi:ons or at the center of composi:on property diagrams [22–25]. These findings lay an 

important founda:on for understanding of configura:onal disorder and its effects on thermal 

conduc:vity.  

METHOD 

We employ the projector augmented wave (PAW) method within VASP code, for all first 

principal computa:ons [26,27]. To op:mize the unit cell and atomic posi:ons, we make use of 

the PBE func:onal [28]. Addi:onally, we set a high energy cutoff of 550 eV for planewaves 

expansion. A smearing width of 0.01 eV with the Monkhorst-Pack method is u:lized to create a 

K-point mesh for Brillouin zone integra:on, aiming for a precision level of 0.03 [29]. An 

electronic convergence criterion 10-6 eV was set between two self-consistent loop and an ionic 

convergence criterion of 10-4 eV was set to obtain a structure without residual forces for 

phonon calcula:ons. Phonopy and Phono3py code were employed to create displacement 
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based on frozen phonon model to calculate thermal proper:es [30–34]. A 2x2x2 supercell with 

64 atoms is used for Ti2AlC max phase and for Ti2C MXene monolayer, a 4x4x1 supercell 

containing 48 atom is used for all phonon calcula:ons. A randomly disordered unitcell of 

(Ti0.25Nb0.25Cr0.25Ta0.25)2C HE-MXene monolayer was created using ATAT enabled mcsqs [35]. 

More details about thermal conduc:vity convergence test with respect to increasing nearest-

neighbor (4th nearest neighbor cutoff) interac:ons for HE-MXene monolayer (48 atoms supercell 

of dimensions 2x2x1) is employed with cutoff (see supplementary Fig. 5).     

RESULTS 

The effect of dimensional, atomic, and configura9onal complexi9es on la<ce thermal 

conduc9vity: Fig. 1(a-c) are schema:c representa:on of a simple cubic laEce with 1st nearest 

neighbor phonons followed by loss of phonons due to dimensional constric:on and finally 

fluctua:ons of mass and force constants due to ca:onic disorder. This work extends our 

understanding to the realm of high-entropy MXenes (HE-MXene), where the introduc:on of 

mul:ple ca:onic species (Ti, Nb, Cr, and Ta) induces a distorted structure. This local laEce 

distor:on, a key feature in HE-MXene, playing a crucial role in understanding varia:ons in 

interatomic force constants. The intricate interplay between structural distor:ons and ca:onic 

disorder, in Ti-based MAX phases, Ti2AlC, Ti2C, and a high-entropy variant 

(Ti0.25Nb0.25Cr0.25Ta0.25)2C is correlated with thermal conduc:vity. Thus, the crea:on of a complex 

electronic and physical environment in HE-MXene contributes to the observed anisotropy in 

thermal transport and low thermal conduc:vity. We employ Phono3py code interfaced with 

first-principles density-func:onal theory as implemented within Vienna Ab-ini:o Simula:on 

Package (VASP) [26,31] to calculated thermal transport of both bulk and dimensionally reduced 

MAX phases.  

Figure 1 (d-f) shows relaxed Ti2AlC, Ti2C and (Ti0.25Nb0.25Cr0.25Ta0.25)2C structures, respec:vely. 

The Ti2AlC is hexagonal with P63/mmc space group symmetry further leaching out Al and 

increment of interlayer separa:on in Ti2C reduces symmetry opera:ons. While 

(Ti0.25Nb0.25Cr0.25Ta0.25)2C is devoid of any symmetry due to chemical disorder on inversion 

symmetry points. Clearly, the relaxed structures of MAX phase and MXene are arranged devoid 

of local atomic displacements while the He-MXene assumes a distorted structure by 
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incorpora:on of mul:ple ca:onic species in the well-arranged MXene laEce. This distor:on 

further proves to be an important factor for varia:ons in interatomic force constants in the 

frozen phonon model employed for calcula:on of thermal conduc:vity, similar behavior has 

been noted by [36,37]. 

 

 

Figure 1: (a) a visual representa:on of first nearest neighbor phonons in a simple cubic system; 
(b) a schema:c illustra:ng zero force constants for a monolayers or surfaces with sufficiently large 
interlayer distances; (c) a 2D projected schema:c of high entropy configura:on (atomic species 
area represented by different colors), crea:ng a non-uniform phononic environment due to 
varia:ons in force constants. Crystal structures of (d) Ti2AlC MAX phase, (e) a dimensionally 
constricted Ti2C monolayer, and (f) monolayer of (Ti0.25Nb0.25Cr0.25Ta0.25)2C HE-MXene. The bar 
graphs highligh:ng (g) the impact of dimensional constric:on and ca:onic disorder on LTC at RT, 
and (h) comparison with 2D literature data [38–46]. 

The reduc:on of thermal conduc:vity at room temperature for the 2D monolayers due to 

dimensional constric:on and ca:onic disorder is shown in Fig 1(g). LTC near RT for Ti2AlC MAX is 

found to be 18.589 Wm-1K-1 which agrees with literature values of 12-26 Wm-1K-1 [47,48] while 
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LTC for monolayer Ti2C MXene 4.14 Wm-1K-1. On the other hand, the LTC of 

(Ti0.25Nb0.25Cr0.25Ta0.25)2C HE-MXene is 0.696 Wm-1K-1, which shows significant reduc:on 

compared to both bulk MAX and monolayer MXene.  Fig. 1(h) displays a compara:ve analysis of 

thermal conduc:vity values from literature, including those for HE-MXene as reported in this 

study. As per Slack's observa:ons, achieving high thermal conduc:vity in non-metallic systems 

requires a combina:on of factors: low atomic mass, strong interatomic bonding, a simple crystal 

structure (i.e., fewer atoms per unit cell), and low anharmonicity [49]. Examining materials like 

graphene (Gr), BN, MoS2, and WS2, we observe that Gr boasts the highest thermal conduc:vity, 

aRributed to its simple 2D hexagonal layer comprising strongly sp2-bonded low atomic mass 

carbons. Conversely, in materials like BN, where nitrogen introduces higher atomic mass 

(compared to carbon), thermal conduc:vity decreases. This trend is similarly evident in MoS2 

and WS2. In the case of MXene and HE-MXene, the crystal structure's simplicity is compromised, 

and bonding weakens due to charge distor:ons. Furthermore, the presence of a free surface 

enhances anharmonicity, and the incorpora:on of Cr, Ta, and Nb increases the average atomic 

mass of ca:ons. Collec:vely, these factors contribute to the diminished thermal conduc:vity 

observed in HE-MXene. 

Phonon dispersion of Ti2AlC MAX, Ti2C MXene, and (Ti0.25Nb0.25Cr0.25Ta0.25)2C HE-MXene: Figure 

2(a-c) shows phonon spectral func:ons for the three material classes in Fig 1(d-f). The highest 

assumed frequency for MAX phase is around 20.4 THz while we observe a reduc:on to 19.53 

THz for MXene due to absence of Aluminum and dimensional constric:on via introduc:on of 

large van der Waals gap. In case of HE-MXene due to combinatorial effect of local laEce 

distor:ons and mul:ple ca:ons namely, Ti, Nb, Cr and Ta, creates fluctua:ons in force 

constants. There is systema:c decrement in the acous:c band frequencies from MAX phase to 

HE-MXene. Also, the spectral width of op:cal bands in MXene is minimal due to uniform 

chemical environment around carbon atoms while the spectral widths increase due to force 

constant and mass fluctua:ons that arises when bonds are distorted due to doping of atomic 

species on Ti sites. Consequently, the dispersion of op:cal bands increases in HE-MXene as seen 

in Fig 2(c). This is also inferred from phonon density of states (supplementary figure 1) that the 

contribu:on to op:cal band from all C atoms is nearly equal while in case of HE-MXene, there 
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are four peaks with each having been dominated by a par:cular carbon atom. AWer careful 

examina:on of normal mode-frequency band, the frequencies systema:cally decrease from 

MAX phase to MXene. This is in accordance with Rayleigh’s theorem, as crea:on of free surface 

reduces force constant to zero and hence leading to increased amplitude of vibra:on, finally 

resul:ng in drop of one of op:cal frequency [50,51]. However, crea:on of high entropy surfaces 

in HE-MXene overcomes this drop due to an uneven surface and distor:on. The straight op:cal 

bands in MXene are due to the high mass ra:o (≈4) of Ti and C and the same behaviors can be 

seen in other compounds as well [52].  

 

Figure 2: (a) Ti2AlC MAX displays pronounced dispersion in areas with overlapping bands that 
reflects ability to accommodate numerous phonon modes, (b) Ti2C MXene exhibits minimal 
dispersion which is aRributed to the uniform arrangement of :tanium (Ti) and carbon (C) atoms 
in 2D laEce, and (c) (Ti0.25Nb0.25Cr0.25Ta0.25)2C HE-MXene exhibits a substan:al dispersion in the 
phonon band structure. This dispersion is a consequence of fluctua:ons in masses and force 
constants, stemming from the presence of mul:ple ca:ons and local laEce distor:ons within 
the HE-MXene.  

Temperature dependent la<ce thermal conduc9vity and band-specific MFP at RT: Fig 3(a-c) 

shows varia:on in thermal conduc:vity tensor with temperature for Ti2AlC MAX, Ti2C and HE-

MXene. MAX phase shows superior phonon transport in in-plane direc:on (x,y) compared to 

out-of-plane (z) direc:on. The reduced LTC in orthogonal direc:on for the MAX is primarily due 

to week Al and Ti2C bonding (inferred from supplementary figure 2), hence a weaker force 

constant enabling lower thermal transport. The Al pairs show least trace value of force constant 

matrix (see supplementary figure 3) which proves that Al atoms are loosely bonded. Ti2C MXene 

shows lower LTC compared to MAX phase because of significant reduc:on of vibra:onal modes 

and enhanced surface scaRering effects. The LTC is further reduced due to enhanced scaRering 
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enabled by complex electronic and physical environment due to ca:onic disorder, i.e., a 

disorder comprising of mass disorder with electron-phonon coupling.  

 
Figure 3: (a) Bulk Ti2AlC MAX showing higher in in-plane (xx, yy) 𝜅L while out-of-plane component 
takes slightly lower LTC. (b) A significantly reduced 𝜅L for Ti2C MXene is aRributed to dimensional 
confinement compared to MAX phase. (c) Disordered HE-MXene exhibits the lowest thermal 
conduc:vity, characterized by anisotropy stemming from the broken inversion symmetry of 2D 
laEce. The alloying effect leads to increased mass and force constant fluctua:ons, enabling 
disorder broadening of dispersion (Fig. 2). (d-f) The significant impact of MFP for different 
phonons on the thermal conduc:vity (𝜅L) of various materials. The contribu:on to 𝜅L depends on 
the magnitude of MFP, MAX-phase due to highest MFP for most phonons possess largest 𝜅L while 
HE-MXene due to lowest MFP possess low thermal conduc:vity.  

We no:ce an anisotropy in thermal transport in HE-MXene, Fig. 3(a-c), it originates from 

fluctua:on in force constants as shown in supplementary figure 3(c). Most of scaRer points in 

force constants coincide in case of Ti2C MXene (supplementary figure 3b) while there are slight 

devia:ons in, HE-MXene. Addi:onally, the laEce distor:on also modifies the charge distor:on 

and further increases anisotropy (see supplementary figure 2(e-f)), the charge distribu:on is 

homogeneous in the direc:ons of laEce vectors while it loses homogeneity in case of, HE-

MXene, giving rise to anisotropic phonon transporta:on [53,54]. The mass disorder is different 
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in all direc:on due to random distribu:on of elements on atomic laEces. The decrease in the 

LTC observed in HE-MXene can be aRributed to a significant constraint arising from substan:al 

heat capacity contribu:ons occurring within a rela:vely confined frequency range, as illustrated 

in supplementary figure 4. This phenomenon is closely linked to the degeneracy observed in the 

band structures [55–58]. This rela:onship implies large anharmonicity and an augmented 

occurrence of Umklapp ScaRering [59,60]. 

Fig 3(d-f) shows the spread of mode resolved LTC with MFP. In MAX phase, the 3D 

structure assumes the largest mean free path, while the dimensional restric:ons imposed on 

MXene depreciate the MFP. This effect is further amplified for HE-MXene. Notably, in the 

context of MAX phases, mid-range frequencies, primarily associated with non-planar modes of 

vibra:on, play a significant role in contribu:ng the most to LTC.  

Conversely, when examining MXene, confinement-induced reduc:on of non-planar 

phonon modes diminishes the impact of mid-range frequencies. Despite this reduc:on, the 

lower number of phonon modes facilitates the efficient transport of thermal energy, as 

evidenced by the notably high 𝜅L in Fig. 3(e). This contrasts with MAX phase, where the largest 

contribu:on to the LTC comes from mid-range frequency bands, par:cularly out-of-plane 

vibra:onal modes represented by green dots. When dimensional constric:on reduces out-of-

plane vibra:onal modes, the remaining other modes can now carry a larger amount of 

vibra:onal energy for mid-range frequencies, as illustrated in Fig. 3(e).  

Quan:ta:vely, there is a substan:al reduc:on in MFP from approximately 78 nm MAX 

phase) to around 7.8 nm (HE-MXene,) at 300K. This reduc:on can be aRributed to varia:ons in 

mass and phonon frequency. It is evident that in the MAX phase, a significant amount of 

thermal energy is transferred through moderate-frequency bands, while in HE-MXene, higher-

frequency bands assume a more prominent role in facilita:ng the transport of energy. 

Nevertheless, due to lower number of modes, the cumula:ve effect on LTC is not large. In case 

of HE-MXene, the low frequency modes contribute largest because of the fact that off-layer 

modes and maximum force constants are not homogenous anymore due to complex electronic 

(ca:ons) and physical (masses and atomic radii) environment. This shows a systema:c way to 
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engineer LTC by manipula:ng interatomic force constants and vibra:onal mode through 

dimensional constric:on and ca:onic disorder.  

Phonon life9me and group velocity varia9ons with respect to phonon frequencies: Fig 4(a-c) 

shows density plot of phonon relaxa:on life:mes with respect to phonon frequencies. MAX 

phase shows largest relaxa:on :mes which is reduced by ~ 60% for MXene and further reduced 

to 10% for HE-MXene. The increased number of modes in HE-MXene due to breaking of 

symmetry increases the number of phonon modes in Fig 4(c) nevertheless, it has significantly 

reduced relaxa:on :me. The order-of-magnitude drop in phonon life:me (Fig. 4c) of 

dimensionally reduced HE-MXene is aRributed to rugged averaging effect, a key aRribute of 

high-entropy alloying, that leads to increased mass and force constant fluctua:ons.  

Notably, a structure with lower symmetry is prone to strain disorder as compared to the one 

with higher symmetry (Fig 1c and Fig1f). This is also related to disorder scaRering that lowers 

the MFP of phonons as shown in Fig. 3. In highly disordered systems, the scaRering is 

propor:on to the fourth power of vibra:onal frequency hence all the energy is transported by 

low frequency phonons [61,62].  

 
Figure 4: (a-c) Phonon life:mes, measured in picoseconds (ps), are significantly reduced in going 
from bulk Ti2AlC MAX to HE-MXene. The peak in phonon life:me ramps down from 25 ps for 
Ti2AlC MAX to 2 ps for HE-MXene, respec:vely. (d-f) Similar to phonon life:me, MAX phase 
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displays substan:ally large group veloci:es at lower frequencies, primarily aRributed to modes 
associated with metallic bonded Al compared toTi2C and HE MXenes. The significant drop in group 
veloci:es of HE-MXene was aRributed to non-uniform phonon frequencies compared to MAX, a 
consequence of atomic heterogenei:es.  

The disorder alloying of Ti site in dimensionally reduced MAX with group V (Ta, Nb) and 

group VI (Cr) elements pumps in excess valence electrons into the 2D laEce. The interac:ons 

between excess electrons and phonons at finite temperature leads to reduced MFP in HE-

MXene. The significant fall in LTC is due to addi:onal loss from strain scaRering caused by local 

laEce distor:on by size-mismatch elements in HE-MXene. Finally, the trend in relaxa:on :me 

can be related to inhomogeneity of bond strength, force constants fluctua:ons, mass disorder 

and laEce distor:ons. Furthermore, we also note a reduc:on of group veloci:es for band 

specific phonon modes as shown in Fig 4(d-e). Mid-range frequency bands (red, orange and 

yellow) show decrement in group veloci:es as one moves from 3D MAX phase structure to 2D 

MXene and further to ca:on-disordered HE-MXene. A reduc:on in frequencies of acous:c 

bands is prominently visible in Fig 4(d-f) and Fig 2(a-c).  

DISCUSSION AND SUMMARY 

This study inves:gates the effects of configura:onal [63] and dimensional and modifica:ons on 

LTC. We show that via dimensional constric:on, LTC of a material can be significantly reduced. 

The further reduc:on in thermal conduc:vity at room temperature for HE-MXene 2D 

monolayers, aRributed to ca:onic disorder, is noteworthy. Here, the merger of concepts from 

phonon engineering and high entropy alloying to obtain materials with ultra-low LTC is 

successfully demonstrated. Dimensional constric:on not only limits the number of vibra:onal 

modes but also increases boundary scaRering by the virtue of free surface crea:on. Ti2C MXene 

exhibits lower LTC due to reduced vibra:onal modes and enhanced surface scaRering effects. 

Further to modulate the magnitude of LTC in dimensionally constricted MXene, ca:onic 

disorder is created on Ti sites. Mul:ple ca:ons with different mass and atomic numbers induce 

mass disorder scaRering as well as enhanced electron-phonon coupling with local laEce 

distor:on. These disorders and distor:on, vividly captured in the phonon spectral func:ons 

becomes impera:ve for understanding the varia:ons in thermal conduc:vity. The mass disorder 

scaRering along with charge transfer reduces the LTC nearly by six :mes in HE-MXene compared 
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to bulk Ti2AlC MAX and Ti2C MXene. These disorders not only reduce LTC but also makes the 

system anisotropic, which is widely known property of such material class [40,53,54,64]. 

Furthermore, the average LTC for HE-MXene was also calculated on four dis:nct random 

structures. The DFT calculated LTC values along with their means, errors, and varia:ons across 

temperature ranges are provided in supplemental figure 6. It is noteworthy that all four 

structures are configura:onally different and exhibit a complete absence of transla:onal and 

rota:onal symmetries, yet remarkably, they yield comparable thermal conduc:vity values. 

Furthermore, we want to emphasize on an interes:ng observa:on that the error margins at 

higher temperatures are even smaller or negligible. Notably, the type of disorders, par:cularly 

those arising from ca:onic heterogenei:es, present an intriguing avenue for leveraging the 

concept of composi:onally graded materials. By strategically introducing controlled varia:ons in 

composi:on, one can manipulate and alter structural disorder to craW materials exhibi:ng 

tailored thermal conduc:vi:es along specific direc:ons.  

The spread of mode resolved LTC with MFP highlights the impact of disorder scaRering 

on thermal transport. MAX phase exhibits the largest MFP due to their ordered crystalline 

structure, while the dimensional restric:ons imposed on MXene and further with 

configura:onal disorder in HE-MXene contribute to the reduc:on in MFP. The density plot of 

phonon relaxa:on :me with phonon frequencies demonstrates a significant reduc:on from 

MAX phase to MXene and lowest for HE-MXene. The increased number of modes in HE-MXene 

does not compensate for the reduc:on in relaxa:on :me, highligh:ng the effect of ca:onic 

disorder on phonon relaxa:on and emphasizes the influence of structural complexity. The 

reduc:on in group veloci:es for band-specific phonon modes corroborates the trend observed 

in the relaxa:on :mes, indica:ng a fundamental connec:on between structural disorder and 

thermal proper:es. 

Finally, our findings underscore importance of structural distor:ons and ca:onic 

disorder in influencing thermal transport proper:es. The systema:c way to engineer LTC, by 

manipula:ng interatomic force constants, mass fluctua:ons and vibra:onal modes through 

dimensional constric:on and ca:onic disorder, opens avenues for tailored ultra-low LTC 

materials. This study provides a founda:on for understanding how specific structural 
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modifica:ons can be employed to achieve desired thermal proper:es in advanced engineering 

materials. 
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