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Beyond single tetrahedron physics of the breathing pyrochlore compound Ba3Yb2Zn5O11

Rabindranath Bag ,1,* Sachith E. Dissanayake,1,* Han Yan,2,3 Zhenzhong Shi,1 David Graf,4 Eun Sang Choi,4

Casey Marjerrison,1 Franz Lang ,5 Tom Lancaster ,6 Yiming Qiu,7 Wangchun Chen ,7 Stephen J. Blundell ,5

Andriy H. Nevidomskyy ,2 and Sara Haravifard 1,8,†

1Department of Physics, Duke University, Durham, North Carolina 27708, USA
2Department of Physics and Astronomy, Rice University, Houston, Texas 77005, USA

3Rice Academy of Fellows, Rice University, Houston, Texas 77005, USA
4National High Magnetic Field Laboratory and Department of Physics, Florida State University, Tallahassee, Florida 32310, USA

5Clarendon Laboratory & Physics Department, University of Oxford, Parks Road, Oxford OX1 3PU, United Kingdom
6Department of Physics, Centre for Materials Physics, Durham University, Durham DH1 3LE, United Kingdom

7NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA
8Department of Materials Sciences and Mechanical Engineering, Duke University, Durham, North Carolina 27708, USA

(Received 12 October 2022; revised 6 February 2023; accepted 5 April 2023; published 20 April 2023)

Recently, a new class of quantum magnets, the so-called breathing pyrochlore spin systems, have attracted
much attention due to their potential to host exotic emergent phenomena. Here, we present magnetometry, heat
capacity, thermal conductivity, muon-spin relaxation, and polarized inelastic neutron scattering measurements
performed on high-quality single crystal samples of the breathing pyrochlore compound Ba3Yb2Zn5O11. We
interpret these results using a simplified toy model and provide insight into the low-energy physics of this system
beyond the single tetrahedron physics proposed previously.
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Frustrated quantum magnets provide a fruitful arena to
search for novel quantum phenomena [1,2]. Pyrochlore lattice
magnets, in which magnetic ions form corner-sharing regular
tetrahedra, are one of the most studied frustrated systems in
three dimensions [3–6]. In the pyrochlore system the conven-
tional magnetic ordering is suppressed by the geometrically
frustrated lattice, consequently resulting in emergence of ex-
otic phases [7–19]. Recently, a new class of systems, the
so-called breathing pyrochlore magnets, have attracted much
attention due to their potential to host exotic phenomena and
topological phases [20–23]. In breathing pyrochlore com-
pounds the lattice inversion symmetry at each site is broken
due to the different sizes of up-pointing and down-pointing
tetrahedra, thus resulting in large Dzyaloshinskii-Moriya
(DM) interactions on the two tetrahedra [24] [see Figs. 1(a)
and 1(b) for the structure of breathing pyrochlores]. On
the theory front, recent works have shown that breathing
pyrochlore spin systems can host novel physics including
classical rank-2 U(1) spin-liquid states [25], quantum fractons
[26], competing quantum spin liquids [27], and hedgehog
lattices of magnetic monopoles and antimonopoles [23]. Thus
it is of great interest to synthesize and understand breathing
pyrochlore materials. The majority of the work performed
on the breathing pyrochlore-based compounds has focused
on Cr-based spinels with S = 3/2 [28–36], while the studies
performed on quantum systems with S = 1/2 remain limited
to Ba3Yb2Zn5O11 in powder form [37–42].
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We successfully grew single crystal samples of the breath-
ing pyrochlore Ba3Yb2Zn5O11 using the modified optical
floating zone technique. Inelastic neutron scattering stud-
ies using our single crystal sample revealed that the single
tetrahedron model with isolated tetrahedra can explain the
high-temperature and high-energy regime of the collected
data. However, the diffuse neutron scattering performed at low
temperature and low energy reveals features which cannot be
understood with this model [43]. Pair distribution function
(PDF) analyses performed on high-quality powder neutron
diffraction data provided evidence for the absence of chemical
disorder within experimental resolution. Single crystal x-ray
diffraction studies also found no evidence of site disorder,
ruling out the previously proposed explanations to describe
the low-temperature heat capacity results obtained for powder
samples of Ba3Yb2Zn5O11 [39,42]. This calls for additional
experimental and theoretical efforts to provide us a better
understanding of the physics governing magnetic properties
of Ba3Yb2Zn5O11 and possibly similar breathing pyrochlore
systems.

In this Research Letter, we report low-temperature heat
capacity measurements in applied field and ultrasensitive
magnetic susceptibility, thermal conductivity, muon spin re-
laxation (μ+SR), and polarized inelastic neutron scattering
measurements of the ytterbium-based breathing pyrochlore
compound Ba3Yb2Zn5O11 in single crystalline form, to in-
vestigate the intrinsic low-temperature magnetic properties
and provide a first look into the physics governing the low-
energy regime of this system. We propose a simplified model
that captures the field dependence of the heat capacity for
the lower-field region well and provides a scenario beyond
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FIG. 1. (a) Structure of the breathing pyrochlore lattice. Consid-
ering each A tetrahedron (blue) as a single site and retaining the
bonds on the B tetrahedron (red), we obtain a face-centered cubic
(fcc) lattice shown in (b). The cube shown with solid black lines
marks the repeating unit in the left panel in the fcc lattice. (c) Zero-
field muon asymmetry for two temperatures. Solid lines represent
fits to A(t ) = A(0)e−(λt )β with A(0) fixed across all temperatures.
(d) The temperature dependence of the fitted relaxation rate λ. The
inset shows ultralow-temperature data, demonstrating the absence of
long-range order at 0.08 K and the effect of applying a small 2 mT
longitudinal field versus zero field (ZF).

the previously reported single tetrahedron physics, with finite
intertetrahedron coupling necessary to interpret the experi-
mental results.

In order to search for any trace of magnetic order, we
performed μ+SR measurements using a large powder sam-
ple of Ba3Yb2Zn5O11 on the General Purpose Surface-Muon
Instrument (GPS) spectrometer at the Swiss Muon Source
at the Paul Scherrer Institute (PSI) and also using coaligned
single crystal samples of Ba3Yb2Zn5O11 mounted in a di-
lution refrigerator at the MuSR spectrometer of the ISIS
Neutron and Muon Source. To understand the origin of the

contributions to the μ+SR signal, we carried out density func-
tional theory (DFT) calculations to locate the most probable
muon stopping sites and assess the degree of perturbation the
muon probe causes in the material [44], which we find to be
small in this system (for details, see Supplemental Material
[45]). Our μ+SR results collected at millikelvin temperatures
demonstrate no oscillatory signal, indicating the absence of
long-range magnetic ordering in this system. Our ultralow-
temperature thermodynamics and neutron diffraction results
[43] further confirm the absence of long-range magnetic or-
dering in Ba3Yb2Zn5O11.

We show in Figs. 2(a)–2(c) and 2(e)–2(i) the magnetic
heat capacity for a Ba3Yb2Zn5O11 single crystal sample from
54 mK to 1 K under different applied magnetic fields, with the
phonon contribution subtracted using the results of measure-
ments made on isostructural, nonmagnetic Ba3Lu2Zn5O11.
The magnetic entropy at zero field is shown in Fig. 2(d).
The heat capacity data were collected on two different
Ba3Yb2Zn5O11 single crystal samples (grown using differ-
ent techniques) and are compared with the reported powder
Ba3Yb2Zn5O11 sample [45]. Previous reports discussed the
possibility of having defects, such as structural disorder, as an
underlying cause for the peak observed at low temperatures,
whereas our heat capacity data collected on multiple single
crystal samples exclude the existence of measurable defect
effects such as structural disorder. To further elaborate on this,
we show in Fig. S1 of the Supplemental Material [45] the
results obtained for two single crystal samples grown with dif-
ferent techniques (sample 1 and sample 2). The peak position
at 110 mK remains the same for both single crystal samples
and agrees with the reported powder study by Haku et al. [39].
This is while the fits to the data are significantly improved
using the model we employed to analyze the results. We ex-
plain the details of this model in the following. Additionally,
here we show the field dependence of the low-temperature
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FIG. 2. (a)–(c) and (e)–(i) Low-temperature magnetic specific heat Cm of Ba3Yb2Zn5O11 single crystal samples for different fields from 0
to 12 T. The phonon contribution was subtracted using the isostructural, nonmagnetic compound Ba3Lu2Zn5O11. Red lines are fits based on
the effective model on the fcc lattice outlined in the text [45]. Blue lines are obtained from single tetrahedron theory. (d) Magnetic entropy of
Ba3Yb2Zn5O11 at zero magnetic field.

L140408-2



BEYOND SINGLE TETRAHEDRON PHYSICS OF THE … PHYSICAL REVIEW B 107, L140408 (2023)

feature which agrees reasonably with our proposed model, in
particular for the low- and high-field regions.

As shown in Fig. 2(d), there is 1
4 R ln 2 entropy release

per Yb ion, corresponding to an effective pseudospin-1/2
degree of freedom on each tetrahedron. As discussed by Rau
et al. [42] the experimental specific heat results collected
at T < 0.4 K disagree with the single tetrahedron model,
leading us to propose that this release of entropy is related
to the intertetrahedron interactions. This is because in the
single tetrahedron theory, the two lowest states are robustly
degenerate, and the third state lies much higher in energy (at
∼0.5 meV). Although for a finite external magnetic field, the
degeneracy of the two lowest states is expected to be lifted,
the energy splitting is much smaller than ∼0.01 meV, which
cannot explain the broad peak in heat capacity measurement
in Figs. 2(a) and 2(b).

The above observations suggest that the low-energy prop-
erties of Ba3Yb2Zn5O11 cannot be explained by the single
tetrahedron theory, even if tuning the exchange parameters
is allowed. Instead, the specific heat data can be understood
quantitatively by introducing intertetrahedron interactions. To
this end, we have constructed an effective low-energy model,
regarding the two nearly degenerate lowest energy states (out
of 16) on the A tetrahedra as a pseudospin 1/2. This is justified
by the fact that the other states lie at much higher energies
(E3 > 0.3 meV) [42] relative to the range T < 1 K in our
specific heat data.

From exact diagonalization on a single tetrahedron, we
can determine the wave function of the two lowest states
exactly, which form the two-dimensional (E ) irreducible rep-
resentation of the Td point group. In the limit of vanishing
intratetrahedron DM interaction, these states span the two-
dimensional Hilbert space of two-dimer coverings of the four
sites. Note that there are three such possible dimer coverings
classically, but one of them is linearly dependent on the other
two. The small DM interaction in A tetrahedra tunes the
wave function away from the perfect dimer-covering states
[38,46] but does not lift their degeneracy, justifying our treat-
ing them as pseudospin-1/2 degrees of freedom. We then
consider the interaction between these pseudospins via the
weak bonds on the B tetrahedra [shown in red in Figs. 1(a)
and 1(b)]. Shrinking every A tetrahedron to a point connected
by these weak bonds, the effective low-energy model becomes
a face-centered cubic (fcc) lattice of pseudospins with nearest-
neighbor interactions [cf. Fig. 1(b)]. The effective interactions
are the original interactions between the physical spins pro-
jected onto the pseudospin Hilbert space.

We consider the simplest model of the effective interac-
tions between neighboring A-tetrahedra pseudospins:

H = Jxy
(
sx

i sx
j + sy

i sy
j

) + Jzs
z
i s

z
j . (1)

We find that choosing ferromagnetic Jz = −0.005 meV and
antiferromagnetic Jxy = 0.0125 meV in this XXZ model can
reproduce the zero-field specific heat very well [Fig. 2(a)]
(for details, see Supplemental Material [45]). The origin of
the 110-mK peak in the specific heat is due to buildup
of ferromagnetic correlations of the pseudospins, which
spontaneously lifts the twofold degeneracy of the single
tetrahedron model. Linear spin-wave theory then produces
pseudomagnons of the bandwidth ∼Jxy which propagate on

the fcc lattice, as depicted in Fig. S4 [45]. It is important to
note that pseudomagnons are not conventional spin waves,
but rather collective excitations of the dimer-covering states
spanned by pseudospin degrees of freedom on A tetrahedra,
and hence may be challenging to detect by inelastic neutron
scattering.

The effective low-energy model in Eq. (1) is expected to
work in a moderately large applied magnetic field, provided
its strength does not exceed the energy gap (E3 ∼ 0.38 meV)
to the first excited state beyond the E doublet in the single
tetrahedron model [42]. The magnetic field splits pseudospin
degrees of freedom in Eq. (1) at an energy scale much smaller
than the parameters in the effective model (Fig. S3 in the
Supplemental Material [45]). The main effect of the field,
from the exact diagonalization of a single tetrahedron, is to
shift the higher-energy states downwards, which we treat as
flat bands. This approximation breaks down at a critical value
of the field Bc ∼ 4 T when the lowest excited state E3 crosses
the ground-state doublet, resulting in a phase transition. Our
model (1) does not apply in this regime or higher fields. In
the limit of high fields B > 10 T, we are able to obtain a good
match with the experimental specific heat [see Fig. 2(i)] by
using a single tetrahedron theory, which predicts a unique
nondegenerate ground state separated by a large gap from
the higher-lying states. For intermediate field strengths, one
cannot ignore the effect of the excited states, which result in
the ground-state level crossing as already noted. The minimal
model then becomes rather complicated, with a vast range
of unknown parameters, whose determination lies beyond the
scope of the present work.

Further insight into the effect of weak magnetic fields
can be gleaned from the magnetic ac susceptibility, which
we measured on two separate Ba3Yb2Zn5O11 crystals. The
results are shown in Fig. 3(a), which show two anomalies
at μ0Hc1 = 0.32 T and μ0Hc2 = 1.0 T upon cooling at low
temperatures T � 0.3 K. The two anomalies are also seen in
the tunnel diode oscillator (TDO) measurements on the same
crystals and do not shift appreciably with field when the crys-
tal is rotated away from the [111] orientation [see Fig. 3(b)].
These anomalies are independent of two different oscillation
frequencies (1616 and 87.1 Hz) of the ac-susceptibility mea-
surement, suggesting the signal is unrelated to spin freezing
and consistent with the μ+SR study showing absence thereof.
The most likely explanation for the anomalies is the level
crossing at the corresponding fields μ0Hc1 and μ0Hc2. Given
the high frustration of the fcc lattice, it is possible for the
system to go through several different phases. The exact
phases and phase transitions cannot be determined by current
experimental data and await future effort. Importantly, the
explanation must involve intertetrahedron couplings, because
the single tetrahedron model would predict a nonmagnetic Seff

= 0 ground state at low temperatures (�0.5 K) and thus a
featureless magnetic susceptibility, contrary to what we see in
our measurements.

In order to further understand the nature of the low-lying
states observed in the heat capacity and magnetometry data,
low-temperature thermal conductivity measurements were
carried out on single crystal samples of Ba3Yb2Zn5O11 [45].
A power-law fit (κxx ∼ T α) is performed on the collected
data in the high-T region, and the value of the exponent
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FIG. 3. Low-H anomalies beyond the single tetrahedra model: (a) magnetic ac susceptibility χ ′ (left axis) and TDO frequency f (right
axis) as a function of external magnetic field (H ‖ [111]) at different temperatures. Two anomalies are marked by arrows. χ ′ is measured with
an oscillating frequency of 1616 Hz. Measurements (χ ′) with different frequency (87.1 Hz) reproduce the two anomalies at the same fields.
The inset shows a zoomed-in plot of χ ′ (left axis) and TDO f (right axis) at T = 0.024 K. (b) TDO frequency f data are shown for different
rotation angles between the field and the crystal [111] axis at 0.024 K. Traces are shifted vertically for clarity. Note that the sharp feature
seen just below 1 T field originates from the nuclear magnetic resonance (NMR) signal of hydrogen (mainly in solvents of silver paint used to
mount the sample). (c) Thermal conductivity data (κxx vs T ) for Ba3Yb2Zn5O11 at μ0H = 0 T; δT || [111]. The solid red line is a power-law
fit to the κxx data. A clear saturation of κxx at low T is seen for Ba3Yb2Zn5O11. The inset shows a κxx/T vs T plot.

(α) is found to be 2.63. For a nonmagnetic insulator, κxx

at very low temperature is only due to the contribution
from phonons [47,48]. However, the exponent value obtained
for Ba3Yb2Zn5O11 reveals additional contributions coming
from various quasiparticles such as phonons, spinons, and
magnons, as well as different scattering channels for the heat
current [48–51]. Interestingly, at low T , a clear saturation of
κxx in Ba3Yb2Zn5O11 is seen. Such saturation is not expected
in conventional magnets, where both phonons and magnons
freeze-out, but suggests itinerant fermionic (spinon) excita-
tions expected in gapless spin-liquid candidates [47,51–53].
Further studies are needed to probe the nature of these low-T
magnetic excitations. To provide a better understanding of the
underlying physics governing the physics of Ba3Yb2Zn5O11

at ultralow temperatures, we have complemented these efforts
by performing polarized inelastic neutron scattering measure-
ments on single crystal samples (for details, see Supplemental
Material [45]). The results of this experiment are shown in
Figs. 4(a) and 4(b), in which T = 0.1 K and E = 0.5 meV.
Non-spin-flip (NSF) and spin-flip (SF) scattering plots rep-
resent the spin dynamics along the [111] cubic direction
and the [h + k,−h + k,−2k] plane, respectively. We show in
Figs. 4(c) and 4(d) the corresponding calculations for NSF and
SF scattering using single tetrahedron theory. The experimen-
tal data and the single tetrahedron calculations for the NSF
case are in qualitative agreement, whereas the comparison of
the SF results shows a distinct difference, in particular in the
low-Q range. Considering that the energy resolution for our
experiment in the elastic channel was about 0.3 meV, one
can argue that the experimental data capture excitations below
that energy. Thus the observed difference between the single
tetrahedron theory calculations and the SF experimental result
could possibly be due to the weak intertetrahedron interac-
tions. This argument would be aligned with what we discussed
earlier to explain the thermodynamics results at ultralow tem-
peratures. Further experiments with higher energy resolution
and corresponding calculations are needed to confirm this
theory.

In conclusion, we report evidence of Ba3Yb2Zn5O11 be-
ing an interacting quantum breathing pyrochlore spin-1/2
system, contrary to previous theoretical treatments assum-
ing uncorrelated tetrahedra. The ultralow-temperature μ+SR
results demonstrate persistent spin dynamics, and the ther-
mal conductivity data, collected at the same temperature
range, suggest itinerant fermionic excitations. Furthermore,
the polarized inelastic neutron scattering results collected in
the low-energy range appear to diverge from the previously
proposed single tetrahedron model. Clearly, follow-up experi-
ments are needed to confirm the nature of the spin interactions
in Ba3Yb2Zn5O11 in the low-temperature–low-energy regime;
however, based on our current experimental results we suggest

FIG. 4. (a) and (b) show the polarized neutron scattering data
measured at T = 0.1 K and E = 0.5 meV, after subtracting data at
T = 50 K and E = 0.5 meV as the background. (c) and (d) present
the calculations of NSF and SF scattering using single tetrahedron
theory outlined in the text.

L140408-4



BEYOND SINGLE TETRAHEDRON PHYSICS OF THE … PHYSICAL REVIEW B 107, L140408 (2023)

that a simple effective XXZ model, formulated in terms of
the lowest-energy doublets per tetrahedron, can account for
the ultralow-temperature specific heat measured at low ex-
ternal field μ0H � 1 T. Additionally, in this Research Letter
we report that the ac-susceptibility and TDO measurements
show two anomalies at μ0H = 0.32, 1.0 T, suggesting that
the system goes through two transitions yet to be under-
stood. Our findings open the gates toward a landscape of
breathing pyrochlore materials and nontrivial exotic phases
of matter, including fracton physics, that can be realized
within it [25–27].
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