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Abstract

®

CrossMark

The cluster magnet Nb;Clg consists of Nb3 trimmers that form an emergent S = 1/2
two-dimensional triangular layers, which are bonded by weak van der Waals interactions.
Recent studies show that its room-temperature electronic state can be well described as a
single-band Mott insulator. However, the magnetic ground state is non-magnetic due to a
structural transition below about 100 K. Here we show that there exists a thickness threshold
below which the structural transition will not happen. For a bulk crystal, a small fraction of the
sample maintains the high-temperature structure at low temperatures and such remnant gives
rise to linear-temperature dependence of the specific heat at very low temperatures. This is
further confirmed by the measurements on ground powder sample or c-axis pressed single
crystals, which prohibits the formation of the non-magnetic state. Moreover, the intrinsic
magnetic susceptibility also tends to be constant with decreasing temperature. Our results
suggest that Nbs;Clg with the high-temperature structure may host a quantum-spin-liquid ground
state with spinon Fermi surfaces, which can be achieved by making the thickness of a sample

smaller than a certain threshold.

Supplementary material for this article is available online

Keywords: quantum spin liquids, cluster magnet, specific heat

In searching quantum spin liquids (QSLs), the magnetic
moments in frustrated magnets typically sit on individual
magnetic ions [1-4]. The idea that clusters of magnetic ions
may also give rise to QSLs has attracted increasing interest
[5-13]. In these cluster magnets, several magnetic ions form
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a cluster and the unpaired electrons are delocalized within it
to give a net magnetic moment. The clusters of magnetic ions
thus act as spin centers and form emergent frustrated struc-
tures. For example, the Mo3;Og-based cluster magnets have a
so-called breathing kagome structure, where the Mo atoms
in the small triangles are trimerized with just one S = 1/2
moment and these trimmers form a two-dimensional triangular
lattice [14, 15]. Some of these materials, such as LiZn,Mo3QOg,
Li,ScMo30g, LirIn;_,Sc,Mo3;0g, and Na3zSc,Mo50;4, show
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interesting properties that make them good QSL candidates
[16-21]. Another example is the 17—TaX, systems (X = S
or Se), where the spin system formed by 13 Ta molecular
clusters may have QSL ground states, as evidenced by recent
experiments [22—27] although there are still debates on the role
of interlayer couplings [28-35].

The cluster magnet studied in this work is Nb3Clg, which
has a trigonal structure at room temperature [36, 37]. Similar
to Mo ions in Mo3Og-based cluster magnets, the Nb ions have
a breathing kagome structure, where three Nb ions form a
Nbs trimer that has a S = 1/2 magnetic moment. The tri-
mers thus form an emergent triangular layer and these layers
are connected by weak van der Waals’ forces without bind-
ing cations, which makes the Nb3;Xg (X = CI, Br, and I) sys-
tems important for 2D applications [38, 39]. Recent exper-
imental and theoretical studies show that Nb;Clg is a Mott
insulator at room temperature that can be well described by
the single-band Hubbard model [40—42]. This naturally raises
the possibility that the magnetic ground state of Nb3;Clg may
be a QSL if no magnetic ordering happens. However, Nb;Clg
goes through a structural transition below about 100 K and
the system becomes nonmagnetic due to interlayer couplings,
whose origin is still under debates [36, 37]. This transition thus
precludes us from studying the magnetic ground state of the
high-temperature magnetic phase (HTMP) in single crystals.
Interestingly, it has been found that the HTMP may survive
in powder samples obtained by sonicating single crystals [36],
which leaves the possibility to investigate the HTMP at low
temperatures.

In this paper, we show that the magnetic ground state of
HTMP is indeed consistent with the expectation of a QSL with
large spinon Fermi surfaces. For single crystals, a small frac-
tion of HTMP survives at low temperatures and its magnet-
ism results in a linear temperature-dependence component of
the specific heat, i.e. C/T|T — 0 = ~y. The HTMP can be fur-
ther studied by pressing the crystal along c-axis or grinding
single crystals into powders, where the HTMP is maintained
in almost the whole sample at low temperatures. The value of
v is found to increase more than one order of magnitude and
the intrinsic magnetic susceptibility tends to be constant at low
temperatures. Our results suggest that the magnetic ground
state of the HTMP of Nb3Clg may be a QSL with large spinon
Fermi surfaces.

Single crystals of Nb3Clg and Nb3Cl,Brg were grown
by the flux method as reported previously [36]. Powders
were made by grinding single crystals in an agate mor-
tar for just a few minutes. A cold press was used to
apply uniaxial pressure along the c-axis. The structure was
studied by a transmission electron microscope (TEM) and
a single-crystal x-ray diffractometer. The thickness of the
samples in the TEM measurements was determined by
the electron energy loss spectroscopy. The specific heat
was measured by a physical properties measurement sys-
tem ( Quantum Design, 9 T) with the dilution refriger-
ator insert. The magnetization was measured by a SQUID
magnetometer (Quantum Design, 7 T) with the Helium-3
refrigerator.

Figure 1(a) shows the temperature dependence of the mag-
netic susceptibility x = M/H for two single crystals, labeled
as #1 and #2. As reported previously [36, 37], the high-
temperature data can be well fitted by the Curie—Weiss func-
tion. The value of x drops dramatically around 100 K with
hysteresis behavior between warming and cooling processes,
which corresponds to the structural transition accompanied by
the magnetic-to-non-magnetic transition [36, 37]. The main
difference between these two sets of data is that the remain-
ing value of x in the low-temperature non-magnetic state in
#1 sample is smaller than that in sample #2.

The low-temperature magnetism can come from two dif-
ferent sources: the magnetic impurities with orphan spins and
the remnant of HTMP [36, 37]. The inset of figure 1(b) shows
the field dependence of magnetization at 1.8 K, which can be
well fitted by the combination of the Brillouin function with
spin § = 1/2 and a linear function, i.e. M = NgSupB(x) + bH,
where N is the number of orphan spins, g = 2 is the Landé
g-factor, and pp is the Bohr magneton. The Brillouin function
B(x) is given by

25+1 25+1 1 1
= 25 coth (yx) — I,COth <2].X') y (1)

B (x)

where x = gupSB/kgT. The value of N is about 0.88% per
molecular formula for both samples. On the other hand, the
slope of the linear function, denoted as b, is about 4.3 x 10~
and 1.6 x 1073 emumol ! Oe for #1 and #2 samples, respect-
ively. The larger value of b in #2 sample indicates that it has a
larger fraction of HTMP at low temperatures.

Figure 1(c) shows the low-temperature specific heat of #1
sample at different magnetic fields. A broad peak appears
at about 0.4 K at 1 T and shifts to higher temperature with
increasing field. Figure 1(d) shows the difference between the
specific heat under field B and that at zero field, i.e. AC =
C(B) — C(0). We find that it can be well fitted by the Schottky
anomaly function Csp with AC = Csa(B) — Csa(0). Here
Csa(B) = NR(A/T)?exp(A/T)/[1 +exp(A/T)]? with A =
[A(z) + (gSuBB)z]l/z, where N, R, g, A and pp are the number
of spins per molecular formula, the gas constant, the g-factor,
the internal energy level at zero field, and Bohr magneton,
respectively. The fittings give the value of N between 0.86%
to 0.89%, which are very close to the number of orphan spins
determined from the magnetization data. This means that the
field dependence of the specific heat mainly comes from the
orphan spins and we can thus derive the intrinsic specific heat
Cinc by subtracting Csa from the data, as shown in figure 1(e).
A similar analysis procedure can also be applied to the specific
heat of #2 sample, as shown in figure 1(f).

For both samples, there are sharp upturns when the temper-
ature goes to zero, which come from the contribution of nuc-
lear Schottky anomaly [43]. It seems that a finite intercept at
0 K is present in C/T for both samples. The zero-K extrapola-
tion of C/T gives the value of the linear term ~y as about 0.016
and 0.08 Jmol K2 for #1 and #2 samples, respectively. The
ratio between these two -y is similar to that between the value
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Figure 1. (a) The temperature dependence of magnetic susceptibility x = M/H at 0.1 T for #1 and #2 single crystals. (b) The intrinsic
magnetic susceptibility in the warming process for #1 and #2 single crystals after subtracting the impurity contribution. The dashed lines are
results of the high-temperature Curie-Weiss fittings multiplied by 0.045 and 0.11 for #1 and #2 samples, respectively. The fitted Weiss
temperatures and effective moment for #1 single crystal are —21.5 K and 1.762 pup, respectively, while those for #2 single crystal are

—18.1 K and 1.771 pp. The inset shows the field dependence of magnetization at 1.8 K. The solid lines are fitted by the Brillouin function
plus a linear background. (c) The C/T of #1 single crystal as the function of temperature. (d) The temperature dependence of AC/T with
AC=C(B)—C(0)at B=1, 2, and 3 T. The solid lines are fitted results of the field difference between the Schottky anomaly function as
described in the main text. (e) and (f) The intrinsic specific heat Ciyc /T after subtracting the contribution from the Schottky anomaly. The

dashed lines are guides to the eye.

of b in M — H curves, suggesting both v and b come from the
remnant of the HTMP.

While the above results suggest the existence of the HTMP,
its exact properties are rather hard to study due to its small frac-
tions in single-crystal samples. We note that #2 single crystal
was accidentally pressed in the capsule during the magnetic
measurements, which may result in a larger fraction of the
HTMP. Therefore, we intentionally pressed #3 single crystal
at about 1.8 GPa along the c-axis. The single-crystal x-ray

diffraction measurement shows that the room-temperature
crystal structure remains the same but there are many small
grains present within the sample [43]. Figure 2(a) shows
the temperature dependence of magnetic susceptibility, which
suggests that more than 80% HTMP survive at low temper-
atures. The fitting on the field dependence of magnetization
at 1.8 K (figure 2(c)) suggests the existence of 0.3% orphan
spins. The slope of M — H curve, b,is 9.77 x 10~% emumol ~!
Oe, much larger than those of #1 and #2 single crystals. The
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Figure 2. (a) and (b) The temperature dependence of magnetic susceptibility x at 1000 Oe for #3 single crystal and ground powders,
respectively. The solid line in (a) is the fitted result by the Curie—Weiss function for the cooling data. The dotted line in (a) is the result of the
Curie—Weiss fitting multiplied by 0.8. The fitted Weiss temperature and effective moment for #3 single crystal are —20 K and 1.76 ug,
respectively, while those for powders are —15.8 K and 1.47 up. (c) and (d) Field dependence of magnetization at low temperatures for #3
single crystal and ground powders, respectively. The solid lines are fitted by the Brillouin function plus a linear background. (e) and

(f) Low-temperature specific heats of #3 single crystal and ground powders, respectively.

low-temperature specific heats are given in figure 2(e) and
show little field dependence. The zero-K extrapolation of C/T
gives 7~ 0.223 Jmol K=2 at 0 T.

As shown in [36], the HTMP can also be maintained in
ground powders. The temperature dependence of the suscept-
ibility of our powder sample is shown in figure 2(b), which
confirms the absence of magnetic transition or crossover. The
M — H curves (figure 2(d)) give the content of orphan spins
as about 2.5%, most of which may come from the surfaces of
small grains [44]. The slope of M — H curve at high fields at
1.8 K is similar to that in the #3 sample and changes little with

temperature decreasing down to 0.4 K. This suggests that the
magnetic susceptibility tends to a constant when approaching
zero K. The low-temperature specific heat also shows weak
field dependence and ~ is about 0.227 Jmol K2 at 0 T, as
shown in figure 2(f).

To understand why there is a remnant of the HTMP even in
a single-crystal sample, we studied the low-temperature struc-
ture by TEM. However, the structural transition in NbsClg
is below 100 K, which makes it hard to study its structure
using TEM. As the transition temperature can be increased
continuously by partial replacement of CI by Br [45], we
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Figure 3. (a) and (b) SAED results of Nb3Cl,Bre with the electron beam along the c-axis at 300 and 96 K, respectively. The dotted
rectangles label the four peaks whose intensities cut along the arrows are shown in figure 4(a). The peaks labeled 1, 2, 3 and 4 correspond to
(2,—1,0), (1,0,0), (0,1,0) and (—1,2,0) in the trigonal notation. The yellow dots in (b) represent the positions of the Bragg peaks in the R3
structure. (c) and (d) CBED results of Nb3Cl,Brg with the beam along the c-axis at 300 and 96 K, respectively.

choose to study the structure of Nb3Cl,Brg whose structural
transition occurs slightly below 300 K. Figure 3(a) shows the
results of selected area electron diffraction (SAED) at 300 K
with the electron beam along the c-axis. All the peaks can be
indexed by the trigonal structure with the space group P3m1
as reported previously [36, 37]. At 96 K which is well below
the structural transition temperature, the major peaks can be
indexed by the R3 space group as shown in figure 3(b). There
are two reported low-temperature structures, namely R3 and
C2/m [36, 37], which can be distinguished by the three-fold
C3 rotational symmetry. As shown by the patterns around the
centers in the convergent beam electron diffraction (CBED)
images (figures 3(c) and (d)), the in-plane rotational sym-
metry changes from Cg at 300 K to C3 at 96 K, which is
consistent with the R3 structure and thus rules out the C2/m
structure.

We note that there are weak peaks in figure 3(b) that corres-
pond to the P3m1 structure, which suggests that a small frac-
tion of the samples maintains its high-temperature structure as

shown previously [36, 37]. We further measure a single-crystal
sample at two different regions labeled as A and B, as shown
in the inset of figure 4(a). Region B is at the edge of the sample
and has a smaller thickness. Figure 4(a) shows the cut along the
four Bragg peaks as indicated in figures 3(a) and (b). The resid-
ual peak intensities at (1,0,0) and (0,1,0) at 96 K are very dif-
ferent for regions A and B, which suggests that the remnant of
the high-temperature structure is greater in thinner part of the
sample. The thickness dependence of the structural transition
can be quantitatively studied by the intensity ratio between
98 and 300 K for the (1,0,0) peak. An abrupt change hap-
pens around 10 nm as shown in figure 4(b), below which the
ratio is close to 1, suggesting that no structural transition hap-
pens. We note this thickness threshold is close to three times of
the c-axis in the low-temperature structure of the bulk sample,
which indicates that at least three unit cells along the c-axis
are needed to form the R3 structure. This may explain why a
moderate uniaxial pressure can significantly increase the pro-
portion of HTMP at low temperatures since it may weaken or



J. Phys.: Condens. Matter 36 (2024) 155602

B Liu et a/

——300K
1.2 _(a) ——96K_Region A
96K_Region B

2

Intensity(a.u.)

R :
[2-H,H-1] (r.l.u.)

° o
S o
T T

1

1(98K)/I(300K)

o
o
T

0 60 70 80

0 10 20 30 40 5
d(nm)

Figure 4. (a) Normalized intensities cut along the arrows in (a) and
(b). The measured regions of A and B are shown by the circles on
the sample in the inset. (b) Thickness dependence of the ratio of
peak intensity at (1,0,0) between 98 and 300 K.

destroy the interlayer couplings and thus prevent the formation
of the R3 structure.

The above results show a prominent property of the HTMP
in NbsClg, i.e. a large linear-T term in the specific heat when
the temperature goes to zero. The ~ values in #3 and powder
sample are much larger than those of typical metals. As there is
no magnetic transition, such linear-7" term of the specific heat
may be attributed to spinon Fermi surfaces in a QSL [1-4].
Moreover, the magnetic susceptibility also seems to be a con-
stant below 1.8 K as shown in figure 2(d), which is also consist-
ent with the existence of spinon Fermi surfaces. An interesting
parameter that may describe the spinon system is the Wilson
ratio [1, 46], which is defined as

a2kl y

= “TSX )
310 (g1s)° Y

w

where kg, 1o and pup are Boltzmann constant, vacuum mag-
netic permeability, and Bohr magneton, respectively. The
value of R, is 1 for a free electron gas. In our case, R,, is
about 1.8, 1.4, 2.6 and 2.9 for #1, #2 and #3 single crystals
and powder sample, respectively. All these values are close to
1, further suggesting the existence of spinon Fermi surfaces.
While the above results are intriguing, an important unre-
solved issue is whether the magnetic properties obtained in
pressed single crystal or powder are the true ground state of
NbsClg if no structural transition happens. We note that the
slope of M — H curve and -y do not depend linearly on the frac-
tion of HTMP determined from the temperature dependence of
the susceptibility. The specific heat also shows some sample-
dependent behaviors at low temperatures. For example, the

hump at about 1.8 K is much broader in powder sample
(figure 2(f)) than the #3 sample (figure 2(c)). One optim-
istic explanation is that the physical properties associated with
the spinon Fermi surfaces have in-plane size dependence, as
in metal particles [47] or some of the QSLs [44]. However,
although the main structure remains the same [43], we cannot
rule out the possibility that the structure might be deformed or
distort locally, which may in turn alter the magnetic properties.
We would like to emphasize though that a large zero-K C/T
always exists despite detailed differences in the specific heat.
Since the layers in Nb3Clg are connected by van der Waals
interactions, the nature of the magnetic ground state may be
further studied in nanosheets where the HTMP is expected to
survive at 0 K.

In conclusion, we show that the magnetic phase in Nb3Clg
can partially survive at low temperatures in single crystals
or powder samples. Moreover, the low-temperature specific-
heat and magnetization measurements suggest that it may have
spinon Fermi surfaces. This is consistent with the suggestion
that Nb3Clg is a Mott insulator [40]. Further local measure-
ments, such as inelastic neutron scattering and nuclear mag-
netic resonance, may provide more insights into the nature of
the magnetic ground state for the high-temperature structure
of N b3C13 .
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