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Realization of quantum dipoles in triangular lattice crystal Ba3Yb(BO3)3
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We investigate the thermodynamic properties of the ytterbium-based triangular lattice compound
Ba3Yb(BO3)3. The results demonstrate the absence of any long-range ordering down to 56 mK. Analysis of
the magnetization, susceptibility, and specific heat measurements suggests that Ba3Yb(BO3)3 may realize an
S = 1

2 quantum dipole lattice, in which the dominant interaction is the long-range dipole-dipole coupling on the
geometrically frustrated triangular lattice, and exchange interactions are subdominant or negligible.
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Ytterbium-based layered triangular lattice materials re-
ceived a significant amount of attention due to the presence
of an effective spin- 1

2 ground state and strong spin-orbit cou-
pling. The compound YbMgGaO4 in which Yb3+ ions form
a triangular lattice has been considered to host a quantum
spin-liquid (QSL) ground state [1–4]. However, debate arises
due to the presence of chemical disorder in YbMgGaO4 with
randomly mixed occupancies of Mg2+ and Ga2+ at the same
Wyckoff position [5–7]. The closely related triangular lattice
compound YbZnGaO4 attracted attention as well, but the
chemical disorder clouded the interpretations [8]. Intrigued by
these results, a new ytterbium-based triangular family, known
as chalcogenides (Na, Li)YbX2 (X = O, S, and Se), was pre-
dicted to realize a disorder-free QSL ground state [9–16]. The
absence of significant site disorder or magnetic ordering down
to 70 mK was reported for these systems. However, most of
the experiments were reported on polycrystalline samples as
large-sized single crystals of chalcogenides are challenging to
grow.

Recently, a disorder-free ytterbium-based triangular lat-
tice Ba3Yb(BO3)3 has also been identified. In Ba3Yb(BO3)3,
the magnetic ions Yb3+-Yb3+ are connected in a triangu-
lar lattice configuration in the ab plane (see Supplemental
Material [17]). The intralayer distance between the Yb
ions is �5.4219 Å, smaller than the interlayer distance of
�8.7311 Å, therefore the magnetic coupling between nearest-
neighbor Yb3+-Yb3+ in the ab plane is stronger than the cou-
pling along the c axis, making this system a two-dimensional
triangular lattice. The nuclear magnetic resonance (NMR)
experiment performed on this compound revealed the ab-
sence of magnetic ordering or freezing down to 260 mK [18].
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Further thermodynamics and muon spin rotation (μSR) stud-
ies performed on a polycrystalline Ba3Yb(BO3)3 sample
show no signature of long-range ordering within the experi-
mental resolution limits [19].

We successfully grew a centimeter-sized single-crystal
sample of Ba3Yb(BO3)3 [17]. Our neutron diffraction mea-
surements performed on a single-crystal sample reveal the
high quality of the grown crystal in bulk, while pair distri-
bution function (PDF) analyses performed on powder neutron
diffraction data confirm the absence of site mixing, chemi-
cal disorder, and any structural transition at low temperature
[17,20]. Having access to a large, high-quality single-crystal
sample enables us to advance these studies in the future and
further investigate the properties of this system with tech-
niques such as inelastic neutron scattering. Here, we report
comprehensive thermodynamics studies of Ba3Yb(BO3)3 in
the low-temperature limit, revealing the absence of long-range
magnetic ordering down to 56 mK. We corroborate our ex-
perimental findings with theoretical analyses, and propose
this compound may realize a fully quantum dipole-dipole
interaction.

Temperature-dependent magnetic susceptibility measure-
ments were carried out on a Ba3Yb(BO3)3 single-crystal
sample, in the presence of an external magnetic field of
H = 100 Oe along the ab plane (χab, H ‖ ab) and along the
c axis (χc, H ‖ c). The results reveal no signs of magnetic
ordering down to 290 mK [see Fig. 1(a)]. The suscep-
tibility data show directional magnetic anisotropy, where
χc is always higher in magnitude than χab, probably due
to the presence of anisotropic values of the Landé factor
[1,4,8]. In order to further confirm the observed direc-
tional magnetic anisotropy (χc > χab), we performed similar
magnetic susceptibility measurements on different single-
crystal samples of Ba3Yb(BO3)3 and concluded that the
results are reproducible [17]. The magnetic moment (χc ∼
0.236 emu/mol Yb-Oe and χab ∼ 0.493 emu/mol Yb-Oe at
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(a) (b)

FIG. 1. (a) Temperature-dependent magnetic susceptibilities (χab

and χc) obtained for the Ba3Yb(BO3)3 crystal are shown. Directional
magnetic anisotropy is more pronounced below 2 K, as shown in the
inset. (b) Inverse magnetic susceptibility results and the Curie-Weiss
fittings (solid red lines) obtained for the high-temperature regime are
shown.

2 K) obtained for our grown single crystal agrees with the
reported value (∼0.31 emu/mol Yb-Oe at 2 K), which had
been collected on a polycrystalline sample [21].

In Fig. 1(b), the inverse magnetic susceptibility data are
fitted using the Curie-Weiss law 1/χ = (T − θ )/C, where
C represents the Curie constant, and θ is the Curie-Weiss
temperature. The inverse susceptibility data (1/χab and 1/χc)
is almost linear above 100 K, whereas nonlinear behavior is
observed at low temperature. The Curie-Weiss fitting is done
in the range from 300 to 200 K. The effective moments (μeff)
are calculated from the fitted Curie constant C at this tem-
perature range. Considering that L = 3 and S = 1/2 (J = 7/2
and g = 8/7) for the Yb3+ free ions, the expected magnetic
moment (μeff) at ambient temperature is 4.53μB [22]. We note
that the observed effective magnetic moments, obtained at a
high-temperature range for both crystallographic directions of
Ba3Yb(BO3)3, are in agreement with the expected moment
for Yb3+ [see Fig. 1(b)].

The calculated effective magnetic moment (∼5.11μB)
along the ab plane is found to be slightly higher than the
moment observed (∼4.82μB) along the crystallographic c
direction. The observed magnetic moments agree with the
previously reported values obtained for Yb-based materials
at ambient temperature [23–25]. The Landé g factor is also

calculated from the Curie constant [C = ng2μ2
BJ (J+1)
3KB

, in which
n is the number of free spins per formula unit (f.u.), μB is the
Bohr magneton, and KB is the Boltzmann constant], with the
assumption that the Yb3+ ions are free at ambient temperature.
The obtained g values (gab � 1.28 and gc � 1.21), with a
slight anisotropy, agree with the expected value (g = 1.14).

A qualitative agreement of observed effective magnetic
moments at ambient temperature and the expected values, in
addition to a significant reduction of the magnetic moment at
low temperature, suggest that the Yb ions enter the Kramers
doublet ground state at low temperature [23,24,26]. Con-
sidering Jeff = 1

2 in Ba3Yb(BO3)3 [18], the obtained gab �
2.19 and gc � 3.38 values suggest a significant anisotropy
at a low-temperature range. A similar anisotropy in g val-
ues at low temperature was also previously observed in
other Yb-based triangular systems: YbMgGaO4 (g⊥ � 3.00,
g‖ � 3.82) and YbZnGaO4 (g⊥ � 3.17, g‖ � 3.82) [8]. The

(a) (b)

FIG. 2. Isothermal magnetization data collected at different tem-
peratures are plotted with lines fitted to a pure Van Vleck contribution
and the Brillouin function of single-ion Zeeman energy, along the
(a) crystallographic c direction and (b) ab plane of Ba3Yb(BO3)3.

anisotropy detected in the susceptibility data is attributed to
the presence of the crystal-field effect, which further results in
the emergence of a pronounced broad peak along H ‖ ab at a
low-temperature range below 100 K [see Fig. 1(b)]. A similar
directional anisotropy and broad peak are also reported for
another Yb-based triangular system NaBaYb(BO3)2 [26].

To understand the magnetic anisotropy and low-
temperature magnetism further, the field-dependent
isothermal magnetization measurements are carried out
on Ba3Yb(BO3)3 single-crystal samples. The Mc and Mab

results are collected at different temperatures (T = 0.3, 0.5,
0.8, 1.2, 1.6, 2.0, and 5.0 K) and up to 7 T in magnetic
fields—applied along the c axis and ab plane of the
Ba3Yb(BO3)3 crystal, respectively (see Fig. 2). The data
show a nonlinear variation as a function of magnetic field.
A significant rise in magnetization curves is observed for
data collected at a low-temperature range (below 1 K). This
enhancement in magnetization response is observed for both
directions of the Ba3Yb(BO3)3 crystal at fields below 1 T.
The magnetization data seem to be saturated (or linearly
increasing) at fields above ∼1 T along both directions.

We fit the magnetization data to a pure Van Vleck contri-
bution and the Brillouin function of the single-ion Zeeman
energy using the least-squares method [1]. The fitting agrees
well with the data, as shown in Fig. 2. Adding exchange
interactions does not improve the fitting in any significant
way, indicating that the dominant energy scale in the data
is the Zeeman energy, and that the exchange strengths are
too small to be discerned from the data set. This is plausible
given that the comparison material YbMgGaO4, in which the
Yb-Yb distance is 3.4 Å, has estimated exchange parameters
Jz ∼ 0.98 K and J± ∼ 0.9 K [1]. Considering the large lat-
tice spacing in Ba3Yb(BO3)3, it is plausible that exchange
coupling in this compound could be an order of magnitude
smaller.

This observation suggests that the dominant interaction in
Ba3Yb(BO3)3 might be the long-range dipole-dipole force. To
estimate the dipole-dipole interaction energy, we take μeff =
4.5μB (magnetic moment of a free Yb3+) and obtain the
nearest-neighbor dipole energy of

Edipole ≈ − μ0

4πr3
0

0.2μ2
eff ∼ 0.0137 meV ∼ 0.16 K. (1)
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(a) (b) (c)

FIG. 3. (a) The heat capacity results obtained for single-crystalline Ba3Yb(BO3)3 and powder Ba3Lu(BO3)3 samples are shown. The inset
shows the heat capacity data (blue) and fit based on Eq. (2) (red) as a function of 1/T 2 at an intermediate temperature range 0.5 K � T �
4 K. (b) Heat capacity data plotted for various magnetic fields with fits (red solid lines) calculated for the magnetic Schottky contribution
CSch(T, H )—see Eq. (4). The inset shows the energy gap �(H ) (left vertical axis) and n representing the number of free spins per f.u. (right
vertical axis) as a function of applied magnetic fields. (c) Magnetic heat capacity Cmag (left Y axis, open symbols) of Ba3Yb(BO3)3 carried out
under different magnetic fields are shown vs the logarithmic temperature axis. The changes in magnetic entropy [�Smag = S(K) − S(56 mK),
right vertical axis, solid symbols] are plotted with linear temperature shown on the top axis.

Such an exchange strength would negligibly affect the
magnetization in the measured range, consistent with the fits
above. Indeed, in order to test the dominance of the dipolar
exchange of this magnitude, we must seek a measurement
which is not overwhelmed by either thermal or Zeeman ener-
gies. Precisely this is provided by a measurement of zero-field
heat capacity, which we report below.

We note that the dipole-dipole interaction picture would
lead to a significantly larger exchange interaction for the c-
axis oriented moments than for moments within the ab planes,
Jz � Jxy: The out-of-plane components of nearest-neighbor
spins are highly frustrated due to the looplike and long-range
nature of the dipole-dipole interaction, giving a dominant
antiferromagnetic interaction Jz. The in-plane exchange Jxy

between a given pair of spins, however, can be either anti-
ferromagnetic or ferromagnetic depending on the details of
the dipole orientations, and consequently the in-plane dipole
interaction tends to be washed out at larger scales.

The heat capacity measurements are carried out on a trans-
parent and flat crystal specimen oriented perpendicular to the
c axis (see Fig. 3). The data are collected down to 56 mK at
zero applied field. The results show almost zero heat capacity
values near 2 K, which start to increase below 1 K on cool-
ing. For comparison, the heat capacity data are also collected
on a nonmagnetic isostructure Ba3Lu(BO3)3 powder sample,
demonstrating almost zero values at temperatures below 2 K
down to the base temperature of 100 mK—suggesting almost
zero phononic contribution in this temperature range. Further-
more, Yb2O3 is known to have Néel ordering around 2.3 K
[27]. The absence of any anomaly in the heat capacity data
of Ba3Yb(BO3)3 around 2.3 K suggests the absence of the
magnetic Yb2O3 impurity in this sample and the high quality
of the single crystal in general. Additionally, the absence of
any anomaly in the measured heat capacity data down to
56 mK confirms that the system remains disordered down
to the lowest accessible temperature. This is in agreement
with our magnetic susceptibility data, showing no long-range
magnetic ordering in this system.

The enhanced heat capacity at low temperatures below
1 K would be expected due to weak but nonzero interactions
between the moments in zero field, and this indeed gives a way
to test the validity of the dipolar model. Within the dipolar
model, the specific heat obtained from the high-temperature
expansion is

Cp = 1

2

μ4
BS4

kBT 2

( μ0

4π

)2 ∑
r�=0

∑
μν

g2
μμ

(
rμrν − r2δμν

r5

)2

g2
νν

= kB

|T |2 0.000 869 (taking gc = 3.38 and gab = 2.2),

(2)

where the first line gives the general expansion as a function of
the g factors, in which the sum over r runs over all the interspin
vectors and μ, ν sum over x, y, z. The second line makes use
of the value of the g factor obtained from the fitting in Fig. 2.

We compare this theoretical expression to experiment by
plotting the zero-field heat capacity measurement versus 1/T 2

[see the inset of Fig. 3(a)]. We observe a clear straight line,
consistent with the form of Eq. (2). A linear fit gives the
coefficient

Cp = kB

|T |2 0.001 27. (3)

Comparing Eq. (3) to Eq. (2), we see that the theoretical slope
equals approximately 2/3 of the experimental one. This indi-
cates that the majority of the exchange interaction is indeed
dipolar, and is a strong validation of the dipolar picture. It
remains an open question to see whether the small discrepancy
between the dipolar theory and experiment indicates a small
superexchange contribution, or may be related to the uncer-
tainties of the heat capacity measurement. We now carry out
further checks on the weakly dipolar nature of the system by
measuring the heat capacity under several applied magnetic
fields down to 56 mK.

In Fig. 3(b), the heat capacity data under several fields (0,
0.5, 1, and 2 T) are shown below 4 K. The total heat capacity
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can be expressed as CP(T, H ) = Clat + CSch(T, H ). The first
term is the lattice contribution (Clat) which is almost zero in
this temperature range, as explained above. The second term
is the contribution from the two-level Schottky anomaly given
by

CSch(T, H ) = nR

(
�

T

)2 exp(�/T )

[1 + exp(�/T )]2
, (4)

where n is the number of free spins per f.u., � is the energy
separation between two levels, and R is an ideal gas con-
stant [28–30]. At low temperature, crystalline electric field
(CEF) excitation plays a crucial role for Yb3+-based triangu-
lar systems as reported earlier [3,4,12,14]. The combination of
spin-orbit coupling and CEF excitation leads the eight multi-
plets (2F7/2) of Yb3+ into four Kramers doublets [4,12,31] and
the low-temperature properties can be described by a spin- 1

2
Hamiltonian [12]. This leads to a Kramers doublet ground
state of Yb3+ (mJ = ± 1

2 ). In the presence of a magnetic field,
the energy gap in the Schottky anomaly can be expressed as

�(H ) = gμBHeff/KB, where Heff =
√

H2
0 + H2 (Heff = H0 is

the crystal field at zero external magnetic field) [28,29,32,33].
The heat capacity data under various fields (H = 0, 0.5, 1, and
2 T) are fitted using the Schottky (CSch) contribution shown as
red solid lines in Fig. 3(b). Under an applied field of 0.5 T, the
heat capacity data show a broad peak ∼0.4 K and, as expected,
the peak temperature shifts towards higher temperatures with
increasing magnetic field strength.

The crystal field energy gap at zero field �(0) is estimated
to be 0.113(2) K. The crystal field energy gap �(H ) increases
linearly with applied magnetic field [see the inset of Fig. 3(b)].
The origin of the zero-field energy gap could be related to the
crystal field caused by small Yb3+-Yb3+ exchange interac-
tions in the system. It is found that under 0.5 T of an applied
magnetic field, the energy levels split and most of the free
spins (∼99%) are excited to the higher-energy levels. This
agrees with our magnetization results (Fig. 2)—showing a
sharp enhancement below 1 T, with all spins polarized above
1 T. Similarly, the peak maxima for the heat capacity data
remain unchanged, suggesting that ∼100% of the spins are
free for 1- and 2-T fields [see the inset of Fig. 3(b)]. Shifting
of the peak position with higher fields suggests that there is
a Zeeman splitting of the energy gap. The Landé g factor is
also calculated from the energy gap according to �(H ) =
gμBHeff/KB. �(H ) is found to have a value of �3.02(5) for
fields below 2 T. As discussed above, this number is in agree-
ment with the value (gc � 3.38) obtained from the magnetic
measurements.

To investigate the magnetic entropy at low temperatures,
the nonmagnetic Ba3Lu(BO3)3 heat capacity data are sub-
tracted from Ba3Yb(BO3)3 data in order to remove the
phononic contribution. The subtracted magnetic heat capacity

Cmag is plotted from 4 K to 56 mK as shown in Fig. 3(c). The
Cmag values obtained for Ba3Yb(BO3)3 for various fields are
plotted (open symbols) on the left vertical axis of Fig. 3(c)
versus the logarithmic temperature on the horizontal axis. The
magnetic entropy is calculated as �Smag = ∫ T2

T1

Cmag

T dT , by

integrating Cmag

T from T1 = 56 mK to T2 = 4 K. The magnetic
entropies obtained for different fields are plotted on the right
vertical axis with the linear temperature shown on the top
axis [see Fig. 3(c)]. Considering the effective spin (Jeff =
1
2 ) of Yb3+ ions, the expected maximum entropy should be
R ln(2J + 1) = R ln 2, the entropy of a two-level system. Un-
der zero field, the saturation value of magnetic entropy is
found almost (1/5) of the value of R ln 2, suggesting ∼80%
of entropy remains below 56 mK. However, under an applied
magnetic field of 0.5 T, the calculated entropy saturates to
R ln 2, confirming the opening up of the energy gap.

In conclusion, large and high-quality single crystals of tri-
angular lattice Ba3Yb(BO3)3 were successfully grown using
the optical floating zone technique. A directional magnetic
anisotropy is observed with anisotropic Landé g factors.
The magnetic and heat capacity data reveal the absence of
any long-range magnetic ordering down to 56 mK. A field-
dependent heat capacity study suggests a magnetic ground
state with a gap proportional to the applied field intensity.
The magnetic entropy is related to the degrees of freedom
of a two-level system with a saturation value of R ln 2 and
effective spin- 1

2 for Yb ions. Based on the reported thermo-
dynamics results, we propose that Ba3Yb(BO3)3 may realize
an interesting example of the S = 1

2 quantum dipole, in which
the dominant interaction is the long-range dipole-dipole inter-
action on the geometrically frustrated triangular lattice, with
superexchange interactions subdominant or negligible. Such
pure dipolar systems are of fundamental interest. For example,
it is known that for classical dipoles on the triangular lattice,
the ground state is ferromagnetic for an infinite system, but
may adopt complex spin textures in finite systems, depending
on detailed geometry such as the aspect ratio [34]. Overall, our
study places Ba3Yb(BO3)3 in a similar category as the spin
ice pyrochlores, albeit with some key differences: The spins in
Ba3Yb(BO3)3 are XY-like rather than Ising, and hence fully
quantum; the structure is triangular rather than pyrochlore.
Future studies at the lowest temperatures would be interesting
to explore quantum dipolar phenomena.
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