W) Check for updates

RESEARCH ARTICLE ENERGY

www.advenergymat.de

The Critical Role of Anharmonic Lattice Dynamics for
Macroscopic Properties of the Visible Light Absorbing
Nitride Semiconductor CuTaN,

Franziska S. Hegner, Adi Cohen, Stefan S. Rudel, Silva M. Kronawitter, Manuel Grumet,
Xiangzhou Zhu, Roman Korobko, Lothar Houben, Chang-Ming Jiang, Wolfgang Schnick,
Gregor Kieslich, Omer Yaffe,* lan D. Sharp,* and David A. Egger*

_ . . . . 1. Introduction
Ternary nitride semiconductors are rapidly emerging as a promising class of

materials for energy conversion applications, offering an appealing
combination of strong light absorption in the visible range, desirable charge

Finite-temperature  atomic  motions
can have a profound influence on the
functional properties of energy materials,

transport characteristics, and good chemical stability. In this work, it is shown
that finite-temperature lattice dynamics in CuTaN, — a prototypical ternary
nitride displaying particularly strong visible light absorption — exhibit a
pronounced anharmonic character that plays an essential role in defining its
macroscopic optoelectronic and thermal properties. Low-frequency vibrational
modes that are Raman-inactive from symmetry considerations of the average
crystal structure and unstable in harmonic phonon calculations are found to
appear as intensive Raman features near room temperature. The atomic
contributions to the anharmonic vibrations are characterized by combining
Raman measurements with molecular dynamics and density functional theory
calculations. This analysis reveals that anharmonic lattice dynamics have
large ramifications on the fundamental properties of this compound, resulting
in uniaxial negative thermal expansion and the opening of its bandgap to a
near-optimal value for solar energy harvesting. The atomic-level
understanding of anharmonic lattice dynamics, as well as the finding that they
strongly influence key properties of this semiconductor at room temperature,
have important implications for design of new functional materials, especially
within the emerging class of ternary nitride semiconductors.

including their electronic, ionic, and ther-
mal transport characteristics, as well as
their electronic structures, phase stabil-
ities, and defect-assisted recombination
processes.!!) Thus, elucidation of atomic
scale structural dynamics is of critical
importance for understanding and con-
trolling the excitations and interactions
of such materials under device-relevant
operational conditions. Descriptions
of the lattice dynamics are normally
rooted in the harmonic approximation,
assuming a well-defined potential en-
ergy minimum of the crystal structure
with small atomic displacements at
finite temperature, which are described
by a second-order Taylor expansion.[?!
The resulting physical picture of non-
interacting, harmonic phonons has
been instrumental in rationalizing the
finite-temperature behavior of classical
inorganic  semiconductors.['?]  More
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recent work has highlighted that atomic motions transcending
the harmonic phonon picture can heavily influence the optoelec-
tronic properties of many different classes of emerging semicon-
ductors, including organic crystals,[*] halide perovskites!>®l and
both metal oxides!'°! and chalcogenides.?*?!] Indeed, updated
microscopic understanding is now being generated to elucidate
how more complicated atomic motion — captured in the frame-
work of anharmonic lattice dynamics — can trigger interesting
consequences for key physical quantities, such as the funda-
mental bandgap,>®121413] structural phase transitions,[?224 and
nature of quasi-particle excitations.[?"%]

Ternary nitride semiconductors are fascinating materials
and offer a versatile range of desirable properties for sus-
tainable energy conversion, including solar energy harvesting,
thermoelectrics, and solid-state lighting.[22%] Compared to in-
tensively studied metal oxide compounds, nitrides offer nar-
rower bandgaps for efficient light absorption, along with in-
creased covalent character that can enhance long-range charge
transport. However, exploration of ternary nitrides remains
in its infancy, with far fewer nitride compounds experimen-
tally investigated than analogous oxides.[?®3% This compara-
tively slow pace of discovery is primarily due to challenges in
synthesizing these compounds, which requires activating ni-
trogen. In addition, the strong N, triple bond (945 kJmol™!
vs. 498 kJmol™' for 0,)] renders many of these materi-
als metastable. Notable examples of such metastable com-
pounds include binary copper nitride (Cu;N)PU and tin ni-
trides (Sn;N, and SnN;_;),3233] and ternary tin titanium ni-
tride (Sn,_,Ti,N,)** and copper tantalum or niobium nitride
(CuTaN, and CuNbN,),1353¢] all of which offer desirable bandgaps
with relevance for photovoltaic and photo(electro)catalytic energy
conversion.!?®%7] Despite this metastability, such compounds can
exhibit extreme kinetic stabilities under operating conditions.’!
Anharmonic lattice dynamics are expected to play an impor-
tant role in such nitride semiconductors and establishing an
atomic-scale understanding of their underlying phase stabilities
and transformations will significantly advance their technologi-
cal progress.

Among the ternary nitride semiconductors reported to date,
a particularly interesting compound is copper tantalum nitride,
CuTaN,, which exhibits promising properties for solar and ther-
moelectric energy conversion.’>! It is characterized by a sharp
optical absorption onset at approximately 1.5 eV,**] which is
close to the optimal value for photovoltaic materials,[** along
with a remarkably large absorption coefficient (>10°-10° cm™1).
CuTaN, crystallizes in the delafossite structure, which is a lay-
ered phase that is common for many technologically relevant ox-
ides, such as CuFeO,. Such delafossite oxides tend to possess
large and anisotropic carrier effective masses, which have hin-
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dered their development for solar energy harvesting.[**! In con-
trast, nitride delafossites are predicted to exhibit high electronic
conductivities.38] Furthermore, electronic structure calculations
have revealed that the valence band (VB) comprises significant
Cu d-orbital character, suggesting a propensity for native p-type
conductivity.’’]

While this combination of optoelectronic properties suggests
that CuTaN, and related delafossite nitrides are well suited for
solar energy harvesting, it has been reported to be metastable
with respect to decomposition into Ta;Ns, Cu, and N,. Neverthe-
less, it can be synthesized and possesses large cohesive energies
that are comparable to oxides, making it thermally and chemi-
cally stable up to 250 °C in air, which is suitable for solar cell
applications.[*! In addition, Szymanski et al. used first-principles
calculations to show that the delafossite phase of CuTaN, is un-
stable at low temperatures and suggested that it is dynamically
stabilized at room temperature.[*!] Although this is expected to
have a substantial impact on the fundamental material character-
istics, there are only few studies on the lattice-dynamical prop-
erties of CuTaN, or, for that matter, the broader range of ni-
tride semiconductors. Thus, there is a critical lack of mechanis-
tic understanding of anharmonic vibrations and their roles in
defining functional properties in these increasingly important
materials.

In this work, we investigate the anharmonic lattice dynamics
and their consequences for macroscopic physical properties in
CuTaN,, providing atomic-scale insight into dynamic instabili-
ties and their roles in defining the functionality of this visible-
light absorbing semiconductor. We analyze the structural fluc-
tuations and to which degree the atomic motions deviate from
the harmonic phonon picture through the combination of first-
principles molecular dynamics (MD) and low-frequency Raman
spectroscopy. We find particularly pronounced anharmonic dy-
namics involving Ta and Cu vibrations, which manifest as vibra-
tional instabilities in low-temperature phonon dispersions and
lead to intense low-frequency Raman responses at higher tem-
peratures. At the macroscale, these anharmonic modes lead to
a uniaxial negative thermal expansion (NTE) that is significantly
more pronounced than in delafossite oxides. Of particular rele-
vance to solar energy harvesting, anharmonic structural dynam-
ics are responsible for a considerable opening of the bandgap,
resulting in an absorption onset near the optimal value for pho-
tovoltaic and photoelectrochemical energy conversion. Together,
these results highlight the importance of anharmonic structural
dynamics in defining key properties of this emerging ternary ni-
tride compound.

2. Results and Discussion

2.1. Synthesis and Structural Characterization

In this work, we prepared CuTaN, by an ion-exchange reaction
from NaTaN, and Cul following a modified literature proce-
dure (see Experimental Section).*®*?) CuTaN, was previously
described to crystallize in the high-symmetry delafossite
structure (rthombohedral 3R polytype),>*?] adopting the
space group R3m (No. 166 in the International Tables for
Crystallography).[**] Figure 1a,b show schematic representations
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Figure 1. a-b) Schematic representations of the delafossite structure of CuTaN, in its conventional cell representation, as optimized in density functional
theory (DFT). The letters A, B, C, A in light blue indicate the stacking sequence of Cu layers. c—f) Transmission electron microscope (TEM) images of
CuTaNj,: c) trapezoidal morphology of the CuTaN, crystallites, d) scanning TEM high-angle annular dark-field (HAADF) image, e,f) high-resolution
scanning TEM bright-field images from within an individual nanocrystal. Panel (e) includes the line profile generated from the image contrast and
measured along the c-axis of the lattice, indicating a distance of 5.86 A between peaks. This value corresponds well to the DFT-calculated interplanar
distance of 5.83 A reported in panel (b). Panel (f) includes a superimposed schematic representation of the DFT-calculated crystal structure, showing

good correspondence between calculated and experimental structures.

of the delafossite CuTaN, crystal structure. The atomic arrange-
ments consist of planes of Ta’* cations within edge-sharing
TaN, octahedra connected by closely-packed linear N-Cu-N
bonds between N*~ double layers linked by monovalent Cu'!*
ions in an ABCABC stacking sequence in the conventional
unit-cell representation. Given the transition metal Cu' * d'° and
Ta’* d° orbital occupation, CuTaN, exhibits semiconducting
character. We can confirm the delafossite crystal structure by
powder X-ray diffraction (PXRD) measurements and compare
them to geometry optimizations performed with density func-
tional theory (DFT), as well as to literature data,3>#*#] to find
small (<1%) deviations of the lattice constants (see Table S2,
Supporting Information). However, as will be discussed later, a
lower-symmetry structure with a very similar XRD pattern might
be present at room temperature.

Transmission electron microscopy (TEM) images (Figure 1c—)
reveal that CuTaN, crystallizes in a trapezoidal, cone-shaped mor-
phology (Figure 1c,d) of 200-300 nm length and 50-100 nm di-
ameter. The crystallites are found to be near-stoichiometric by
energy dispersive X-ray (EDX) analysis within the accuracy of
the method (Figure S4, Supporting Information), with very small
oxygen content that likely originates from mild surface hydroly-
sis. In addition, we observe the presence of a secondary phase of
amorphous particles (Figure 1c,d; Figure S5, Supporting Infor-
mation), which are attributed to traces of the starting material
and intermediate structures generated during synthesis (Table
S3, Supporting Information). The interplanar distance seen in
high-resolution images (Figure 1e,f) and extracted from the line
profile (Figure 1e), is 5.86 A, which corresponds well with the
calculated interlayer spacing between Cu or Ta layers of 5.83 A
from DFT.
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2.2. Harmonic Lattice Dynamics

Figure 2a shows the DFT-computed phonon dispersion rela-
tion and atom-resolved vibrational density of states (VDOS) of
CuTaN, in the delafossite phase (see Section S2, Supporting In-
formation for further details on the harmonic modes). Despite
successful experimental synthesis of this material, the presence
of imaginary modes indicates that this phase is unstable at 0 K.[*]
Szymanski et al. previously suggested that CuTaN, is dynami-
cally stabilized at room temperaturel*!] but the mechanisms of
this dynamic stabilization remained unclear. Here, we begin by
resolving the atomic motions underlying the instability at 0 K.
Inspection of the VDOS in Figure 2a reveals that the imaginary
modes, labeled here as Mode 1 and Mode 2, can be primarily at-
tributed to Ta and Cu vibrations. Visualization of the correspond-
ing mode eigenvectors shows an “up-down” (along c-axis) mo-
tion of Ta atoms (Mode 1, see Figure 2b) and a “sideways” (along
ab-plane) motion of Cu atoms (Mode 2, see Figure 2c). We note
that, while we describe the atomic motions at the L-point here,
the imaginary modes in other regions of the Brillouin zone con-
sist of similar Ta and Cu motions or a superposition thereof (see
Figure S8, Supporting Information).

To investigate the consequences and implications of these in-
stabilities, we next compute the potential energy changes asso-
ciated with the atomic motions underlying these two imaginary
modes. Figure 2b,c show that displacements along both Mode 1
and Mode 2 lead to anharmonic double-well potentials, which are
typical for dynamic instabilities. These double-wells indicate that
motion along either Mode 1 or Mode 2 will stabilize the struc-
ture. The potential-well depth is much deeper (by a factor of ~50)
for Mode 1, which suggests that the corresponding Ta up-down

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. a) DFT-calculated phonon dispersion relations and atom-resolved vibrational density of states (VDOS) of CuTaN,. We obtain two imaginary
modes, Mode 1 (red) and Mode 2 (blue), which are depicted as negative frequency modes. b,c) lllustrations of the atomic motions along b) Mode 1
and c) Mode 2, together with the corresponding 1D energy profiles of these modes. The latter were obtained by displacing atoms along their mode
eigenvectors at the L-point of the Brillouin zone. d) 2D map showing the energy changes associated with exciting both imaginary modes of the static
delafossite structure, with stars indicating the energetic minima. e) Schematic representation of the DFT-optimized symmetric and distorted structures.

(Color code: Cu: blue; Ta: gold; N: grey).

motion will be dominant in stabilizing the structure. Simi-
larly, the Ta displacement, at which the minimum energy oc-
curs, is much larger (~0.3 amu'/?A) than the Cu displacement
(0.1 amu'/?A). Such double-well characteristics were previ-
ously found in other important material classes such as halide
perovskites*#7l and lead chalcogenides,[***! where they sig-
nificantly impact the bandgap,[**'>#>°° ferroelectricity,*®! and
electronic/®!®! and thermal**>!l conductivities. However, to the
best of our knowledge, such a potential energy landscape and its
link to functional material properties has not yet been reported
for ternary nitride semiconductors.

These results further confirm that the high-symmetry, rhom-
bohedral R3m phase of CuTaN, is not a minimum in the poten-
tial energy surface at 0 K.°?! To obtain the ground-state struc-
ture of CuTaN,, we construct a 2D-map of the potential energy
surface associated with excitation of vibrational Modes 1 and 2,
starting from the ideal, symmetric delafossite structure, as shown
in Figure 2d. We find that Ta up-down and less-pronounced Cu
sideways motions lead to a stabilization by triclinic distortions of

Adv. Energy Mater. 2024, 14, 2303059 2303059 (4 of 11)

CuTaN,. We reoptimized this structure to find the global mini-
mum of the potential energy surface at 0 K, which is henceforth
referred to as distorted structure (Figure 2e). The properties of
the triclinic, distorted structure are provided in Table S5 (Support-
ing Information). The imaginary phonons disappear for this dis-
torted structure (Figure S10, Supporting Information), confirm-
ing that it represents the true energetic minimum and is stable
atO K.

2.3. Anharmonic Lattice Dynamics at Room Temperature

The above-described indicators for the presence of anharmonic
lattice dynamics in CuTaN, motivate an investigation of vibra-
tional anharmonicities in this material at ambient conditions.
Indeed, comparing the room-temperature Raman spectrum to
results from lattice dynamics calculations based on DFT (see
Figure 3a, top panel) immediately reveals that the vibrational
properties at ambient conditions cannot be described within the

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. a) Comparison of experimental and computational vibrational spectra of CuTaN,. Top: Raman spectrum measured at room temperature (grey)
with the DFT-computed Raman intensities obtained from the harmonic modes at 0 K (shown in red). Middle: Raman intensities obtained from MD-
Raman at 300 K. Bottom: Atom-resolved VDOS calculated from MD at 300 K. Three frequency intervals I, II, and Il are indicated by shaded regions
corresponding to b) illustrations of the atomic motions appearing in each frequency interval. (Color code: Cu: blue; Ta: gold; N: grey) c) Histogram

of atomic displacements referenced to the equilibrium structure along the
corresponding to Ta displacements along ¢ obtained in MD calculations at

harmonic approximation. Specifically, from factor group analy-
sis one would expect two Raman active modes, the E, and the
A;, mode. These modes correspond to symmetric stretches of the
Ta—N bonds of the TaN; octahedra and the symmetric stretch of
the Cu—N bonds of the linear CuN,, units, respectively (Figure S6,
Supporting Information). The results from harmonic lattice dy-
namics calculations indeed confirm this expectation. However,
while these modes appear in the experimental Raman spectrum
near 450 cm™ (E,, labeled as Region II) and 780 cm™ (A, la-
beled as Region III), they cannot be described by Lorentzian line-
shapes. This stands in contrast to expectations for harmonic,
first-order Raman-active vibrations. Furthermore, the measured
Raman spectrum exhibits pronounced scattering intensity at low
frequencies (60-95 cm™, labeled as Region I in Figure 3a), which
is not predicted by the harmonic model. Together with similar
results from infrared (IR) absorption measurements (Figure S9,
Supporting Information), these findings conclusively reveal that
anharmonic lattice dynamics are active in CuTaN, at room tem-
perature.

To investigate the anharmonic atomic motions theoretically,
we now turn to DFT-based MD. In contrast to harmonic phonon
procedures, this method fully captures anharmonicity in the
semiclassical treatment of the atoms. In particular, we employ an
“MD-Raman” approach where the Raman spectrum is obtained
from correlation-function analysis of the polarizability timeseries
from the MD trajectory!>®! (see Computational Methods). The
anharmonic Raman spectrum at 300 K (see Figure 3a, mid-
dle panel) corresponds well with the experimental one and can

Adv. Energy Mater. 2024, 14, 2303059 2303059 (5 of 11)

c-axis during the MD trajectory at 300 K. d) Dynamic potential energy well
300 K.

also be grouped into three main regions. Applying a “frequency-
filter” (see Computational Methods) to depict the atomic mo-
tions associated with these regions, we find that Region II in-
volves sideways and Region III up-down motions of N (see
Figure 3b). This is in line with expectations borne from our
harmonic calculations for the appearance of E, and A;, modes
described above, as well as with the finding that the atom-
resolved VDOS shows contributions only from N at frequen-
cies >300 cm™! (see Figure 3a, bottom panel). Remarkably, the
low-frequency Region [ features atomic motions akin to the
lattice instabilities that appeared as imaginary modes in the
harmonic phonon dispersion (cf. Figure 2b,c). Specifically, it
is found to contain up-down motions of Ta, as well as side-
ways motions of Cu, which coincides with the motions along
Mode 1 and Mode 2 eigenvectors that were discussed above
(¢f. Figure 2b,c). We also computed the harmonic, first-order
Raman spectrum of the distorted CuTaN, phase (Figure S11,
Supporting Information), and found that these low-frequency
vibrations are present there. However, their intensity is ex-
tremely small and, thus, cannot fully explain the pronounced
Raman features seen in the experimental and MD-Raman data
(¢f. Figure 3a). This suggests a large degree of anharmonicity
involving phonon—phonon coupling, i.e., coupling between the
low-frequency Ta and Cu vibrations (as seen in Region I in
Figure 3D).

The structural dynamics at 300 K can further be analyzed
by plotting the statistical distributions of the finite-temperature
atomic displacements away from the static, high-symmetry
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structure of CuTaN, (see Figure 3¢; and Figure S14, Supporting
Information). We find a non-Gaussian distribution of Ta atoms
along the c-axis direction, with preferred atomic positions far
away (= 0.26 A) from the high-symmetry locations, which are
rarely visited dynamically. This is in sharp contrast to all Cu and
N motions, as well as the Ta motions along a and b, which appear
as Gaussian distributions around their high-symmetry position
as expected for harmonic motions (Figure S14, Supporting In-
formation). The energetics involved in the Ta motions along the
c-direction were extracted by a Boltzmann-inversion techniquel®¥!
(see Figure 3d and Computational Methods for details). The pro-
cedure provides an effective potential well for the displacements
that we denote as a “dynamic potential”, in contrast to the quasi-
static, frozen-phonon energetics discussed above (cf. Figure 2).
Indeed, the shape of the dynamic potential resembles the static
potential well of Mode 1 (cf: Figure 2b) but is significantly deeper
(=38 meV vs. 13 meV). Again, this suggests that anharmonic
effects play a significant role and that the well depth is increased
via coupling between Ta and Cu vibrations, which was also seen
in the analysis of the low-frequency feature. The appearance of
such double-well potentials arising with the disordered atomic
motions in the lattice has previously been found to explain low-
frequency features in the Raman spectrum and VDOS of differ-
ent materials.[>]

The well depth of 38 meV corresponds to a thermal energy
of temperature 441 K, which suggests that at 300 K Ta atoms
mostly occupy either side of the double-well. This can be con-
firmed by inspecting the motion of individual Ta atoms in the
MD (Figure S15, Supporting Information), which are found to
oscillate around either -0.26 A or +0.26 A (along the c-direction),
showing jumps to the other side of the well only occasionally.
Hence, at 300 K, 50% of the Ta atoms are displaced toward neg-
ative ¢ and 50% toward positive ¢, which is confirmed by the av-
erage structure extracted from MD (Figure S15, Supporting In-
formation). One may expect to observe such a distorted struc-
ture that is similar to the MD-averaged one in PXRD, where
we had found the symmetric delafossite structure. However,
the theoretical XRD patterns (see Figure S12, Supporting In-
formation) of the distorted and symmetric CuTaN, phase show
only small differences, which we cannot resolve experimentally
due to the small crystallite size of powdered CuTaN,. These
findings suggest that the structure is not dynamically stabilized
at 300 K.

We further investigated whether the bimodal Ta-distributions
observed at 300 K persist at higher temperatures and performed
additional MD runs at 520 K (see Section S4B, Supporting Infor-
mation). We found that the distributions of Ta atoms along the c-
direction flatten and the dynamic potential-well depth decreases
with increasing temperature (Figure S16, Supporting Informa-
tion). At 520 K, the Ta atoms have a higher thermal energy (k, T
~ 45 meV) available, while the well depth is reduced to 24 meV,
which therefore becomes easily surmountable. In line with this,
the Ta atoms were found to reside in both sides of the potential
well with an almost equal likelihood, i.e., they frequently jump
between positive and negative c-displacements (Figure S17, Sup-
porting Information). At this temperature, the structure is truly
dynamically stabilized.
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2.4. Consequences of Anharmonic Lattice Dynamics for
Macroscopic Properties

The consequences of anharmonic lattice dynamics in CuTaN, are
first investigated by variable temperature PXRD (see Figure 4a),
from which the temperature-dependent lattice parameters and
volumes shown in Figure 4b are extracted (see Section S1C, Sup-
porting Information for details). We first note that the PXRD pat-
terns at different temperatures do not change significantly. As
mentioned above, the expected symmetry reduction is not di-
rectly resolved in PXRD (see Section S3D, Supporting Informa-
tion for a detailed discussion). Importantly, the data reveal uniax-
ial negative thermal expansion (NTE) behavior along the c-axis,
perpendicular to the nitrogen double-layers, and positive ther-
mal expansion along the a- and b-axes, parallel to the nitrogen
double-layers. The corresponding linear thermal expansion co-
efficients, given by «;, = 11 % (with I; being the considered lat-
tice parameter), are a,, |, = 8.42 (£0.07) MK and a, = —2.39 (+
0.57) MK~!; the overall volume thermal expansion is positive with
a, = 14.76 (+ 0.87) MK,

Further insight regarding the connection between uniaxial
NTE and vibrational anharmonicities in CuTaN, is obtained by
placing our findings into the context of previous work on oxide
delafossites. In particular, oxides such as CuLaO, and CuScO,
were previously found to exhibit similar NTE behavior,*®! though
the effect in these oxides is smaller by a factor of ~2 than the NTE
for CuTaN,. A shrinking of the O-Cu-O linkage due to the trans-
verse motion of Cu has been discussed as a cause of this phe-
nomenon. Our lattice-dynamics and MD calculations suggest an
analogous explanation for CuTaN, that follows the so-called ten-
sion effect (see Figure 4c).’”] That is, the temperature-activated
transverse motions of Cu atoms, described above as Mode 2 (cf.
Figure 2), were found to appear at low frequencies and to in-
volve small energy barriers. With these Cu motions appearing
along the b (=a) direction, the N-Cu-N distance must shrink if
the Cu-N bond lengths are kept constant. Due to the strength
of this chemical bond, the system tends to maintain the Cu-N
bond lengths, as any change in these bond distances would raise
the total energy significantly. Furthermore, the large-amplitude,
up-down Ta motions involved in Mode 1 (cf. Figures 2 and 3) that
are concurrent with the Cu sideways motions allow the struc-
ture to be flexible enough so that the N atoms instantaneously
adapt to maintain the Cu-N distance. Overall, these collective
atomic motions on average reduce the interlayer spacing and
the crystal contracts along the c-direction. Here, the main con-
tribution comes from the transverse acoustic modes (Modes 1
and 2), which typically provide the primary mechanism for struc-
tural NTE.I’”] Therefore, the uniaxial NTE in CuTaN, is a macro-
scopic manifestation of the specific atomic motions involved in
the anharmonic lattice dynamics in this material. At first glance,
it may be surprising that the magnitude of the NTE in CuTaN,
is much larger than for oxide delafossites, given that the more
covalent Cu—N bonds would yield a less flexible network, which
was shown to reduce the NTE effect.®) However, the strength of
the Cu-N bond, whose length needs to be preserved as much as
possible during the Cu sideways motions, leads to an increase in
the tension effect.
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Figure 4. a) Temperature-dependent PXRD patterns of CuTaN, measured at ambient pressure. b) Relative changes of lattice parameters a (=b) and c,
as well as volume, V, as a function of temperature, referenced to the unit cell parameters measured at 100 K. c) Schematic illustration of the tension
effect that leads to negative thermal expansion (NTE): Cu atoms move sideways (along a/b) while Ta atoms move up and down (along ¢, pink arrows
on the left). This leads to a structural distortion (depicted on the right), where N atoms approach each other (black arrows), keeping the Cu—N bond
length constant and, thus, shrinking the c-axis. (Color code: Cu: blue; Ta: gold; N: grey).

In view of the profound consequences of thermal atomic mo-
tions and vibrational anharmonicities on fundamental struc-
tural properties of CuTaN,, we also assess their impact on
its optoelectronic characteristics. First, we determine the opti-
cal absorption characteristics and bandgap of CuTaN, via dif
fuse reflectance (Figure 5a). We find an indirect bandgap of
1.37+0.02 eV and a direct bandgap of 1.41+0.02 eV (Figure 5b),
in agreement with literaturel®! and highlighting the suitabil-
ity of CuTaN, for harvesting solar energy. Theoretical calcula-
tions performed for the symmetric delafossite structure, em-
ploying the HSE hybrid exchange-correlation functionall>%¢!
and accounting for spin-orbit coupling (SOC), yield relatively
similar values: ie., an indirect bandgap of 1.37 eV and a
direct gap of 1.68 eV at the L point (see Supporting In-
formation for further details). As we will now show, this
level of agreement between experiment and theory is merely
fortuitous.

We next investigate the impact of the anharmonic lattice dy-
namics on the bandgap. Figure 5c compares the average bandgap
of CuTaN, computed along the MD trajectory to the one of the
high-symmetry (R3m) structure calculated at 0 K using DFT. A
relatively large opening of the bandgap by 4+0.4 eV is found in the
MD calculations. In particular, the MD-averaged gap is found to
be 0.82 eV while the static gap amounts to only 0.44 eV (both cal-
culated at the PBE-DFT level without considering SOC). These
results provide a strong indication that dynamic atomic effects
play a crucial role in defining the bandgap of this material.

To better assess the role of anharmonic lattice dynamics on
the electronic structure, we next chose a representative sample
of structures with bandgaps close to the average one — calculated
with the PBE functional - in order to perform more accurate but
also computationally more demanding hybrid-functional DFT
calculations. Here, we assume that the bandgaps evaluated with
the two levels of computational methods correlate linearly.[®!]
Using these structures, we recomputed the bandgaps with an
HSE+SOC approach and obtained a value of 1.7 eV for the fun-
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damental gap at room temperature. This value is slightly higher
than the experimentally determined onset of optical absorption
(from our measurements and literature data)l®*! for CuTaN,.
This is expected given that we compute the fundamental gap
without considering possible excitonic effects, and HSE gaps
can show deviations to experimental ones. Furthermore, we ap-
plied a frequency-filter to the MD trajectory in order to compute
bandgaps with the PBE functional for only the low-frequency
vibrations (<100 cm™!) that we identified as the most domi-
nant ones in the anharmonic mechanism, omitting all higher-
frequency components in the MD. Interestingly, this procedure
yields a virtually identical average bandgap to the one computed
using the full MD. Conversely, when these low-frequency vi-
brations are omitted, and we filter the MD data to consider
only atomic motions appearing at frequencies >100 cm™, the
bandgap opening is significantly reduced, by 0.2 eV. Therefore,
the above-described anharmonic fluctuations away from the sym-
metric crystal structure lead to profound changes in the elec-
tronic structure of CuTaN,, as quantified here by the bandgap.

Comparing the MD-averaged bandgap to the one of the low-
symmetry, distorted structure, which we described above (see
Figure 2e), the bandgap is calculated to be 1.15 eV with PBE and
2.25 with HSE, respectively (see Table S6, Supporting Informa-
tion), i.e., a few hundred meVs larger than the average MD gap.
The fact that the fully distorted, static structure shows an even
larger bandgap opening compared to the MD-averaged one again
confirms the critical role of the atomic motions away from their
lowest-energy configurations for defining the bandgap.

Figure 5d compares the electronic density of states (DOS)
for the static high-symmetry and distorted structures, revealing
substantial differences between the two. A detailed assessment
of the electronic structure is given in the Supporting Informa-
tion (Figures S17 and S18, Supporting Information). The va-
lence band is mainly composed of Cu-N antibonding orbitals,
which likely renders CuTaN, tolerant to defects, an important
attribute for potential technological applications.[®?] The triclinic
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Figure 5. a) UV-vis absorption spectrum and b) corresponding Tauc fits. c) Bandgap distribution of CuTaN, at 300 K (red) obtained from 600 snapshots
along the MD trajectory, including a Gaussian fit as a guide to the eye. The PBE bandgaps of the static symmetric and distorted structures at 0 K are shown
by green and dark blue vertical lines, respectively. d) Densities of states (DOSs) of the symmetric (top) and distorted (bottom) structures, computed

with HSE. The energy eigenvalues were referenced to the N 2s level and aligned to the valence band maximum (VBM) of the symmetric structure (E\S/ym

distortion of the structure lowers the valence band maximum,
which we ascribe mainly to sideways motion of Cu reducing the
orbital overlap and Cu-N antibonding character. The Ta up-down
motion, on the other hand, is likely responsible for the signifi-
cant increase of the conduction band minimum, which mainly
comprises Ta d-states. Since we have shown that these distor-
tions are directly connected to the anharmonic lattice dynam-
ics occurring at 300 K, it is possible to conclude that they are
responsible for the bandgap opening in CuTaN,. We note that
these dynamic changes in orbital overlaps not only impact the
bandgap of the material as shown here but are likely to also
modulate other key properties, such as carrier transport, as sug-
gested by the enhanced energetic bandwidth in the distorted
structure. Altogether, this demonstrates that the anharmonic
lattice dynamics play a profound role in defining some of the
most important optoelectronic properties of CuTaN, for solar en-
ergy harvesting, including both optical absorption and transport
characteristics.

3. Conclusion

In summary, we investigated the finite-temperature lattice dy-
namics in the metastable ternary nitride semiconductor CuTaN,.
This material is known for strong light absorption in the visible
range, which is an essential property for solar energy applica-
tions. At the same time, it was previously suggested that it ex-
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BM)'

hibits anharmonic lattice dynamics and dynamic stabilization at
higher temperatures. Here, we characterize the precise atomic
contributions to the anharmonic lattice dynamics and show how
they are involved in intensive Raman signals at low frequency,
which are forbidden by the symmetry of the average crystal struc-
ture. The combination of Raman spectroscopy and MD, as well as
DFT, allowed for rationalization of the important consequences
of anharmonicity in CuTaN,, including its negative thermal ex-
pansion and a comparatively large increase of the fundamental
bandgap to a near-ideal value for solar energy harvesting. There-
fore, our work demonstrates that vibrational anharmonicity is a
microscopic effect which impacts macroscopic observables that
are essential for the functionality of these materials. The charac-
terization of the anharmonic lattice dynamics and their conse-
quences for CuTaN, have important implications for guiding fu-
ture material synthesis toward new functionalities, such as solar
light harvesting, within the important class of emerging ternary
nitride semiconductors.

4. Experimental Section
Synthesis:  CuTaN, was obtained via an ion exchange reaction of the

layered precursor NaTaN, with Cul:

NaTaN, + Cul — CuTaN, + Nal m
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as previously described.3>42 Pure Cul, however, melts above the pro-
posed metathesis temperature of 400 °C. To decrease its melting point
below the synthesis temperature and, thus, to achieve better diffusion, Cul
was mixed with Nal. The 70% Cul / 30% Nal mixture melts at ~385 °C and
remains molten during the reaction until a concentration of Nal >40%
is reached. A phase-diagram of Cul/Nal is presented in the Supporting
Information (Figure S1, Supporting Information). NaTaN, was prepared
by heating Ta; N5 and metallic Na placed in a copper boat with increas-
ing temperature from 350 to 500 °C in an NH; stream. Using a copper
boat inside a fused silica tube that was lined with a copper tube within
the heated area proved crucial to obtain high purity CuTaN,. When using
fused silica or alumina, oxide impurities such as Na;TaO, or NaTaO; oc-
curred because the boat and the fused silica tube were attacked during
the reaction. Ta;Ng was prepared by ammonolysis of TaCls to avoid oxidic
impurities from incomplete nitridation of the alternative starting material
Ta,Os. A complete description of the synthesis of the precursors and in-
termediates, including quantities and chemical specification is given in
the Supporting Information. All reactions were carried out under exclu-
sion of air and moisture to avoid surface hydrolysis or surface oxidation.
It is noted that the deposition of CuTaN, by reactive co-sputtering has
also been attempted over a broad range of conditions, similar to those
that enable formation of binary Ta,N;[%3] and Ta;Ns.[®4] However, those
attempts were not successful and instead yielded mixed phase films com-
prising Ta;Ns and metallic Cu, consistent with the known metastability of
CuTaN,.

UV—vis Spectroscopy: The solid-state UV-vis spectra of the powder
CuTaN, were measured on a Shimadzu UV-3600 Plus equipped with an
integrating sphere. The diffuse reflection of the sample was measured
in the range 200-1100 nm with barium sulphate as a reference. It was
then transformed to absorption via the Kubelka-Munk function.[®] To
record the UV-Vis spectra, the samples were placed between two micro-
scope slides. The direct and indirect bandgaps were approximated by Tauc
analysis.[66]

X-Ray Diffraction (XRD): PXRD measurements were performed in
the Debye-Scherrer geometry with borosilicate glass capillaries (0.8 mm
diameter) in a STOE Stadi P diffractometer equipped with a DEC-
TRIS MYTHEN 1K detector and a curved Ge (111) monochromator
using a Mo K, radiation source (4 ~ 0.70926 A). Variable temper-
ature PXRD (VTPXRD) experiments were performed using an Oxford
Habcryo-X Cryostream 700 Cobra for temperature regulation. The mea-
surement range was from 2° to 64° (20) and the data were collected
in the temperature range between 100 and 400 K. Pawley profile fit
analysis!®’] was carried out for all patterns at each temperature point
by using TOPAS v6l®] to extract the lattice parameters (a, b, and c)
and the volume (V), which are given in Table ST (Supporting Informa-
tion).

High-Resolution Transmission Electron Microscopy (HR-TEM) with Energy
Dispersive X-Ray Scattering (EDX): High-resolution TEM images and an-
alytical data were recorded in a double aberration-corrected Themis Z mi-
croscope (Thermo Fisher Scientific Electron Microscopy Solutions, Hills-
boro, USA) equipped with a high-brightness FEG. An accelerating voltage
of 200 kV was used. Aberration-corrected TEM images were recorded on a
Gatan OneView CMOS camera (Gatan Inc., Pleasanton, USA). High-angle-
annular dark-field (HAADF) scanning transmission electron microsocopy
(STEM) images were recorded with a Fischione Model 3000 detector
with a semi-convergence angle of 21 mrad, a probe current of typically
50 pA, and an inner collection angle of 60.0 mrad. EDX hyperspectral
data were obtained with a Super-X G2 four-segment SDD detector with
a probe semi-convergence angle of 21 mrad and a beam current of ap-
proximately 200 pA. The EDX hyperspectral data were quantified with the
Velox software (Thermo Fisher Scientific Electron Microscopy Solutions,
Hillsboro, USA), through background subtraction and spectrum deconvo-
lution.

Raman Scattering: Raman scattering measurements were performed
using a home-built back-scattering system with a 785 nm CW diode laser
(Toptica Inc., USA). The beam was focused on the sample with a 50X Zeiss
objective. Elastic Rayleigh scattering was filtered by SureBlock Notch Fil-
ters (narrow band 785 nm) of Ondax Inc. and the scattered light was fo-
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cused into a 1 m spectrometer (FHR 1000, Horiba) with a 600 grmm™'

grating and detected by a CCD detector.

Computational Methods: ~ All DFT calculations were performed with the
periodic plane-wave code VASP (version 5.4.4.).[8] Projector augmented
wave (PAW)[7®l potentials and Monkhorst-Pack k-point sampling were
used.[’1

a) Geometry Optimizations
The structures were optimized with the Perdew—Burke—Ernzerhof
(PBE)[72] functional including Tkatchenko-Scheffler (TS) dispersion
corrections.[”31 A 12 x 12 x 2 k-point grid and a cut-off energy of 750 eV
was used for the geometry optimization of the conventional cell. Strict
convergence criteria of 1078 eV and 1073 eVA"! were chosen for elec-
tronic and ionic optimizations, respectively. Structures were visualized
with VESTA.[4]

b) Electronic-Structure Calculations
Electronic-structure calculations of the optimized structure were car-
ried out with the hybrid functional HSE[>®8975] with a cut-off of 750 eV
and a 10 X 10 x 2 k-point grid, which was found to be sufficiently
dense to numerically converge the electronic-structure data. The effect
of spin-orbit coupling (SOC) was taken into account in non-collinear
calculations on a reduced 7 X 7 X 2 k-point grid.

c) Harmonic-Phonon Calculations
Phonon densities of states (DOS) and dispersion relations were cal-
culated with the phonopy packagel’®l employing the finite-difference
method. Displacements were created from a 4 X 4 x 2 supercell of the
conventional cell, as well as from a 4 x 4 x 4 supercell of the primitive
one. The supercell of the primitive cell was used in the case of comput-
ing the dielectric tensors and polarizabilities needed for Raman and IR
spectra. k-point grids of 5 X 5 x 2 and 2 X 2 X 2 were used for super-
cell calculations of the conventional and primitive cells, respectively.
Possible LO/TO splitting was accounted for by including non-analytic
corrections in phonopy and calculating the Born-effective charges in
density functional perturbation theory.l””] The atomic motions corre-
sponding to the phonon eigenvectors at different points in the Bril-
louin zone were visualized using ref. [78]. Harmonic-phonon Raman
spectra were obtained by first selecting the active vibrational modes
following symmetry selection rules, then computing the dielectric ten-
sors and polarizabilities of the corresponding modes and plotting the
spectra with the phonopy-spectroscopy package.l”?]

d) Potential Energy Surfaces
A mode mapping was done following the approach of Skelton et a
The modemap tool was used,8] which created a series of structures
with displacements along the selected imaginary mode vectors in one
or two dimensions. From single-point calculations of these structures,
their energies were obtained to compute their corresponding potential
energy surfaces. A2 x 2 x 2 supercell of the primitive cell was used for
computing the energies of the displacements, which was sufficient as
it was commensurate with the L-point.

e) DFT-Based Molecular Dynamics
DFT-MD calculations of the NVT ensemble were carried out with a
Nosé-Hoover thermostat. These calculations intrinsically account for
anharmonic effects but neglect thermal variations of the lattice param-
eters. A4 x 4 x 1 supercell of the conventional cell was used with 3 x 3
X 2 k-points, a 2 fs timestep and a trajectory of 32 ps after equilibration,
which was ~3ps.

f) Vibrational Properties and Raman Spectra from MD
VDOS and Raman spectra were obtained from the velocity autocor-
relation functions of the atomic positions and polarizabilities, which
corresponds to an anharmonic treatment that was described in more
detail in ref. [53]. For the Raman spectra, the polarizability of CuTaN,
was computed at every 10% MD step (time interval: 20 fs) and found
a trajectory of 13 ps to be sufficiently long. According to the Nyquist—
Shannon sampling theorem, the interval was sufficient to capture all
frequency information up to 834 cm~".[81] Intensities were spherically
averaged over all orientations and summed over all polarization direc-
tions to allow for comparison with experiment. For plotting smoother
spectra, Lorentzian broadening with y = 2.6 cm~' was used.

|.[49]
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The atomic displacements according to a given frequency range were
obtained using a frequency filter. In brief, the time-dependent atomic
positions were Fourier-transformed to obtain the velocity autocor-
relation function, a band-pass filter was applied, and then Fourier-
transformed back to obtain the time-dependent atomic coordinates
along the trajectory according to the frequency window.
i) Effective Dynamic Potential Wells

To calculate the effective potential, Uy, in which a given atom moves
along the MD, a Boltzmann-inversion technique was used. The effec-
tive dynamic potential of a given atom, Uy, is calculated by:

Ugyn (u) = kg T InP(u) (2)

where u is a displacement of a given atom, T is temperature, kg the
Boltzmann constant, and P(u) a histogram of atomic displacements.
In this way, one obtains an effective dynamic potential well that in-
cludes the effects of populated vibrational modes and their anhar-
monicity according to the MD run.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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