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This study investigates the microscopic spin dynamics and anisotropic magnetic behavior in van der Waals kagome
magnet Nb3Clg by employing electron spin resonance (ESR) spectroscopy on both powder and single-crystal samples over
the temperature range of 5 K-300 K. The effective g, peak to peak linewidths (AHyp), and double integrated intensities
(I) were extracted from the ESR spectra to analyze the temperature-dependent evolution of spin—orbit coupling and spin—
spin interactions. The formation of singlet ground state in single crystal Nb3Clg at 7* ~ 100 K is observed, evidenced by
the maximum AHp,, and g at T*, along with the decrease in intensity /, which is consistent to the reported non-magnetic
transition in the single-crystal Nb3Clg. Moreover, the spectral difference between H || ¢ and H L¢ configurations imply
subtle magnetic anisotropy in single crystal Nb3Clg. However, there is no non-magnetic transition was observed in powder
Nb3Clg since the parameters of AHy,, and I keep stable at 7*. It might be attributed to the grain averaging and random
orientation effects. Our study provides valuable insights into the magnetic interplay in Nb3Clg and prove the potential of
ESR spectroscopy as a powerful tool for probing the intrinsic magnetism.
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1. Introduction

Recently, two-dimensional (2D) materials have attracted
much attention owing to their electronic, magnetic and me-
chanical properties that are distinctly different from the bulk
of the same.!"?] These materials have been studied and it has
been discovered that they are hosts for new quantum phases
such as topological flat bands, quantum spin liquid state and
Mott insulators each essential for quantum computing, spin-
tronics, and tunable magnetic systems.’) Among some of
these various 2D materials, van der Waals (vdW) compounds,
with weak intra and inter layer coupling, strong intra layer
bonding, have emerged as perhaps the most promising can-
didates for future next generation quantum technologies.!
Nb3Clg, a member of the vdW family, has been of interest
due to its kagome lattice structure formed by Nbj trimers, as
depicted in Fig. 1(a). The magnetic behavior of the material
is fundamentally governed by these Nbjz trimers, which host
magnetic moments arising from unpaired electrons.>! Nb;Clg
undergoes a transition from a paramagnetic state at high tem-
perature to a non-magnetic singlet ground state at 7* ~ 100 K.
The charge disproportionation is thought to drive this transi-
tion, which originated from structural rearrangements of Nbs
trimer resulting in the formation of nonmagnetic [Nbs]”* and
[Nb3]°*+ species,[® and thus changing the overall magnetic
state of the compound, as shown in Figs. 1(b) and 1(c).

Much work has been performed on understanding the
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complex magnetism and origin of different quantum phases
in Nb3Clg, such as NMR, VSM, temperature-dependent mag-
netic susceptibility, STEM, ARPES, specific heat capacity,
electrical conductivity, and first principles calculations. >4
However, less work has focused on the understanding of the
spin—spin interactions, spin—orbit coupling, tiny changes in
local magnetic environment during transition temperature 7*
and magnetic anisotropy in Nb3Cls.

Electron spin resonance spectroscopy (ESR) is a very
powerful technique to probe magnetic interactions at the mi-
croscopic level.l’] The peak-to-peak line width, Hp,, ob-
served in the ESR signal is directly associated with the in-
teractions of the spins with their environment.!'®! The double
integrated intensity /(7" reflects the spin density.!!”! The g-
factor, extracted from the resonance line, indicates the strength
of the spin—orbit coupling.['®! In this work, we used ESR spec-
troscopy on powder and single crystal samples of Nb3Clg over
the temperature range of 5 K-300 K, and measurements on
single crystals were conducted with the H parallel and per-
pendicular to the ¢ axis. The temperature-induced changes in
ESR parameters (the g, AH),,, and intensity /) provide a deeper
understanding of the non-magnetic phase transition of Nb3Clg.
The anisotropy of spin—orbit coupling, exchange interactions
and spin lattice relaxation dynamics are studied by compar-
ing the behaviors of powder Nb3Clg and single crystal NbzClg
under both H || c-axis and H_L c-axis geometries.

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

057601-1


https://doi.org/10.1088/1674-1056/ae194e
https://cstr.cn/32038.14.CPB.ae194e
mailto:lqyan@iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 35, 057601 (2026)

300 K (high temperature phase)

24 K (low temperature phase)

(a) P3ml o d7 dg
° — - —
8 geo” &0 @%z o o '
g © ) /— 8 [Nb3Js+Cls ™y [Nbs]™*Cls_y. 2
° . .
Nb2-Nb2: 2.821 A °
[Nb,]° o
8 6 % 6 gﬁ . @ ghjﬁ ;f@ 5 + Charge disproportionation at T*~100 K
b1
o'%e %Oﬁos % / % ° g, ° o [ y
° & NbI-NbL:2801A o ° o - — - —
° © m [NbT o pfep - - =
8 62*"0%665 o ° o‘}:j o ° % [NDsJF*Cls_y ™ - [NbsJ>*Cls o ™,
o — =
e 8 Nb-Nb: 2.8109 A o ° ° Paramagnetic state Singlet ground state
2 © [N, & & B &
08 366 O= iy @ Srg ° 2[Nb,]#* Nb,]™* + [Nb,]**
8 = % -4 o > [Nbs] > [Nb;] [Nb,]
[+)
[+)

Fig. 1. (a) Crystal structure of Nb3Clg in high temperature P3m1 phase, showing Nbs trimmer with uniform Nb—Nb bond length. (b) Low tem-
perature R3 phase showing charge disproportionated non-magnetic Nbj clusters with different bond lengths. (c) Schematic showing electronic
level filling and transition from paramagnetic to singlet ground state at 7% = 100 K.

2. Experiment
2.1. Sample preparation and characterization

Powders of NbCls and elemental Nb served as the start-
ing materials. The precursor was synthesized by mixing these
materials in a molar ratio of Nb:Cl=3:8 and calcining the
mixture in a sealed silica tube under an argon atmosphere at
700 °C for 48 hours. Subsequently, single crystals of Nb3Clg
were grown from the precursor powders using a PbCl, flux
method via solvent evaporation at 750 °C for 150 hours. After
crystal growth, any residual PbCl, was removed by soaking
the crystals in hot water. Finally, powder samples of Nb3Clg
were prepared by grinding the as-grown single crystals, a
method chosen to prevent chemical decomposition that can oc-
cur during mechanical grinding.[%! The single crystal sample
has been characterized using single crystal x-ray diffractome-
ter (XRD). The scanning electron microscopy (SEM), and
energy-dispersive x-ray spectroscopy (EDS) were employed
using Regulus 8230, Manufacturer: Hitachi, Japan.

2.2. ESR measurements

ESR measurements were performed using a JEOL
JES-FA200 spectrometer operating at x-band frequencies
(~9.3 GHz) at selected temperatures from 5 K to 300 K. The
experiments were conducted at a microwave power of 1 mW,
including single crystal with the magnetic field oriented both
parallel and perpendicular to the c-axis, as well as powder
NbsClg. The temperature dependence of g obtained from the
peak of ESR spectra calculated by resonance condition AV =
gupH; over the temperature range of 5 K-300 K. The peak-to-
peak line width AH,,,, calculated by the H distance recorded
between the maximum and minimum peaks of first derivative
ESR spectra dP/dH using the formula AHp, = Hinax — Hiin.
The temperature dependence of intensity /, obtained from dou-
ble integration of ESR spectra dP/dH. The AH,, of the ESR

signal was analyzed to elucidate interactions between the spins
and their local environment. Additionally, the / which is pro-
portional to the number of unpaired electrons and the g fac-
tor extracted from the resonance spectra provided valuable in-
sights into the spin—orbit coupling.[!3-20]

3. Results and discussion

Figure 2 presents the XRD spectrum measured along the
(00!) direction, The sharp peaks indicate the phase purity and
high quality of the crystal.
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Fig. 2. The XRD pattern of the single crystal Nb3Clg measured along
the 00! direction. The Miller indices are indicated in the plot.

The surface morphology of the Nb3Clg single crystal was
examined using scanning electron microscopy, as shown in
Fig. 3(a).
characteristic of the lamellar structure associated with van der

The crystal exhibits smooth, plate-like surfaces,

Waals-bonded 2D materials.!?’! The uniform morphology and
absence of visible microcracks indicate high crystallinity of
the grown crystal.

The corresponding energy-dispersive x-ray spectroscopy
(EDS) analysis, presented in Fig. 3(b), confirms the elemen-
tal composition of the sample. The quantified atomic ratio of
Nb:Cl~1:2.7 is in close agreement with the 3 : 8 stoichio-
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metric ratio of Nb3Clg, thereby confirming the correct chem-
ical composition and homogeneity of the synthesized single
crystal.

Figure 4(a) presents the ESR spectra of single-crystal
Nb3;Clg measured with H || ¢ at selected temperatures from
5 K to 300 K. At higher temperatures, the broader resonance
lines with the H center around 310 mT, which holds up to
T*, indicating weak spin—spin interactions in paramagnetic
regime.>!l A subtle change in resonance field was observed
at T* which are the onset of non-magnetic transition. This
behavior is directly associated with charge disproportionation
of Nbs trimers, which suppress the collective spin response
and drive the system into a singlet ground state. T* corre-
sponds to the reported temperature where non-magnetic tran-
sition appears. [©]

pm

Fig. 3. (a) SEM image of single crystal Nb3Clg, (b) EDS elemental mapping
of single crystal sample.
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Fig. 4. The ESR spectra dP/dH at selected temperatures from 5 K to
300 K for single crystal NbszClg with (a) H || ¢ and (b) H Lc.

Figure 4(b) shows the ESR spectra dP/dH for single
crystal Nb3Clg recorded with H L ¢, which exhibiting notable
differences from the H || ¢. It indicates the anisotropy of mag-
netic interactions in single crystal Nb3Clg. Above 7%, the ESR
spectra exhibits the resonance features similar to the one with
H || ¢, indicating the rapid spin lattice relaxation in paramag-
netic regime.>!! Upon cooling below 7*, the ESR spectra re-
main significantly broader in entire temperature range as com-
pared to H || ¢ geometry. This comparative broadening implies
more efficient energy transfer to the lattice, consistent with
anisotropic exchange interactions, expected in layered transi-
tion metal halides. 8]

The temperature dependence of the intensity I, peak-to-
peak line width AH,, and g calculated for H || ¢ orientation
are presented in Fig. 5(a). One can see in that g is gradually
increasing with decreasing temperature from 300 K and reach-
ing a maximum at 7", reflecting a progressive enhancement
of spin—orbit coupling effects.?”) Whereas, the AH,, remains
nearly stable in this paramagnetic regime. As the temperature
is further lowered below T*, the g and AH,,, decreases rapidly,
signaling the changes in local crystal field, spin—orbit and
spin—spin interactions, '8! since the emergence of electronic
reordering between [Nb3]”* and [Nb3]°*, happened with the
decrease and increase of Nb—Nb bond length together. ! The
intensity /, which is proportional to the number of unpaired
spins (M) contributing to the resonance, fully suppressed at
T* with decreasing T. This suppression of I at T* is indi-
cating the loss of ESR active spins, confirmed the formation
of singlet ground state. A sharp upturn in /, reduction in g
and relatively narrow AHp,, below 10 K suggesting the para-
magnetic interactions among defect-induced spins;** while
the overall state remains non-magnetic singlet spin state. This
defect induced paramagnetic impurity has also been observed
in previous magnetic susceptibility studies. These trends in g,
AH,, and I, are consistent to the reported non-magnetic tran-
sition in single crystal Nbs3Clg at 7*.15:6]

Figure 5(b) displays the temperature dependence of g,
AH,,;,, and [ for single crystal of Nb3;Clg measured with H L c.
From 300 K to 100 K, the g increases steadily and reaching
maximum at T with decreasing T, similar to the H || ¢ ori-
entation, suggesting the progressive enhancement of spin or-
bit coupling effect in paramagnetic state.!!”! Simultaneously,
the AH,,; exhibits the non-monotonic trend which differs with
H || ¢, implies anisotropy magnetic interactions in paramag-
netic state. Below T, the rapid decrease in g and AH),, along
with suppression of I, suggests the notable changes in local
magnetic environment due to charge disproportionation. The
small upturn in AH), and g at 65 K, suggesting strong spin—
spin and spin—orbit interactions among defect induced param-

agnetic moments in non-magnetic matrix.
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Fig. 5. (a)—(b) The temperature dependence of ESR parameters (g, line
width AH,, and intensity 1) for single crystal of Nb3Clg with H || ¢
H 1 c respectively.

The previous magnetic susceptibility studies exhibit the
orientation dependent anisotropy in single crystal Nb3Clg.6]
In our single crystal ESR measurements, the temperature-
dependent g-factor and line width (AHp,) exhibit clear
anisotropy between the different c-axis orientations, consis-
tent with literature. Kagome and cluster-based magnets often
exhibit strong anisotropy and unconventional spin dynamics
due to geometrical frustration and orbital effects. >l However,
in contrast to frustrated kagome antiferromagnets that retain
fluctuating spins down to low temperature, Nb3Clg undergoes
a complete transition into a non-magnetic singlet state due to
charge ordering within Nbs clusters as shown in Figs. 1(a)
and 1(b). This distinction highlights the unique mechanism
of anisotropy in Nb3Clg, which originates from cluster-level
structural rearrangements rather than purely geometric frus-
tration.

The derivative ESR spectra of powder Nb3Clg at selected
temperatures from 5 K-300 K is presented in Fig. 6(a). From
300 K-20 K, the ESR spectra displays broader and less intense
resonance lines, which implies paramagnetic (PM) state where
[Nb318+ clusters exhibit weak spin—spin interactions and mag-
netic moments are largely uncorrelated.!!’! As the temperature
is further lowered to 10 K, there is single resonance line with
Lorentzian line shape appears as the thermal agitations dimin-
ished, indicates the paramagnetic ordering over the entire tem-
perature range from 5 K to 300 K in powder Nb3Clg.

The temperature dependence of AH,,, and I for powder
NbsClg are presented in Fig. 6(b). The monotonic increase in

I at 300 K-5 K with decreasing T, reflects a typical Curie-type
paramagnetic response, where thermal depopulation of excited
states enhances spin polarization. This indicates that weakly
interacting local magnetic moments persists throughout the
measured temperature range. The AH,, increases linearly
from 300 K to 50 K with decreasing T', suggesting the grow-
ing spin—spin interactions and enhanced spin lattice relaxation
in paramagnetic state.!'%! Below 50 K, the AH,,, is narrowing
rapidly, indicating the suppression in spin—spin interactions
while the [ increases with decreasing 7', which implies the
presence of correlated paramagnetic state. These findings are
consistent with previous literature on Nb3Clg powder, where
no non-magnetic transition is observed. %!

(a) Powder Nb;Clg
— 300 K
200 K
150 K
N 110 %
@ 100
S — 90K
= 80 K
. 60 K
*E% — 0K
S — 20 K
3 ———f/\/ 10 K
-
el
5 K
1 1 1 1
0 200 400 600 800 1000
H (mT)
(b) Powder Nb;Clg
w0k £ —o—AHy,

—%— ]
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1 1 1 1 1
% 50 100 150 200 250 300
T (K)

Fig. 6. (a) The ESR spectra dP/dH at selected temperatures from 5 K
to 300 K for powder of Nb3Clg. (b) The temperature dependence of
ESR parameters (AHp, and I) for powder of Nb3Clg.

Figures 7(a) and 7(b) present the comparisons of temper-
ature dependence of AHp,, and g of powder Nb3Clg and single
crystal NbsClg with H || ¢ and H Lc, respectively. Together,
these trends display how sample morphology (powder versus
single crystal) and magnetic field orientation (H || ¢ and H L¢)
influence the local magnetic environment in Nb3Clg.

Figure 7(a) presents the temperature dependence of AHp,
for powder Nb3Clg and single crystal Nb3Clg with H || ¢ and
H Lc. The subtle differences in AH,,, for both H || ¢ and H L¢
clearly indicating the anisotropic magnetic interactions in the
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single crystal Nb3Clg. The increase in g around 7" in powder
NbsClg is more modest likely due to averaging of anisotropic
effects. Figure 7(b) presents the g trends for powder Nb3Clg
and single crystal Nb3Clg with both H || ¢ and H Lc. The sin-
gle crystal Nb3Clg exhibits pronounced broadening for both
H || ¢ and H_Lc orientations with notable differences, which
confirmed the anisotropic local magnetic environment. The
powder NbsClg exhibits modest response likely due to grain

averaging and random orientation effects.[>!
(a) ——H|le
120+ ’ ——Hlc
/Q 2 —— Powder
2
’I:Q 60
< p
30
21751 (b) o ——H|c
——Hlc
——Powder
2.100
=)}
2.025
1.950
0 50 100 150 200 250 300
T (K)

Fig. 7. (a)—(b) The temperature dependence of AHy,, and g for powder
and single crystal Nb3Clg with both H || ¢ and H L¢ orientations.

4. Conclusion

In this study, fine single crystals of the cluster magnet
Nb3Clg were synthesized by the flux method and character-
ized using XRD, SEM, and EDS techniques. The local mag-
netic environment and anisotropic magnetism of cluster mag-
net were successfully probed using ESR spectroscopy. The
non-magnetic transition has clearly observed in single crystal
samples for both with H || ¢ and HLc at T* ~ 100 K, evi-
denced by suppression of intensity / trends. In contrast, the
powder sample analysis reflects the averaging of anisotropic
effects and absence of non-magnetic transition. Significant
temperature dependence changes in g, AH,,p, and I highlighted
the interplay between spin—orbit coupling, spin—spin interac-
tions, and anisotropic magnetism in Nb3Clg. These findings
demonstrate ESR’s sensitivity to probe the local spin dynamics
at microscopic level. This work enhances our understanding of
the local magnetic environment in single crystal of Nb3Clg and
contribute to growing field of low-dimensional quantum ma-
terials, particularly applications in spintronics, quantum com-
puting and tunable magnetic systems.
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