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Abstract To understand the relation between different
nanostructures and thermal properties, a simple yet
effective model is in demand for characterizing the
underlying phonons and electrons scattering mechanisms.
Herein, we make a systematic review on the newly
developed thermal reffusivity theory. Like electrical
resistivity which has been historically used as a theory
for analyzing structural domain size and defect levels of
metals, the thermal reffusivity can also uncover phonon
behavior, structure defects and domain size of materials.
We highlight that this new theory can be used for not only
metals, but also nonmetals, even for amorphous materials.
From the thermal reffusivity against temperature curves,
the Debye temperature of the material and the ideal thermal
diffusivity of single perfect crystal can be evaluated. From
the residual thermal reffusivity at the 0 K limit, the
structural thermal domain (STD) size of crystalline and
amorphous materials can be obtained. The difference of
white hair and normal black hair from heat conduction
perspective is reported for the first time. Loss of melanin
results in a worse thermal protection and a larger STD size
in the white hair. By reviewing the different variation of
thermal reffusivity against decreasing temperature profiles,
we conclude that they reflected the structural connection in
the materials. Ultimately, the future application of thermal
reffusivity theory in studying 2D materials and amorphous
materials is discussed.

Keywords thermal reffusivity theory, phonon behavior,

structure defects, structural thermal domain (STD) size, 2D
material, amorphous material

1 Introduction

In recent years, promoted by the increasing demands of
applications in different fields, such as in electronics
thermal dissipation, thermal protection, as well as thermo-
electric sensing, different innovative materials have been
synthesized and extensively studied. The thermal property
among other important properties of these materials
becomes increasingly important for their applications.
Thermal conductivity (κ) and diffusivity (α) of solids
depend on their inner structures, which includes the
structural domain size, defects densities, and strength of
interconnection among nanoparts, etc. Despite the reported
complex phonon/electron modeling, to have a better
understanding of the relation between different structures
and heat conduction, a simple yet effective model is
required. Phonons and electrons are the two main types of
heat carriers contributing to κ of different materials. During
propagation, phonons and electrons diffuse through
materials, suffering from frequent collisions. The scatter-
ing can be divided into two categories: scattering by
phonons (Umklapp scattering) and defect scattering (by
lattice defects, chemical impurities, grain boundaries, and
rough edges, etc.). From kenetic theory of gases, the
resulting thermal conductivity can be expressed as κ ¼
Cvls=3, where C is the energy carriers’ heat capacity per
unit volume, v is the average particle velocity, and ls is the
mean free path of the particles between two consecutive
collisions.
For most nonmetallic crystals, phonons are the main

heat carriers. A phonon is a quantum mechanical
description of lattice vibrational motion in which a lattice
of atoms/moleculars oscillates at a single frequency [1].
Phonons are often designated as quasiparticles and obey
Bose-Einstein distribution. They play an important role as
energy carrier in heat capacity and thermal conductivity in
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condensed phase. For phonons, the collisions are sourced
from not only other phonons, but also from lattice defects,
chemical impurities, grain boundaries, and rough edges,
etc. In the past, researchers had a glimpse of phonon
scattering mechanisms from κ-T profiles [2,3]. At low
temperatures, the defect scattering becomes dominant and
the ls value is expected to be constant. As a result, the κ-T
profiles at low temperatures are expected to vary as C-T
profiles. However, due to the complexity of C-T profiles,
the phonon scattering mechanisms cannot be directly
evaluated. Sometimes, the mean free path ls is used for
studying the phonon scattering. It directly reflects the
average distance between two consecutive cllisions and
can be used as a measure of structural domain size.
However, it is hard to measure and so the application is
limited. Besides κ, another important physical term α is
defined as κ devided by the density and specific heat
capacity at constant pressure: α ¼ κ=�cp. Considering the
relation of κ ¼ Cvls=3, α is a function of v and ls:
α ¼ vls=3. However, this relation has been rarely used.
In pure metals, electrons are the main heat carriers.

While in impure metals or disordered alloys, contribution
from phonons may be comparable with that from electrons
[4]. The κ-T profile of metals gives very little information
about the electrons scattering. In metals, electrons make a
dominate contribution to the κ. From κ ¼ Cvls=3, we have
κ ¼ CevF

2τ=3. In this equation, Ce is the electron
volumetric heat capacity, vF is the Fermi velocity, and t
is the electron relaxation time [5]. Thus, the κ-T curve is
not only determined by the electron scattering time, but
also hinges on the evolution of Ce, which is also a function
of temperature. Between the Debye temperature and the
Fermi temperature, the bulk heat capacity of metals (Cv) is
a sum of electron and phonon contribution: Cv ¼
gT þ AT 3, in which the first term is from electrons and
the latter one is from phonons [5]. At relatively high
temperatures, the phonon contribution is more significant
than that of electron. Thus, α-T curve reflects a combined
effect of electron scattering and phonon heat capacity. The
thermal diffusivity (α) of metals cannot be used to
characterize the electron scattering either.
Electron scattering mechanisms and intensities have

historically been studied and used for analyzing structures
in metals. The total electrical resistivity (re) comes from
mechanisms asssumed to contribute to electron scattering:
an isotropic contribution from phonons scattering; a
contribution due to grain boundaries; a contribution from
external surfaces [6], and from chemical impurities and
lattice defects. The re-T profiles provide unprecedented
details of the electron scattering. The temperature
dependent part at high temperatures is dominated by
electron-phonon scattering and is proportional to the
phonon concentration. Also the slope of re-T can be
used for extracting the Debye temperature. In addition, the
residual resistivity value at the 0 K limit reflects defects

and impurities scattering intensity. The resistivity ratio
which is defined as the ratio of the total resistivity at RT to
the residual resistivity at 0 K has been a convenient
indicator of materials’ purity. Thus, the experimental re-T
curves and the corresponding theoretical model provide a
good way for studying the electron scattering mechanisms
and structure of metals. However, for electrically non-
conductive materials, the re-T data becomes less straight-
forward and useful. Furthermore, since the electrical
transport model of semiconductors is different from
metals, the re-T curve does not follow the physical
model of metals either. Therefore, for nonmetals, this
method becomes less applicable. The re-T curves and the
corresponding theoretical model of metals will be
introduced in detail in Section 2.
In summary, there have not been many simple physical

terms or models to directly and conveniently characterize
the phonon/electron scattering mechanisms, structural
defects, and domain sizes of different materials. Although
for pure metals, the re-T curves provide an excellent way
for evaluating the purity and electron scattering, it is not
applicable for semi-conductors or nonconductors. The
understanding of the phonons/electrons scattering plays an
essential role in analyzing and predicting the thermal
bahaviors of different materials. Thus, it is in demand
to develop a model to answer all the requirements.
Therefore, a new thermal reffusivity theory has been
developed in recent years and it provided an effective
method for charactering the phonons/electrons scattering,
strutural defects, and domain sizes of different kinds of
materials.
In this work, we first review the relation between

electrical resistivity and structures. Then we introduce the
principle of thermal reffusivity by examining the studies on
the structural defect levels using thermal reffusivity model.
The studied materials include silver/silver nanowire,
graphene foam, partly reduced graphene paper/graphene
oxide paper/graphene paper, polyethylene materials, and
pre/post-annealed carbon fibers, etc. In addition, the
application of thermal reffusivity for evaluating the
Debye temperature of materials, and estimating the ideal
thermal diffusivity of materials with perfect single crystal
is reviewed. More importantly, we highlight the applica-
tion of the residual thermal reffusivity in characterizing the
structural thermal domain (STD) size in not only crystal-
line materials but also amorphous materials. We explore
the physical meaning and validation of the STD size by
comparing with the crystallite size reported from XRD
result. To provide an example for the application of thermal
reffusivity in characterizing the domain size of amorphous
materials, we conduct a study on human hair of black and
white color. The difference of white hair and normal black
hair from heat conduction perspective is reported for the
first time. Finally, we discuss the future applications of this
theory in studying new 2D materials and amorphous
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materials, as well as in providing experimental reference
for calculation.

2 Electron transport and structure

Electrical resistivity has been historically utilized for
analyzing structures in metals. re is an intrinsic property
that quantifies the ability of a given material to opposes the
flow of electrical current. It is defined as �e ¼ RA=L, in
which R is the electrical resistance of a uniform specimen,
L is the length and A is the cross-sectional area. For simple
metals, re increases with temperature. At higher tempera-
tures, re has a linear relationship with temperature. At low
temperature, re follows a power law function of tempera-
ture whose shape can be characterized by the Bloch-
Grüneisen formula:

�e ¼ �0 þ αp
T

�R

� �5

!
�R=T

0

x5

ðex – 1Þð1 – e – xÞdx, (1)

where αp is a constant and qR is the Debye temperature. αp
is proportional to the electron-phonon coupling constant ltr
and Debye frequency wD, and inversely proportional to the
squared Drude plasma frequency wp [7]. From the re-T
profiles of different metal specimens, re approaches a
constant value r0 as temperature reduces to 0 K. r0 is
entitled as “residual electrical resistivity.” It is caused by
defect scattering (grain boundary scattering, lattice defects,
chemical impurities scattering, and surface scattering)
whose intensity is determined not only by the type of
metal, but also by its purity and structural domain size.
From Matthiessen’s rule, the total electrical resistivity of
simple metals can be approximated as the sum of r0 and
the intrinsic electrical resistivity ri as �e ¼ �i þ �0, where
ri originates from the scattering by phonons.
Since r0 is generally independent of temperature and

determined by defect scattering, its value can be used to
characterize the level of structural defects in metal
specimens. The proportion of r0 over the total re at RT
can be used as a quantitative measure of the structural
defects in metal specimens. Xu et al. [8] measured the re-T
profile of Ir film on DNA fibers and compared with that of
bulk Ir from RT down to 10 K. The result is shown in
Fig. 1(a). In Xu’s work, the nanoscale Ir film on DNA
fibers had a much higher r0 value than that of the bulk
specimen. For Ir film, r0 was around 22 � 10–8–33 � 10–8

W$m, while for bulk Ir, r0 was less than 5� 10–9W$m. The
r0/re ratio of Ir film was about 85.5% and 78.9% for fiber 1
and 2 respectively. For the bulk Ir, the r0/re ratio was less
than 5%. The over 15-fold higher r0/re ratio illustrates that
the intensity of defect scattering in the nanoscale Ir film is
much higher than that in the bulk Ir. This result is
reasonable since the Ir film was sputtered onto the DNA
fibers, which inevitably contained lattice defects and
impurities. Meanwhile, due to the size effect, the nanoscale

film has a much higher surface/volume ratio, which leads
to a higher level of grain boundary scattering in nanoscale
Ir film.
Combined with the Bloch-Grüneisen formula fitting, the

Debye temperature qR and αp can also be evaluated. The
solid lines in Fig. 1(a) are the Bloch-Grüneisen formula
fitting using Eq. (1). The resulting re-T curves of nanoscale
Ir film and bulk Ir were parallel. For the two bulk Ir
specimen, the fitting gave the αp value of 21.86 � 10–8–
22.34 � 10–8 W$m, and qR value of 306.1–307.6 K. For
nanoscale Ir film on DNA fibers, the fitting result was
21.96 � 10–8 –22.49 � 10–8 W$m for αp, and 259.4–285.9
K for qR. Xu’s value was close to the value measured from
specific heatof high-temperature range (290 K) [8,9]. Thus,
the re-T model provided an alternative way for evaluating
qR.
The parallel re-T profiles are expected only if the two

specimens share the same qR and αp. Even for the same
type of simple metal specimens, most of the re-T could be
nonparallel. The Debye temperature reflects the connection
strength of grains in the specimens. When the connection
weakens (the phonon softening), the Debye temperature
decreases. In addition, Xu et al. tested the re-T profiles of Ir
nanofilm on different substrate fibers, including glass fiber,
milk weed, and spider silk. The resulting slope of re-T is
one-fold lower than that of the bulk Ir. This was due to the
quantum confinement of nanoscale materials, which
changes the distribution of phonon frequency with
wavelength. Under this circumstance, the phonon-electron
scattering mechanisms will be different, which leads to
nonparallel re-T curves. DNA provides extra channels for
electron transport by thermal hopping and quantum
tunneling, which could largely weaken the quantum effect.
Cheng et al. [10] reported the re-T curve of single
polycrystalline silver nanowire from RT to 35 K. The result
is shown in Fig. 1(b). The slope of re against T of the silver
nanowire (1.68 � 10–10 W$m/K) was much larger than that
of the bulk silver (6.11 � 10–11 W$m/K). The larger slope
was attributed to the enhanced electron-phonon coupling
and the surface phonon softening in silver nanowire. Even
though nonparallel, the proportion of r0 over the total re at
RT can still be used as a measure of structural defect levels.
In Cheng’s work, r0 of the bulk silver was almost zero,
while r0 of the silver nanowire was much higher (3.25 �
10–8 W$m), which takes about 42.2% over the total re at
RT. This shows a much higher level of structural defect in
silver nanowire than bulk silver.
re of metals can be expressed in terms of the mean

scattering time of electrons (t) as �e ¼ m=ne2τ, in which m
and e are the electron mass and charge respectively, and n
is the electron density. Thus, r0 can also be expressed as a

function of t0 as �0 ¼
m

ne2
τ0

– 1. Here t0 is the mean

scattering time induced solely by defect scattering.
Combined with the Fermi velocity v, the electron mean
free path induced solely by the defect scattering can be
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evaluated, which reflects an effective structural domain
size. In Cheng’s work, they calculated the electron mean
free path of silver nanowire based on the experimentally
measured r0 value. The resulting value was 26 nm, which
was close to the crystal size evaluated from XRD results
(21 nm) [10]. Therefore, the experimental data of re-T
profiles can be used to effectively characterize the
structural defect levels, the Debye temperature, and the
structural domain size in simple metals.

3 Thermal reffusivity: electrons

From the above analysis, re is very effective in evaluating
the defect level, the Debye temperature, and the structral

domain size of metals. However, for electrically non-
conductive materials or semiconductors, this method
becomes not applicable. Although electrically nonconduc-
tive, the thermal conductivity and diffusivity of these
materials are readily measurable. Based on the under-
standing of electron/phonon scattering, a new physical
term called ‘thermal reffusivity’ from heat conduction
perspective has been proposed and developed to char-
acterize the defect level, the Debye temperature, and the
structural domain size of various materials.
As illustrated in the introduction, if we directly look at

the κ-T or α-T profile of metals, very little information
about the electron scattering mechanisms and intensities
can be obtained. The κ-T curve is not only determined by
the relaxation time of electrons, but also hinges on the Ce

evolution. To study the electron scattering time directly, the
effect of Ce needs to be taken out. Ce is a function of
temperature as Ce ¼ gT , in which g is a constant. Under
this circumstance, a new physical term called ‘unified
thermal resistivity’ for metals was first defined by Cheng
et al. [10] as

Θ ¼ T=κ: (2)

Combining with equation κ ¼ Ce�F
2τ=3, Q becomes a

function of t as

Θ ¼ 3

gv2F
τ – 1: (3)

By studying the Q-T curve, the different electron
scattering mechanisms and corresponding intensities can
be elucidated [10]. The physical meaning of Q can be
interpreted as the thermal resistance per unit specific heat
of electrons. Note this “unified thermal resistivity” shares
the same meaning of the “thermal reffusivity” introduced
for phonons.
Cheng et al. measured the κ-T and Q-T curve of silver

nanowire and compared with that of bulk silver. The result
is presented in Fig. 2 [10]. The κ-T curves of the silver
nanowire and bulk silver did not have a lot in common as is
shown in Fig. 2(a). The κ of silver nanowire was much
lower than that of bulk silver. The κ of bulk silver increased
as temperature goes down, while the κ of silver nanowire
presented a reversed behavior. From the κ-T curves, the
information about the structures and electron scattering
mechanism are very limited. For comparison, Fig. 2(b)
shows the Q-T curve. The Q-T curves of both materials
showed a similar linearly decreasing pattern as temperature
goes down to about 60 K. The slope of Q-T is 2.57 � 10–3

m$K/W for silver nanowires and 2.41 � 10–3 m$K/W for
bulk silver, which were almost the same. The only
difference was in the magnitude of Q. Thus, the Q-T
curves showed much more similarities for the same type of
metals.
Same as that for re, the Mathiessen’s rule can be applied

to separate the effect of electron-phonon scattering and

Fig. 1 The re-T profile of nanoscale metal and compared with
that of bulk metal from RT down to 10 K
(a) Temperature dependent electrical resistivity of bulk Ir and
nanoscale Ir film on DNA fibers [8]. (Reprinted from Polymer, 55,
Xu et al., Promoted electron transport and sustained phonon transport
by DNA down to 10 K, 6373-6380, Copyright (2014), with permission
from Elsevier.); (b) “Temperature dependent electrical resistivity of the
silver nanowire and bulk silver” by Cheng et al. [10] is licensed under
CC BY. Solid curves are the Bloch-Grüneisen formula fitting.
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defect scattering. Therefore, Q can be written as

Θ ¼ 3

gV 2
F

τ – 1phonon þ τ – 1defect

� �
: (4)

Here τ – 1phonon is from electron-phonon scattering, and τ – 1defect

is from defect scattering. At higher temperatures, τ – 1phonon

dominates. As temperature approaches 0 K, τ – 1phonon

vanishes and τ – 1defect dominates. Therefore, a residual
value (Q0) which corresponds to the defect scattering
intensity can be measured at low temperatures. Just like the
residual electrical resistivity, this Q0 also reflects the defect
scattering influence as

Θ0 ¼
3

gV 2
F

τ – 1defect: (5)

The parallel Q-T curves in Cheng et al.’s work

(Fig. 2(b)) illustrates that the silver nanowires and bulk
silver shared the similar phonon-electron scattering
mechanism. The intensity of defect scattering kept constant
as temperature changes. On the other hand, the slope of the
re-T curves of silver nanowire and bulk silver (Fig. 1(b)) is
quite different. This is a very interesting phenomenon
which indicated that the electron scattering contributed to
electrical and thermal transport differently. Cheng et al.
[10] ascribed this difference to the change of electron-
phonon coupling strength induced by the structural
disorder and quantum size effect in nanoscale silver. As
illustrated before, the re-T curves would be parallel only if
the two materials shared the same qR and αp value. The
slope of the Q-T curves reflects more complex electron-
phonon interaction. A more comprehensive understanding
requires further future work.
Q0 value reflects the defect scattering influence. For the

same kind of metal, the proportion of Q0 is a quantitative
measure of the defect levels in the materials. From Cheng
et al.’s work, Q0 value of the silver nanowire and the bulk
silver were quite different. As temperature reduced, Q of
bulk silver goes to zero, while Q of the silver nanowire
approaches about 0.9 m$K2/W at 30 K for the silver
nanowire. This showed that the defect scattering intensity
in the silver nanowire was much higher than that in bulk
silver specimen. The grain boundary effect was significant
in nanoscale materials which leads to much higher defect
scattering than that in the bulk materials. In addition, there
were more lattice defects and impurities in the nanoscale
materials which provided more scattering sites. From these
results, the defect level in the silver nanowire is much
higher than that in bulk silver. This conclusion is consistent
as that from the re-T study. Thus, the thermal reffusivity
theory offers an alternative and effective way for the re-T
theory for metals.

4 Thermal reffusivity: phonons

For semiconductors and nonconductors, phonons are the
main heat carriers. For a crystal with at least two atoms in
primitive cell, there are two types of phonons: optical
phonons and acoustic phonons. The phonon propagation is
not only limited by other phonons scattering, but also by
defect scattering including chemical impurities, grain
boundaries, lattice defects, and rough edges. Collisions
of phonons which conserve the phonon momentum is
called normal scattering (N-scattering), while that change
the total phonon momentum is called Umklapp scattering
(U-scattering). Generally, N-scattering is ignored in favor
of the U-scattering. To participate in the U-process, the

energy of phonons needs to be in the order of
1

2
kB�, in

which kB is Boltzmann’s constant, and q is the Debye
temperature [5]. At high temperatures, all phonons are
excited. Therefore, the U-scattering dominates the thermal

Fig. 2 The κ-T and Q-T curve of silver nanowire and compared
with that of bulk silver
(a) Temperature dependent thermal conductivity of the silver nanowire
and bulk silver; (b) Temperature dependent unified thermal resistivity
of the silver nanowire and bulk silver (by Cheng et al. is licensed under
CC BY [10])
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transport at high temperatures. At low temperatures, the
phonon population participating in U-scattering can be
roughly estimated as ~eθ/2T according to the Boltzmann
factor [11]. At low temperatures, due to the largely reduced
phonon population in U-scattering, the U-scattering
becomes ineffective in limiting the phonon propagation.
Under this circumstance, the defect scattering becomes
dominant.
To characterize the phonon scattering intensities,

‘thermal reffusivity’ of phonons was defined first by Xu
et al. [8] as

Θ ¼ 1=α: (6)

Here α is thermal diffusivity. From Mathiessen rule, the
influence of different scattering mechanisms can be
linearly added for the total scattering effect. If we express
this in terms of the scattering time, then:

1

τ
¼ 1

τphonon
þ 1

τimpurities
þ 1

τgrain
þ 1

τdefect
þ 1

τsurfaces

þ ::: (7)

Thus, combining Eqs. (6) and (7), thermal reffusivity of
phonons can be written as

Θ ¼

3

v2
1

τphonon
þ 1

τimpurities
þ 1

τgrain
þ 1

τdefect
þ 1

τsurfaces
þ :::

� �
:

(8)

Since the phonon population in U-scattering follows a
behavior of e – �=2T (sometimes e – �=3T ), when temperature
is much lower than q, tphonon–1 value is also expected to
present a temperature dependence as ~e – �=2T . By contrast,
the relaxation time from structural defects are almost
independent on temperature. If the phonon velocity v of a
material is independent of temperature (which is a good
approximation for most of materials), Q of phonons can be
expressed as a function of temperature as

Θ ¼ Θ0 þ C � e – �=2T : (9)

This equation is the thermal reffusivity model of
phonons. As indicated in this equation, the overall thermal
reffusivity of a material will decrease as temperature goes
down and finally reaches a constant value (Q0) at the 0 K
limit. Q0 is entitled as residual thermal reffusivity. Just like
Q0 of electrons, this Q0 reflects only defect scattering
influence. The proportion of Q0 over the total Q at RT can
also be used as a quantitative measure of the defect levels
in nonmetallic crystals. Therefore, this thermal reffusivity
model significantly broadens the scope of application of re
model introduced in Section 2.
The Q-T profiles of different materials whose thermal

transport is dominated by phonons have been measured

experimentally. By fitting the experimental data with the
thermal reffusivity model expressed in Eq. (9), the Q0

value, the defect levels, and q were extracted. Take an
extreme example, for some crystalline materials with
negligible defects, such as silicon, germanium, sodium
chloride, and sodium fluoride crystals, the Q0 value was
measured to be almost zero. For other materials with some
levels of defects, the resulting Q0 values were reported to
be finite constants. Xie et al. [12] measured the Q-T curves
of graphene foam (GF) material grown by the chemical
vapor deposition method, and calculated the Q-T curves of
three different pyrolytic graphite materials according to the
experimental date published in literatures. The results are
summarized in Fig. 3. The fitting lines by the thermal
reffusivity model are also presented in the figures, which
gave excellent fittings for all the experimental data.
From the fitting result of GF: Θ ¼ 1878þ 1:03� 105�
e – 906:6�T , the Q0 value was 1878 s/m, which took 27.2%
of the total Q at RT (QRT). For comparison, the data of
pyrolytic graphite materials from Ho et al, Hooker et al.,
and Slack et al. gave a Q0 value of 43.3–112.1 s/m, which
took only 5%–14% of QRT. The Q0/QRT ratio of GF was
2–5 times higher than that of pyrolytic graphite. Therefore,
the defect levels in GF was quantitatively measured to be
2–5 times higher than that in the three pyrolytic graphite
materials [12].

By fitting the Q-T curves, the Debye temperature can be
extracted. Experimentally, q is always measured by low-
temperature heat capacity measurement or neutron scatter-
ing studies. The thermal reffusivity theory provides an
efficient alternative for estimating q of different materials.

Fig. 3 Thermal reffusivity against temperature profile
(a) Graphene foam reported by Xie et al.; (b) pyrolytic graphite from
three literatures (Reproduced from Ref. [12] with permission from the
Royal Society of Chemistry.)
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In Xie’s work, q of GF was determined to be 1813�48 K.
This value was close to the average q value of three
acoustic phonon mode in graphene, which is reasonable
considering the existence of the impurities atoms in GF.
For comparison, the q value of pyrolytic graphite was
determined to be 1133–381 K, which were consistent with
the reported value of graphene (1120 K) [13]. q is the
highest temperature of a crystal which can be achieved by
single normal vibration. It has been proven to be a useful
proxy for crystal rigidity, which is related to the strength of
inner structural connectivity [14]. For example, q of
nanoscale materials is generally smaller than that of the
bulk counterpart. Part of the reason is phonon softening. In
nanoscale materials, due to the size effect, the ratio of free/
interfacial surface area to volume is much higher than that
of bulk counterpart. Thus, the effect of free surfaces and
grain boundaries is much more significant than that in bulk
materials. As a result, the structure of nanoscale materials
have ‘looser’ connectivity than that of the bulk counterpart.
As a result, q is also reduced. In Cheng et al.’s work, the
Debye temperature of silver nanowire determined from re
profile (151 K) is much lower than that of the bulk silver
(235 K) [10].
Since the defect scattering effect on thermal transport

can be quantified from the Q0 value, subsequently, by
taking out the defect scattering effect from the overall
scattering, researchers were able to obtain the ideal thermal
diffusivity (αideal) and conductivity (κideal) which are solely
limited by phonon-phonon scattering. In Xie et al.’s work,
κideal of graphene in GF was reported for the first time [12].
κideal was obtained by κideal ¼ �cp=ðΘ –Θ0Þ, in which rcp
is the volumetric specific heat of graphite. Before their
work, researchers have been trying to characterize κideal of
graphene. For example, Chen et al. [15] measured the
isotopically pure 12C graphene and reported the effect of
different isotrope compositions. The substrate scattering
effect, size effect, impurities atoms effect on κ were also
extensively studied. Nevertheless, the effect of different
structural defects in the real materials could not be
completely avoided. The thermal reffusivity theory, on
the other hand, provides a simple and efficient way to
subtract the defects scattering effect and evaluate κideal of
graphene in different graphene-based materials. This
theory can also be extended to other materials whose
thermal transport is dominated by phonons. However, it
should be noted that this method for obtaining κideal might
not be always successful at very low temperatures. The
phonon scattering cannot be always treated with the simple
theoretical model. tu and tdefects are different functions of
phonon wave vectors. Thus, the Mathiessen’s rule could
become less accurate for summarizing the contribution of
different phonon scattering mechanisms. Under this
circumstance, the error of the estimated κideal at low
temperatures could be very large.
From the above analysis, thermal reffusivity of phonons

can be used to effectively evaluate the defect levels for
nonmetallic materials, which has a much broader scope of
application than electrical resistivity theory. For materials
whose thermal transport is dominated by phonons, the
Debye temperature of the materials, the effect of defects on
the thermal conductivity, and the ideal thermal diffusivity/
conductivity which is solely limited by the Umklapp
phonon scattering can be extracted from the Q-T curve and
the value of Q0.

5 Residual resistivity and structure domain
size: crystalline materials

As temperature goes down, the lattice vibration weakens
and the phonon population decreases. Thus, tphonon
increases and becomes ineffective in limiting κ. The effect
of defect scattering dominates. At 0 K limit, Q0 reflects the
defect scattering intensity from grain boundary, chemical
impurities, lattice imperfections, rough edges, and amor-
phous structures, etc.. From Eq. (8), we can express Q0 in
terms of the structural scattering mean free path l0 as Q0=
3/(vl0). l0 represents the mean free path limited by defect
scattering. l0 is called structure thermal domain (STD) size
as it reflects an effective size accounting for all the effects
of grains on phonon-scattering. The STD size is compar-
able to the real crystallite size. However, it is not expected
to precisely equal the crystalline size measured from XRD.
XRD spectroscopy has been used for providing significant
and detailed information about the crystallite size and
structural order of materials in a specified direction. It
generally evaluates the crystallite size by measuring the
full width at half maximum (FWHM) of peaks. From each
XRD peak, the average crystallite thickness along a
specific lattice plane is obtained, while the thermal
reffusivity model characterizes the STD size by consider-
ing the phonon scattering from all the lattice directions.
Besides the direction along which the thermal reffusivity is
measured, the diffusive scattering from the other two
directions also contributes to limiting the STD size. Thus,
the STD size is actually an effective domain size
combining the effect from the three-dimensional crystal-
lite.
In Cheng et al.’s work, the STD size of individual

polycrystalline silver nanowire was determined to be 38.5
nm, which was larger than the value obtained from XRD
result (21 nm in the (311) direction). The reason was that
the STD size also included the phonon-mediated electron
energy transfer across the grain boundaries, which resulted
in a higher value than the crystallite size [10]. Xie et al.
[12] evaluated the STD size of 3D graphene foam material
synthezied by chemical vapor deposition. The value was
reported to be 166 nm. For comparison, the crystallite size
determined from XRD result was 201.8 nm corresponding
to the (002) plane. These results demonstrated that the
thermal reffusivity theory offers an alternative and
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effective way to investigate the effective domain size of the
samples. However, its value could be a little smaller or
larger than the real crystallite size along one specific heat
transport direction.
There are several points which should be noted when

using Q for STD size evaluation. First, for 1-D heat
conduction, we have Q0 = (vl0)

–1. In addition, to calculate
the phonon velocity v, the contribution from all the phonon
branches to the thermal transport should be taken into
consideration. Liu et al. [16] characterized the STD size of
two ultra-high molecular weight polyethylene (UHMW-
PE) fibers. The experimental result of thermal reffusivity of
two PE fibers is shown in Fig. 4. The lines are polynimial
fitting. The resulting Q0 values are also denoted in the
figure. In their work, the heat conduction was regarded as
1-D due to the 1-D molecular structure. Thus, the STD size
was calculated by l0=(Q0v)

–1 . In addition, v was calculated
by considering all the phonon branches as [17]

4

<v>2 ¼ 1

<vLA>
2 þ 1

<vTA1>
2 þ 1

<vTA2>
2

þ 1

<vTor>
2 : (10)

In the c-axis, vLA, vTA1, vTA2 and vTor indicate the
phonon velocity of longitudinal, transverse and torsional
acoustic phonon branch [18]. The average v was calculated
to be 3470 m/s. The resulting STD size were 7.3 and 8.7
nm for the two PE fibers. These values were much smaller
than the crystallite size in the (002) direction determined

from XRD results (19.7 nm). This revealed that the grain
boundary scattering was very strong in PE fibers, which
caused the phonons lost almost all the original information
after passing the grain boundaries [16].
The thermal reffusivity model becomes advantageous in

measuring very large crystallite size or very small volume
samples. Many factors contribute to the observed XRD
peak profiles including instrumental peak profile, crystal-
lite size, microstrain, temperature factors, and so on. When
the test material has very large crystallites, the broadening
of crystallite size could become comparable or even much
smaller than the instrumental peak width. Under this
circumstance, the crystallite size cannot be accurately
determined from XRD peaks. By contrast, the thermal
reffusivity model can be used to effectively evaluate large
crystallite size. For example, high quality graphene paper
material (GP) was synthesized and extensively studied in
recent years. Due to the very high in-plane order and ultra-
low density of impurities and defects, the in-plane crystal
size of GP is very large. Figure 5(a) shows the XRD result
of GP material. Only one peak corresponding to the (002)
plane was observed, which was very narrow and sharp.
From this peak, the crystallite size along the thickness
direction of GP was estimated to be larger than 300 nm.
The peak width was comparable to the instrumental
broadening, from which a reliable crystallite size along
thickness direction cannot be extracted. The peak corre-
sponding to (100) plane was not observable due to the
extremely small scattering cross-section in the thickness
direction. Thus, the in-plane crystallite size could not be
extracted from XRD result either. Xie et al. utilized
the thermal reffusivity model in the study of GP. The
experimental result of Q-T of GP is presented in Fig. 5(b).
The STD size of GP along in-plane direction was
effectively determined to be 1.68 mm [19]. Besides the
above situation, when sample volume or thickness is
extremely small, like that for some nanofibers or 2D
materials, XRD signals could be too weak for extracting
the crystallite size. While with the last and sophisticated
thermal characterization techniques nowadays, Q is easily
measurable. Therefore, the thermal reffusivity theory plays
complementary roles for XRD in characterizing the
structural domain size of crystalline materials.
Furthermore, the STD size can be used for characteriz-

ing the structural evolution of crystalline materials. Liu
et al. measured the STD size of carbon fibers before and
after current-induced thermal annealing using the thermal
reffusivity model. The results are summarized in Table 1.
For two carbon fiber samples, the STD size after thermal
annealing was reported to be 27.8%–72.2% larger than the
original STD size [20]. The electrical resistance, thermal
conductivity/diffusivity at RT, the residual thermal reffu-
sivity are also presented in the table to show the annealing
effect on improving the structure of carbon fibers. These
results indicated that the current-induced thermal anneal-
ing successfully reduced the density of impurities and

Fig. 4 Thermal reffusivity of crystalline ultrahigh molecular
weight polyethylene (UHMWPE) fibers (The residual thermal
reffusivity was determined to be 3.95 � 104 and 3.30 � 104 s/m2

for the two samples denoted as S1 and S2 respectively [16].
Adapted with permission from Liu J et al., Acs Applied Materials
& Interfaces, 2015. 7(49): 27279-27288. Copyright (2015)
American Chemical Society.)
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phonon mean free path induced by static defects and
impurities was significantly increased. The structural
improvement can be clearly seen from the comparison of
STD size of pre-annealed and post-annealed samples. Xie
et al. [19] compared the STD size of graphene oxide paper
(GOP), partly-reduced graphene paper (PRGP), and GP.
The STD size were reported to be 5.9 Å for GOP, 4.6 Å for
PRGP, and 1.6 mm for high quality GP. For comparison,
XRD spectroscopy also gave the crystallite size of these
three materials, which were 71 Å for GOP, 48 Å for PRGP,
and> 300 nm for GP. The value of the STD size was much
lower than the size obtained from XRD, but the conclusion
on the structual comparison for the three materials were
consistent. From these result, the average sp2 domain size
experienced an increasing-then-decreasing pattern during
reduction process from graphene oxide to high purity
graphene. This observation was also reported for chemical
reduction process (from graphene oxide to graphene)
which was studied by Raman spectroscopy [21,22].

6 Residual resistivity and structure domain
size: amorphous materials

Amorphous structure is a wide-spread existence with
numerous applications. For example, polymers generally
have amorphous structures. Amorphous materials-based
thin films play a growing role in emerging semiconductor
devices, optical coating, transistors, and thin film solar cell,
etc. Examples include deposited thin films on a substrate,
such as few-nm thin SiO2 film in the metal-oxide
semiconductor field-effect transistor. An in-depth under-
standing of the relation between amorphous structures and
their thermal behaviors is of significant importance for
their application and thermal design. Compared with
crystalline materials, amorphous solids lack long-range
order. However, they still have short-range order at atomic
scale due to the nature of chemical bonding. Thus,
amorphous solids also have corresponding domain struc-
tures which reflect the level of structural order. The
amorphous domains are constrained by grain boundaries

Fig. 5 The XRD and low-temperature thermal reffusivity of high-quality GP for extracting crystallite size
(a) XRD result of the high-quality GP with large crystallite size (The crystallite size along thickness direction cannot be accurately evaluated since the
peak width is comparable to the instrumental broadening); (b) thermal reffusivity of the high-quality GP against temperature (The in-plane STD size can
be evaluated from the residual thermal reffusivity value. (Adapted from Ref. [19] with permission from the Royal Society of Chemistry.))

Table 1 The annealing effect on the structural domain size of carbon fibers. Summarization and comparison of electrical resistance, thermal

conductivity/diffusivity at RT, residual thermal diffusivity and STD size [20]. (Reprinted from Carbon, 121, Liu et al., Thermal conductivity and

annealing effect on structure of lignin-based microscale carbon fibers, 35–47., Copyright (2017), with permission from Elsevier.)

Index R/W κ/(W$(m$K)–1) α/(m2$s–1) Q0/(s$m
–1) l0/nm

S6 Pre-annealed 136 2.0 1.36 � 10–6 7.13 � 105 0.9

Post-annealed 67.7 2.9 1.88 � 10–6 4.11 � 105 1.55

S7 Pre-annealed 149.4 1.65 1.07 � 10–6 8.10 � 105 0.79

Post-annealed 104.4 2.0 1.34 � 10–6 6.31 � 105 1.01
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and might contain local crystal structures (e.g. α helix and
b sheets in proteins), which makes the domains observable
by few analytic techniques, including nuclear magnetic
resonance (NMR) spectroscopy, XRD, Raman spectro-
scopy, etc. [23–25].
Nevertheless, structural domain size characterization of

amorphous solid is challenging for the existing techniques.
The domain size is normally characterized by XRD in
crystalline solids. In amorphous materials, the crystal size
is sufficiently small. As a result, the crystalline diffraction
peaks may broaden and merge into each other, which
forms a single broad diffraction peak (halo) in XRD result.
This makes XRD not applicable for characterizing domain
size of amorphous materials [26]. Besides XRD, Raman
spectroscopy has been used for evaluating the domain sizes
not only in crystallite materials but also in amorphous
solids [27,28]. By measuring the line width of Raman
peaks, a domain size can be extracted, which is induced by
the limited phonon lifetime reduction by grain boundaries
[29]. However, when measuring amorphous materials,
researchers always found themselves in the dilemma of
obtaining weak Raman signal or suffering from fluorescent
interference. NMR spectroscopy is a technique that
exploits the magnetic properties of certain atomic nuclei.
It is difficult to use NMR to analyze large molecules, while
typical biomolecules like proteins are large molecules [30].
Unlike crystallite materials, amorphous materials lack

long-range translational symmetry and periodicity. From a
practical perspective, researchers attempted to reinterpret
phonon model for amorphous solids in the past five
decades [31,32]. An explanation is that amorphous solids
are highly defective crystals, in which phonons are
considered localized. Therefore, like that in crystalline
materials, the domain size of amorphous materials can also

be characterized by phonon mean free path at the 0 K limit.
The thermal reffusivity theory provides a convenient and

effective way to study the domain size in amorphous
structures. Its application in amorphous materials was first
carried out by Xu et al. [33] on l-DNA nanofibers. Figure
6(a) shows the SEM image of the DNA fiber sample. The
thermal reffusivity of the DNA fiber samples is shown in
Fig. 6(b). Q0 was measured to be 0.4 � 106 s/m2. With an
average phonon velocity of 3734 m/s in DNA, the STD
size in the l-DNA nanofiber was estimated as 0.67 nm [8].
This size is the average length that a phonon will be
scattered by structural domains to lose its original energy
information. It is very interesting to note that in the DNA
nanofiber, the measured STD size was twice the reported
base pair length of DNA (0.34 nm) [8], as illustrated in the
inset of Fig. 6(b). Thus, the STD size offered an effective
estimation for the domain size in DNA fibers.
Herein, using the thermal reffusivity theory, the

structural domain size of human hair with different colors
(black and white) is characterized. The measured STD size
is compared with the crystallite size obtained from XRD
result. This study provides an excellent example for the
application of thermal reffusivity theory in studying
amorphous materials.
The thermal reffusivity (Q) versus temperature of the

two hair samples are measured using the transient electro-
thermal (TET) technique. TET technique is a fast and
reliable technique for measuring the thermal diffusivity of
solid materials, including conductive and nonconductive
materials [34,35]. White and black human hair samples
from a 27-year-old Chinese female are collected from the
same hair strand. The hair color of this female is black in
nature, while part of the hair turned white due to natural
aging. The hair strand is black near the end (~15 cm) and

Fig. 6 SEM image of l-DNA nanofiber and its thermal reffusivity against temperature
(a) SEM image of the studied l-DNA nanofiber suspended between two electrodes (Inset: A zoomed-in view of the l-DNA nanofiber showing

the diameter measurement); (b) thermal reffusivity of l-DNA nanofiber against temperature (The residual thermal reffusivity is estimated to be 0.4� 106

s/m2. Inset of (b): characteristic scale of DNA [33]. (Reprinted from Polymer, 55, Xu et al., Promoted electron transport and sustained phonon transport by
DNA down to 10 K, 6373-6380, Copyright (2014), with permission from Elsevier.))
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white at the tip (~8 cm long). 1-cm cut is collected from the
center of each color region. No chemical process is
involved. For the TET measurement and SEM imaging, 20
nm Iridium coating is applied to both samples by sputter
deposition (Quorum 150 T S) to make the samples
electrical conductive. The SEM images and the diameter
measurement of both coated samples are presented in Fig.
7(a) and (b).
The Q–T result is shown in Fig. 7 (c). The contribution

of radiation and Iridium coating to heat transport is
evaluated to be less than 8% over the total thermal
diffusivity and has been subtracted in the result. The
physical model and process can be found in the Ref. [16].
Q of white hair is lower than that of black hair by 42%–
47% throughout the entire temperature range. This
indicates a reduced level of phonon-phonon scattering in
the white hair. The thermal diffusivity of the white hair is
higher than that of the black hair. From a thermal
protection perspective, the white hair loses part of the
thermal protection function compared to that of the black
hair. This is probably due to the loss of melanin (the protein
associated with hair color) and the impaired inner
structure. To further understand the reasons responsible
for the different thermal properties, the thermal reffusivity
theory is applied to study the phonon scattering and the
STD size in the two hair samples in the following section.
The Q-T of the black hair and white hair exhibit a

common trend: Q decreases linearly with decreasing T as
T> 50 K; below 50 K, Q tends to be stable, leaving a
residual value at 0 K. This behavior is different from the
pattern of most of the crystallite materials and cannot be
fitted using the thermal reffusivity model in Eq. (9). This
linear Q–T result is similar to that of carbon nanocoils
material with polycrystalline-amorphous structure [36]. In
their work, they attributed the linear behavior to the

combined scattering effect from both sp2 graphite grain and
sp3 matrix. We speculate it to be a common behavior of
materials with amorphous structures, but the coherent
physical model and detailed explanation behind the linear
Q–T curves still require further future study.
Although the Q–T result cannot be fitted using the

thermal reffusivity model in Eq. (9), Q0 at 0 K limit still
provides valid information on the defect levels and STD
sizes. By using a quadratic fitting curve to smooth the data
and fixing the slope at 0 K to be zero, the value of Q0 is
determined to be 1.30 � 106 s/m2 and 1.88 � 106 s/m2 for
the white hair and black hair, respectively. With an average
phonon velocity in hair samples (1000 m/s), the domain
size is estimated as 1.6 nm for the black hair and 2.31 nm
for the white hair. Note that the average phonon velocity in
hair is unknown so far, therefore the value used here is
gauged from the determined values of other proteins [37].
Considering the phonon velocity in proteins is generally
very low and within the same order of magnitude, the error
from the phonon velocity is expected to be small. Larger
STD size in the white hair sample reveals that the white
hair contains less defect from the perspective of heat
transport. Due to the loss of the melanin in the white hair,
the inner structure of the white hair experienced a structural
change which resulted in an increased domain size.
To validate our result on the STD size study, the domain

size of the black hair sample is also characterized by XRD.
The considerable embedded keratin crystals contribute to
the broad peak as shown in Fig. 8. The crystallite size is
determined to be 1.8 nm for the black hair. This value
agrees well with the STD size (1.6 nm) derived from Q0.
This result firmly demonstrates that the thermal reffusivity
theory does give a comparable evaluation on the domain
size of human hair. It should be noted that for the human
hair sample, XRD peaks are still not too broad to

Fig. 7 The SEM images and the thermal reffusivity profile of human hair
(a) The black hair sample; (b) the white hair sample (The samples are already coated with Iridium and suspended between electrodes for measurement.
Insets of (a) and (b): zoomed-in view for diameter measurement); (c) thermal reffusivity as a function of temperature for both samples, with denoted
residual thermal reffusivity (The lines are quadratic fitting curves, whose slope is fixed to zero at 0 K.)
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overshadow the crystallite size information. However, this
reaches a limit for the XRD study on amorphous materials.
For other amorphous materials, such as silkworm silk, the
XRD peaks are almost invisible. This makes the domain
size characterization using XRD become impossible. In
addition, the STD size of the black and white hair samples
measured in this work is comparable to the value reported
for other human hair specimens. A comparison between
the thermal reffusivity theory and NMR was given by
Kadir et al. [38]. For the studied virgin hair (Caucasian
human), bleached hair, and perm-waved hair sample, the
particle sizes in rigid phase were measured to be 4.5, 5.5
and 3.0 nm by 1H NMR analysis, respectively. For
comparison, the STD values were measured to be 1.22,
1.97 and 1.75 nm, respectively. In spite of the difference in
physical interpretation, the closeness of domain size values
from both techniques postulated that grain size in human
hair is about 1–5 nm.

7 Temperature-dependence of thermal
reffusivity: uncovering the role of grain
boundary phonon scattering

In addition to the function of extracting the Debye
temperature, the way Q changes with T provides more
information about the role of grain boundary scattering and
strength of structural connection. For most of materials, the
Q-T curve presents a decreasing pattern as the temperature
goes down and finally reaches a stable value Q0. The
thermal transport of this kind of materials is dominated by
the Umklapp scattering at near RT and then by static defect

scattering at low temperatures. However, for some other
materials, especially for some composite materials with
loose structural connection, the Q-T curve could present
different behavior. The variation of Q against T offers a
good indicator for analyzing the strength of boundary
connection.
When the boundary connection is very weak in the test

materials, the phonon scattering at boundaries would
dominate the thermal transport in the whole temperature
range. From Eq. (4) and (8), when τ – 1defect is much larger
than τ – 1phonon, the effect of τ

– 1
phonon becomes negligible. As a

result, the Q keeps almost constant at around the value of
Q0. Xie et al. [39] studied the thermal reffusivity of 3D
graphene aerogel materials (GA) synthesized from chemi-
cal reduction using EDA as reduction agent. Figure 9(a)
shows the Q-T curve of GA [39]. Q of group 2 presented
only a very small variation against the temperature. GA
materials were synthesized by graphene oxide flakes self-
assembling during chemical reduction process. Thus, the
inter-connection between graphene flakes are weak Van
der Waals forces and p-p stacking. Under this circum-
stance, the effect of grain boundary scattering was very
significant and dominated the thermal transport in the
whole temperature range from RT to 10 K. Since the defect
scattering in GAwas almost independent of temperature,Q
of GA became almost invariant of temperature. This
phenomenon was also reported for lignin-based microscale
carbon fibers [20]. Thus, when the inter-connection
strength inside the test materials is very weak, a constant
Q-T curve is expected.
In addition, for some composite materials, Q could even

present a negative temperature coefficient. As temperature
goes down,Q goes up. This phenomenon was observed for
some composite materials with low thermal diffusivity. In
Fig. 9(a), Q of the group 1 GA increases from 2� 106 s/m2

to 7� 106 s/m2. TheQ-T curve of PRGP reported by Xie et
al. is also presented in Fig. 9(b) [19]. From the curve, theQ
presented a 100% increase from RT to 15 K. The negative
temperature coefficient of Q indicated that the defect
scattering intensity in these materials is not independent of
temperature. The thermal transport in these materials are
dominated by defect scattering. As temperature goes down,
the interconnection among nanoparts is deteriorated. As a
result, the phonon scattering intensity at the interfaces is
increased, which causes the residual thermal reffusivity
present a increasing pattern as temperature goes down.
This phenomenon is always observed for materials with
very low thermal diffusivity and complex nanostructures.
The boundary scattering intensity is very high and can be
affected by low temperatures.

8 Summary and future applications

Based on the electrons and phonons scattering mechanisms

Fig. 8 XRD pattern for human black hair (About 30 hair strands
are aligned as a thin film for XRD characterization. The domain
size, denoted as crystallite in the figure, is extracted from the width
of the peak at 21.445°.)
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contributing to the thermal transport, a thermal reffusivity
theory was developed in recent years and has been applied
in the study of various materials including metals, semi-
conductors and organic materials. The definition and
physical meaning of thermal reffusivity for metals and
non-metals have been introduced in detail. The following
applications of the thermal reffusivity model was then
systematically reviewed. First, the proportion of the
residual thermal reffusivity at 0 K limit over the thermal
reffusivity at RT can be used as a measure of the defect
levels in different materials. By fitting with the theoretical
model, the Debye temperature and ideal thermal diffusivity
can be evaluated. In addition, we highlighted that the
structural thermal domain size of the materials can be
obtained by using the residual thermal reffusivity value.
For the materials with very large crystallite size or very
small crystallite size (amorphous materials), the thermal
reffusivity theory still provides an effective way for
evaluating the structural domain size. This theory provides
a good alternative and complement for other methods such
as XRD. Ultimately, the profiles of the thermal reffusivity
against temperature uncovers the role of boundary
scattering and the strength of inner interconnection in the
materials.
In this work, the comparison study between the white

and black human hair from a same Asian woman from
thermal protection perspective is reported for the first time.
From this case study, the thermal reffusivity theory
successfully evaluates the structural domain size of the
human hair of black and white color. The value of STD size
is comparable to the value obtained from the broad peak in
XRD. With the help of Q0 and the STD size, the change of
defects levels and domain size in human hair by losing

melanin is obtained. This proves the thermal reffusivity
theory to be a useful tool for studying and comparing the
structure of amorphous materials.
In the future, the application and study of thermal

reffusivity theory are in demand in the following
directions. The first direction is on 2D materials, such as
graphene, black phosphorus, MoS2, etc. The information
on grain size is critical for the quality control, device
design, and performance assessment of the 2D materials.
However, due to the extremely small scattering cross-
section in the thickness direction, XRD cannot generate
enough signals for accurate in-plane crystallite size
characterization. Using the thermal reffusivity theory, the
structural thermal domain size can be obtained for these
materials. This value will provide a good estimation of the
real crystallite size by considering the phonon scattering
effect from the three dimensions. In the second direction,
the quantitative study on the structural domain size of
amorphous materials becomes possible with the thermal
reffusivity theory. This will shed light on a better
understanding of the amorphous structures and the phonon
scattering inside the structures. Finally, the residual
thermal reffusivity at 0 K limit can be used for evaluating
the defect levels of different kind of materials, including
metals and nonmetals. The ideal thermal diffusivity of
materials of perfect single crystal can be predicted using
the thermal reffusivity theory. This provides an excellent
experimental reference for calculation results.
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Fig. 9 Thermal reffusivity against temperature profiles
(a) Graphene aerogel (GA) [39]; (b) partly reduced graphene paper (PRGP) (Reproduced from Ref. [19] with permission from the Royal Society of
Chemistry.)
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