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ABSTRACT

Noble gas atoms such as Kr and Xe are byproducts of nuclear fission in nuclear plants. How to trap and confine these volatile even
radioactive gases is particularly challenging. Recent studies have shown that they can be trapped in nanocages of ultrathin silica. Here, we
exhibit with self-consistent phonon theory and four-phonon (4ph) scattering where the adsorption of noble gases results in an anomalous
increase in lattice thermal conductivity (k;), while the presence of Cu atoms doping leads to a reduction in x;. We trace this behavior in
host-guest 2D silica to an interplay of tensile strain, rattling phonon modes, and redistribution of electrons. We also find that 4ph scatterings
play indispensable roles in «; of 2D silica. Our work illustrates the microscopic heat transfer mechanism in 2D silica nanocages with the

immobilization of noble gas atoms and inspires further exploring materials with the kagome and glasslike x;.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0200462

Silicon dioxide (silica), one of the most abundant materials in the
Earth’s crust, constitutes a fundamental component of glass, sand, and
the majority of minerals. With the advancement of nanomaterial fabri-
cation technology, single-crystal two-dimensional (2D) silica films,
using chemical vapor deposition (CVD), can be successfully grown on
metal Mo(112)," Ru(0001),” and even graphene substrate.”” This thin-
nest insulating material exhibits distinctive features” and is also useful
in confined chemical reaction,” subatomic species transport,” and
radioactive gas separation.” Moreover, atomically smooth 2D silica can
be mechanically exfoliated and transferred to the support at millimeter
scale.” This property renders it suitable for catalysis and the isolation
of graphene from metal substrates, facilitating the creation of vertically
transferable heterostructures'’'” and ultrathin gate oxides in field
effect transistors.'”

Radioactive isotopes of noble gases Krypton (Kr) and Xenon (Xe)
are a by-product of nuclear fission in nuclear plants.'*"'® Compared to
electrostatic trapping, the only approach to trap noble gas at room
temperature is the ion implantation,'”'* forming a 2D silicate-noble
gas clathrate compounds.”' >

Introducing guest atoms in host-guest systems like clathrate can
effectively reduce their x;. Concurrently, the rattling modes derived
from guest atoms significantly enhance the scattering phase space and
reduce phonon relaxation time (7), resulting in a decrease in K0
Therefore, the application of 2D silica nanocage for capturing fission
gases may potentially further amplify temperature gradients within
nuclear fuels, compromising safety.

In the recently scrutinized lead-phosphate crystal Pb;o(PO4)sO
(LK-99), which underscores the pivotal role played by Cu atoms in the
modulation of electronic properties.”’ Noble gas atoms possess satu-
rated electron structures, and doping noble gas atoms can yield more
idealized models. Hence, contrasting host-guest systems doped with
Cu atoms and noble gas atoms allow for separate consideration of
the mechanism by which electron density distribution and phonon-
phonon scatterings.12

In this study, we investigated the microscopic heat transfer mech-
anism in the 2D silica nanocages. The results indicate contrasting
effects of adsorbed noble gas and Cu atoms on the x;, of 2D silica. On
the one hand, the adsorption of the Kr atom induces tensile strain in
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the host system, decreasing phonon scattering probabilities and result-
ing in an increase in x;. On the other hand, Cu atom doping confines
the electronic distribution of the nanocage and suppresses strain in the
host system. Moreover, substantial flat bands emerge in the low-
frequency acoustic phonon branch, enhancing phonon-phonon scat-
tering through rattling modes, leading to a reduction in ;.

DFT calculations were performed using the Vienna ab initio sim-
ulation package (VASP).”” The interaction between valence electrons
and ions is realized by the functional of Perdew-Burke-Ernzerhof
(PBE)”* and the generalized gradient approximation (GGA) with pro-
jector augmented wave (PAW).”” The format of the second-order
interatomic force constants (2nd-IFCs) file from the Alamode™ was
transformed into the ShengBTE interface.”” For three-phonon (3ph)
and 4ph scatterings, we used a uniform 40 x 40 x 1 and 7 x 7 x 1 g~
mesh grids.”® More details are in the supplementary material.

Top and side views of 2D silica with P6/mmm symmetry are
depicted in Figs. 1(a) and 1(b). The primitive cell consists of 4 silicon
atoms and 8 oxygen atoms with an optimized lattice constant of
a=b=5312A.

Due to the minimization of structure energy, the doping atom
precisely stays at the center of the nanocage to keep stability. We com-
puted the phonon spectra for a series of atom dopings, as shown in
Figs. S1 and S2. We find that the large electronegativity difference
between the guest atoms and the host lattice could lead to structural
instability since excess dopant electrons will cause a collapse of the
nanocage. Furthermore, noble gas atoms possess a saturated electron
orbit and can also be stable on the framework electron structure of
2D-Siy05.””

The dynamic stability of structures with phonon spectrum is fur-
ther assessed. It is worth noting that the adsorbed noble gas atoms
results are stable isotopes in the calculation. The minimum energy

(b)

@ Si 0 X

ARTICLE pubs.aip.org/aip/apl

path for doping atoms is calculated using climbing image nudged elas-
tic band (CI-NEB) calculations.”® The activation energies for the
adsorption and desorption of Ar, Kr, Xe, and Cu doping atoms within
the nanocage are shown in Figs. 1(c) and 1(d) and Fig. S3. This indi-
cates that adsorbed atoms can be captured and released into the nano-
cage with proper activation energies of E,; and E,,.. Due to the similar
properties exhibited by noble gases, in the following, we examine varia-
tions in x;, using Kr and Cu atoms as examples.

Ké‘f}l, Kgglf H andlcgii;l;{ of Si,Os, Si;OsKr, and SisOsCu vs temper-
ature are shown in Fig. 1(e). This result indicates an anomalous
increase in x; after Kr doping and a decrease in x;, after Cu doping.
The influence of renormalization and 4ph scattering on x is
elucidated through the ratios in Fig. 2(c). SCPH is the abbreviation of
self-consistent phonon with temperature-dependent phonon frequen-
cies.” " k5CPH /1cklh reflects the impact of phonon frequency (o) shifts

due to temperature-dependent phonons. S /xcl4 indicates the
p P P 3,4ph / ®3ph

complete effect of fourth-order anharmonicity, and K?%’Z / Kgng

reflects the additional influence of 4ph scattering on top of the 3ph
process. In the SiyOg, SiyOgKr, and SiyOgCu, the values of
K35 /15 are 0.094, 0.141, and 0.147, respectively. This indicates
that 4ph scattering significantly increases the phonon scattering.
Moreover, all three materials exhibit strong phonon frequency shift
effects, as evidenced by the relatively large values of Kgng / Kg;}l.
Generally, 4ph scattering decreases x;, while the SCPH increases ;.
In a practical situation, both 4ph scattering and phonon frequency

shift compete in determining the final ;"' The values of Kgffgg / Kg;;‘l
for Si4Og, Si;OgKr, and SiyOgCu are 0.226, 0.153, and 0.289, indicating
that 4ph scattering plays a more substantial role than the normalized
phonon frequency shift in all three materials.
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FIG. 1. (a) and (b) The top and side views of the 2D-Si,Og crystal structure with doped X atoms (X = Ar, Kr, Xe, Cu). The red, blue, and cyan colors represent silicon (Si),
oxygen (O), and doped atoms X. (c) and (d) The minimum energy path for doping Kr and Cu atoms. (e) rf, 155", and K3gpn @ @ function of temperature. SisOg, SisOgKr,

3pl

and Si;OgCu represent undoped, Kr-doped, and Cu-doped silica. (f) The «;, spectrum of the frequency distribution in the shaded areas and cumulative «; as a function of fre-

quency in solid lines.
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The thermal conductivity spectrum x;(w) and cumulative x;, at
300K are shown in Fig. 1(f). Low-frequency acoustic phonons contrib-
ute significantly to k. To elucidate the abnormal heat transport mech-
anism of doping, we obtain the phonon dispersions and phonon
density of states (PDOS), as shown in Fig. 2(a). Apparently, none of
the materials exhibits imaginary frequencies in the harmonic approxi-
mation (HA), indicating the dynamic stability of these structures. The
PDOS reveals that Si;Og features a flat phonon mode in the mid-
frequency range (= 120-150cm™"). However, doping with the Kr
atom eliminates the low-frequency flat mode. Cu atom doping intro-
duces a rattling mode, particularly leading to significant flattening of
the low-frequency phonon branch (w =20-50cm™). These rattling
modes increase the phonon-phonon scattering.”

The result indicates that the flat mode is primarily influenced by
the vibrations of the filling atoms within the nanocages, and doping of
the Cu atom plays an important role in the rattling modes of the
atomic vibrations. In clathrate structures, the extremely low x; due to
doping arises from the absence of avoided dispersion crossings of fill-
ing modes, significantly enhancing scattering channels.””** *°

Comparing the temperature-dependent phonon spectrum of
SiyOg at 0, 300, and 900 K, these three materials exhibit dynamical sup-
port stability as shown in Figs. 2(b) and S4. There is an obvious pho-
non hardening phenomenon.

First, we explore the reason for the decrease in x; of Si;OzCu.
Figure S5(a) shows the calculated heat capacity (Cy) of Si,Og, SisOgKr,
and Si;O4Cu as a function of temperature. It can be seen that the Cyof
SiyOgCu is the highest, which is in contrast to the observed reduction
in xp, of Si405Cu. The change of phonon group velocities is small due
to the doping, as shown in Fig. S5(b).

Next, it is further considered that t plays an important role in
reducing x;, of Siy;OsCu. We have plotted the curve of 7 as a function
of phonon frequency, represented by 1/t = w/2n. Once the single
relaxation time exceeds the curve of 1/t = /2, indicating that the 1
is shorter than one vibrational period, the phonon quasiparticle picture

8i,04 IFCs-2nd

Si,04 £=0.927% IFCs-2nd

is no longer valid.”’ As shown in Figs. 3(a)-3(c), the majority of 3ph
and 4ph scattering events are distributed below the 1/t = w /27 curve,
confirming the validity of the BTE solution in this study.””**

We interpret the difference in x; among Si,Os, SiyOgKr, and
Si4O5Cu based on their phonon scattering rates (SRs), as shown in
Figs. 3(a)-3(c) and S6. In Si;O4Cu, the scattering rates are nearly an
order of magnitude higher than those in Si,Og at most frequencies. Cu
doping induces significantly higher scattering rates, leading to a reduc-
tion in r;.”” To further explore the potential mechanism behind the
strong 4ph scattering, we analyzed the 3ph and 4ph scattering phase
spaces of SiyOg, SisOgKr, and SiyOgCu at 300 K. The results indicate
that the scattering phase space of Si;OgKr increases upon doping with
the Kr atom, while the Cu atom doping introduces rattling modes,
causing a reduction in flatband frequencies. This significantly enhances
the scattering channels and increases the scattering probability, as
shown in Figs. 3(e)-3(f) and S7.

Interestingly, there is an anomalous increase in x; upon doping
with the Kr atom. Despite Si,Og being an ultrahard material, a lattice
strain of 0.927% was observed in Si;OgKr, resulting in a xj of
87.306 W m ™' K' at 300 K, as shown in Table 1. Subsequently, we cal-
culated the x; of Si;Og when subjected to a 0.927% strain, resulting in
1, 0f 93.788 W m ™' K" at 300K, as displayed in Table . We observed
that the x; of strained SiyOg is higher than that of Si;Og doped with
the Kr atom. Therefore, the enhanced x;, in Si;OgKr primarily arises
from the framework strain induced by the doping, rather than the rat-
tling mode. This framework strain leads to an upward shift in the pho-
non spectrum, especially for the acoustic and low-frequency optical
branches, as shown in Fig. 2(a). Concurrently, Kr doping contributes
to the reduction in «;.

Next, we compare the impact of harmonic and anharmonic con-
tributions by exchanging the IFCs. Subsequently, the impact of lattice
strain induced by exchanging harmonic and anharmonic IFCs on «; is
examined. As shown in Fig. 2(d), the horizontal axis represents the
input 2nd-IFCs, and annotations at the top of the bars indicate the

Appl. Phys. Lett. 124, 122205 (2024); doi: 10.1063/5.0200462
Published under an exclusive license by AIP Publishing

124, 122205-3

€2:65°€l ¥20T UYd1en 02


pubs.aip.org/aip/apl

Applied Physics Letters

ARTICLE pubs.aip.org/aip/apl

(@) (b)
1
10! 10
10° ) 10° 2
S o 0 o@ o .
X ® 20 s Sl W
P P
& g .
107 s o HA-3ph 7 107R% o HA-3ph
o SCPH-3ph & ©  SCPH-3ph , e
107 o SCPH-4ph { 108 PH-4ph {1 O o SCPH-4ph
Si,0¢Kr ° SCPH-4p b si,0,Cu P
10-4 1 1 1 10-4 1 1 1 1 10-3 1 1 1 1
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
( d)lO' Frequency (cm™) (e) 0 Frequency (cm") ( f) 10 Frequency (cm")
10° 4 10° 1 10°F o
D o HA-3ph P e HA-3ph o HA-3ph
Z 10! o SCPH-3ph { Z 10" B o SCPH-3ph ] Z jo° o SCPH-3ph |
2 SCPH-4ph { SCPH-4ph  § 2 SCPH-4ph
2 = 107 =) 1
8 3 3
) &10° & 1
2 2 2
2 £ 104 k|
= ~ ~ E
-5
$i,04 10 Si,0Kr 1
1076 1 1 1 1 10—6 1 1 1 1 10—6 1 1 1 1
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800

Frequency (cm™)

Frequency (cm™)

Frequency (cm™)

FIG. 3. (a)—(c) Scattering ratios (SRs) and (d)—(f) weighted phase space as a function of frequency of Si;Og, Si;OgKr, and Si;OgCu at 300 K. The blue, green, and orange col-
ors represent 3ph scattering affected by the harmonic approximation (HA-3ph), 3ph scattering affected by SCPH (SCPH-3ph), and 4ph scattering affected by SCPH (SCPH-
4ph). The solid green lines in (a)—(c) show that the scattering rate is equal to the phonon frequency (1/7 = w/2m).

input 3rd-IFCs, facilitating the computation of x£4. Columns 1 and 4

share the same 3rd-IFCs, while their 2nd-IFCs dilgtgehr. Exchanging force
constants results in an increased i, approaching x; of column 3
(SigOg & = 0.927%). Therefore, under the influence of strain, har-
monic effects emerge as the primary contributing factor to the increase
in x;, upon doping of 2D silica. Simultaneously, under the influence of
strain induced by doping, both scattering rates and phase space
decrease, corresponding to the observed increase in x;, as shown in
Figs. S8 and S9. The tensile strain effect on the x; of 2D silica is shown
in Fig. §10.

By comparing the relative atomic mass of doping atoms in
Table 1, it is evident that the doping atom X (X = Ar, Kr, and Xe) does
not interact significantly with the host framework. The larger the mass
of the doping atom, the greater the strain it induces. This phenomenon
aligns with the behavior observed after applying the strain on the 2D
silica.®” For instance, when the Cu atom is doped, it induces a

TABLE I. The influence of doped atomic mass on the change of lattice constant (a)
and strain effect of Si4Og and Si;OgX (X = Cu, Ar, Kr, and Xe).

Mass of X Strain ¢ Kr Kr/Kr
(w) a(d) (%)  (Wm 'K (Si,0)
Si,Og 0 5.312 0 28.289 1
Si,Og 0 5.361 0.927 93.788 3.315
Si,04Cu 6355 5312  0.007 17.648 0.624
SiyOgAr 39.95 5.343 0.584 80.821 2.857
Si,OgKr 83.80 5.361 0.927 87.312 3.112

SiyOgXe 131.29 5.397 1.600 121.405 4.291

framework strain of only 0.007%, significantly smaller than the strain
produced after doping with the Ar atom, which amounts to 0.584%.
Despite copper (Cu) having a greater relative atomic mass than argon
(Ar), the strain of framework induced by Cu is even smaller than that
induced by Ar. Therefore, it becomes necessary to consider the elec-
tronic interaction and distribution between the doped Cu atom and
the host framework.

Thus, we conduct differential charge density calculations of
Si4OgKr and Si4OgCu to investigate the change in electronic distribu-
tion. The regions with significant variations in the framework are
attributed to the doping atom. On the one hand, since the Kr atom is
in a chemical full-shell state, doping Kr will redistribute and squeeze
the electron distribution of the framework, leading to the electrons
moving to both sides in Fig. 4(a). On the other hand, the Cu atoms
have a strong attraction with the host framework, gathering the elec-
trons toward the center in Fig. 4(b). Figures 4(c) and 4(d) display the
electron localization function (ELF). In SisOgKr, the interaction
between Kr atoms and the framework is relatively weak, leading to
high electronic localization near the Kr atom. After the doping of Cu
atoms, stronger interaction occurs between Cu atoms and the frame-
work, resulting in smaller localization near Cu atoms. Combined with
Bader charge analysis, it is shown that the doping of Cu and Kr atoms
does not lead to the formation of chemical bonds with the host
framework."’

Subsequently, partial electron density analysis is performed
on the atomic character bands of Cu and Kr, as shown in Figs. 4(e)
and 4(f). By comparing the results of SiyOgKr and Si;OgCu, it is found
that a noticeable enhancement in the interaction between Cu guest
atoms and the host nanocages, indicating a certain level of electronic
interaction. However, it should be noted that the doping atoms did not
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FIG. 4. Effect of doping Kr and Cu atoms on the electron density of nanocages. (a) and (b) 2D projection of the differential electron density function on the (110) plane, and the
selection charge density ranges of Si;OgKr and Si;OgCu are =0.000 35 and *+0.0015 e- Bohr=>, respectively. (c) and (d) 2D projection of the electron local function (ELF) on
the (001) plane, and (e) and (f) 2D projection of the partial electron density function of Kr and Cu atoms in Si;Og. Selected partial charge densities ranging from 0 (blue) to

0.001 e Bohr™ (red).

form chemical bonds with the host framework, thus inhibiting large
strain on the framework. In the case of the noble gas atom Kr, the
interaction with the host cage was significantly weaker, primarily due
to the absence of electronic interaction between the guest atoms and
the host nanocage electrons.

In summary, we have studied the effect of adsorbed noble gas
and copper atoms on K, of 2D silica nanocages based on temperature-
dependent phonons through self-consistent phonon theory and
fourth-order multiphonon scattering. The adsorption of noble gases
results in an anomalous increase in x;, while the presence of Cu atoms
leads to a reduction in ;. Adsorption of noble gas atoms on 2D silica
results in tensile lattice strain within the nanocages, reducing phonon
scattering rates and consequently leading to an increase in ;. In con-
trast to the weak interaction between noble gas atoms and the nano-
cages, Cu atom doping confines the distribution of electronic states
without inducing significant strain in the nanocage, through its inter-
action with the nanocage electrons. The introduction of Cu atoms
induces significant broadening and frequency shifts in the low-
frequency phonon branches of the system, leading to the creation of
large flat bands. This alteration, coupled with the enhancement of pho-
non scattering probability through rattling modes, results in a reduc-
tion of k.

Our results illustrate the microscopic heat transfer mechanism of
adsorbed atoms in 2D silica nanocages, emphasizing the significant
roles of lattice distortion and changes in electron density distribution
in the x;. We also show the four-phonon scatterings play an indis-
pensable role in the computation of x;, of 2D silica. Our study might
inspire further theoretical and experimental investigations exploring
materials with the kagome and glasslike x;.”"*"*

See the supplementary material for the phonon spectrum, the
minimum energy path for doped Ar and Xe atoms, the renormalized
phonon dispersion at different temperatures, heat capacity as a

function of temperature, phonon group velocity, Griinisen parameter,
phonon scattering rates, phonon phase space, and x;, of 2D silica with
applied tensile strain.
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