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Mode-selective anharmonicity induced by lone-pair electrons in layered oxyselenides
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Materials with low thermal conductivity are essential for thermoelectric energy conversion and thermal
management applications. Lone-pair electrons (LPEs), a pair of nonbonded electrons, is generally believed
to increase the phonon anharmonicity, which leads to low lattice thermal conductivity. However, the specific
manifestation of LPEs on the lattice dynamics and phonon transport remains elusive. Here, using Raman
scattering and first-principles calculations, we unveil mode-selective anharmonicity caused by LPEs in layered
oxyselenides, quantified by the linewidth of Raman-active phonon modes. Strong anharmonicity is observed not
only for the phonon modes associated with the ions that contain LPEs, but also for those modes involving ions
that are bonded with the LPE-containing ions. The strength of anharmonicity also depends on the vibrational
directions of the phonon modes. These results establish a general guideline for identifying LPE-induced
anharmonicity and provide a new perspective on optimizing thermoelectric performance.
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I. INTRODUCTION

Materials with low lattice thermal conductivity (κL) play
an important role in many practical applications, such as
thermoelectric devices and thermal barrier coatings [1,2]. To
achieve low κL, the general guiding principle is to search for
crystalline materials with complex crystal structures, heavy
atomic masses, weak chemical bonds, and large phonon an-
harmonicity [1–3], whereas nanostructural composites [4]
and superionic materials [5] also represent promising direc-
tions. Lone-pair electrons (LPEs) are an important mechanism
for generating strong phonon anharmonicity because their
chemically inactive nature can induce substantial local lat-
tice distortion. Their formation requires specific cations in a
certain valence state, and the cation-anion interaction governs
their expression [6–8], leading to structural asymmetry about
the LPE-bearing cations. Although the presence of LPEs has
been commonly associated with low κL [6,9–14], their clear
experimental fingerprint on the lattice anharmonicity remains
to be uncovered, which is essential for elucidating their impact
on the lattice dynamics and phonon transport [15,16].

Recently, [Bi2O2]-based materials, such as Bi2O2Ch and
BiCuChO (Ch = S, Se, and Te), have received enormous at-
tention due to their ultrahigh electron mobility [17,18], robust
band gap [19], excellent optoelectronic response [20], and
superior thermoelectric properties with figure of merits ex-
ceeding unity after doping [21]. These materials all have Bi-O
layers with LPEs on the Bi ions and ultralow κL of less than
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2 Wm−1K−1 at room temperatures [22–25], providing a suit-
able platform for investigating the relationship between the
LPEs and κL, but existing studies are scarce. A computational
study of Bi2O2S uncovered an eightfold enhancement in κL

under high pressure accompanied by a structural transition,
which was attributed to the pressure-induced suppression of
the activity of LPEs and the strengthening of intra- and inter-
molecular interactions [26]. Another calculation ascribed the
low κL in BiCuSeO and BiCuTeO to weakly bonded Cu ions,
questioning the role of LPEs [27]. Clearly, the effect of LPEs
on κL in these bismuth oxyselenides remains ambiguous, and
its experimental manifestation warrants further study.

In this work, we focus on the layered oxyselenides,
Bi2O2Se and BiCuSeO, to investigate the effect of LPEs
on the anharmonicity and κL. For comparison, we also
study LaCuSeO, which is isostructural to BiCuSeO. We dis-
cover mode-selective anharmonicity in all three materials,
as schematically illustrated in Fig. 1(a). Specifically, strong
anharmonicity was observed not only for those modes asso-
ciated with LPE-containing ions vibrating in the layer plane,
but also for those modes associated with the ions which are
bonded with the LPE-containing ions and undergo out-of-
plane vibration. This pattern is generic, as also confirmed in
BiOCl and La2O2Se. It facilitates the identification of LPE-
induced strong anharmonicity and suggests combining with
other mechanisms to damp the remaining weakly anharmonic
modes for the further reduction of κL.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

Bi2O2Se and BiCuSeO single crystals were grown by the
chemical vapor transport (CVT) method using I2 as a transport
agent, as described in our previous reports [18,28,29]. First,
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FIG. 1. (a) Schematic illustration of mode-selective anharmonicity. Modes 1 and 3 involve in-plane (IP, solid arrows) vibration of ions,
whereas Modes 2 and 4 involve out-of-plane (OOP, dashed arrows) vibration of ions. LPEs: lone-pair electrons. (b)–(d) Crystal structure and
calculated electron localization functions of Bi2O2Se (b), BiCuSeO (c), and LaCuSeO (d). The black arrows indicate the LPEs. Unit cells
are marked by black rectangles. (e)–(g) XRD spectra and optical photograph of as-grown Bi2O2Se (e) and BiCuSeO (f) single crystals and a
LaCuSeO polycrystalline sample (g).

polycrystalline Bi2O2Se and BiCuSeO were synthesized by
the direct stoichiometric solid-state reaction

2Bi2O3 + Bi2Se3 → 3Bi2O2Se, (1)

Bi + Bi2O3 + 3Cu + 3Se → 3BiCuSeO. (2)

For Bi2O2Se, high pure Bi2O3 (Sinopharm Chemical Reagent
Co., Ltd, 5N) and Bi2Se3 (Alfa Aesar, 5N) powders were used
as raw materials, and highly pure Bi (Alfa Aesar, 5N), Bi2O3

(Sinopharm Chemical Reagent, 4N), Cu (Sinopharm Chemi-
cal Reagent, 4N), and Se (Alfa Aesar, 5N) powders were used
to synthesize polycrystalline BiCuSeO. The raw materials
were mixed, ground, and sealed in the evacuated quartz tube,
and heated at about 550 ◦C (Bi2O2Se) or 700 ◦C (BiCuSeO)
for five days to obtain the target products. Secondly, a cer-
tain amount of polycrystalline mixed by about 10 mg/mL
of I2 (Alfa Aesar, 5N) was loaded into an evacuated quartz
ampoule and placed in a temperature profile of 550–650 ◦C
(Bi2O2Se) or 500–600 ◦C (BiCuSeO) to grow the crystals.
After growth for 10 days, the millimeter-sized flake Bi2O2Se
and BiCuSeO crystals with a metallic luster were successfully
obtained, respectively [see Figs. 1(e) and 1(f)]. The LaCuSeO
sample used in the experiment is polycrystalline ceramic. We
first synthesized LaCuSeO polycrystalline powders by the
direct stoichiometric solid-state reaction of high pure La (Alfa
Aesar, 3N), Cu (Alfa Aesar, 4N), Se (Alfa Aesar, 5N), and
La2O3 (Alfa Aesar, 4N) powders at about 1000 ◦C for 10 days,
according to

La + La2O3 + 3Cu + 3Se → 3LaCuSeO. (3)

Then, a certain amount of LaCuSeO powder was ground and
pressed into flakes with a diameter of 10 mm and a thickness

of 2 mm, and heated in an evacuated quartz ampoule again at
600 ◦C for 12 hours to obtain the single phase LaCuSeO poly-
crystalline ceramic pellets [Fig. 1(g)]. All chemical reactions
were carried out in evacuated quartz ampoules at a pressure of
4 × 10−6 Torr.

X-ray diffraction of Bi2O2Se and BiCuSeO crystals and
polycrystalline LaCuSeO were performed on an x-ray diffrac-
tometer (Ultima III Rigaku) using Cu-Kα radiation with 2θ

of 5 ∼ 80◦. Raman spectroscopy was performed in the back-
scattering geometry under 532 nm laser excitation. A 40×
objective lens was used to focus the laser beam of 0.4 mW
to a spot size of ∼1 μm. The scattered signal was directed
through notch filters and detected by a grating spectro-
graph equipped with a liquid-nitrogen-cooled charge-coupled
device. Polarization-angle dependent measurements were per-
formed using a couple of polarizers placed upstream and
downstream of the sample in the optical path, combined with
a half-wave plate mounted on a rotation stage to control the
polarization direction. Temperature control between 4–300 K
was achieved by a closed-cycle cryostat.

The crystal structure and lattice dynamics of Bi2O2Se,
BiCuSeO, LaCuSeO, La2O2Se, and BiOCl were calculated
by the density-functional theory in the generalized gradient
approximation implemented in the Vienna ab initio simulation
package code [30,31]. The projected augmented-wave method
[32,33] and the nonlocal optB86b van der Waals density func-
tionals [34–36] were used in the calculations. The plane-wave
cutoff energy was 520 eV throughout the calculations. The
k mesh was 9 × 9 × 9 and 9 × 9 × 4 for Bi2O2Se/La2O2Se
and BiCuSeO/LaCuSeO/BiOCl, respectively, in the struc-
tural optimization and self-consistent calculations. The lattice
constants and atomic positions were optimized with the
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maximal residual forces on each atom less than 0.1 meV/Å.
Based on the optimized structure, the phonon dispersions,
phonon linewidths, and lattice thermal conductivities of
all five materials were calculated with the assistance of
Phonopy [37] and Phono3py [38] codes. The 2

√
2 × 2

√
2 ×

2 and 3 × 3 × 2 supercells based on the conventional
cell of Bi2O2Se/La2O2Se and BiCuSeO/LaCuSeO/BiOCl
were used in calculations of the phonon dispersion
and lattice thermal conductivities. The q mesh was
15 × 15 × 15 and 16 × 16 × 8 for Bi2O2Se/La2O2Se and
BiCuSeO/LaCuSeO/BiOCl, respectively, in the calculations
of lattice thermal conductivities. The cutoff distances of the
third-order force constants are 4 Å in the anharmonic calcula-
tions for all five materials.

III. RESULTS AND DISCUSSION

A. Crystal structure and electron localization function

Bi2O2Se, BiCuSeO, and LaCuSeO all share a sim-
ilar layered structure consisting of alternating stacking
of [Bi2O2]2+/[La2O2]2+ and [Cu2Se2]2−/[Se]2− layers
[Figs. 1(b)–1(d)]. The binary layered structural motif is analo-
gous to that of α-PbO, which is well known for its expression
of LPEs [7]. The calculated electron localization function
(ELF) is superimposed on the crystal structures to identify
the presence of LPEs [12,39]. The ELF provides a measure
of the degree of electron localization in materials. It is a
dimensionless index that ranges from 0 to 1, with larger values
corresponding to more localized electrons. Figures 1(b)–1(d)
show the calculated ELF isosurfaces with the isosurface level
of 0.60, 0.85, and 0.85 for the Bi2O2Se, BiCuSeO, and
LaCuSeO, respectively. For Bi2O2Se, an asymmetric lobe is
located near each Bi ion as indicated by the black arrow,
evidencing Bi’s LPEs. For BiCuSeO and LaCuSeO, the ELFs
near the Bi ions are also more asymmetric compared with
that of La ions, suggesting the presence (absence) of LPEs
associated with the Bi (La) ions. Moreover, the ELFs near the
Se ions in BiCuSeO and LaCuSeO show clearly asymmetric
lobes, indicating LPEs on the Se ions. This implies that the
[Cu2Se2]2− layers in BiCuSeO and LaCuSeO also have an
important effect on the low κL in the two materials [27].

To investigate the effect of the LPEs on the lattice dy-
namics, we have synthesized all three materials. The optical
micrographs of as-grown Bi2O2Se and BiCuSeO crystals and
polycrystalline LaCuSeO are shown in the inset of Figs. 1(e)–
1(g). The XRD diffraction peaks of the Bi2O2Se and BiCuSeO
crystals can be indexed as (00L), L being an integer, which
suggests that the exposed surface of as-grown crystals is the
ab plane. Figure 1(g) displays the XRD pattern of a LaCuSeO
ceramic, which is in good agreement with the pair distribu-
tion function (PDF) card (# 49-1221, space group I4/m) and
indicates the absence of any secondary phase.

B. Raman mode assignment

Figures 2(a)–2(c) show the calculated phonon band struc-
ture and partial density of states (DOS) of Bi2O2Se, BiCuSeO,
and LaCuSeO based on the harmonic approximation, which
are consistent with the ones in other works [40–42]. The
phonon spectra of the three materials are all divided into

two groups, that is, the low-frequency acoustic and optical
phonon branches below approximately 200 cm−1, and the
high-frequency optical phonon branches above 200 cm−1.
The partial DOS shows that the high-frequency branches are
predominantly from the vibrations of oxygen ions, which is
attributed to the smallest mass of oxygen among all elements
in these materials.

Although the Raman-active phonon modes are restricted to
the � point, they are representative of the anharmonicity in
the associated phonon branches throughout the Brillouin zone
(see below). Bi2O2Se crystallizes in a body-centered tetrago-
nal structure with the I4/mmm space group, whereas ACuSeO
(A = Bi or La) adopts the simple tetragonal structure with
the P4/nmm space group [42–44]. All three materials have
the same point group 4/mmm (D4h). Factor group analysis
predicts the following phonon modes [42–44]:

�Bi2O2Se = A1g + B1g + 2Eg + 3A2u + 3Eu, (4)

�ACuSeO = 2A1g + 2B1g + 4Eg + 3A2u + 3Eu, (5)

among which the A1g, B1g, and Eg modes are Raman-active.
Utilizing polarization-angle dependent Raman measure-

ments on multiple crystal facets and assisted by our calcu-
lation results, we managed to observe and assign the complete
set of Raman-active phonon modes in all three compounds at
4 K (see details in Supplemental Material Note 1 and Fig. 1
[45]). The spectra are shown in Figs. 2(g)–2(i), with the po-
larization directions chosen to maximize the mode intensities.
For the Bi2O2Se and BiCuSeO single crystals, the red and
green spectra were obtained on the ab and side planes, respec-
tively. The vertical dashed lines indicate the mode frequencies
measured at 4 K, and the number of observed modes, four
for Bi2O2Se and eight for BiCuSeO, is consistent with the
symmetry analysis. For the polycrystalline LaCuSeO, the A1

1g

and E3
g modes are nearly degenerate according to our cal-

culations, making them indistinguishable in the experiment.
The single peak marked by the asterisk near 166 cm−1 in
Fig. 2(i) is assigned to these two modes, and the remaining six
modes are well resolved. The measured mode frequencies are
indicated as dots on the phonon band structures in Figs. 2(a)–
2(c), showing an overall agreement and confirming the mode
assignment. Detailed comparison of the measured and calcu-
lated mode frequencies are included in Supplemental Material
Note 1 [45]. Weak peaks or humps were observed at about
130 cm−1 and 250 cm−1 in Bi2O2Se, 250 cm−1 in BiCuSeO,
and 50 cm−1 in LaCuSeO, which may arise from defects or
second-order scattering.

C. Raman phonon linewidths

To investigate the phonon anharmonicity, we performed
temperature-dependent Raman measurements for each ma-
terial from 4 K to 300 K. Typical spectra are shown in
Figs. 2(g)–2(i). We focus on the phonon linewidth, which
increases upon warming because the phonons, obeying Bose-
Einstein statistics, become thermally populated, and their
interaction leads to the decrease of phonon lifetime—the
reciprocal of phonon linewidth. The effect is the most con-
spicuous for the high-frequency oxygen-dominated B1g and
Eg modes in Bi2O2Se and BiCuSeO, as highlighted by the
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FIG. 2. (a)–(c) Calculated phonon dispersions of Bi2O2Se (a), BiCuSeO (b), and LaCuSeO (c). The calculated phonon linewidths at 300 K
are also shown on the band structures with the transparent color ribbons. (d)–(f) The corresponding phonon partial density of states for each
type of ion. (g)–(i) Temperature-dependent experimental Raman spectra. The green and red spectra in (g) and (h) were measured on the side and
ab plane, respectively. The oxygen-dominated modes are highlighted in the shaded regions. The asterisk in (i) denotes the nearly degenerate
A1

1g and E 3
g modes. The measured Raman mode frequencies at 4 K are marked on the phonon band structures in (a)–(c) as dots. Each column

corresponds to one material, as labeled on the top.

wide shaded regions in Figs. 2(g)–2(h). In contrast, the cor-
responding modes in LaCuSeO remain sharp within the same
temperature range, suggesting that the significant broadening
is related to the Bi-O layers in Bi2O2Se and BiCuSeO that
contain LPEs. Other modes exhibiting strong broadening at
high temperature include the B1

1g and E3
g modes in BiCuSeO.

The latter is weak even at 4 K and becomes no longer ob-
servable above 100 K. Note that phonon frequency shift can
also be induced by anharmonicity, but since this is further
complicated by a pure-volume effect [46], we will not discuss
the mode frequencies further. We have also compared two
batches of Bi2O2Se crystals grown using different methods,
which contain electron-type carrier density differing by one
order of magnitude. The observed consistent Raman phonon

linewidths rule out electron-phonon coupling as a major con-
tribution to the mode broadening (Supplemental Material
Note 2 and Fig. 2 [45]).

To quantify the temperature effect on the Raman spec-
tra, we performed fitting analysis on the Raman peaks using
Lorentzian functions I (ω) = Aγ j/[(ω − ω j )2 + γ 2

j ], super-
imposed on a linear background. Here ω j is the frequency
of the jth Raman mode, 2γ j is its linewidth (full width at
half maximum), and πA is its integrated intensity. The fitted
linewidths are shown in Figs. 3(a)–3(c) and the fitted fre-
quencies are included in Supplemental Material Fig. 3 [45].
Upon warming, the phonon linewidths of all Raman modes
increase due to the increased anharmonic effect. Strikingly,
the linewidth of the B1g (B2

1g) mode in Bi2O2Se (BiCuSeO)

024302-4



MODE-SELECTIVE ANHARMONICITY INDUCED BY … PHYSICAL REVIEW B 109, 024302 (2024)

FIG. 3. (a)–(c) Temperature dependence of the experimental
phonon linewidth for Bi2O2Se (a), BiCuSeO (b), and LaCuSeO (c).
The error bars are standard deviations derived from least-squares
Lorentzian fits of the phonon modes. (d)–(f) The corresponding
calculated results for the three compounds. The two panels for each
material share the same symbol for each mode. High-frequency
oxygen-dominated modes are shown in open symbols whereas the
other are shown in filled symbols.

reaches 67.1 (40.0) cm−1 at room temperature, which far
exceeds the values in SnSe (∼11 cm−1) [47], the material with
a record-holding thermoelectric figure of merit.

The experimentally observed linewidth broadening is
nicely captured by the calculated phonon anharmonic effect
according to the first-principles three-phonon method. The
calculated phonon linewidths of Bi2O2Se, BiCuSeO, and La-
CuSeO at 300 K are plotted on their phonon dispersion by the
transparent color ribbon [Figs. 2(a)–2(c)]. The thickness of
the color ribbon represents the phonon linewidth. The high-
frequency optical phonon branches in Bi2O2Se and BiCuSeO
exhibit large phonon linewidths, not only at the center of
the Brillouin zone but also along the entire high-symmetry
lines. In contrast, the corresponding phonons of LaCuSeO
have significantly smaller phonon linewidths than those of
BiCuSeO, although they share the same crystal structure. The
acoustic and low-frequency optical phonons of BiCuSeO and
LaCuSeO have much larger phonon linewidths than those of
Bi2O2Se. This is consistent with a previous work showing that
the low-frequency phonons from the copper ions have large
anharmonicity and play an important role in the low thermal
conductivity in BiCuSeO and BiCuTeO [27].

To compare with the experimental results, the calcu-
lated temperature-dependent Raman phonon linewidths of

FIG. 4. (a) Temperature-dependent Raman phonon linewidths
2γ , normalized to the corresponding zero-temperature limit mode
frequencies ω0. (b) Vibration patterns for the four Raman modes of
Bi2O2Se. The arrows represent the direction of atomic displacement.

Bi2O2Se, BiCuSeO, and LaCuSeO are shown Figs. 3(d)–
3(f). Although the exact calculated values differ from those
obtained experimentally, the calculations well reproduce the
general trend for the experimentally observed temperature
dependence and even the relative magnitude of the high-
frequency oxygen modes in Bi2O2Se and BiCuSeO. The E3

g
mode of BiCuSeO, which is weak in the measured Raman
spectra and becomes quickly overshadowed by the neighbor-
ing modes upon warming [Fig. 2(h)], is confirmed to broaden
significantly in Fig. 3(e).

D. Mode-selective anharmonicity

To quantify the strength of anharmonicity and to com-
pare its value among different modes, we propose to use a
normalized phonon linewidth, namely, 2γ j/ω j0. Here, ω j0

is the mode frequency in the zero-temperature limit, which
is unaffected by anharmonicity and is approximated by the
experimental value at 4 K. This approach is justified because
a high-frequency mode is bound to broaden more dramatically
in general, such that its large linewidth is not necessarily
related to strong anharmonicity. In an ideal three-phonon
umklapp process, the phonon linewidth is given as 2γ j =
2�2

j
kBT
Mv2

ω2
j

ωm
, where � j is the mode Grüneissen parameter,

which effectively quantifies the anharmonicity, kB is the Boltz-
mann constant, T is temperature, M is the averaged atomic
mass, v is the sound velocity, and ωm is the Debye frequency
[48]. In reality, the interplay of normal and umklapp processes
modifies the mode frequency dependence of the linewidth
to be subquadratic [49]. Empirically, 2γ j/ω j0 provides a
measure of the departure from the phonon quasiparticle pic-
ture, caused by the anharmonicity-induced renormalization of
phonon self-energy [50].

We discover an interesting pattern of mode-selective anhar-
monicity based on the analysis of the normalized linewidth,
which is best illustrated by Bi2O2Se. Figure 4(a) shows the
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FIG. 5. (a)–(f) Temperature-dependent Raman phonon linewidths, normalized to the corresponding zero-temperature limit mode frequen-
cies. The panels are ordered in increasing mode frequency for BiCuSeO, and the mode vibration patterns are shown on the top.

2γ j/ω j0 for all four Raman modes in this material, which are
divided into two groups at room temperature. The B1g and
E1

g modes show strong anharmonicity, with the normalized
linewidth exceeding 15%. They correspond to the out-of-
plane vibration of O ions and the in-plane vibration of Bi ions,
respectively [Fig. 4(b)]. On the other hand, the E2

g and A1g

modes also involve these ions, but the vibrations are along
the directions orthogonal to those of B1g and E1

g , respectively.
Such vibrations give rise to much-reduced anharmonicity,
with 2γ j/ω j0 well below 10%. Therefore, our analysis leads
to the following empirical “selection rules” for strong anhar-
monicity [see illustration in Fig. 1(a)]: ions containing LPEs
(such as Bi ions in Bi2O2Se) should vibrate in plane, whereas
ions without LPEs (such as O ions in Bi2O2Se) but bonded
with ions containing LPE should vibrate out of plane.

This pattern is generic, as it can also apply to BiCuSeO
and LaCuSeO. Figure 5 shows 2γ j/ω j0 for six Raman modes
in these materials. Overall, 2γ j/ω j0 is larger in BiCuSeO,
because LPEs are more abundant in BiCuSeO [Figs. 1(c) and
1(d)]. For LaCuSeO, the La-O layers do not contain LPEs,
and the related modes [Figs. 5(b), 5(d), 5(e), and 5(f)] all
show weak anharmonicity, with 2γ j/ω j0 < 5%. Replacing La
with Bi introduces LEPs, and the corresponding 2γ j/ω j0 for
these modes at 300 K is enhanced dramatically. The behavior
of mode-selective anharmonicity in BiCuSeO obeys the same
rules as observed in Bi2O2Se, such that only the Bi and Se
modes vibrating in plane [Figs. 5(a), 5(b)] and the O and Cu
modes vibrating out of plane [Figs. 5(c), 5(e)] show strong
anharmonicity. Likewise, the two modes in LaCuSeO associ-
ated with the LPE-containing Cu-Se layers [Figs. 5(a), 5(c)]
exhibit relatively strong anharmonicity, following exactly the
same rules, and the other two modes in BiCuSeO not shown
in Fig. 5 are no exceptions (see Supplementary Material Fig. 4
[45]).

E. Connection with lattice thermal conductivity

Next, we establish a connection between the large normal-
ized linewidth and low κL. Since the vibration frequencies
of the oxygen ions are completely separated from those of
other ions, we have calculated the total κL (Supplemental

Material Table 4 [45]) and the contribution from oxygen
ions (Fig. 6) at 300 K. The layered structure of all three
materials indicates that the contribution of high-frequency
optical phonons to the out-of-plane κL should be small due
to their short wavelengths, such that we will just focus on
the in-plane component. The in-plane total κL of BiCuSeO
(1.69 Wm−1K−1) is much smaller than that of LaCuSeO
(2.86 Wm−1K−1) due to the LPEs associated with Bi ions.
The oxygen-related contribution drops remarkably from 1.32
Wm−1K−1 for LaCuSeO to 0.47 Wm−1K−1 for BiCuSeO,
which is correlated with a strong enhancement of 2γ /ω0 for
the oxygen-dominated modes, particularly for the one with
B1g symmetry (Fig. 6). However, the contribution from other
ions only slightly reduces from 1.54 Wm−1K−1 for LaCuSeO
to 1.22 Wm−1K−1 for BiCuSeO, possibly mainly due to the
mass increase from La to Bi ions. The connection between the
large 2γ /ω0 and low κL associated with the oxygen-related

FIG. 6. Lattice thermal conductivity and normalized phonon
linewidth for oxygen-related modes. The lattice thermal conductivity
κL is the value contributed only by oxygen ions at 300 K. The nor-
malized phonon linewidths 2γ /ω0 are values for the high-frequency
oxygen-dominated modes at 300 K. The filled and hatched bars
represent measured and calculated results, respectively.
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modes in Bi2O2Se is also shown in Fig. 6, which demonstrates
the suppression of κL due to strong anharmonicity.

We further extend our study to include other [Bi2O2]-
and [La2O2]-based layered materials [51], which confirm that
our finding is universal. The oxygen-related B1g and Eg Ra-
man modes in BiOCl also show large phonon linewidths of
about 27.3 and 48.5 cm−1 at 300 K, respectively, according
to our Raman results (Supplemental Material Fig. 5 [45]),
which are consistent with reported results [52]. Its in-plane
oxygen-contributed κL is relatively small (0.84 Wm−1K−1).
In comparison, La2O2Se has much smaller 2γ /ω0 and much
larger κL (2.21 Wm−1K−1) for the oxygen-related Raman
modes. Note that this material is difficult to synthesize, and
the calculated Raman results are used here.

F. DISCUSSION

An intuitive understanding of the mode-selective anhar-
monicity observed here can be traced to the spatial distribution
of LPEs in the layered structural units. It has been proposed
earlier that LPEs cause strong anharmonicity through non-
linear repulsive electrostatic interactions with the adjacent
bonding electrons [3,6]. Take Bi2O2Se as an example [see
Fig. 1(b) and Fig. 4(b)]. The vibrations in the form of the
B1g and E1

g modes result in a closer distance between every
LPE-bearing Bi ion and one of its nearest-neighbor O ions,
leading to an enhanced repulsive electrostatic force and strong
anharmonicity. An opposite effect is expected for the E2

g and
A1g modes due to their atomic vibration directions that are
orthogonal to those of the B1g and E1

g modes, respectively. The
orientation dependence of the anharmonicity due to LPEs was
in fact noted also in NaSbSe2, in which the LEPs were shown
to be more polarizable along a certain direction [53]. Our
work uncovers an experimental manifestation of this effect,
which is expected to be universal. Furthermore, Bi2O2Se has
been reported to show ferroelectricity under in-plane strain
[54–56], which echoes the close relationship between local

distortion due to LPEs, incipient ferroelectricity, and strong
anharmonicity [57,58].

IV. CONCLUSION

In summary, our work demonstrates Raman spectroscopy
as a facile probe of phonon anharmonicity and establishes
the normalized phonon linewidth for its quantitative mea-
sure. Application of the method to the layered oxyselenides
leads to the discovery of mode-selective anharmonicity, which
reveals effective phonon damping only for some modes
vibrating along certain directions. The ion- and vibration-
direction-dependent anharmonicity is a manifestation of the
asymmetrically localized LPEs that are present in these ma-
terials. These results deepen the understanding of the effect
of LPEs on the anharmonicity and thermal conductivity. The
mode selectivity also implies that other mechanisms are re-
quired to further reduce the thermal conductivity, by inducing
phonon damping in those branches which show weak an-
harmonicity. Therefore, our findings could be helpful in the
rational design of thermoelectric materials.
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