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ABSTRACT: We have conducted a terahertz spectroscopic study and a density functional theory analysis of
the phonon dynamics of the layered van der Waals semiconductors Nb3Cl8 and Nb3I8. Several infrared-active
phonon modes were observed in the terahertz region, and their frequencies were found to be in excellent
agreement with our first-principles lattice dynamics calculations. For Nb3Cl8, the observed phonon spectra
are consistent with a structural transition at 90 K from the high-temperature P3̅m1 phase to the low-
temperature R3̅m phase. Also, our study confirmed that the structural and magnetic transitions were coupled
in Nb3Cl8. For Nb3I8, which is nonmagnetic at and below room temperature, no significant temperature or
magnetic field dependence was observed in the phonon spectra. Our study provides an intriguing connection
between the structural properties and the paramagnetic−nonmagnetic transitions in Nb3Cl8 and Nb3I8.

■ INTRODUCTION
The discovery of graphene and its extremely high mobility has
paved the way for research on two-dimensional (2D)
materials.1 However, the absence of a band gap in graphene
limits its applicability in electronic devices. Various alternative
2D materials with sizeable band gaps have been investigated,
including black phosphorus,2 transition-metal dichalcoge-
nides,3 and hexagonal boron nitride.4 The majority of these
2D materials possess atomic layers bonded by van der Waals
(vdW) forces and can be exfoliated down to the monolayer,
thereby displaying exotic physical properties such as the valley
degree of freedom,5 topological band structure,6 and
pseudospin polarization.7 Magnetic vdW materials exhibiting
2D magnetism in the monolayer or bilayer limit have recently
emerged.8 Among these, CrI3,9 Cr2Ge2Te6,10 and Fe3GeTe2

11

were observed to exhibit ferromagnetic order, whereas NiPS3
12

and FePS3
13 exhibit antiferromagnetic order. Many of these

novel magnetic materials have attracted much attention owing
to their potential applications in quantum memory and
spintronic devices.

In contrast to vdW magnetic materials containing magnetic
elements, a closely related class of vdW materials without
magnetic elements, such as Nb3Cl8, Nb3Br8, and Nb3I8, have
been investigated in connection with possible cluster magnet-
ism.14 Bulk Nb3Cl8 and Nb3Br8 were observed to be in a
paramagnetic state at high temperatures and in a nonmagnetic
singlet state at low temperatures.15,16 Indeed, these materials
have been confirmed to exhibit paramagnetic−nonmagnetic
transitions at 92 and 382 K, respectively,16 whereas Nb3I8 is
expected to undergo a similar transition at a much higher

temperature. Density functional theory (DFT) calculations
based on a mean-field approximation of the classical
Heisenberg model predicted that a monolayer in Nb3X8
(where X = Cl, Br, and I) should possess a ferromagnetic
ground state with semiconducting properties; however, this is
yet to be confirmed experimentally.17

Despite these peculiar characteristics, little fundamental
experimental research has been conducted on Nb3X8 (where X
= Cl, Br, and I) until recently. This class of materials have a
common structure of a trimerized kagome lattice with three
Nb atoms forming a triangular cluster with a net effective spin
Seff = 1/2.16 The band gaps of Nb3Cl8 and Nb3I8 were
experimentally reported to be 1.12 and ∼1 eV, respec-
tively,18,19 thereby indicating their potential in device
applications. Additionally, Nb3Cl8 and Nb3I8 have been
experimentally confirmed to possess topological flat bands.18,20

In this paper, we report on our terahertz spectroscopic study
and DFT analysis of the phonon dynamics of Nb3Cl8 and
Nb3I8 in the spectral range of 5−125 cm−1 (0.6−15.5 meV), in
the temperature range of 1.5−300 K, and in the magnetic field
range of 0−7 T. Several sharp absorption peaks corresponding
to infrared-active optical phonon modes were observed, with
their frequency positions in excellent agreement with our DFT
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lattice dynamics calculations. Additionally, notable changes in
the phonon absorption spectra were observed across the
magnetic−structural phase transition at 90 K in Nb3Cl8. Our
results provide new information on the fundamental properties
of the layered vdW semiconductors in the Nb3X8 family and
are expected to open a new avenue for research on similar
materials.

■ EXPERIMENTAL METHODS
Crystal Growth and Characterization. Nb3Cl8 and

Nb3I8 single crystals were synthesized by using the chemical
vapor transport method. To prepare Nb3Cl8, Nb powder (Alfa
Aesar, 99.99%) and NbCl5 (Alfa Aesar, 99.95%) were mixed
stoichiometrically with NH4Cl (Alfa Aesar 99.999%) as the
transport agent.16 For Nb3I8, Nb powder (Alfa Aesar, 99.99%)
and iodine powder (Alfa Aesar, 99.99%) were mixed
stoichiometrically with excess iodine. The powder mixtures
were sealed in a quartz tube cylinder and placed in a two-zone
furnace. The temperature gradients were 840 to 795 °C for
Nb3Cl8 and 650 to 620 °C for Nb3I8. This temperature
condition was kept for 3 days. To check the sample quality and
crystallinity, powder X-ray diffraction (XRD) measurements
were performed (Miniflex II, Rigaku).

Magnetic Susceptibility. The magnetic susceptibilities of
the Nb3Cl8 and Nb3I8 crystals were measured by using
commercial magnetometers (MPMS-3 and MPSM-XL5,
Quantum Design). Temperature-dependent magnetic suscept-
ibility data of Nb3Cl8 and Nb3I8 were measured under a weak

external field of H = 50 mT (500 Oe) for Nb3Cl8 and 10 mT
(100 Oe) for Nb3I8 along the ab plane.

Terahertz Time-Domain Spectroscopy. Terahertz time-
domain spectroscopy was performed over the spectral range of
5 to 125 cm−1 (0.62−15.5 meV) by using a terahertz time-
domain spectrometer (TERA K15, Menlo Systems). Prior to
the terahertz experiment, Nb3Cl8 and Nb3I8 crystals were
thinned down to approximately 20 and 80 μm (as measured by
a micrometer), respectively, by using Scotch tape. To observe
the temperature and magnetic field dependences, transmission
measurements were performed over the temperature range of
1.5−300 K and in the magnetic field range of 0−7 T by using a
helium-free magneto-optic cryostat (SpectromagPT, Oxford
Instruments). The entire optical path was kept under nitrogen
purge to remove water-vapor absorption in the ambient
atmosphere.

DFT Lattice Dynamics Calculations. We performed first-
principles DFT lattice dynamics calculations using the
Quantum ESPRESSO package.21 We used the norm-
conserving pseudopotentials from the Pseudo-Dojo library,22

with the electron wavefunction cutoff of 90 Ry and a 5 × 5 × 5
and 8 × 8 × 4 k-point grid for the Brillouin zone integration
over the unit cells of the R3̅m and P3̅m1 phases, respectively.
The exchange−correlation energy is approximated by the
rVV10 functional,23 which includes the non-local vdW
interaction energy. The atomic positions were relaxed until
the atomic forces on each atom were below 0.001 eV/Å. The
Γ-point phonon frequencies were calculated via density
functional perturbation theory (DFPT).24 Assuming the ab

Figure 1. (a) Crystal structure (P3̅m1) of Nb3X8 (X = Cl, I). Nb (green) atoms form a trimerized kagome lattice. Six X (purple) atoms are bonded
to a single Nb atom in a distorted octahedral structure. The rhombus indicates the unit cell. XRD of (b) bulk Nb3Cl8 and (c) bulk Nb3I8.

Figure 2. Temperature-dependent magnetic susceptibility of bulk single crystals (a) Nb3Cl8 and (b) Nb3I8. Nb3Cl8 has a magnetic transition from a
paramagnetic phase to a non-magnetic phase at 90 K, but Nb3I8 does not show a magnetic phase transition below 300 K. The samples have been
field-cooled (FC) under a small magnetic field of μ0H = 50 mT for Nb3Cl8 and 10 mT for Nb3I8 along the ab plane. The solid red line is a Curie−
Weiss fit for the paramagnetic state.
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plane polarized light, the infrared (IR) activity of a phonon
mode ν is calculated as IR = Iν ,x

2 + Iν ,y
2 , where

= *I Z u, , , , Zκ,αβ* is the Born effective charge tensor
and uν,κβ is the α-th component of the phonon eigenvector for
atom κ.

■ RESULTS AND DISCUSSION
Figure 1 shows the crystal structure (P3̅m1) of Nb3X8 (X = Cl,
I) at room temperature. The space group of bulk Nb3Cl8 is
P3̅m1 at room temperature, but its low-temperature structure,
possibly R3̅m, has not been clearly identified. For Nb3I8, the
space group is R3̅m at and below room temperature.25 The
unit cell of Nb3X8 (Figure 1a) contains three Nb atoms and

eight halide atoms. In bulk Nb3X8, 2D layers (the ab plane) are
stacked along the c axis, and individual layers are bonded via
weak vdW interactions. The three nearest Nb atoms form a
triangular trimer cluster with strong metallic bonds. Overall,
there are two types of Nb bondings of different lengths: the
intracluster distance is 2.81 Å, and the intercluster distance is
3.93 Å.15 Thus, each atomic plane of this layered structure
constitutes a trimerized (breathing) kagome lattice, as shown
in Figure 1a. Each Nb atom is surrounded by six halide atoms,
forming a distorted octahedron. The single-crystal Nb3Cl8 and
Nb3I8(001) peaks in powder XRD (Figure 1b,c, respectively)
are consistent with the reported lattice parameters; c = 12.268
Å for Nb3Cl8,26 and c = 41.715 Å for Nb3I8.27 The XRD
measurement was performed under the condition of the

Figure 3. (a) Temperature-dependent ab-plane absorbance spectra of single-crystal Nb3Cl8. The only phonon mode of Nb3Cl8 observed in our
terahertz range of measurement has an energy of 107.6 cm−1 at 1.5 K and 103.5 cm−1 at 300 K. Absorption spectra at various temperatures are
shown in the inset. The magnetic field dependence of this single mode is shown in (b) at 1.5 and 120 K (spectra were systematically shifted
vertically for clarity). The atomic displacements of the single mode in Nb3Cl8 are shown at (c) low-temperature (LT, R3̅m) and (d) high-
temperature (HT, P3̅m1) phases. Nb and Cl atoms are represented by green and purple spheres, respectively. As the a and b directions (in-plane)
are equivalent due to crystal symmetry, both degenerate modes are shown.
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scattering vector being parallel to (00l). In this restricted
condition, only (00l) diffraction peaks were observed,
indicating the high quality of our as-grown crystals.

The magnetic susceptibilities of Nb3Cl8 and Nb3I8 were
measured by using commercial magnetometers (MPMS-3 and
MPSM-XL5, Quantum Design). Figure 2a,b shows the
temperature dependences of the magnetic susceptibilities of
Nb3Cl8 and Nb3I8 single crystals over the temperature range of
2−300 K, measured under a weak external magnetic field of μ0
H = 50 mT for Nb3Cl8 and 10 mT for Nb3I8 along the ab
plane. From the Curie−Weiss fitting for Nb3Cl8 (red solid
line), the Curie constant and temperature are evaluated as C =
0.206 emu K/mol Oe (μeff = 1.28 μ0, where μ0 is the Bohr
magneton) and θCW = 15 K, respectively. Our measurement
results confirm that Nb3Cl8 undergoes a paramagnetic−
nonmagnetic transition at Tc = 90 K. The magnetic
susceptibility was strongly suppressed below 90 K for Nb3Cl8
and over the entire temperature range of 2−300 K for Nb3I8

(Figure 2). The strongly suppressed and temperature-
independent magnetic susceptibility indicates the non-
magnetic phase at low temperatures, except for the possible
presence of magnetic impurities visible in the Curie-like tails at
the lowest temperature of our measurement. Therefore,
Nb3Cl8 and Nb3I8 possess a nonmagnetic state below 90 and
300 K, respectively, which is consistent with the singlet state of
Nb trimers. Additionally, the value of Tc for Nb3I8 is likely to
be even higher than that of Nb3Br8 (Tc = 382 K).16

Our terahertz transmission measurements were performed
over the frequency range of 5−125 cm−1 and in the
temperature range of 1.5−300 K. Figure 3a shows the
absorption spectra of an approximately 30 μm thick single
crystal of Nb3Cl8 at 1.5 and 300 K. Nb3Cl8 exhibited a single
phonon mode with energy at 107.6 cm−1 at 1.5 K and 103.5
cm−1 at 300 K. The inset in Figure 3a shows the absorption
spectra at several different temperatures. In the low temper-
ature (LT) phase below 90 K, the energy of this phonon mode
barely changed from 107.6 cm−1 at 1.5 K to 107.5 cm−1 at 90
K. Likewise, in the high temperature (HT) phase above 90 K,
the phonon mode barely changed from 104.2 cm−1 at 120 K to
103.5 cm−1 at 300 K. The sudden frequency shift in this
phonon mode occurs because Nb3Cl8 undergoes a structural
phase transition at 90 K, with its symmetry changing from
P3̅m1 at high temperatures to R3̅m at low temperatures. There
is indeed some controversy on the assignment of the latter
structure for low temperatures.14−16 On the other hand, these
peaks were not responsive to magnetic fields up to 7 T (Figure
3b). Figure 3c,d indicates the atomic displacements of the
lowest infrared (IR) active optical modes (Eu symmetry)
(twofold degenerate) found in our DFT lattice dynamics
calculations. In both modes, Nb atoms exhibit relatively small
displacements, and the out-of-phase motion of two of the six
Cl atoms surrounding each Nb atom dominates the vibration

Table 1. Calculated Optical Phonon Modes of Nb3Cl8 in
Our Terahertz Measurement Rangea

R3̅m phase P3̅m1 phase

frequency
(cm−1)

Irrep.
(degeneracy) type

frequency
(cm−1)

Irrep.
(degeneracy) type

21.96 Eg (2) R 28.06 Eg (2) R
65.17 A1g (1) R 61.31 A1g (1) R
104.2 Eu (2) IR 97.87 Eg (2) R
106.22 Eg (2) R 99.45 Eu (2) IR
109.45 A2g (1) R 107.7 A2g (1) R
113.51 A1u (1) R 112.16 A1u (1) R
120.03 Eg (2) R 118.86 Eg (2) R

aIR and R indicate infrared- and Raman-active modes, respectively.
Irrep. means irreducible representations. The number within the
parentheses indicates degeneracy. For both phases, only twofold
degenerate Eu modes are IR active below 125 cm−1.

Figure 4. Temperature-dependent ab-plane absorbance spectra of single crystal Nb3Cl8 around the paramagnetic to the non-magnetic phase
transition at 90 K. Spectra were systematically shifted vertically for clarity. Nb3Cl8 appears to go through a phase transition at about 80 K as the
sample is cooled and at about 110 K as the sample is heated. Color scale bars represent the absorbance intensities.
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pattern. Also, the motion of the corresponding mode in the
HT phase is qualitatively very similar to that in the LT phase.

Table 1 shows the calculated optical phonon modes of
Nb3Cl8 in R3̅m and P3̅m1 phases, respectively. We find that
only a twofold degenerate Eu mode is infrared (IR)-active
below 125 cm−1 for both phases. The atomic displacements of
this Eu mode consist mostly of in-plane vibrations of Cl atoms
(Figure 3c,d). Since this Eu mode is the only IR active mode in
our terahertz measurement range, we believe that the Eu mode
of the R3̅m (P3̅m1) phase accounts for the experimental IR
peak of the low (high) temperature phase at 107.6 cm−1 (103.5
cm−1). Although the calculated frequencies are slightly
underestimated due to a systematic error in DFT, we find
excellent agreement between experiment and theory for the
difference in IR active phonon frequencies in the two phases.

Additionally, our experiment shows that the structural and
magnetic phase transitions can be tracked by observing a shift
in the phonon vibrational energy in Nb3Cl8. To determine an
accurate structural phase transition temperature, the temper-
ature dependence in the terahertz absorption spectra was
studied in more detail. Figure 4 shows the absorbance spectra
around the structural phase transition temperature. A rather
sudden jump in the frequency position has been spotted at
approximately 80 K during cooling and at 110 K during
warming. Compared to magnetic susceptibility (Figure 2), we
conclude that the structural and magnetic phase transitions
occur simultaneously (Figure S1). Indeed, these results
pinpoint a subtle connection between the structural phase
transition and the magnetic phase transition in Nb3Cl8.

Figure 5. (a) Temperature-dependent ab-plane absorption spectra of
single-crystal Nb3I8. Because Nb3I8 exhibits no phase transition at or
below 300 K, no significant change in the phonon energies was
observed. (b) Magnetic field-dependence of the absorption spectrum
at 1.5 K in Nb3I8. The peaks are not responsive to a magnetic field.
For (a,b), spectra were systematically shifted vertically for clarity. (c−
h) The atomic displacements of twofold degenerate Eu phonon modes
of Nb3I8.

Table 2. Calculated Optical Phonon Modes of Nb3I8 in Our
Terahertz Measurement Rangea

frequency (cm−1) Irrep. (degeneracy) type intensity

21.95 Eg (2) R
45.13 A1g (1) R
54.75 Eu (2) IR 0.131
55.84 Eg (2) R
63.47 Eg (2) R
68.70 A2g (1) R
71.89 Eu (2) IR 0.070
73.70 A1u (1) R
84.21 Eg (2) R
87.31 Eu (2) IR 0.002
88.49 A2u (1) IR
90.23 A1g (1) R
92.39 Eu (2) IR 0.440
92.41 Eg (2) R
94.00 A1g (1) R
94.44 A2g (1) R
96.29 A1u (1) R
97.43 A2u (1) IR
106.38 A1g (1) R
106.81 A2u (1) IR
107.02 Eg (2) R
107.54 Eu (2) IR 0.126
111.18 Eu (2) IR 0.017
111.26 Eg (2) R
122.89 A2u (1) IR
125.50 A1g (1) R

aThe labels are the same as in Table 1. The A2u and Eu modes are out-
of-plane and in-plane vibrations, respectively. Intensity refers to the
oscillator strength of the in-plane IR-active modes.
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The absorbance spectra of Nb3I8 in Figure 5a show phonon
absorption peaks at 57.7, 73.3, 95.3, 98.7, 114.3, and 119.7
cm−1 at 1.5 K (Figure 5a). The atomic displacements are
presented in Figure 5c−h. For these six modes, we find good
agreement between experiment and theory. Unlike in Nb3Cl8,
abrupt phonon energy shifts were not observed in Nb3I8 owing
to the absence of a structural or magnetic phase transition
below 300 K. The absorption peaks were unresponsive to
magnetic field up to 7 T (Figure 5b), and their energies were
consistent with the calculated energies of Eu phonon modes
(Table 2) within our terahertz measurement range.

Table 2 shows the calculated optical phonon modes of Nb3I8
in R3̅m phase. The total number of IR active phonon modes is
the same for two materials. However, in our experimental
measurement range, which is below 125 cm−1, the phonon
modes of Nb3Cl8 and Nb3I8 are dominantly from Cl and I
atomic vibrations, respectively. Since heavier atoms result in
lower phonon frequencies, Nb3I8 has more IR-active phonon
modes that fall into our experimental measurement range,
while Nb3Cl8 has only one IR-active mode in that range. The
A2u and Eu modes are out-of-plane and in-plane vibrations,
respectively. In addition, our DFPT calculations show that the
Eu mode at 87.31 cm−1 has negligible IR activity. The
frequencies of the remaining 5 Eu modes are in good
agreement with the peak positions measured in our terahertz
spectroscopy experiments. Figure 5c−h shows the calculated
atomic displacements of Eu modes that have non-negligible in-
plane IR activity.

■ CONCLUSIONS
We investigated the phonon dynamics of the layered vdW
semiconductors Nb3Cl8 and Nb3I8 by performing terahertz
time-domain spectroscopy and analyzing the frequency,
temperature, and magnetic field dependences based on DFT
calculations. No remarkable changes in the phonon spectra
were found in the case of Nb3I8, which does not exhibit a
paramagnetic−nonmagnetic transition below room temper-
ature. In the case of Nb3Cl8, a substantial change in an Eu
infrared-active phonon mode was found in accordance with the
paramagnetic−nonmagnetic transition at 90 K, which supports
the assignment of the R3̅m space group for the low-
temperature phase of Nb3Cl8. Our results elucidate a detailed
connection between the lattice dynamics and the para-
magnetic−nonmagnetic transition in this important family of
layered vdW semiconductors.
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