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ABSTRACT: The quenched structural disorder in frustrated magnets can lead to apparent quantum spin liquid (QSL)
behavior or to a valence bond glass state: the transition between these thermodynamic states has not been demonstrated
experimentally. Herein, we report the synthesis of a novel layered rare earth hydroxide Yb3(OH)7SO4·H2O as single crystals.
The interplay between the strong distortion of the triangular lattice and low point group symmetry of the three distinct Yb3+
sites leads to quenched disorder. The variable stacking disorder in Yb3(OH)7SO4·H2O is elucidated by comparison to the
lutetium analogue, Lu3(OH)7SO4·H2O. The degree of disorder in Yb3(OH)7SO4·H2O is controlled by the chemical form of the
starting material and solution pH. In a low magnetic ﬁeld, Yb3(OH)7SO4·H2O displays QSL behavior, while, under a high ﬁeld,
a valence bond glass state is observed. The degree of stacking fault disorder in Yb3(OH)7SO4·H2O modulates the observed
magnetic properties and the transition between QSL and valence bond glass states.

■

INTRODUCTION
A quantum spin-liquid (QSL) is an exotic form of magnetism
popularized by Anderson’s conjecture that a resonating
valence-bond (RVB) liquid1 may be at the origin of
unconventional superconductivity in copper oxides.2 The
elucidation of QSLs in real materials has since evolved into
an independent quest.3 It is noteworthy that highly entangled
spins in the absence of magnetic order were ﬁrst proposed for a
two-dimensional (2D) Heisenberg model of frustrated nearestneighbor (NN) exchange on the triangular lattice.1 Several
quasi-2D compounds such as ZnCu3(OH)6Cl2, EtMe3Sb[Pd(dmit)2]2, and α-RuCl3 have emerged as promising QSL
candidates.4−8
Recently, a 2D QSL candidate comprising f-element spin
carriers, YbMgGaO4 (YMGO), has been synthesized.9 Several
promising QSL-like phenomena are observed in the speciﬁc
heat, neutron scattering, and muon spin rotation studies for
YMGO.10,11 However, Yb3+ ions are displaced away from the
triangular plane due to the intrinsic site mixing between Mg2+
and Ga3+. This structural feature can be regarded to introduce
quenched disorder and was proposed to be the origin of the
QSL phenomenology in YMGO.12,13 However, a recent
theoretical work suggests that the quenched disorder in
YMGO may induce the formation of a valence bond glass
(VBG) state, a glassy phase which is characterized by long© 2019 American Chemical Society

range valence bond correlation and not related to magnetic
ordering.14,15 The possibility of a VBG state in YMGO is
reinforced by the observation of the spin freezing signatures in
the ac susceptibility measurement.16 The quenched disorder
and the bond randomness are not uncommon in the frustrated
magnets and are proposed to be important for the emergence
of spin glass or VBG state.15,17 Therefore, the synthesis of an
analogous model compound with a similar triangular lattice but
a stronger quenched disorder is ideal for understanding the
role that quenched disorder plays in engendering a VBG state
and the correlated thermodynamic signatures of a QSL.
Varying types and degrees of structural disorder are also
found in other frustrated magnets.18 For example, in
ZnCu3(OH)6Cl2, substitutional disorder results from some of
the Zn2+ sites between layers occupied by Cu2+.19 These
diﬀerent types of disorder have a strong impact on the physical
properties in these systems including the observed QSL
phenomenology.18,20,21 Recently, an iridate with signiﬁcant
stacking fault disorder, H3LiIr2O6, was proposed as a QSL, but
the relationship between the stacking disorder and the QSL
behaviors is still unclear experimentally.22−24 Therefore,
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Colorless prismatic crystals were isolated from the liner by ﬁltration,
washed with deionized water and ethanol sequentially, and dried in air
for 1 day to aﬀord 173 mg of Lu3(OH)7SO4·H2O (yield 68% based
on Lu3+). The water content in the Lu3(OH)7SO4·H2O was
determined by crystallography. Bulk purity was determined by
PXRD (Figure S6).
Synthesis of Yb2(SO4)3·8H2O. A mixture of 1.576 g of Yb2O3
(4.0 mmol), 1.28 mL of 98% H2SO4 (24.0 mmol), and 3.2 mL
deionized water was sealed in a stainless-steel Parr vessel equipped
with a 23 mL Teﬂon liner. The Parr vessel was put in a preheated
gravity convection lab oven at 210 °C for 12 h under autogenous
pressure and then cooled to room temperature slowly in the oven.
The crystals were isolated from the liner by ﬁltration, washed with
deionized water and ethanol sequentially, and dried in the air for 2 h
to aﬀord 3.57 g of the title compound (yield 57% based on Yb3+).
Bulk purity was determined by PXRD (Figure S7)
Synthesis of Yb3(OH)7SO4·H2O with 23% Stacking Disorder
(1-Yb-23%). Single crystals of Yb3(OH)7SO4·H2O with 23% stacking
disorder (1-Yb-23%) were synthesized by a hydrothermal method. A
mixture of 778.4 mg of Yb2(SO4)3·8H2O (1.0 mmol), 348.5 mg of
K2SO4 (2.0 mmol), 1.1 mL of 5.0 M KOH aqueous solution, and 8.8
mL of deionized water was added to a 23 mL Teﬂon liner. The
reaction mixture was stirred with a Teﬂon stir bar in the air for 15
min. The stir bar was removed from the solution, and the Teﬂon liner
was placed in a stainless-steel Parr vessel. The sealed Parr vessel was
put in a preheated gravity convection lab oven at 210 °C for 18 h
under autogenous pressure and then cooled to room temperature at a
rate of 10 °C/h in the oven. The colorless crystals were isolated from
the liner by ﬁltration, washed with deionized water and ethanol
sequentially, and dried in the air for 1 day to aﬀord 156 mg of product
(yield 62% based on Yb3+). The water content in the Yb3(OH)7SO4·
H2O was determined by crystallography. Bulk purity was determined
by PXRD (Figure S8).
Single Crystal X-ray Diﬀraction. Single crystals of all
compounds were adhered to Mitogen loops with Paratone oil and
then mounted on a goniometer under a cold stream at 100 K (for 1Yb-252 K, the temperature was 252 K). The crystals were then
optically aligned on a Bruker D8 Quest X-ray diﬀractometer using a
digital camera. Diﬀraction data were obtained by with an X-ray source
(Mo Kα, λ = 0.71073 Å) with high brilliance and high-performance
focusing multilayered optics. APEX 3 was used for determination of
the unit cells, data collection, and integration of the data. Numerical
absorption corrections were also applied with SADABS.28 A
hemisphere of data was collected for all crystals. The structure was
solved using the ShelXT structure solution program using the
Intrinsic Phasing solution method and by using Olex2 as the graphical
interface.29 The model was reﬁned with version 2014/7 of
ShelXL2014 using Least Squares minimization.30
Powder X-ray Diﬀraction (PXRD). Powder X-ray diﬀraction
(PXRD) patterns were obtained with a PANalytical X’Pert PRO
Alpha-1 diﬀractometer using a 1.8 kW ceramic copper tube source.
The simulations of PXRD patterns from SCXRD results are
performed using software CrystalDiﬀract 6.
Fourier-Transformation Infrared Spectroscopy (FT-IR). Infrared (IR) samples were acquired as powders on a Bruker ALPHA
FTIR spectrometer from 400 to 4000 cm−1 in an inert atmosphere
box (Vigor) under a dinitrogen (<0.1 ppm of O2/H2O) atmosphere.
The sample was dried under a vacuum using Schlenk techniques for 2
h prior to the FT-IR measurement.
Physical Property Measurements and Data Processing. DC
magnetic susceptibility measurements and isothermal magnetization
measurements M(H) were performed on 1-Yb and 1-Yb-23% using a
PPMS vibrating sample magnetometer in a range of magnetic ﬁelds 0
≤ μ0H ≤ 14 T and temperatures 1.8 ≤ T ≤ 300 K. AC magnetic
susceptibility measurements were performed on 1-Yb and 1-Yb-23%
using a PPMS AC measurement system in magnetic ﬁelds of 0 T in
the temperature range of 1.8 ≤ T ≤ 10 K varying AC frequency from
10 Hz to 9984 Hz. The Curie−Weiss temperature θcw was derived
from the linear ﬁt of data within a range with the Curie−Weiss law.

synthesis of a frustrated magnet with a tunable degree of
stacking disorder is necessary.
The triangular lattice is the paradigm of a geometric
frustrated lattice. Layered rare-earth hydroxides (LRHs), as a
group of 2D materials with a strongly distorted triangular
lattice and low point group symmetry for lanthanide sites,
enable the existence of complex magnetic exchange pathways
which can structurally enforce quenched disorder. Therefore,
the LRHs are an ideal platform to search for lanthanide-based
frustrated magnets and study the relationship between the
quenched disorder, QSL behavior, and VBG state.25 The LRHs
have the general formula (Ln3+)2(OH−)6−m(An−)m/n·xH2O,
where Ln is a trivalent lanthanide metal cation, A is an anion
such as NO3− or SO42−, and m is generally 1 or 2.26,27
However, LRHs are typically prepared in powder form, which
hinders the precise determination of crystal structure and, in
the context of this study, the structural correlation to QSL
behaviors.
Herein, a novel LRH, Yb3(OH)7SO4·H2O, 1-Yb, has been
synthesized as phase-pure single crystals by hydrothermal
methods. The stacking disorder in this material is elucidated by
comparison to its lutetium analog, Lu3(OH)7SO4·H2O, 1-Lu.
The degree of stacking disorder in 1-Yb can be tuned by
changing the starting materials, the associated rate of
dissolution, and olation under reaction conditions. Magnetic
susceptibility and speciﬁc heat measurements show that no
spin ordering occurs down to 0.08 K and that the magnetic
ground state of Yb3+ ions is an eﬀective spin-1/2 Kramer’s
doublet. These observations suggest, in conjunction with heat
capacity studies, that 1-Yb displays QSL behaviors at lower
ﬁeld. Evidence for the existence of VBG state is also observed
under a high magnetic ﬁeld. Glassy behavior is magniﬁed in the
samples with a higher degree of stacking disorder, which
suggests that the observed VBG state is correlated both with
the distortion of the triangular lattice and stacking fault
disorder.

■

MATERIALS AND METHODS

General Methods. All reagents were obtained from commercial
suppliers without further puriﬁcation. Deionized water with a
resistivity of 18.2 MΩ·cm was used for all syntheses. Hydrothermal
reactions were carried out in 23 and 10 mL Teﬂon-lined pressure
vessels (Parr 4749) purchased from Parr Instruments.
Synthesis of Yb3(OH)7SO4·H2O (1-Yb). Single crystals of
Yb3(OH)7SO4·H2O were synthesized by a conventional hydrothermal
method. A mixture of 394.1 mg of Yb2O3 (1.0 mmol), 697.0 mg of
K2SO4 (4.0 mmol), 53.4 μL of 98% H2SO4, and 8.95 mL deionized
water was sealed in a stainless-steel Parr vessel equipped with a 23 mL
Teﬂon liner. The Parr vessel was put in a preheated gravity convection
lab oven at 210 °C for 2 days under autogenous pressure and then
cooled to room temperature at a rate of 5 °C/h. Colorless prismatic
crystals were isolated from the liner by ﬁltration, washed with
deionized water and ethanol sequentially, and dried in the air for 1
day to aﬀord 338 mg of the title compound (yield 67% based on
Yb3+). The water content in Yb3(OH)7SO4·H2O was determined by
crystallography and isothermal TGA. Bulk purity was determined by
PXRD (Figure S5).
Synthesis of Lu3(OH)7SO4·H2O (1-Lu). Single crystals of
Lu3(OH)7SO4·H2O were synthesized using a conventional hydrothermal method. A mixture of 199.0 mg of Lu2O3 (0.5 mmol), 348.5
mg of K2SO4 (2.0 mmol), 32.0 μL of 98% H2SO4, and 4.00 mL
deionized water were sealed in a stainless-steel Parr vessel equipped
with a 10 mL Teﬂon liner. The Parr vessel was put in a preheated
gravity convection lab oven at 210 °C for 2 days under autogenous
pressure and then cooled to room temperature at a rate of 5 °C/h.
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Figure 1. (a) Three types of YbO8 polyhedra, chain A, chain B, and 2D-layer in 1-Yb. (b) Top view of the layer with a triangular lattice. (c) The
wave-like feature of the layer with (010) lattice plane (marked in beige) as a reference. (d) Layered structure of 1-Yb along the a axis.
Demonstration of stacking disorder in 1-Lu. (e) Model without stacking fault. (f) Model with stacking fault. The layer A is derived from part A, and
layer B is derived from part B. In all parts: Yb1 (cyan), Yb2 (purple), Yb3a (dark blue), Lu1, Lu2 (cyan), Lu3a (light green), Lu3b (dark green),
oxygen (red), and sulfur (yellow). The water molecules and the hydrogen atoms are omitted for clarity. The hydroxy groups around lutetium are
omitted for clarity in e and f.
The magnetic eﬀective moment, μeff, was derived from the following
equation, μeff = (8C)0.5.
Heat-capacity measurements were carried out on a Quantum
Design physical property measurement system (PPMS) instrument in
a range of measuring magnetic ﬁelds, 0 ≤ μ0H ≤ 14 T. To ensure
sample thermalization at low temperatures, powder measurements
were made on pellets of 1-Yb mixed with silver powder, the
contribution of which was measured separately and subtracted to
obtain the speciﬁc heat, Cp. The heat capacity of 1-Yb includes three
major contributions: the lattice contribution (Cl), the nuclear
contribution (Cn), and the magnetic speciﬁc heat (Cm). The heat
capacity of the nonmagnetic reference compound 1-Lu was measured
to subtract the speciﬁc heat from the lattice contribution (Figure
S10). However, the molar heat capacity of 1-Lu is higher than 1-Yb
above 6 K, which can be attributed to the diﬀerence between the
disorder degree in these compounds. However, the values of speciﬁc
heat for both compounds above 6 K are close and can be ﬁt by the
Debye law. Therefore, to exclude the lattice contribution, we assumed
that Cl = αT3 (Debye law) when T < 8 K with α = 4.373 J·K−4·
mol−1Yb which is derived by ﬁtting the heat capacity data of 1-Yb from
8 to 12 K at zero ﬁeld, and the lattice contribution is the same as the
molar heat capacity data of 1-Yb at zero ﬁeld when T ≥ 8 K, since the
magnetic speciﬁc heat contribution should be relatively small at the
higher temperature. The nuclear contribution Cn plays a dominate
role when T < 0.12 K. However, the data points below 0.12 K are
limited, which makes it hard to model the nuclear contribution
accurately. The magnetic entropy is calculated by the integration of
temperature dependence of C/T curve (Figure S13) from the lowest
temperature.
Thermogravimetric Analysis (TGA). Thermogravimetric analysis (TGA) measurement was carried out on a Mettler Toledo
instrument, TGA/DSC 3+, in the temperature range of 25−800 °C
with a nitrogen ﬂow rate of 40 mL/min.

for 2 days. Prismatic single crystals with dimensions of ∼0.1
mm × 0.1 mm × 0.05 mm are isolated (Figure S1) and the
crystal structure of the compound was determined by single
crystal X-ray diﬀraction (SCXRD). There are three distinct
ytterbium sites in 1-Yb, as shown in the top-left corner of
Figure 1a (Yb1, Yb2, and Yb3). Site Yb3 has two possible
positions (marked as Yb3a and Yb3b), and Yb3a has an
occupancy of 98.58(6)% at 100 K. The Yb3b is omitted in
Figure 1a−d and will be discussed later. Each ytterbium site
shown in Figure 1a coordinates with seven μ3-(OH) groups
and one oxygen from SO42−. All three sites have the same local
point group symmetry (C1) but slightly diﬀerent coordination
environments. These ytterbium sites assemble into two types
of chains along the [100] direction. Two-thirds of the chains
are straight and include Yb1 and Yb2 (designated as chain A).
The other 1D chain zigzags with only Yb3a (designated as
chain B). These 1D chains align in the order of
“AABAABAAB...” and form Yb3+ layers with a triangular lattice
geometry as shown in the bottom of Figure 1a and Figure 1b.
There are 11 distinct distances between the nearest neighbor
Yb3+ sites (Table S4). All the Yb3 triangles slightly deviate from
an equilateral triangle (the internal angles are shown in Table
S2).
The 2D planes described by the alignment of chains A and B
are not ﬂat and have a wave-like feature (Figure 1c). The Yb−
Yb−Yb angles shown in Table S3 further demonstrate this
wave-like feature. The layers are connected by sulfate anions
along the b axis, as shown in Figure 1d. Two oxygens from a
sulfate anion coordinate with the adjacent Yb1 and Yb2 on one
chain A and another oxygen from the same sulfate coordinates
with one Yb3a in the adjacent layer. The distance between
adjacent layers is 7.936 Å and is signiﬁcantly larger than the
average distance between the NN Yb3+ cations (3.661 Å),
which suggests that the magnetic interactions in 1-Yb should
be mostly conﬁned to the plane. The water molecule is located

■

RESULTS AND DISCUSSION
Single crystals of 1-Yb were synthesized by the reaction of
Yb2O3, K2SO4, concentrated sulfuric acid, and water in a 23
mL stainless-steel Parr vessel equipped with a Teﬂon liner and
the subsequent heating of the Parr vessel in an oven at 210 °C
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Figure 2. (a) Temperature dependence of magnetic susceptibility (left axis) and temperature dependence of inverse magnetic susceptibility (left
axis) in 1-Yb at 1 T. (b) The temperature dependence of magnetic speciﬁc heat of 1-Yb. The dashed line represents a power law ﬁt. (c) Magnetic
ﬁeld dependence of magnetization at 1.8 K in 1-Yb. Inset: Hysteresis in the magnetic ﬁeld dependence of magnetization. (d) Temperature
dependence of magnetic susceptibility (left axis) and temperature dependence of inverse magnetic susceptibility (left axis) in 1-Yb-23% at 1 T. (e)
Temperature dependences of magnetic entropy in 1-Yb. (f) Magnetic ﬁeld dependence of magnetization at 1.8K in 1-Yb-23% with hysteresis.
Inset: Magnetic ﬁeld dependence of magnetization from −1.0 to 1.0 T.

chemical formula as 1-Yb, but a disorder degree of 22.83(5)%
based on the SCXRD (Table S7, designated as 1-Yb-23%).
The chemical control of disorder is likely determined by the
rate and temperature of formation [Ybx(OH)y]n− (Scheme
S1).
The low temperature magnetic behavior of 1-Yb is
dominated by a ground-state Kramer’s doublet. The magnetic
susceptibility results measured under zero-ﬁeld cooling (ZFC)
and ﬁeld cooling (FC) show no observable diﬀerences, and no
long-range magnetic ordering is observed down to 1.8 K
(Figure 2a). Additionally, no sharp peak or frequency
dependence is found in the temperature dependence of the
real part of the ac susceptibility χ′ (Figure S11)further
indication that there is no spin-glass behavior above 1.8 K
under zero and low ﬁelds in 1-Yb. Fits to the high temperature
portion of the inverse susceptibility data between 150 and 300
K, using the Curie−Weiss law, yield a negative Weiss
temperature, θcw = −24.36(5) K and an eﬀective moment
μeff = 4.597(1) μB/Yb3+ consistent with the expected value for
free Yb3+ ions (4.54 μB/Yb3+). However, in this temperature
regime, contributions from the crystal electric-ﬁeld (CEF)
excitations of Yb3+ are expected to contribute to the magnetic
susceptibility.10
In the low temperature regime, the crystal electric-ﬁeld
excitations can be neglected, as indicated by the change of
slope of the inverse susceptibility data around 10 K. The
Curie−Weiss ﬁt yields θcw = −0.905(7) K and μeff = 3.771(2)
μB/Yb3+ for 1.8 K < T < 10 K, which suggests the settling of
the ions into a Kramer’s doublet ground state; the negative
value for θcw conﬁrms antiferromagnetic interactions between
Yb3+ magnetic moments.33 This assignment is further
supported by the change in magnetic entropy for 1-Yb under
2, 4, and 6 T ﬁelds, which saturates close to the R ln 2 value

in three sites between layers and can be resolved in the
SCXRD data.
As noted earlier, the Yb3 site in 1-Yb has two possible
positions with small atomic displacement parameters. The
Yb3b site has an occupancy of 1.42(6)% at 100 K, 1.49(7)% at
252 K (Table S1), and the distance between Yb3b and Yb3a
sites is 1.278(12) Å. The occupancy of the Yb3b site is too low
to determine the precise chemical environment of the Yb3b
site.31 In order to understand the basis of the disorder
phenomenon in 1-Yb, the lutetium analog of this compound,
1-Lu, was synthesized. The unit cell parameters of these two
compounds are close (Table S5). The Lu3 site in 1-Lu is
similar to the Yb3 site in 1-Yb with two split positions.
However, Lu3b has an occupancy of 20.06(4)%, which enables
a detailed study of the chemical environment around Lu3b.
The structural model for 1-Lu was reduced to two parts, part A
with Lu3a (79.94(4)% occupancy) and part B with Lu3b
(20.06(4)% occupancy), as shown in Figure S4. Part A has a
similar atomic arrangement as in 1-Yb, while part B overlaps
with the part A after a translation by 3.533 Å (half of the lattice
constant a) along the a axis (Table S6). Comparing the
simulated PXRD patterns from part A to the experimental
results, the (101), (202), and (303) reﬂections vanish (Figure
S6), which indicates the damage of the periodicity between
layers.22,32 Therefore, the nature of the disorder in these two
compounds is clearly a stacking disorder, and part A and part B
can be understood as two possible positions of a single layer in
the lattice as demonstrated in Figure 1e and f. The degree of
disorder can be described by the occupancy of the minor part.
The degree of disorder in 1-Yb can be adjusted by changing
the ytterbium starting material. The use of Yb2(SO4)3·8H2O
(instead of Yb2O3) and switching to an alkaline environment
(addition of KOH) results in a compound with the same
10420
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observed. Additionally, a larger divergence between FC and
ZFC is observed in the dc susceptibility under 7 T in 1-Yb23% (Figure S12). These observations all indicate that the
increased stacking disorder increases the degree of quenched
disorder and the magnitude of VBG state behaviors. This
change may be due to the perturbation of the local
coordination environment and the interlayer superexchange
pathway as demonstrated by the disorder model in Figure 1e,f.
It is notable that no frequency dependence of the real part of
the ac susceptibility χ′ under 0 T dc magnetic ﬁeld are
observed in 1-Yb-23% (Figure S14), which further supports
that the VBG state is modiﬁed by magnetic ﬁeld.

expected for a system of eﬀective spin-1/2 moments (see
Figure 2e; Materials and Methods section contains methodology). Such an eﬀective spin-1/2 moment for Yb3+ is caused
by the interaction between the spin−orbital coupling and CEF.
We note that θcw = −0.905(7) K is about 1/4 of that in YMGO
and is supported by the observed decrease in the saturation
ﬁeld of 1-Yb in comparison to YMGO. While 1-Yb is not a
perfect triangular antiferromagnet, the above value of θcw yields
an average antiferromagnetic |J1| ≈ 0.60 K for the NN
exchange interaction.34 In toto, these magnetic behaviors
suggest that 1-Yb displays QSL phenomenology under zero
and low ﬁelds.
Heat capacity measurements were carried out to determine
the collective spin ground-state of 1-Yb samples. The magnetic
contribution to Cp becomes apparent below 6 K. A plot of C
with lattice contribution subtracted is shown in Figure 2b. No
sharp λ-like peak can be observed under zero ﬁeld, which
shows no long-range ordering down to 0.08 K. The plot of C
exhibits a broad peak at T = 0.45 K in zero magnetic ﬁeld, and
this broad peak shifts to higher temperature with increasing
magnetic ﬁeld. Such a shift indicates that the low temperature
speciﬁc heat is predominately magnetic in origin.4,10 Between
0.14 and 0.31 K, C (at 0 T) can be ﬁt to a power law as C =
αTγ with γ = 0.516(1). Below 0.12 K, C (at 0 T) increases with
decreasing temperature, which can be attributed to a nuclear
contribution which has been reported in several lanthanidebased frustrated magnets.35−37 Unfortunately, an appropriate
model for the nuclear contribution cannot be applied to 1-Yb,
which aﬀects the accuracy of the power law ﬁt.38 The γ =
0.516(1) is lower than the theoretical value of 0.7 reported for
a triangular Heisenberg antiferromagnet with ring exchange,
which might due to the existence of the nuclear contribution.
However, it is still suggestive of gapless magnetic excitations
for the ground state in 1-Yb.39
This fractional power law parameter can also be interpreted
in terms of the VBG state based on a recent theoretical study
on YMGO and its analogous compound, YbZnGaO4.14,16 The
existence of a VBG state under high magnetic ﬁeld at low
temperature can be supported by the observation of a
hysteresis loop (Figure 2c) and the non-negligible divergence
of FC and ZFC in the magnetic susceptibility measurement
under 7 T (Figure S12). However, the hysteresis loop is not
observed at low ﬁeld, which indicates that the VBG state is
modiﬁed by magnetic ﬁeld. Such VBG states are proposed to
originate from the quenched bond disorder in frustrated
magnets. Since 1-Yb presents strongly quenched disorder due
to the interplay between structural distortion from an ideal
triangular lattice and stacking disorder, it can serve as a unique
model compound to understand the role that quenched
disorder plays in ytterbium-based triangular-lattice antiferromagnets.
To understand the eﬀect of the degree of stacking fault
disorder in 1-Yb, the magnetic properties of 1-Yb-23% were
also studied. The temperature dependence of magnetic
susceptibility of 1-Yb-23% (Figure 2d) is very similar to that
of 1-Yb with no long-range ordering occurring in the system
under 1 T. An apparent change can be observed for the Curie−
Weiss temperature. The θcw = −1.008(6) K value (from 1.8 to
10 K) suggests a slightly stronger antiferromagnetic interaction
between NN spins in 1-Yb-23% in comparison to 1-Yb. A
higher saturation magnetization (2.002 μB/Yb3+) is observed in
1-Yb-23% at 1.8 K compared to 1-Yb (1.917 μB/Yb3+; Figure
2f). At the same time, a more evident hysteresis loop is also

■

CONCLUSIONS

■

ASSOCIATED CONTENT

In summary, a novel LRH, 1-Yb, presenting quenched
structural disorder, was synthesized. The stacking disorder in
1-Yb is uncovered by comparing it with the lutetium analog, 1Lu, and the degree of disorder can be increased from 1.42(6)%
to 22.83(5)% by modifying the synthetic method. The
magnetic susceptibility and heat capacity results demonstrate
that the as-synthesized 1-Yb has strong frustration in the
system and shows no long-range ordering down to 0.08 K. The
magnetic ground state of Yb3+ ions is an eﬀective spin-1/2
Kramer doublet based on the calculated eﬀective magnetic
moment, saturation magnetization, and speciﬁc heat measurements. This evidence along with the fractional power law
parameter observed in speciﬁc heat suggests that the 1-Yb
displays QSL phenomenology at low ﬁeld and low temperatures. Evidence for the existence of a glassy state is observed
under high magnetic ﬁeld and is increased in 1-Yb-23% with a
higher degree of stacking fault disorder. The chemical control
of disorder in 1-Yb provides a probe for the relationship
between the quenched disorder, experimental signatures of
QSL-like behavior, and the emergence of a glassy state under
an applied ﬁeld.
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