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Symmetry breaking of metal cluster-based strongly correlated systems can give rise to collective phenomena. Here, the two-
dimensional Nb; cluster compound Nb;Cly is shown to suffer dramatic symmetry breaking and electron disproportionation under
compression. A structural phase transition from trigonal P-3m1 to monoclinic C2/m is observed near 8 GPa with the three-fold
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symmetry breaking. Electron disproportionation occurs on Nbj clusters from delocalized Nb™ Nb Nb“** 10 localized Nb* 'Nb* Nb™",
which results in a subtle bandgap discontinuity, as evidenced by electrical transport and UV-Vis absorption measurements.
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1 Introduction

Transition metal cluster compounds have attracted great re-
search interest regarding the discovery of new clusters and
the key role of active metal sites in catalytic applications [1-
5]. Among the numerous known metal cluster types, trigonal
M; (M = Ti, Nb, Ta, Mo, W, etc.) is the simplest but most
significant representative [6-11]. These M; cluster com-
pounds exhibit unusual magnetic properties due to the for-
mation of intermetallic molecular orbitals of the equilateral
trigonal metal ions accommodating the unpaired electrons.
This characteristic leads to moment delocalization behavior
similar to that of m-conjugated systems, which can introduce
unusual magnetic behavior, such as valence bond con-
densation [12].
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Materials with M;X 5 units are the most studied series of
trigonal M, clusters [13-17]. Geometric frustration and par-
tial disappearance of spins were observed in LiZn,Mo;0q
[18,19]. Several other M,X,; cluster compounds with anti-
ferromagnetically interacted triangular lattices are re-
cognized as spin-liquid candidates [20]. M;X; units are also
found in mixed-anion Nb/Ta/Mo/W compounds with elec-
trons delocalized on the M, cluster [21-24]. Moreover,
Na,Ti;Cly presents a temperature-initiated nonpolar-to-polar
trimerization transition at low temperature [25], in which the
crystal structure transforms from isolated Ti* ions to [Ti;]6+
clusters, coupled with a drastic magnetic susceptibility
change [6]. The abovementioned phenomena demonstrate
the M, cluster compounds as promising candidates for unu-
sual quantum behavior and a unique platform for studies of
structure-property relationships.

Nb;X; (X = CL, Br, I) is one of the most representative
among the numerous triangular cluster compounds [26-32].
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Nb;Clg with a two-dimensional [Nb3]8+ trimer layer is an
insulator in ambient conditions, with each [Nb;]g+ trimer
sharing one unpaired spin and forming an § = 1/2 anti-
ferromagnetic triangular lattice. Upon cooling, Nb;Cly is also
reported to exhibit a magnetic-to-nonmagnetic transition
near 90 K, driven by the charge disproportionation from
paramagnetic [Nb3]8+[Nb3]8+ to nonmagnetic [I\Ib3]7+[Nb3]9+
[26]. Partially replacing Cl with Br (i.e., Nb;Clg_Br,) can
systematically elevate the transition temperature from ~100
to ~400 K, and thus the optical properties [31]. McQueen’s
group [27] also reported the rearrangement of van der Waals
stacking from a stacking manner of —~AB—AB-to—-AB-BC'—
CA'- and the formation of a singlet state during this mag-
netic transition. The dramatic symmetry lowering from
P-3m] to C2/m coupled to the magnetic transition is con-
sidered to be responsible for the evasion of the geometric
magnetic frustration to form a singlet ground state [27]. As
one of the two fundamental thermodynamic variables be-
sides temperature, pressure is also expected to be a powerful
tool for altering the structural, electronic, and magnetic
properties of strongly correlated systems [33,34]. However,
the effect of pressure on the crystal structure and electric/
magnetic behaviors of trigonal Nb; cluster compounds has
not been reported yet.

In this paper, two-dimensional Nb;Clg is used to in-
vestigate the geometric and electric stabilities of an § = 1/2
M; cluster under high pressure (HP). Surprisingly, Nb;Clg
does not undergo a layer stacking phase transition or an in-
terlayer charge disproportionation upon cooling. Instead,
three-fold symmetry breaking was observed during a pres-
sure-induced phase transition from P-3ml to C2/m near
8 GPa, accompanied by an intra-Nbs-cluster electron dis-
proportionation. By combining the extensive in situ HP
techniques, a preliminary structure-property relationship of
Nb;Clg under compression is proposed. The similar but
distinct effects of temperature and pressure on the trigonal
Nbj cluster are discussed accordingly.

2 Materials and methods

All chemicals were of reagent grade quality with no further
purification. Nb;Clg powders were synthesized by direct
solid-state reaction of stoichiometric Nb and NbCls powders
at 700°C in sealed quartz tubes for 24 h. The powder samples
were characterized at atmospheric pressure using a Cu Ka
radiation X-ray diffraction (XRD) diffractometer. The in situ
HP measurement was generated by a pair of anvils with a
400 pm diamond anvil cell, the thickness of the steel gasket
was approximately 30 pm, the diameter of the sample
chamber was 180 um, and the sample and ruby ball were
placed in the sample chamber, adopting the fluorescence
peak calibration pressure based on the ruby ball.
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In situ HP room temperature XRD characteristics were
measured using a monochromatic X-ray beam at a wave-
length of 0.6199 A at the 4W2 High-pressure Station in the
Beijing Synchrotron Radiation Facility (BSRF), with CeO,
acting as the calibration standard. DIOPTAS [35] software
was used to perform data reduction, and the Rietveld method
in FULLPROF [36] software was used to refine the cell
parameters under different pressures.

In situ UV-Vis absorption spectra were measured using a
home-designed spectroscopy system with a Xeon light
source between 300 and 1100 nm in the micro area (Gora-
UVN-FL, built by Ideaoptics, Shanghai, China). Silicone oil
was used as the pressure transmission medium. The bandgap
was determined by extrapolating the linear part of the
(or.hv)”2 and /sv curve, where « is the absorption coefficient, /
is Planck’s constant, and v is the frequency of the photon.

In situ HP Raman spectra of the Nb;Clg powders were
obtained with a 532 nm, 1.73 mW laser. NaCl was used as
the pressure transmission medium. A conventional four-
point-probe method was used to perform electrical transport
measurements on a home-designed, low-temperature electric
transport test system, with a cubic boron nitride layer placed
between the steel gasket and the anvil diamond to provide
electrical insulation for the electrical leads and steel gasket.
The Au electrodes were attached to the sample in the
chamber, and an electric current of 1 mA was used for the
resistance measurement.

3 Results and discussion

Figure 1(a) presents the ambient structure of Nb;Clg crys-
tallizing in a van der Waals type of packing with trigonal
space group P—3m1. The crystal structure can be considered
stacked [Nb3]3'Clg layers along the c-axis in an —~AB—-AB—
manner. The S = 1/2 triangular Nb; clusters further form a
triangular lattice in the ab plane. The molecular orbitals of
this trigonal and intermetallic Nb; cluster are presented in
Figure 1(b). The formation of the Nb; trimer is evident from
the short Nb-Nb metal bonding of ~2.81 A versus the longer
Nb-Nb metal bond of ~3.92 A, and all Nb atoms are located
on the equivalent crystallographic sites (6:). The central Nb
atoms are surrounded by six Cl atoms, and the [NbCl,] oc-
tahedra link each other by edge-sharing to give the infinite
[Nb3]8+Clg layers (Figure 1(c)). The apparent valence state of
the Nb; cluster in Nb;Clg in ambient conditions is
(Nbs""ﬁNb&"“Nbg‘;H). The molecular orbitals of Nb;Clg are
depicted in Figure 1(d), with the 3 x £,, orbitals reorganized
into four bonding orbitals (le + la, + 2a,) and five anti-
bonding orbitals (2e + 1a, + 3¢). The seven d electrons of the
Nb; trimer are distributed in the three bonding orbitals, with
one unpaired electron in the nonbonding orbital. Conse-
quently, all three Nb atoms within a Nb; trimer share one
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Figure 1 (Color online) (a) Stacking layer structure of Nb;Clg; (b) NbyCly
trimers forming the triangular lattice; (¢) Nb;Cl; unit; (d) schematic view
of the molecular orbitals formed in a Nb; trimer with the ground-state
electron configuration.

unpaired electron, leading to an §'= 1/2 moment on each Nb;
cluster.

Figure 2(a) shows the evolution of in situ HP XRD of
Nb;Clg at room temperature with silicone oil as the pressure
transmission medium. Almost all XRD peaks at 0.6 GPa can
be indexed into the trigonal space group P-3ml corre-
sponding to the low-pressure (LP) structure of Nb;Clg. Upon
compression, the (002) and (100) peaks approach each other
slowly and finally merge near 6.5 GPa, suggesting a struc-
tural transformation. Figure 2(b) shows the cell parameters
(a, ¢, and a/c) determined by LeBail fitting of in situ HP
XRD, in which a structural phase transformation from tri-
gonal P-3m1 for the LP phase to monoclinic C2/m for the HP
phase is evident during compression near 7-8 GPa. The Le-
Bail fitting results at selected pressures and the volume
evolution of Nb;Cly as a function of pressure are provided in
Figures S2 and S3 (Supporting Information). The determi-
nation of the space group for HP-Nb;Clg is based on the
combination of indexing the powder and single-crystal XRD
and Raman spectra. Figure 2(c) shows the Rietveld refine-
ment result of HP-Nb;Clg at 9.7 GPa using the proposed
C2/m structure. The experimental data show good agreement
with the theoretical pattern (except a small peak at ~10° from
unknown purity), confirming the rationality of the HP
structure (Figure S4 and Table S1).

Transitions of properties are expected to be the same or
similar, whether they are driven by pressure or temperature.
Nb;Clg suffers a dramatic charge disproportionation from
paramagnetic [Nb;]* [NDb; ] to nonmagnetic [Nb;] [Nbs]™
near 100 K [26]. Surprisingly, despite having the same space
group C2/m, the crystal structure of HP-Nb;Clg is distinct
from the low-temperature structure of Nb;Cly with dis-
proportionated Nb;Clg layers with [Nb3]7+Cl]3 and
[Nb3]9+Cll3 clusters. Alternatively, Nb;Clg suffers an anom-
alous D;,; symmetry breaking during the pressure-induced
LP-to-HP phase transition.

Sci. China-Phys. Mech. Astron.

July (2022) Vol.65 No.7 278211-3

a 1F b
@ oo @02 ( )12 of 1.04
; c12/m1 20.2 GPa - 1.03
O, m 1.02 .
So—— — 120f" o1
-L“—*-—"—nmscpa " C T
.__._J'\___,J\_,\A.__A_ _118fF ® ggs Z
e - &_‘3 I < . 09
- —~—Ao7cPa & o 5 10 15 20
8 _._A.__.\_‘L_M_q_a._ 216F% - Pressure (GPa)
2 A E %
i I N Com
s N A A T 11.4f ]
- T T < \fga LY a
1= . ‘-_—_ PO PP Y 3 L)
= % A © 412} Yy
M A5 pa oy
M A L ¢
A 11.0F "u
M B3 4 o5 pa -
(002)(100) (202) (220) u
L 1 'J’.‘ 108 L 1 1 1
5 6 7 16 20 24 0 8 10 15 20
26 (%) Pressure (GPa)
9 (c) NbaCle, 8.7 GPa )
SG: C2im Theoretical
400| —— Differance
-~ F Rwp = 7.0% % I Index
o Ij Ro=5.1% #
> 1 Rep=85% 1% :
IE o ﬁ ?W%%
5] 11
= 1()0w
o Wl A T N TR IR
") I |~ SN, [ SR -7 SRR = - 1 R U P

4 5 6 7 B8 8 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
20(°)

Figure 2 (Color online) (a) Powder XRD patterns of Nb;Cl; under
compression up to 20.2 GPa. (b) Cell parameters of Nb;Cl; as a function of
pressure. Inset shows the trend of a/c under compression. (c) Rietveld
refinement result of the HP phase of Nb,Clg at 9.7 GPa using the proposed
C2/m structure.
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Figure 3 (Color online) Crystal structures of (a) the LP phase and (b) the
HP phase of Nb;Clg viewed along the ¢-axis. The red symmetry elements
show the characteristic features of the LP and HP structures. (¢) Raman
spectra of NbyClg as a function of pressure. The red and blue arrows show
the subtle changes of characteristic Raman modes of 4,, for the LP phase
and B, for the HP phase, respectively. (d) Pressure dependence of the
Raman peak position.

Figure 3(a) and (b) show the essential structural features of
the LP and HP phases of Nb;Clg. The LP/ambient structure
adopts the trigonal space group P-3m1 with 3-fold rotational
symmetry around the c-axis. The three Nb atoms on the Nb;
clusters are of the same coordination environment, with an
apparent valence state of Nb*** and one unpaired electron
delocalized above them. In this case, the formation of in-
termetallic Nb; molecular orbitals can reduce the total energy
efficiently, and the § = 1/2 Nbj; clusters can further form a
triangular lattice, giving rise to geometric frustration. Under
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compression, this ground state is destroyed by D, symmetry
breaking to C,, in monoclinic space group C2/m, with the
disproportionation of Nb—Nb bond lengths within the Nb,
clusters. The emerging 2-fold rotation axes are located at the
center of the monoclinic unit cell of the HP phase, and the
apparent valence states of Nb are (Nb3+Nb3+Nb2+). Conse-
quently, the one unpaired electron is localized on one of the
three Nb atoms of the Nb, cluster, and the S = 1/2 frustrated
lattice no longer exists in the HP phase of Nb;Cls.

Figure 3(c) and (d) display the in situ Raman spectra of
Nb;Clg under compression. On the basis of group theory
[31,37-43], the mechanical-vibrational representation of LP
Nb;Clg (P-3m1, point group Ds,) can be written as M = 84,
+ 34, + 345, + 845, + 11E, + 11E,. This representation
includes Fyeougic = Ao, + E, and I = 84, + 34, + 345, +
74y, + 10E, + 11E,, in which the odd () vibrational modes
are IR-active, and the even (g) vibrational modes are Raman-
active. Thus, the IR-active modes are 74,, + 10E, and the
Raman-active modes are 84,, + 11E, for LP Nb;Cls. In
particular, the 4,, mode is recognized as closely related to the
unpaired d electron of the trigonal Nb; trimer [18]. In con-
trast, the mechanical-vibrational representation of the HP
phase of Nb;Clg (C2/m, point group Cy,) is M = 194, + 144,
+14B, + 19B,, including [, .qusic = 4, + 2B, and 1. = 194,
+ 134, + 14B, + 17B,. The Raman-active modes are 194, +
14B,. The characteristic table of the Dy, and C,, point groups
is provided in Tables S2 and S3, respectively.

The experimental Raman changes are particularly con-
sistent with the theoretical vibrational analyses based on
group theory. The ambient Raman spectra are dominated by
six peaks, with three 4,, modes located at 172, 296, and
310 em . Under compression, the intensities of the 4, peaks
decrease gradually, indicating the partial breaking of the
original D, symmetry. Meanwhile, a Raman peak located
near 238 cm ' grows, which is identified as the B, mode of
HP-Nb,Cl;. The phenomenon of one Raman mode weak-
ening/disappearing and the other growing proves the sym-
metry change from a trigonal Nby cluster to the monoclinic
HP phase with electron disproportionation. The onsets of the
Raman mode changes occur far before the phase transition,
as evidenced by XRD data (near 8 GPa), which is reasonable
considering the distinct features of a structural phase tran-
sition characterized on an average atomic level (XRD) or a
local structure level (Raman).

As a consequence of [);, symmetry breaking and the dis-
proportionation of the Nb-Nb bond lengths, the apparent
valence state of the Nb; cluster in NbyClg changes from
(Nb**'Nb™*'Nb**") in ambient conditions to (Nb”'Nb* 'Nb’")
at HPs. Electron location functions (ELFs) of the LP and HP
phases of NbyClg are calculated to visually describe the
evolution of the electron distribution on Nb3 clusters. As
shown in Figure 4(a), the electron density is evenly dis-
tributed over the three Nb atoms of Nbs trimers in LP-Nb,Clg,

Sci. China-Phys. Mech. Astron.

278211-4

July (2022) Vol.65 No.7

b
=]
1

3.0-] —— Nb (Nb,Clg-LP)
—— Nb2 (Nb,Cl,-HP)
2.5 /
Pz —— Nb1 (Nb,Clg-HP) /

J

T
2

PDOS (a.u.)
2.0

2
o
1

=
=}

0 1
Energy (eV)

Figure 4 (Color online) ELF of (a) the LP phase of Nb,Clg in the (004)
plane and (b) the HP phase (9.7 GPa) of Nb;Clg in the (004) plane; bond
length changes of the Nb; trimer within (c¢) the LP structure and (d) HP
structure (9.7 GPa) of Nb;Clg; (e) partial density of states of Nb in the LP
phase of Nb;Cly and Nb1/Nb2 in the HP phase of Nb;Cl;.

and intermetallic Nb—Nb bonding forms between adjacent
Nb centers because of the delocalization of the one unpaired
electron. Meanwhile, the ELF of HP-Nb;Clg in Figure 4(b)
shows an evident difference among the Nb atoms located on
the two distinct Wyckoft sites. The unpaired d electron is
apparently localized on Nb2, and the original equal dis-
tribution of the one spin above three Nb atoms is destroyed.

The degeneration of the intermetallic Nb-Nb bonding in
Figure 4(c) and (d) yields a dramatic bond length change
from three Nb-Nb bonds of 2.81 A to two short Nb-Nb
bonds of 2.77 A and one longer Nb-Nb bond of 3.15 A in
LP- and HP-Nb,Clg, respectively. The DFT molecular orbital
calculations in Figure 4(e) using LDA + U (with U =4 eV
[27]) also suggest a dramatic change in the shared 2a; mo-
lecular orbital of the Nby cluster with a Ds; symmetry to a
degenerated orbital of the Nb2 atom only. Although we have
proposed a Nb** 'Nb* ' Nb**" to Nb’'Nb'Nb*" charge dis-
proportionation across the LP-to-HP phase transition, elec-
tron overlapping and metallic bonding still occur between
Nbl and Nb2, as well as Nb1 and Nbl, instead of a thorough
ionization (Figure S5).

The phenomena of symmetry breaking and electron loca-
lization or delocalization are essential to determine the col-
lective physical properties of a strongly correlated system.
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Most semiconductors will suffer an insulator-to-metal tran-
sition under compression [44-46]. In very few cases, metallic
materials can undergo an inverse change from metal to in-
sulator via a bandgap opening [32]. In ambient conditions,
electron delocalization (intra-cluster) and electron localiza-
tion (inter-cluster) occur in layered Nb;Clg, the latter of
which causes the material to exhibit semiconducting beha-
vior and a greenish color. Therefore, it is difficult to predict
the effect of compression on the physical properties of
Nb;Cl; accompanied by the localization of the one unpaired
electron of Nb; clusters. Figure 5(a) displays the electrical
resistance of Nb;Clg as a function of temperature and pres-
sure. Nb;Cl; shows relatively large resistances and semi-
conducting behavior from 0.9 to 22 GPa (Figure S6), which
rules out the insulator-to-metal transition during the pres-
sure-induced structural phase transition and electron locali-
zation. The bandgap E, of Nb;Clg can be derived according
to the equation:

InR(T) = E, / 2k,T. (1)

A clear decrease (~13.9%) in E, is observed near 6-7 GPa
from the normalized E/FE, curve, corresponding to the
pressure-induced phase transition but with the semi-
conducting behavior retained in the HP phase.

In situ UV-Vis absorption spectra are used to double-check
the bandgap change of Nb;Clg under compression. Nb;Cly is
a proven indirect bandgap semiconductor in ambient con-
ditions, with an absorption edge near 330 nm (3.8 eV). Un-
like most of the other semiconductors exhibiting
piezochromicity under HP [47-50], Nb;Clg undergoes only a
subtle redshift, as shown in the UV-Vis absorption spectra
near 8 GPa (Figure 5(b)). Likewise, the fitted bandgap values
show a tiny (0.09 eV) but sudden decrease near 8 GPa
(Figures 5(c) and S87). LP- and HP-Nb;Clg show an almost
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unchanged greenish color through the pressure-induced
phase transition, which also confirms the semiconducting
behavior of the HP phase of Nb;Cl.

The effect of pressure on the structural and physical
properties of M; cluster compounds is interesting. Previous
studies have demonstrated that temperature and chemical
doping can introduce interlayer charge disproportionation
and phase transitions, respectively, altering the arrangement
of the layers composed of M; clusters. Pressure can un-
doubtedly result in similar but distinct phenomena associated
with symmetry breaking and electron/spin localization,
which will destroy the basic feature of a layered M; cluster
compound: the 3-fold rotational symmetry axis. Possible
magnetic ordering is expected after the breaking of geo-
metric frustration. Multistep transitions, such as an insulator-
to-semiconductor transition, followed by a final metalliza-
tion are also expected in an M; cluster compound under HP.

4 Conclusions

In summary, we reported the pressure-induced structural
phase transformation, symmetry breaking, and electron lo-
calization in a Nbs cluster compound, Nb;Clg. The van der
Waals crystal Nb;Clg undergoes a structural transition from
trigonal P-3m1 to monoclinic C2/m near 7-8 GPa. The most
significant consequence of this pressure-induced phase
transition is the breaking of the D, symmetry of Nb; clusters
and electron delocalization of the one unpaired electron.
Raman spectra and ELF calculations further confirm the
symmetry change and electron disproportionation within the
Nb; cluster under compression. Nb;Clg shows subtle changes
in the electrical transport and UV-Vis absorption spectra
along with the structural phase transition. These results

(@) (b) (c) 0 :
/K——r———-—‘,‘]s.s GPa .‘*_‘***f. -
. '..‘iﬁg.
/'\\-\_,_\ — o9l : *e
M - _”13'9%‘ :
_ /‘&ﬂ—‘——"\ et @
a 3 /‘R—_’_\ﬂs 6GPa o7 :
= s /kMA\m GPa |3 : .
= = kﬁ “n : °
= z /-\\\M_\ Wosl
=4
§ M :
= /‘\—\_,_,\_,_\ s
/\’w‘\ o5 L : .
[ IS ip0 P :
/\_\—w\ i E L]
Na———— . T
Ve o3| Phase;  phase
B e e e B ||||1||l|||]|||1|1|l|x|OIT Pa L i L 1 1
0004 0005 0008 0.007 250 300 350 400 450 500 550 0 5 10 15 20 25

UT (K1)

Wavelength (nm)

Pressure (GPa)

Figure 5 (Color online) (a) Electrical transport behaviors of Nb;Cl; under compression; (b) UV-Vis absorption spectra of Nb;Clg under compression; (c)
evolution of E,/E,, based on electrical transport and UV-Vis absorption spectra under compression.
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provide novel evidence and a deep understanding of the ef-
fect of pressure on the structural and electrical properties of
M; cluster compounds.
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