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Phonon resonance scattering caused by point defects has long been believed to be able to induce an abnormal
temperature dependence of thermal conductivity κ that significantly deviates from the prediction of Rayleigh
scattering. However, a rigorous demonstration and microscopic origin of this behavior are still lacking. Here,
using an ab initio Green’s function approach, we show that three types of point defects cause phonon resonance
scattering in cubic BN, among which only the nitrogen vacancy indeed produces an unusual nonmonotonic
temperature dependence of κ . This abnormal behavior arises only when the phonon resonance is sufficiently
strong and occurs at relatively low phonon frequencies, which overwhelms the intrinsic scattering of low-
frequency phonons that otherwise would produce a monotonic temperature dependence of κ . Our work provides
deep insights into the phonon resonance caused by point defects and will benefit the manipulation of κ by defect
engineering, particularly for doping scenarios.
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Point defects that are ubiquitous in solids can strongly scat-
ter phonons and thereby largely reduce thermal conductivity
κ , especially at low temperatures or at high defect concentra-
tions. The scattering of phonons by point defects has been of
fundamental interest for a century [1–6] and has been attract-
ing increasing attention in recent years due to its important
influence on heat dissipation and performance of electron-
ics, thermoelectrics, optoelectronics, etc. [6–9]. Essentially,
the phonon-defect scattering originates from the perturbation
caused by the change of atomic mass and/or interatomic inter-
actions around the defect sites, which modifies the potential
energy surfaces [2]. In particular, when the perturbation is
sufficiently strong, phonon resonance can rise and result in an
exceptionally large suppression of κ [10,11]. Previous studies
indicate that such resonance scattering occurs fortuitously,
which may be induced by vacancies or substitutional atoms
that introduce a slight asymmetry in the host lattice [11–14].

A unique feature induced by the phonon resonance scat-
tering has been believed to be an abnormal temperature
dependence of κ , but is without proof. The relevant studies
can be traced back to 1962 [12], when phonon resonance
scattering was introduced by Pohl as an additional scattering
term to explain the pronounced “dip” in the κ curve versus
temperature for KCl crystals containing small concentrations
of KNO2, an abnormal behavior that cannot be explained
by commonly assumed Rayleigh scattering for point defects.
Similar behaviors were observed subsequently by several
thermal measurements for GaSb [15], KBr [16], HgSe [17],
ZnS [18], etc. Also, evidence of the low-frequency resonant
modes has been provided by far-infrared transmission spectra
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measurements [19–22] and inelastic neutron scattering [23].
However, whether the abnormal temperature dependence of κ

arises from phonon resonance has not been rigorously demon-
strated because of four main treatments in calculating κ:

(i) The phonon resonance scattering rates were estimated
using phenomenological models derived for a simple mechan-
ical oscillator.

(ii) The phonon resonance frequencies were predicted us-
ing an Einstein oscillator or simplified models based on force
constants with limited accuracy.

(iii) Rayleigh scattering was assumed for all the other
modes except for the resonance ones.

(iv) Callaway-like models considering many fitting param-
eters were used to calculate the κ .

Rigorous calculation of phonon-defect scattering rates is
the key to identifying the effect of phonon resonance scat-
tering on κ and the underlying mechanisms. Beyond the
phenomenological models, the ab initio Tamura model [24], a
more accurate method based on Born approximation, has later
been applied to calculate the phonon-defect scattering rates.
Despite its success for isotopes, this model fails to capture
the phonon resonance scattering because it considers only
the lowest-order perturbation [25,26]. The recently developed
ab initio Green’s function method [27,28] provides a pow-
erful tool for accurately calculating phonon-defect scattering
by treating the perturbation to all orders. This approach can
well capture the behavior of the phonon resonance scattering
caused by point defects [11,14,25,29]. In particular, using
this approach, Katre et al. predict a strong phonon resonance
scattering caused by broken structural symmetry for the B
substitution at the C sites in SiC, which results in a much
stronger suppression of κ than other defect types including the
vacancies [11]. To date, this state-of-the-art Green’s function
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FIG. 1. Effects of point defects (VacN, VacB, ON, CN, and CB)
on the thermal conductivity of isotope-enriched c-BN (100% 11B) at
300 K. (a) Thermal conductivity as a function of defect concen-
tration. (b) Spectral thermal conductivity as a function of phonon
frequency for 0.01% (8.7×1018 cm−3) point defects. The gray area
corresponds to the experimental results reported by Chen et al. [38].

approach has been used to study phonon scattering by point
defects in various materials [11,14,25,26,29–36].

In this study, we have employed the ab initio Green’s
function approach to investigate the phonon resonance in
cubic boron nitride (c-BN), an ultrawide-band-gap semicon-
ductor with high κ that has attracted intense interest recently
due to its potential applications in high-power electronics
and optoelectronics [37,38]. We demonstrate that an ab-
normal nonmonotonic temperature dependence of κ indeed
can be induced by phonon resonance scattering caused by
point defects. This abnormal behavior arises only when the
phonon resonance scattering is sufficiently strong and occurs
at relatively low phonon frequencies, which overwhelms the
intrinsic scattering of low-frequency phonons that otherwise
would produce a monotonic temperature dependence of κ .

We obtained the phonon-defect scattering rates using our
in-house Green’s function code [34,36], which was used to
calculate the κ of c-BN with point defects by iteratively
solving the linearized Peierls-Boltzmann transport equation
(PBTE) using a revised version of ShengBTE [39]. Within
the framework of the Green’s function method, point defects
are assumed to be randomly distributed and isolated from
each other. Details about the calculations are presented in the
Supplemental Material [40].

Figure 1(a) shows the calculated κ of isotope-enriched c-
BN (100% 11B) at 300 K as a function of defect concentration
for different point defects that possibly exist according to
previous experimental and computational studies [38,48–51].
Specifically, the considered point defects include the intrinsic
vacancies (VacN and VacB), oxygen (ON) and carbon (CN)
substitutions at the N sites, as well as carbon (CB) substitu-
tions at the B sites. For comparison, we also show the κ of
isotope-enriched c-BN (99.2% 11B) measured by Chen et al.
[38], as indicated by the gray area. The pristine κ calculated
in the present study is 2179 W m−1 K−1, which is relatively
higher than the upper bound (1830 W m−1 K−1) of the exper-
imental results and agrees with the result (2145 W m−1 K−1)
predicted by Lindsay et al. [52]. Note that using an isotope
enrichment of 99.2% 11B decreases the κ to 1785 W m−1 K−1,

very close to the experimental value [38]. The lower bound
of the gray area implies a defect concentration of 6×1018

to 7×1019 cm−3 in the samples, which falls within the range
(1018 to 1020 cm−3) reported by Chen et al. [38].

For the defect concentration < 1018 cm−3, the κ of c-BN is
little reduced by point defects and approaches the magnitude
of the perfect crystal. As the defect concentration increases,
κ decreases substantially and largely depends on the type of
point defects, indicating a scattering strength in the descend-
ing order of VacN > VacB > ON > CB > CN. In particular,
the suppression of κ by vacancies is remarkably stronger.
For example, when the defect concentration increases to
8.7×1018 cm−3 (0.01%), VacN and VacB reduce κ by 48.6%
and 41.6%, respectively, which are much larger than that by
ON (22.4%), CB (13.4%), and CN (10.6%).

We then calculated the spectral κ versus phonon frequency
for c-BN with 0.01% point defects to understand the sup-
pression of κ by defects in detail, particularly for that by
vacancies. As shown in Fig. 1(b), both vacancies result in
a much larger reduction of κ within the frequency range
3–27 THz than the three types of substitutions. In particular,
VacN causes exceptionally strong suppression of κ in the fre-
quency range 4–10 THz, as featured by the dip in the spectra.

Similarly, for the c-BN with natural isotopes (78.3% 11B),
VacN results in the largest reduction of κ among the consid-
ered point defects (see Fig. S3 in Supplemental Material [40]).
Compared to the isotope-enriched case, the natural isotopes
strongly reduce the κ from 2179 to 903 W m−1 K−1, which
mainly occurs within 5–28 THz. As a result, the further sup-
pression of κ by point defects becomes much weaker after
considering the natural isotope effect. Nevertheless, for the
same amount (0.01%) of VacN, a unique dip is observed
in its spectral κ around the same frequency range, fur-
ther demonstrating the anomalously strong extrinsic phonon
scattering.

To understand the strong suppression of κ by VacN, in
Fig. 2(a) we plot the phonon-defect scattering rates for a
defect concentration of 0.01%, in comparison with phonon-
phonon and phonon-isotope scattering. A prominent peak
around 6.2 THz is observed for the phonon-defect scatter-
ing rates caused by VacN, which are comparable to or even
stronger than the phonon-phonon scattering rates at 300 K
within 4–10 THz, and thus explains the unique dip observed in
the spectral κ . For VacB, an even sharper peak is observed for
its scattering rates near 4.0 THz, whose magnitude, however,
is smaller than the phonon-phonon term for most modes. This
is why VacB results in a much weaker suppression of κ , in
comparison with the VacN case.

The peaks observed for both vacancies bear the typical
signature of phonon resonance scattering [11,14,25]. This res-
onance behavior is further identified by the marked peaks in
the imaginary part of the trace of the T matrix [see Fig. 2(b)],
which occurs at the corresponding frequencies observed in the
phonon scattering rates. One can also note a clear resonance
peak for ON at a relatively higher frequency (13.9 THz).
This phonon resonance mainly accounts for the notably larger
phonon scattering rates within 10–20 THz relative to those
induced by CN and CB.

According to scattering theory, phonon resonance scat-
tering occurs when the localized perturbation is sufficiently

L060101-2



UNUSUAL TEMPERATURE DEPENDENCE OF THERMAL … PHYSICAL REVIEW B 110, L060101 (2024)

FIG. 2. (a) The phonon modal scattering rates caused by different
point defects (VacN, VacB, ON, CN, and CB) with a concentration
of 0.01% (8.7×1018 cm−3), in comparison with the phonon-phonon
(p-p) and natural phonon-isotope (iso) scattering terms for c-BN.
(b) The trace of the imaginary part of the T matrix as a function
of frequency for each defect. (c) Resonance frequency versus the
Frobenius norm of the perturbation in mass-weighted self-interaction
IFCs for VacN, VacB, and ON in c-BN, as well as VacC, BC, and AlSi

in SiC reported by Katre et al. [11]. (d) Bond length as a function of
the distance away from the defect site. The dashed line corresponds
to the bond length (1.55 Å) of the perfect c-BN.

strong. In Fig. 2(c), we show the resonance frequency as
a function of the strength of local perturbation induced by
point defects in c-BN, along with those in SiC [11]. We note
that the resonance frequency decreases as the perturbation
becomes stronger for all point defects except for BC. This ob-
servation agrees with the expectation that a stronger localized
perturbation leads to lower resonance frequency according to
scattering theory [10]. It should be noted that larger perturba-
tion does not necessarily result in stronger phonon scattering.
As presented here, compared to VacN, VacB causes larger
perturbation but relatively weaker phonon scattering, which
can be ascribed to the smaller phonon density of states where
the phonon resonance occurs.

The case of BC in SiC is attributed to the asymmetry in the
first-neighbor shell induced by the B substitution, as reported
by Katre et al. [11]. Essentially, the asymmetry strongly mod-
ifies the curvature of the potential energy landscape near the
potential minima as compared to the perfect crystal, thereby
producing larger variations in the interatomic force constants
(IFCs) near the point defect. To look into the structural dis-
tortion caused by the point defects in c-BN, we plot the
bond length with respect to the atom-defect distance. As
shown in Fig. 2(d), for all point defects, no asymmetry in the
first-neighbor shell is observed, preserving the Td symmetry.

FIG. 3. The temperature dependence of the thermal conductiv-
ity for isotope-enriched c-BN with the point defects (a) VacN, (b)
VacB, and (c) ON. Four concentrations (0.0001%, 0.001%, 0.01%,
and 0.02%) are considered for each point defect. The shaded region
highlights the unusual nonmonotonic temperature dependence of
thermal conductivity, featured by a dip between 100 and 200 K. The
dashed green line is the result calculated by the Born approximation.
Spectral thermal conductivity as a function of phonon frequency at
varying temperatures (150, 300, and 450 K) for c-BN with 0.02%
(d) VacN, (e) VacB, and (f) ON. The inset shows the spectral thermal
conductivity of the pristine c-BN.

Therefore, the perturbation induced by the three substitutions
is much weaker than that by vacancies. Also, the significant
change in bonding length extends up to the second-nearest
neighbors (2.54 Å) for all except VacB (relatively larger and
up to 3.92 Å), indicating the perturbation is strongly localized.

We next look into how the phonon resonance affects the
temperature dependence of κ in c-BN. Figures 3(a)–3(c) show
the κ from 100 to 700 K for c-BN containing VacN, VacB,
and ON with varying defect concentrations, respectively. A
sharp difference is observed between the results for VacN

and other point defects. Specifically, when the defect con-
centration is larger than 0.001%, VacN induces an abnormal
nonmonotonic temperature dependence in κ below 300 K,
featured by a dip between 100 and 200 K, as shown in the
shading in Fig. 3(a), in contrast to the commonly observed
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monotonic one throughout the entire temperature range for
other point defects (see the results for CN and CB in
Fig. S4 in the Supplemental Material [40]). Also, as the de-
fect concentration increases, the abnormal behavior caused
by VacN occurs at a higher temperature, which is expected
because the increasing phonon-defect scattering can compete
with stronger phonon-phonon scattering. Note that this ab-
normal temperature dependence cannot be identified by Born
approximation [see the dashed green line in Fig. 3(a)] based
on the lowest-order perturbation theory, which fails to capture
the phonon resonance scattering. When only mass difference
is considered, the Born approximation is equivalent to the
Tamura model that is widely used to calculate phonon-isotope
scattering [24]. Meanwhile, it is noted that, for a fixed defect
concentration, the temperature dependence of κ above 300 K
is weakest for the VacN case. This is because VacN causes
the strongest phonon-defect scattering, which becomes more
dominant and results in a larger reduction in κ as temperature
decreases.

To understand the abnormal temperature dependence of κ ,
in Figs. 3(d)–3(f), we plotted the spectral κ versus the phonon
frequency for each point defect with a 0.02% concentration
around the temperature where the nonmonotonic behavior
occurs, namely, 150, 300, and 450 K. Specifically, the κ of
c-BN with 0.02% VacN first increases from 705 W m−1 K−1

at 450 K to 787 W m−1 K−1 at 300 K, then decreases to
702 W m−1 K−1 at 150 K. Essentially, the temperature de-
pendence of κ is determined by the competition between
phonon heat capacity and phonon scattering rates, both be-
coming larger as temperature increases (see Figs. S5 and
S6 in the Supplemental Material [40]). Specifically, the tem-
perature dependence of κ is dominated by heat capacity at
low temperatures (well below the Debye temperature) and
phonon-phonon scattering at high temperatures (above the
Debye temperature). As shown in the inset of Fig. 3(d), the
spectral κ of the perfect c-BN crystal decreases throughout
almost the entire frequency range up to 28 THz as temperature
increases from 150 to 450 K, indicating the dominance of
phonon scattering rates throughout the entire frequency range.
After point defects are introduced, phonon-defect scattering
suppresses the spectral κ of all frequencies and changes its
temperature dependence within the high-frequency range of
∼12 to 28 THz for each type of point defect, indicating the
dominance of heat capacity at the high-frequency range. For
example, we show how the competition between heat capacity
and lifetime affects the temperature dependence of κ con-
tributed by two specific phonon modes [named as mode #1
with a relatively low frequency of 4.95 THz at q = (0.13,
0.06, 0.03) and mode #2 with a much higher frequency of
19.71 THz at q = (0.29, 0.06, 0.03)] in Fig. S7 in the Supple-
mental Material [40]. For mode #1, heat capacity dominates
the increase in κ from 150 to 200 K while phonon lifetime
leads to a decrease in κ from 200 to 450 K. For mode #2,
heat capacity dominates κ over almost the entire temperature
range 150–450 K. The major difference is the VacN results in
substantially larger suppression of κ than VacB and ON be-
low 12 THz, particularly around the resonance frequency 6.2
THz induced by VacN. For the VacN case, the strong phonon
resonance scattering reduces its κ contribution below 12 THz
to be comparable to that above at 150 K, thereby resulting

FIG. 4. Effect of the IFC perturbation strength caused by VacN

on (a) the trace of the imaginary part of the T matrix, (b) phonon-
defect scattering rates, (c) thermal conductivity, and (d) spectral
thermal conductivity as a function of phonon frequency at 150 K.
A defect concentration of 0.02% is considered for all cases.

in a lower overall κ at 150 K than at 300 K. In contrast,
although the phonon resonance induced by VacB occurs at
even lower frequencies, its strength is not large enough to
suppress the dominance of low-frequency phonons in deter-
mining the overall temperature dependence of κ . As for the
ON case, because the phonon resonance scattering occurs at
much higher frequencies, it cannot change the temperature
dependence of κ , no matter how strong the resonance is.

As presented above, the abnormal temperature dependence
of κ arises only when the phonon resonance scattering is
strong enough and occurs at relatively low phonon frequen-
cies. To further verify this, we have artificially modified the
perturbation strength induced by VacN and investigated its
influence on the phonon resonance behavior and thermal con-
ductivity. As shown in Fig. 4(a), the trace of the imaginary part
of the T matrix indicates that the phonon resonance scattering
occurs for stronger perturbations (0.9VK, 1.0VK, and 1.1VK)
but disappears for relatively smaller perturbation (0.4VK and
0.6VK). Meanwhile, the resonant frequency decreases from
7.5 to 2.7 THz as the perturbation strength increases from
0.9VK to 1.1VK, agreeing with the trend shown in Fig. 2(c).
These observations further demonstrate that large perturbation
is required to induce phonon resonance and stronger perturba-
tion results in a lower resonant frequency.

The phonon resonance strongly modifies the strength of
phonon-defect scattering. As shown in Fig. 4(b), the phonon-
defect scattering rates exhibit prominent peaks around the
resonant frequency and substantially decrease as the per-
turbation strength decreases. Figure 4(c) further shows the
temperature-dependent κ for 0.02% VacN with varying IFC
perturbation. As expected, the phonon resonance scattering
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results in a nonmonotonic temperature dependence of κ , in
contrast to the monotonic one when the resonance is absent.
Similarly, the spectral κ of low-frequency phonons is strongly
suppressed for the resonant cases, allowing the dominance
of high-frequency phonons in determining the temperature
dependence of κ (see Fig. S8 in the Supplemental Material
[40]). Particularly among the three resonant cases, the 1.1VK

more strongly suppresses the κ below 170 K than 1.0VK and
0.9VK, which is due to the larger reduction of spectral κ

around the resonant frequency 2.7 THz [Fig. 4(d)].
In summary, we have investigated the effect of point de-

fects on phonon scattering and κ in c-BN by combining an
ab initio Green’s function approach and the PBTE. Among
the five types of point defects considered in this study, VacN

is found to result in the largest suppression of κ , which is
ascribed to the strongest phonon resonance scattering within
4–10 THz induced by the localized perturbation of IFCs.
Particularly when the defect concentration is larger than
0.001%, VacN induces an unusual nonmonotonic temperature
dependence of κ below 300 K. In contrast, a monotonic one
is observed for other point defects, although two of them
also cause phonon resonance scattering. This is because the
abnormal temperature dependence of κ arises only when

the phonon resonance is strong enough and occurs at
relatively low phonon frequencies, which largely sup-
presses the κ contribution of low-frequency phonons
that otherwise would produce a monotonic temperature
dependence of κ .

Our work provides a microscopic picture for the phonon
resonance scattering caused by point defects and its influence
on κ , which can explain the puzzle of the unusual temperature
dependence of κ observed in experiments and will be helpful
for manipulating thermal properties by defect engineering. In
particular, the exceptionally large variation of κ by phonon
resonance scattering needs to be paid special attention in the
dopant selection and concentration control of semiconductor
design.
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