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Copper (Cu)-based materials (such as cuprates, Cu chalcogenides, and Cu halides) often exhibit unusual properties such as
superconductivity, ultralow thermal conductivity, and superionicity. However, the electronic origin of these unusual behaviors
remains elusive. In this study, we demonstrate that the high-lying occupied 3d orbital of Cu causes a strong s-d coupling with its
unoccupied 4s state when local symmetry is reduced. This leads to strong phonon anharmonicity and is responsible for these
intriguing properties. For example, during thermal transport, symmetry-controlled s-d coupling can substantially lower the lattice
potential barrier, thereby enhancing the anharmonicity and scattering between phonons and ultimately significantly reducing
lattice thermal conductivity. We confirmed this understanding with Raman spectra measurements, which demonstrated a re-
markable red shift in the phonon vibrational frequency with an increase in the temperature of Cu-based semiconductors. Our
study shows that the cause of phonon anharmonicity is related to the fundamental electronic structures, which can also explain

other unusual physical properties of the Cu compounds.
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1 Introduction

Copper (Cu)-based materials have certain unusual physical
properties such as superconductivity [1-3], superionicity
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[4,5], ferroelectricity [6,7], ultralow thermal conductivity [8-
10], and outstanding thermoelectricity [11-16], which are
extremely important in condensed matter physics and tech-
nical applications. For example, Cu atoms in Cu halides are
easily off-center, which leads to a dielectric anomaly and
persistent photocapacitance quenching [17]. Furthermore, in
cuprate high-temperature superconductors or ferroelectrics,
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the Cu-O plane has been shown to play a critical role in the
transition temperatures, and this is related to the softening of
phonon modes [18-22]. Furthermore, Cu atoms move unu-
sually fast in semiconductors [23], and a high liquid-like Cu
ionic motion has been observed in certain Cu-based mate-
rials, such as Cu chalcogenides [11-13].

Cu-based semiconductors are broadly used as highly ef-
ficient thermoelectric materials because they have unusually
low intrinsic thermal conductivity. In this respect, Liu et al.
[11-13] reported through experiments that Cu chalcogenides
possess extremely low thermal conductivity of
<IWm 'K at room temperature. It is known that the
lattice thermal conductivities of Cu,S, Cu,Se, CuCl, CuBr,
CuBiS,, and CuMX, (M=Sb, Cr, and X=S, Se) [8-16,24,25]
are approximately two orders of magnitude smaller than the
adjacent Cu-free compounds such as GaP, GaAs, ZnS, ZnSe,
and NaCl [26,27] and one order smaller than the leading
thermoelectric material of PbTe [28,29].

Despite the many intriguing physical properties of Cu-
containing materials with wide technical applications, the
underlying physics and mechanism resulting in such unusual
behaviors remain ambiguous. It is known that most of the
intriguing physical properties of Cu-based materials are as-
sociated with their strong anharmonic effect. Furthermore,
compared to non-Cu-containing materials, Cu-based mate-
rials have a unique electronic structure, which is evidently
associated with Cu [17,23,30,31]. Moreover, Cu has a high-
lying occupied 3d orbital, which is very close to its own 4s
state in energy, as shown in Figure 1(a).

In this study, we revealed how symmetry-controlled s-d
electronic state coupling can induce giant phonon anhar-
monicity in Cu-based semiconductors. We found that relative
to other elements, the highest fully occupied 3d orbitals of
Cu yielded extremely large coupling with the lowest con-
duction band and the s orbital when atoms vibrated under
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heating, which substantially lowered the lattice vibrational
potential barrier, as shown in Figure 1(b). This results in the
easy movement of Cu atoms (liquid-like vibration) and
strong phonon anharmonicity in Cu-based materials. Our
first-principles calculations were confirmed by Raman
spectra measurements. This study provides an understanding
of the many unusual physical properties of Cu-based com-
pounds.

2 Theoretical and computational descriptions

We employed first-principles density functional theory
combined with the Boltzmann transport approach to in-
vestigate the crystal thermal properties [32,33]. The lattice
thermal conductivity of a material within the relaxation time
approximation can be expressed as follows [34-36]:

1
K= ]\](’—Q;qu'@ Vol lqw (D

where N is the number of sampling q points in the Brillouin
zone, Q) the volume of the unit cell of investigated materials,
Vg 1s the group velocity of phonons with wave-vector q and
branch v, and ¢, is the heat capacity. The mode-dependent
phonon scattering rate takes the form of [36]
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where 7, is the phonon lifetime, 7 is the reduced Planck

constant, Vf:v) o g AT€ the third-order anharmonic matrix
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Figure 1 (Color online) (a) Chemical trend of fully occupied valence nd orbital energy levels (solid lines) and the corresponding (n+1)s state energy levels
(dashed lines) of atoms; this shows that Cu (n=3) has the highest occupied nd orbital energy level and the smallest energy separation between its nd and
(n+1)s energy levels among the elements. (b) Schematic of lattice vibrational potential energy as a function of interatomic distance, where the dashed line
indicates harmonic oscillation and cyan and violet curves represent anharmonic vibrations. The strength of the anharmonicity is quantified by the deviation of

potential energy from the harmonic vibration.
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elements where the summation includes all allowable scat-
tering processes in which a phonon with wave-vector q de-
cays into two phonons (qv') and (q"v"), or in which a phonon
with wave-vector q initially coalesces with (+q7v") and then
emits (7q"v"), while the energy and momentum conservation
of the scattering processes is guaranteed by the Dirac func-
tions. The normal and umklapp scattering processes can be
identified as per q" and q" whenq+q'+q” = 0 or G, where G
is the reciprocal lattice vector, respectively. For convenience,
we define an averaged scattering rate as follows:

1) = 77, @), 3

where N, is the total number of acoustic and optical phonon
branches.

To calculate the frequency shifts because of the phonon
anharmonic effect, we employed first-principles density
functional perturbation theory [37], and the temperature-
dependent lattice vibrational frequency was obtained by

0 (T) = 0g,(0) + Aw, [38], where
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in which ,(0) is the lattice vibrational frequency at har-
monic oscillations, # is a small positive quantity added to
avoid divergence in practical computations, and n g, or n
are the Bose-Einstein distribution functions.

Before calculating the electronic structures and lattice
dynamical properties of a material, we first relaxed the lattice
constants and the atomic positions in the unit cell by per-
forming the first-principles density functional theory calcu-
lations as implemented in the Vienna A4b initio Simulation
Package [32,33]. For this purpose, we used the projector
augmented wave method [39,40] and the generalized gra-
dient approximation, which was parametrized in the form of
Perdew-Burke-Ernzerhof [41] for exchange-correlation po-
tentials. We sampled the k-points using a 10x10x10 Mon-
khorst-Pack grid [42] to ensure self-consistent calculations.
The kinetic energy cut-off for the plane wave basis set was
500 eV, and the total energy threshold for convergence was
10"* eV. After ionic relaxation, the Hellmann-Feynman for-
ces acting on each atom were less than 10 ° eV/A. Once we
obtained the optimal atomic arrangements in the material, we
used the finite displacement method to calculate the intera-
tomic force constants (IFCs) [36]. The second-order IFCs
were calculated using 6x6x6 supercells with k-points and
employing a 2x2x2 Monkhorst-Pack grid, and we used
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3x3x3 supercells for third-order IFCs calculations. We cal-
culated the lattice thermal conductivity by sampling
30%30x%30 integration g-point meshes based on the relaxation
time approximation by using VASP and Phono3py software
[34,35].

To calculate the anharmonic-induced phonon frequency
shifts in solids, as shown in eq. (4), we used first-principles
density functional perturbation theory as implemented in the
Quantum-Espresso code [43,44]. The norm-conserving
pseudopotentials for treating the valence electrons of atoms
were used [39,45], and the generalized-gradient approx-
imation, which was parametrized in the form of Perdew-
Burke-Ernzerhof for exchange-correlation potentials [41].
To obtain the ground state electronic structural properties, we
minimized the total energy of the materials, where the kinetic
energy cut off for the plane wave basis set was selected as
120 Ry. The total energy threshold for convergence was
1x10 " Ry, and the force threshold for each atom was
1x107"° Ry/Bohr. We sampled the k-points in the Brillouin
zone on a 24x24x24 Monkhorst-Pack mesh to ensure self-
consistent field calculations [42]. After ionic relaxation and
to conduct the phonon calculations, we sampled the k-points
of 9x9x9 for non-self-consistent electronic structure calcu-
lations, and we set the g-points of 6x6x6 for the second-
order IFCs calculations. For the third-order IFCs calcula-
tions, we sampled the q-points of the 3x3x3 meshes. Finally,
the frequency shifts and line widths of different phonon
modes were obtained using a 30x30%30 integration mesh.

3 The role of s-d coupling in the thermal con-
ductivity of Cu-based semiconductors

In the following, as an example, we elucidate how s-d cou-
pling enhances the phonon anharmonicity of Cu-based
semiconductors and thus causes ultralow thermal con-
ductivity. Zinc-blende structured CuCl was selected as the
Cu-based compound. Figure 2(a) shows a comparison be-
tween the intrinsic lattice thermal conductivities of several
prototypical crystalline semiconductors as a function of
temperature. The x(T) (pink solid line) of CuCl is shown and
compared with that of Si, GaAs and ZnSe, which have the
same lattice structure as CuCl, and their corresponding ex-
perimental data (dots) [26,27,46-51] are shown where
available. These results show that the theoretical result
agrees well with the experimental data. As the temperature
rises, the thermal conductivity decreases (as expected) be-
cause of the enhanced phonon scattering effect. Moving from
Si and passing through GaAs and ZnSe to CuCl, the thermal
conductivity monotonically decreases within the in-
vestigated temperature range. Interestingly, the Cu-based
compound exhibits extremely low thermal conductivity
compared with traditional semiconductor materials, no
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Figure 2 (Color online) Evaluation of the lattice thermal conductivity and phonon scattering effect. (a) First-principles calculated thermal conductivity x
(solid curves) as a function of temperature for CuCl, ZnSe, GaAs and Si, while all experimental data (sparse dots) are taken from refs. [26,27,46-51], when
available. We use a consistent color for each material but use different symbols to distinguish between the theoretical and experimental results. (b) Average
phonon scattering rate as a function of wave number for all investigated materials.

matter how light their chemical composition is. The lattice
thermal conductivity of CuCl is nearly two orders of mag-
nitude smaller than that of adjacent GaAs and ZnSe in the
periodic table and three orders of magnitude smaller than Si.
The phonon scattering rate that dominates thermal con-
ductivity as a function of wave number for all investigated
materials is shown in Figure 2(b), where it is evident that
CuCl exhibits the largest scattering rate.

Compared with other semiconductor materials, the most
prominent feature of Cu-based compounds is their high-lying
occupied d orbitals in energy [17,23,30,31,52]. The atomic
energy of 3d electrons in Cu is even higher than that of the
outermost valence p states in chalcogen and halogen ele-
ments but extremely close to its own 4s state (Figure 1(a)).
Considering the zinc-blende structure of Cu halides with 7,
symmetry, the occupied d orbitals are transformed to irre-
ducible representations of two-fold degenerate E and three-
fold degenerate T, states, respectively, whereas, the high-
lying unoccupied s orbital is transformed to A;. There is,
thus, no coupling between the occupied d orbitals and the
unoccupied s orbitals because they have no common sym-
metry. However, thermal vibrations reduce the crystal sym-
metry to C;, in which the coupling between occupied d
orbitals and unoccupied s orbitals is allowed because the
symmetry of both the d and s orbitals is transformed to A.
Such s-d coupling pushes the occupied d orbital down in
energy and lowers the total energy, which reduces the po-
tential barrier of atomic vibrations. The strength of this al-
lowed s-d coupling is inversely proportional to the energy

separation between occupied d orbitals and unoccupied s
orbitals; therefore, the enhanced anharmonicity occurs as the
occupied d and unoccupied s orbital energy separation de-
creases, i.e., with an increase in d orbital energy.

Our expectations were confirmed by the first-principles
calculations, as shown in Figure 3, where we calculated the
vibrational potential energy as a function of the displacement
of atoms away from their equilibrium center. For the con-
sidered materials, we displaced cations (i.e., Cu, Zn, Ga or
Si) in the corresponding compounds along the bond-
stretching (i.e., [111]) direction. In the inset of Figure 3, we
show how s-d coupling effectively reduces the system po-
tential energy and thus enhances the phonon anharmonicity.
Moving from Cu to Zn and Ga, their occupied 3d orbital
becomes deeper and deeper, and therefore the s-d coupling
contributes less and less to the potential energy surface. The
vibrational potential energy of GaAs and ZnSe was reported
to be much higher than that of CuCl, while Si exhibited the
highest potential energy of them all because of the lack of s-d
coupling.

Although coupling between Cu’s unoccupied 4s orbital
and anion’s occupied p state occurs in the Cu-based com-
pounds because of symmetry reduction, this effect is weak
because (1) the unoccupied 4s state from the cation and
occupied p state from the anion are separated in space, and
therefore their wavefunction overlap is small, whereas the s-
d coupling in Cu occurs within the same Cu atom; (2) the
energy difference between the occupied p state of the anion
and unoccupied s state of the cation is usually larger than that
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Figure 3 (Color online) First-principles calculations of the vibrational
potential energy as a function of atomic displacement, where the potential
energies at equilibrium were set as zero for comparison. We displaced
cations of Cu, Zn, Ga, and Si along the bond-stretching (i.e., [111]) di-
rection in Cu compounds, ZnSe, GaAs, and Si, respectively. It is evident
that CuCl exhibited the lowest vibrational potential energy surface com-
pared with the traditional semiconductors investigated at a given intera-
tomic spacing, and the inset shows the band coupling between the 3d and 4s
states of Cu schematically.

of Cu’s 3d and 4s orbitals, which results in the former having
a weaker coupling strength than the latter.

To further confirm our theory, we conducted advanced
DFT+U calculations [53,54] and artificially adjusted the s-d
coupling strength to verify the changes in the lattice thermal
conductivity of Cu-based compounds, as shown in Figure 4.
According to the above discussion, lattice thermal con-
ductivity was expected to increase if the s-d coupling
strength was reduced. To modulate the strength of s-d cou-
pling in the Cu-based compounds, we added a positive
Coulomb repulsive energy U on the Cu 3d orbital, which
increased the energy spacing between Cu’s occupied 3d and
unoccupied 4s states. As shown in Figure 4(a), the lattice
vibrational potential energy of CuCl increased with an in-
crease in U. Accordingly, the scattering rate decreased
(Figure 4(b)), and the thermal conductivity increased (Figure
4(c)) because of the reduced s-d coupling strength that
weakened the phonon anharmonicity originating from the
lowering of the Cu 3d orbital in energy and the accompanied
wave function localization (Figure 4(c)).

One of the consequences of large phonon anharmonicity is
phonon frequency softening at an increased temperature. We
investigated the phonon frequency shift of the optical pho-
nons of CuCl at the center of the Brillouin zone with a
change in temperature, and the results are shown in Figure
4(d). For this purpose, we conducted density functional

perturbation theory calculations to obtain Aw,(T)

(Aa)qv(T) =w,(T) - a)qv(O)). In the harmonic system, the
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phonon frequency is independent of temperature. Therefore,
when anharmonicity is stronger, Aw,, is larger. For GaAs,
Aw,, was very small, but for CuCl, the phonon frequency
significantly decreased with an increase in temperature. The
magnitude of the reduction was reduced as the s-d coupling
weakened as U increased; this again shows that the s-d
coupling is the root of strong phonon anharmonicity in Cu-
based materials.

The phonon velocity of CuCl, which also plays an im-
portant role in the lattice thermal conductivity, as shown in
eq. (1), is low compared with other semiconductor materials
because of the ionic character (weak chemical bond) of Cu-
based semiconductors and the relatively large p-d coupling,
which places the antibonding character at the top of the va-
lence bands [55].

4 Experimental evidence of strong anharmoni-
city in Cu halides

To confirm our predictions of the large anharmonicity of Cu-
based compounds, we performed temperature-dependent
Raman spectra measurements using CuCl as an example. A
high-quality single crystal of CuCl with a zinc-blende lattice
was synthesized using the chemical vapor transport techni-
que, and 1.9 g CuClI powder (Alfa, 99.999%) and 0.1 g KCI
powder (Alfa, 99.999%) were placed in an ampoule. The
KCl1 powder was used to lower the temperature below the
phase transition point (407°C) and to avoid the formation of
undesired wurtzite CuCl crystals [56]. The ampoule was
evacuated to the lowest pressure attained in our lab (10° Torr)
and immediately sealed. The synthesis was conducted in a
horizontal two-zone tube furnace system, and the growth
temperature gradient was set to 350°C/450°C under heating
10 h. Samples were left at a temperature difference for 10 d.
The system was finally cooled down to room temperature at
a 10°C/h rate. The resulting CuCl crystals were transparent
with a length of several millimeters, and they were mainly
concentrated in the bottle. The X-ray diffraction (XRD)
pattern of the single crystal CuCl is shown in Figure
5(a). The characteristic peaks of the zinc-blende structure
with a space group F43m were evident, which confirmed the
sample quality of single crystal CuCl.

We then conducted temperature-dependent Raman mea-
surements using a p-type (100) Si wafer and a SiO, layer
with a thickness of 300 nm as the substrate. Raman mea-
surements were undertaken using backscattering geometry
via a Jobin-Yvon HR800 system (France) equipped with a
liquid-nitrogen-cooled charge-coupled detector. The Raman
spectra were collected at low temperatures using a 50 long-
working-distance objective lens (NA=0.5) and a grating of
1800 lines/mm. To avoid excessive laser heating on the
sample, a conventional He-Cd laser with a typical laser
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Figure 4 (Color online) Artificial modulation of s-d coupling effect in the thermal transport of Cu-based semiconductors. (a) Lattice vibrational potential
energy of CuCl as a function of Cu’s displacement along the bond-stretching direction under different Coulomb repulsive interactions, U, which were applied
on Cu 3d orbitals. (b) Scattering rate and (c) thermal conductivity of CuCl under different U, where the corresponding energy difference between Cu’s 3d and

4s states in CuCl is also presented. (d) Anharmonicity caused a frequency shift of optical phonon modes at the center of the Brillouin zone in CuCl between
7=300 and 0 K.
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Figure 5 (Color online) Experimental evidence of anharmonicity-induced phonon mode softening in Cu-based materials. (a) Wide angle X-ray diffraction
patterns were obtained with an ultima IV diffractometer equipped with Cu Ko radiation (40 kV, 40 mA) over an angle range from 20° to 100°. The XRD
spectrum confirms that the CuCl crystal is a single-phase zinc-blende structure. The inset shows an optical microscopy image of a CuCl single crystal under a
100x long-working-distance objective lens. (b) Raman spectra of CuCl single crystal in a temperature range from 4 to 300 K. From low to high frequency, the
o peak is contributed to by a combination of longitudinal and transverse acoustic modes, § and y bands are mainly obtained from the transverse optic phonon
modes, whereas d band relates to the vibrations of longitudinal optic modes, respectively. (¢) Measured Raman frequency shift of the four peaks labeled in (b).
To verify the experimental results, we conducted first-principles calculations of the phonon frequency at a finite temperature in consideration of anhar-
monicity (solid lines).

power of about 0.8 mW was used to determine the excitation nounced lattice vibrational peaks were identified and labeled
wavelength of zincblende cubic CuCl (442 nm). In Figure using a, B, y and 8, which correspond to the phonon energies
5(b), we present the Raman vibrational spectra measured of w~65, 155, 166, and 209 cm ', respectively. Previous

over a wide temperature range from 4 to 300 K. Four pro- studies [57,58] have shown that the symmetric § peak is



K. Yang, et al.

obtained from the zone-center vibrations of longitudinal
optical phonon modes, whereas the a band is a combination
of the longitudinal and transverse acoustic mode, and § and y
bands are attributed to the transverse optical phonon modes.

The Raman measured frequency shift of the four vibra-
tional peaks indicated in Figure 5(b) is shown in Figure 5(¢).
With an increase in the temperature, all the peaks shifted to a
lower frequency regime, and there was a remarkable energy
reduction for a, B and y bands. This suggests that significant
phonon mode softening occurred, which confirms the giant
phonon anharmonicity of Cu-based compounds. Our first-
principles simulations (solid lines) were consistent with the
experimental observations (dots), where the discrepancy in
amplitude for y band was likely related to the Cu atoms in
CuCl that had been considerably displaced from their ideal
position [59].

In addition to binary Cu compounds, it was recently found
that a few ternary Cu-based materials, such as CuBiS, [9],
CuSbX, [10,15] and CuCrX, (X=S or Se), exhibit very low
thermal conductivity [4,5,60-63]. In particular, Niedziela et
al. [4] reported through experiments that CuCrSe, has a li-
quid-like thermal diffusive behavior at a relatively high
temperature, which is caused by breaking down the Cu ion-
dominated vibrations in the low-energy regime. Applying
our theory above, this behavior is understood to be related to
the strong band-to-band coupling between Cu unoccupied 4s
and occupied 3d states. This study, therefore, shows that Cu
ions have a prominent role in the vibrational dynamics of
these materials.

5 Conclusions

In summary, we conducted first-principles calculations and
experimental measurements to investigate the physics and
mechanisms underlying the many unusual behaviors of Cu-
based materials, which are related to their strong phonon
anharmonicity. We revealed that the symmetry-controlled s-d
coupling between Cu’s occupied 3d and unoccupied 4s or-
bitals flattens the lattice vibrational potential energy surface,
which results in the easy movement of atoms and the strong
phonon anharmonicity responsible for the intriguing prop-
erties of Cu-based materials. This study elucidates the con-
nection between electronic structures and phonon
anharmonicity, and it thus provides new insights into un-
derstanding materials properties that rely on strong electron—
phonon coupling.
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