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Grow single crystals

Search for quantum spin liquid state candidates (NSF)

Electronically detect spin states and magnetic excitations (DOE, 
collaboration with Jian Liu)

Motivation:

We must learn how the astonishing properties of quantum materials 
can be tailored to  address our most pressing technological needs, and 
we must dramatically improve  our ability to synthesize, characterize, 
and control quantum materials.



Non-frustrated magnets

Non-frustrated T N ~ qCW

J > 0 J < 0

Curie Néel Heisenberg 

H = − JijSi
ij
∑ ⋅Sj

TN =
zS(S +1) J
3kB

z = 4 nearest neighbor number 
S = 1
TN ~ 2.7 J

CWθ-
Cχ

T
=



Geometrically Frustrated Lattice

?

Interactions between magnetic degree of freedom in a lattice 
are incompatible with the underling crystal geometry ------Frustration

2D

Triangular Kagome

3D 

Face centered cubic Pyrochlore

??



Degeneracy 

?

Frustration leads to degeneracy, which enhances spin fluctuations and suppresses 
magnetic ordering to induce exotic magnetism.

Frustrated TN << qCW
10θ NCW >= Tf



Spin-1/2 Triangular lattice antiferromagnet (TLAF)

Strong quantum spin fluctuations 



Quantum spin liquid
Quantum spin liquid (QSL)  RARE!! No long range order down to 0 K; 
No symmetry breaking; Long range entanglement; Fractional excitation 

P. W. Anderson, Mater. Res. Bull. 8, 153 (1973); Science  235 , 1196 (1987)
L. Balents, Nature 464, 199 (2010)

Valence-bond solid (VBS) state: a singlet dimer configuration 
dominates in the ground state.

Resonant valence bond (RVB) state: The valence-bond pairs in the RVB construction are
dominated by short-range pairs, resulting in liquid-like states with no long-range spin order.



Organic molecular magnets: EtMe3Sb[Pd(dmit)2]2, spin-1/2 TLAF
M. Yamashita et al., Science 4, 328 (2010).

Gapless QSL, itinerant spin excitations, residual k0/T term

exponential decay of the NMR relaxation indicates
inhomogeneous distributions of spin excitations
(22), which may obscure the intrinsic properties
of the QSL. A phase transition possibly associated
with the charge degree of freedom at ~6 K further
complicates the situation (23). Meanwhile, in
EtMe3Sb[Pd(dmit)2]2 (dmit-131) such a transi-
tion is likely to be absent, and a muchmore homo-
geneous QSL state is attained at low temperatures
(4, 5). As a further merit, dmit-131 (Fig. 1B) has
a cousinmaterial Et2Me2Sb[Pd(dmit)2]2 (dmit-221)
with a similar crystal structure (Fig. 1C), which
exhibits a nonmagnetic charge-ordered state with
a large excitation gap below 70 K (24). A com-
parison between these two related materials will
therefore offer us the opportunity to single out
genuine features of the QSL state believed to be
realized in dmit-131.

Measuring thermal transport is highly advan-
tageous for probing the low-lying elementary
excitations in QSLs, because it is free from the
nuclear Schottky contribution that plagues the
heat capacity measurements at low temperatures
(21). Moreover, it is sensitive exclusively to itin-
erant spin excitations that carry entropy, which
provides important information on the nature of the

spin correlation and spin-mediated heat transport.
Indeed, highly unusual transport properties includ-
ing the ballistic energy propagation have been re-
ported in a 1D spin-1/2 Heisenberg system (25).

The temperature dependence of the thermal
conductivity kxx divided by Tof a dmit-131 single
crystal displays a steep increase followed by a
rapid decrease after showing a pronounced maxi-
mum at Tg ~ 1 K (Fig. 2A). The heat is carried
primarily by phonons (kxx

ph) and spin-mediated
contributions (kxx

spin). The phonon contribution
can be estimated from the data of the nonmagnetic
state in a dmit-221 crystal with similar dimensions,
which should have a negligibly small kxx

spin. In
dmit-221, kxx

ph/T exhibits a broad peak at around
1 K, which appears when the phonon conduction
grows rapidly and is limited by the sample bound-
aries. On the other hand, kxx/Tof dmit-131, which
well exceeds kxx

ph/T of dmit-221, indicates a sub-
stantial contribution of spin-mediated heat con-
duction below 10K. This observation is reinforced
by the large magnetic field dependence of kxx of
dmit-131, as discussed below (Fig. 3A). Figure
2B shows a peak in the kxx versus T plot for dmit-
131, which is absent in dmit-221. We therefore
conclude that kxx

spin and kxx
spin/T in dmit-131 have

a peak structure at Tg ~ 1 K, which characterizes
the excitation spectrum.

The low-energy excitation spectrum can be
inferred from the thermal conductivity in the low-
temperature regime. In dmit-131, kxx/T at low
temperatures is well fitted by kxx/T= k00/T + bT2

(Fig. 2C), where b is a constant. The presence of a
residual value in kxx/T at T!0 K, k00/T, is clearly
resolved. The distinct presence of a nonzero k00/T
term is also confirmed by plotting kxx/T versus T
(Fig. 2D). In sharp contrast, in dmit-221, a corre-
sponding residual k00/T is absent and only a pho-
non contribution is observed (26). The residual
thermal conductivity in the zero-temperature limit
immediately implies that the excitation from the
ground state is gapless, and the associated correla-
tion function has a long-range algebraic (power-law)
dependence. We note that the temperature depen-
dence of kxx/T in dmit-131 is markedly different
from that in k-(BEDT-TTF)2Cu2(CN)3, in which
the exponential behavior of kxx/Tassociated with
the formation of excitation gap is observed (18).

Key information on the nature of elementary
excitations is further provided by the field depen-
dence of kxx. Because it is expected that kxx

ph is
hardly influenced by the magnetic field, particu-
larly at very low temperatures, the field depen-
dence is governed by kxx

spin(H) (26). The obtained
H-dependence, kxx(H), at low temperatures is
quite unusual (Fig. 3A). At the lowest temperature,
kxx(H) at low fields is insensitive toH but displays
a steep increase above a characteristic magnetic
fieldHg ~ 2 T. At higher temperatures close to Tg,
this behavior is less pronounced, and at 1K kxx(H)
increases with H nearly linearly. The observed
field dependence implies that some spin-gap–like
excitations are also present at low temperatures,
along with the gapless excitations inferred from
the residual k00/T. The energy scale of the gap is
characterized by mBHg, which is comparable to
kBTg. Thus, it is natural to associate the observed
zero-field peak in kxx(T)/Tat Tgwith the excitation
gap formation.

Next we examined a dynamical aspect of the
spin-mediated heat transport. An important ques-
tion is whether the observed energy transfer via
elementary excitations is diffusive or ballistic. In
the 1D spin-1/2 Heisenberg system, the ballistic
energy propagation occurs as a result of the con-
servation of energy current (25). Assuming the
kinetic approximation, the thermal conductivity
is written as kxx

spin = Csvs‘s /3, where Cs is the spe-
cific heat, vs is the velocity, and ‘s is themean free
path of the quasiparticles responsible for the ele-
mentary excitations. We tried to estimate ‘s sim-
ply by assuming that the linear term in the thermal
conductivity arises from the fermionic excitations,
in analogy with excitations near the Fermi surface
in metals. The residual term is written as k00/T ~
(kB

2/da!)‘s, where d (~3 nm) and a (~1 nm) are
interlayer and nearest-neighbor spin distance. We
assumed the linear energy dispersion e(k)= !vsk,
a 2D density of states and a Fermi energy com-
parable to J (26). From the observed k00/T, we
find that ‘s reaches as long as ~1 mm, indicating
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Fig. 2. The temperature dependence of kxx(T)/T (A) and kxx(T) (B) of dmit-131 (pink) and dmit-221
(green) below 10 K in zero field [kxx(T) is the thermal conductivity]. A clear peak in kxx/T is observed in
dmit-131 at Tg ~ 1 K, which is also seen as a hump in kxx. Lower temperature plot of kxx(T)/T as a function
of T2 (C) and T (D) of dmit-131, dmit-221, and k-(BEDT-TTF)2Cu2(CN)3 (black) (18). A clear residual of
kxx(T)/T is resolved in dmit-131 in the zero-temperature limit.

Fig. 3. (A) Field dependence of
thermal conductivity normalized
by the zero field value, [kxx(H) –
kxx(0)]/kxx(0) of dmit-131 at low
temperatures. (Inset) The heat cur-
rent Q was applied within the 2D
plane, and the magnetic field H was
perpendicular to the plane. kxx and
kxy were determined by diagonal
and off-diagonal temperature gra-
dients, DTx and DTy, respectively.
(B) Thermal-Hall angle tanq(H) =
kxy/(kxx – kxxph)as a function ofH at
0.23 K (blue), 0.70 K (green), and
1.0 K (red).
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Very rare to observe non-
zero k0/T approaching zero
temperature in insulating
magnets



Spin-1/2 geometrically frustrated magnets

Cu2+, 3d9
ZnCu3(OH)6Cl2, Herbertsmithite, kagome lattice, QSL
Cs2CuBr4, distorted triangular lattice,  LRO with UUD

Ir4+, 5d5
Na4Ir3O8, hyper-kaogme, QSL

Co2+, 3d7 , effective spin 1/2
Ba3CoSb2O9, 
B3CoNb2O9, 
Ba8CoNb6O24

Yb3+,4f13 , effective spin 1/2
Yb2Ti2O7, pyrochlore, QSL

Ru2O9 dimer 
Ba3ARu2O9 (A = Y3+, In3+, Lu3+)

Mo3O13 clusters 
LiZn2Mo3O8, distorted Kagome lattice QSL
Li2In1-xScxMo3O8



Na2BaCo(PO4)2, spin-1/2 triangular lattice antiferromagnet

assuming that the lattice contribution can be described by Cph=
!T3+ !5T5+ !7T7 with != 8.83 ! 10!4 JK!4mol!1, !5=!3.32 !
10!7 JK!6 mol!1, and !7= 6.67! 10!11 JK!8 mol!1 (see Supple-
mentary Fig. 1), the change of magnetic entropy below 4 K, !Smag,
was calculated by integrating (Cp–Cph)/T (Fig. 3b). The obtained
values are 5.1 and 5.4 JK!1 mol!1 for B= 0 and 1 T, respectively,
which are approaching the value of Rln2. This is another strong
evidence that Na2BaCo(PO4)2 can be treated as an effective spin-1/
2 system. At zero !eld, the recovered entropy below 200mK (where
the peak starts) is 1.6 JK!1mol!1. This is only 28% of Rln2, which
indicates the strong spin "uctuations above TN. A small upturn of

the speci!c heat is observed at the lowest temperatures, which could
be attributed to a contribution from the nuclear entropy. Figure 3c
shows the speci!c heat data for B // a. Similar to the results for B //
c, the low magnetic !elds along the a axis can also change the
position of the peak at 148mK but with weaker !eld dependence.

Residual thermal conductivity. It is abnormal for Na2BaCo
(PO4)2 to exhibit a non-zero "0/T term extrapolated from the data
above TN. One possible scenario is that it behaves as a QSL above
TN with gapless magnetic excitations, which give rise to power-
law temperature dependences of the low temperature physical
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Fig. 1 Structure and magnetic susceptibility of Na2BaCo(PO4)2. a The crystallographic structure. b The triangular lattice of Co2+ ions in the ab plane.
c The inverse of the DC susceptibility measured with 0.1 T magnetic !eld along the ab plane. The solid lines are the Curie–Weiss !ttings to high-
temperature or low-temperature data.
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Single Crystal

A single crystal is a material in which the crystal structure of the entire sample is
continuous and unbroken to the edges of the sample, with no grain boundaries.



Crystallization
Nucleation is the step where the solute molecules dispersed in the solvent start to 
gather into clusters, on the nanometer scale (elevating solute concentration in a small 
region)

The crystal growth is the subsequent growth of the nuclei that succeed in 
achieving the critical cluster size.



Flux growth

inner walls of the crucible is caused in conjunction with the
crystallization of the dissolved solute onto both the AWO4
nucleus and the undissolved particles. When the temperature
drops below the melting point of the chloride !ux (NaCl: 801
°C; KCl: 771 °C),53 the crystal growth of AWO4 whiskers and
platelets and crystallization of the dissolved solute onto the
undissolved particles ceases because of the solidi"cation of the
chloride !ux.
Further details on the relationship between AWO4 whiskers

and platelets were acquired via SEM and TEM. From the
results (Figures 1!8), most of the AWO4 platelets have thicker
parts which are located along the edges or centers of the
platelets. Moreover, these line-shaped thicker parts have the
same growth directions as the AWO4 whiskers. On the basis of
these "ndings, we propose the dendritic morphological
transformation of the AWO4 crystal (whisker ! dendrite !
platelet) during the crystal growth, the process of which can be
described as follows (Figure 10a): (i) the AWO4 whiskers grow
from the inner walls of the crucible and fully cover those walls;
(ii) the branches grow from one of the two sides of the AWO4
whiskers; (iii) crystallization of the remaining dissolved solute
between the branches occurs at the same time; and (iv) the
branches are deformed to plates.54 Endo et al. and Oishi et al.
previously reported the symbiosis of needle, dendrite, and
platelet crystals in KCl !ux growth of BaWO4 and CaWO4
crystals.33,55 As shown in Figure 10b,c, the AWO4 dendrites,
which were observed on all the whisker- and platelet-formed
conditions, might be intermediates during the morphological
transformation. Here, there are two possible factors contribu-
ting to the anisotropic growth of the AWO4 platelets, as given
below: (a) the e#ect of minimizing surface free-energy and (b)
a !ux-capping e#ect to form speci"c crystal facets. According
to the surface free-energy e#ect, the crystals generally tend to
grow to exhibit the singular surface having lower surface free-
energy on which the constituent atoms are closely and "rmly
coupled and packed densely. As shown in Figure S6, among
the {100}, {010}, {001}, and {110} facets of AWO4, {001}
facets are the densest and have the lowest surface free-energies.
Incidentally, the calculated surface free-energies of SrWO4 and
BaWO4 are in the sequence {100} = {010} 1.161 J·m!2 >
{110} 0.698 J·m!2 > {001} 0.527 J·m!2 and {100} = {010}
0.799 J·m!2 > {110} 0.445 J·m!2 > {001} 0.229 J·m!2,
respectively. However, the as-grown SrWO4 and BaWO4
platelets exposed {010} and {110} facets as in-plane surfaces,
respectively. Consequently, the anisotropic growth of the

Figure 8. (a!g) Bright-"eld TEM images and SAED patterns of the
BaWO4 crystals grown using the KCl !ux with solute concentrations:
5, 10, 20, and 50 mol %.

Figure 9. Schematic illustration of the chloride !ux growth process of the AWO4 crystals (A = Sr, Ba).
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5307



Flux growth



properties. Indeed, the reported INS spectrum46 and speci!c heat
data reported here support the presence of strong spin "uctua-
tions above TN. While the 2D QSL is stable at zero temperature in
the strict sense, it is also known that QSL behavior, such as spi-
non excitations can survive at a !nite temperature regime if the
temperature scale is smaller than the exchange interaction, J. To
our knowledge, a couple of quantum magnets exhibit quantum
spin disordered states including QSL in a temperature range TN <
T < J due to the combination of strong geometrical frustration
with enhanced quantum spin "uctuations for spin-1/2, as present
in Na2BaCo(PO4)2 with TN= 148 mK and J ~ 1.7 K. One good
example is the Volborthite, Cu3V2O7(OH)2·2H2O, with a 2D
distorted kagome lattice of Cu2+ (S= 1/2) ions, which anti-
ferromagnetically orders at TN ~ 1 K with exchange constant J ~
60 K48,49. A !nite linear T-dependent contribution of speci!c heat
extrapolated to T= 0 K48 and a negative thermal Hall con-
ductivity observed above TN49 both strongly support the presence
of a QSL state with gapless spin excitations above TN for Vol-
borthite. While no clear non-zero !0/T term was observed for
Volborthite due to its relatively high ordering temperature, the
estimated mean free path of the spin excitations from the 8 K
magnetic thermal conductivity is about 80 times its inter-spin
distance, which indicates its spin excitations are highly mobile49.
The related theoretical work also proposes the existence of spinon
Fermi surface in Volborthite above TN50,51. Another relevant
example is pyrochlore Yb2Ti2O7 with effective spin-1/2 Yb3+
ions, which ferromagnetically orders at TC ~ 0.2 K52. For
Yb2Ti2O7, the XY and off diagonal components of the interac-
tions, J! ~ 0.58 K and Jz± ~ 1.7 K, respectively, produce quantum
spin "uctuations53,54. Its reported speci!c data suggests strong

quantum "uctuations above TC55,56. Its observed diffuse scatter-
ing and pinch point structure of the INS spectrum and related
model calculation further suggest the presence of a quantum spin
ice state above TC57. Lately, the unusual behavior of the magneto-
thermal conductivity58 and thermal Hall conductivity59 suggests
the emergence of highly itinerant quantum magnetic monopoles
in this quantum spin ice state.

By following ref. 18’s method, we estimate the mean free path
(ls) and life time of the spin excitation ("s) of the quasiparticles
responsible for the excitations in Na2BaCo(PO4)2 by calculating
k0
T ! #!2B

9 h
ls
ad !

#
9

!B
h

! "2 J
d "s

. Here, a (~5.32 Å) and d (~7.01 Å) are
nearest-neighbor and interlayer spin distance, respectively. From
the observed !0/T= 0.0062WK!2 m!1, the ls is obtained as 36.6
Å, indicating that the excitations are mobile to a distance seven
times as long as the inter-spin distance without being scattered.
Third, in high magnetic !eld of 14 T, although the ! is much
larger than the zero-!eld data, the !tting gives a negligibly small
value of, or vanishing !0/T. This is reasonable since 14 T is strong
enough to polarize all spins and completely suppress the spinon
excitations of the QSL state. Thus, the 14 T data should be a result
of pure phonon heat transport. From the speci!c heat data (see
Supplementary Fig. 1), it is found that the phonon speci!c heat
can be approximated as Cph= $T3 at very low temperatures
with the coef!cient $= 8.83 ! 10!4 JK!4 mol!1. The phonon
velocity can be calculated from the $ value as vph= 2430 ms!1.
The phonon thermal conductivity in the ballistic scattering
limit is !ph= (1/3)Cphvphlph, where the phonon mean free
path is determined by the averaged sample width of
lph ! 2
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thermal conductivity at low temperature is expected as !ph=
2.21 ! T3 WK!1 m!1. Note that this estimation is different from
the 14 T data by only a factor of 2, which is acceptable. If one
assumes that the 14 T data is purely due to the phonon term,
much smaller signal in zero !eld indicates that the phonon
ballistic scattering limit is not achieved, although !/T nicely
follows !0/T+ bT2. Therefore, in zero !eld the phonons are
always suffering some scattering effect besides the boundary.
Apparently, at very low temperatures only the magnetic
excitations can take the role of phonon scattering.

Another possible scenario is that this non-zero !0/T term is
related to other abnormal quasiparticles besides spinon, which
means the high-T (>TN) phase may not be ascribed to the QSL.
Either way, future studies are desirable to learn the exact origin
for this interesting residual thermal conductivity in Na2BaCo
(PO4)2.

Field dependence of thermal conductivity and AC suscept-
ibility. The dramatic change of the Cp peak with B // c suggests
the possibility of spin state transitions. For further investigation,
more detailed ! and AC susceptibility in magnetic !elds were
measured. For B // c, the !(B) curve at 92 mK exhibits four
minima at Bc1, Bc2, Bc3, and Bc4 (Fig. 4a). With increasing tem-
peratures, !(B) only exhibits two minima at 151 mK and no
minimum at T > 300mK. The !(T) measured at 0.5 and 1.0 T

(Fig. 4b) clearly shows a slope change around 310 mK, which is
consistent with the Cp peaks’ position measured at the same
!elds. The AC susceptibility, "!, measured at 22 mK (Fig. 4c)
shows three peaks at Bc1, Bc2, and Bc3. The values of these three
critical !elds are consistent with the Bc1, Bc2, and Bc3 observed
from !(B). With increasing temperatures, the Bc1 peak shifts to
higher !elds and the Bc2 and Bc3 peaks shifts to lower !elds. At T
> 280 mK, the peaks almost disappear. Since the measured "!
shows no frequency dependence (not shown here), it could be
approximately treated as the derivative of the DC magnetization
M(B). We calculated M(B) by integrating "!. The obtained M(B)
at 22 mK (Fig. 4d) clearly shows a plateau regime between Bc1 and
Bc2 and a slope change at Bc3 followed by saturation around 2.5 T.
Although we cannot infer the absolute value of M(B) here, it is
obvious that the magnetization of the plateau (around 0.29, here
we scaled the M value to the 3 T value) is around 1/3 of the
saturation value (around 0.84 after we subtract the Van Vleck
paramagnetic background, which is the upper dashed line in
Fig. 4d).

For comparison, the above measurements were also performed
for B // a. The !(B) curve (Fig. 5a) at 92 mK shows two minima at
Ba1 and Ba2, while the !(T) (Fig. 5b) measured at different !elds
shows no obvious slope change. The "! (Fig. 5c) measured at 25
mK shows a broad peak around Ba1 and a sharp peak around Ba2.
With increasing temperature, Ba1 and Ba2 shift to higher and
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lower !elds, respectively, and both disappear at T > 290 mK. The
calculatedM(B) at 25 mK shows a slope change around the 1/3Ms
position. These results are clearly different from those for B // c.

Phase diagram. Based on the critical !elds and ordering tem-
peratures presented above, the magnetic phase diagrams for B // c
and B // a are constructed in Fig. 6. For B // a, since both the !(B)
and "! data consistently show two critical !elds and Ba2 is very
close to the !eld where the magnetization becomes "at (or
saturated), it is natural for us to assign Ba2 as the saturation !eld
and Ba1 as a critical !eld for a spin state transition. On the other
hand, for B // c, the !(B) exhibits four critical !elds while the "!
shows three. Here we assign the Bc4 as the saturation !eld for two
reasons: (i) if we assign Bc3 as the saturation !eld, it will be
dif!cult to understand why there is still a possible spin state
transition at Bc4 > Bc3 after all spins have been polarized; (ii) a
close look of the calculated M(B) curve shows that Bc3 represents
a slope change before the magnetization becomes "at, which most
likely represents a spin state transition. One possible situation is
that since this Bc3 peak of "! data is so close to the saturation !eld
position, it may smear out the expected "! peak at Bc4. Accord-
ingly, besides the paramagnetic phase at high temperatures and
fully polarized phase at high !elds, with increasing !eld, there are
four phases for B // c (Fig. 6a) and two phases for B // a (Fig. 6b).

Now we compare the phase diagrams of Na2BaCo(PO4)2 to
those of Ba3CoSb2O9 listed in the introduction. For B //c we are
con!dent that the phase II is the UUD phase based on the 1/3Ms

plateau observed at 22 mK. Since the 120° spin structure is a pre-
required phase for the appearance of UUD phase, we ascribe the
phase I as the canted 120° spin structure. Whether the phase III
and IV are the V and V’ phase or the phase I and II for B // a are
the umbrella and V phases or not cannot be said at this stage.
Further studies such as neutron diffraction are needed to address
this question.

We emphasize that in Na2BaCo(PO4)2, the UUD phase only
survives for B // c, which strongly suggests its easy axis anisotropy
as the theory predicted31. Ba3CoSb2O9 and AYbCh2 are both
TAFs with easy plane anisotropy. To our knowledge, Na2BaCo
(PO4)2 is a very rare example of spin-1/2 TAF with single
crystalline form to exhibit series of QSSTs along the easy axis.
Another two examples for spin-1/2 TAFs with easy axis
anisotropy to show UUD phase are Ba3CoNb2O9

60,61 and
Ba2La2CoTe2O12

62, but both of them are polycrystalline form.

Discussion
In summary, we clearly observed a nonzero residual thermal
conductivity, !0/T, extrapolated from the data above TN (~148
mK) in an effective spin-1/2 triangular antiferromagnet Na2BaCo
(PO4)2. This abnormal feature indicates that Na2BaCo(PO4)2
possibly behaves as a gapless QSL with itinerant spin excitations
above TN. Moreover, its strong quantum spin "uctuations persist
below TN and help to stabilize a series of spin state transitions
while approaching zero temperature. With applied !eld along the
c axis, this includes the UUD phase with a 1/3Ms magnetization
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Na2BaCo(PO4)2, magnetic phase diagram

plateau. This makes Na2BaCo(PO4)2 a unique TAF with easy axis
anisotropy to exhibit a UUD phase.

Methods
Sample preparation and characterization. The single crystals were grown by !ux
method as reported in ref. 46. One adjustment made is that Platinum crucibles
instead of alumina crucibles were used in our growth. The powder X-ray diffraction
measurement on the ground single crystals con"rmed its lattice structure is the
same as reported in ref. 46. Laue back diffraction con"rmed the !at surface of the as
grown crystals is the ab plane. DC magnetic susceptibility was measured with a
Quantum Design superconducting quantum interference device (SQUID) mag-
netometer. The applied "eld B= 0.1 T is parallel to the ab plane. Speci"c heat was
measured with a Quantum Design Physical Property Measurements System
(PPMS), equipped with a dilution refrigerator insert.

AC susceptibility measurements. The AC susceptibility measurements were
conducted with a voltage controlled current source (Stanford Research, CS580) and
lock-in ampli"er (Stanford Research, SR830). The phase of the lock-in ampli"er is
set to measure the "rst harmonic signal. Single crystal samples of Na2BaCo(PO4)2
were prepared to allow the AC and DC magnetic "elds to be perpendicular and
parallel to the c axis separately in the measurements. The rms amplitude of the ac
excitation "eld is set to be 0.6 Oe with the frequency "xed to be 220 Hz. The
measurements were performed at SCM1 of the National High Magnetic Field
Laboratory, Tallahassee, by using a dilution refrigerator. The data was obtained by
the zero "eld cooling process and we increased the magnetic "eld during the
ramping process.

Thermal conductivity measurements. Thermal conductivity was measured by
using a “one heater, two thermometers” technique in a 3He/4He dilution refrigerator
and in a 3He refrigerator, equipped with a 14 T superconducting magnet63–73.
The sample was cut precisely along the crystallographic axes with dimensions of
3.0 ! 0.63 ! 0.14 mm3, where the longest and the shortest dimensions are along the
a and the c axes, respectively. The heat currents were applied along the a axis while
the magnetic "elds were applied along either the a or c axis. Since the AC sus-
ceptibility clearly showed no hysteresis with sweeping "eld, we did not perform all
the speci"c heat and thermal conductivity measurements with the zero-"eld cooling
process. However, we carefully checked the "rst !(B) measurement at 92mK for
both B // c and B // a. The sample was zero-"eld cooled to 92mK and the ! was
measured with increasing "eld to 14 T and then decreasing "eld to 0 T. No hys-
teresis was observed in !(B).

For low-temperature thermal conductivity measurements, calibrating the
magnetoresistance effect of resistor thermometers is a basic requirement. The
thermometers (RuO2) used at 300 mK to 30 K in the 3He refrigerator are pre-
calibrated by using a capacitance sensor (Lakeshore Cryotronics) as the
reference65,67–69; the thermometers (RuO2) used at 50 mK to 1 K in the dilution
refrigerator are pre-calibrated by using a RuO2 reference sensor (Lakeshore
Cryotronics) mounted at the mixture chamber (the superconducting magnet was
equipped with a cancellation coil at the height of mixture chamber)70–72. The
resolution of the ! measurements is typically better than 3% (better at higher
temperature). The sample size was determined by using microscopy and has
uncertainty of <5%. Therefore, the total error bar of is ! always < 8%. The
uncertainty of !0/T caused by the "tting is ~2%. The !0/T value of Na2BaCo(PO4)2
is ~30 times smaller than that of EtMe3Sb[Pd(dmit)2]2 and ~10 times smaller than
that of 1T-TaS218–20. One may ask whether this value is too small to be resolved by
the ! measurement at ultralow temperatures. We would like to mention that this
residual thermal conductivity is actually comparable to those in high-Tc cuprate
superconductors (HTSC). For HTSC, the !0/T is contributed by the nodal
quasiparticles from the d-wave superconducting state and has been experimentally
observed by us in many materials, including La2!xSrxCuO4, YBaCu3Oy, Bi2Sr2-
xLaxCuO6+", and Bi2Sr2CaCu2O8+"

64–67. In these materials, it is well resolved that
the !0/T varies from 0.0015 to 0.06 WK!2m!1 and shows systematic changes with
the carrier concentration. Similar experimental results have also been reported by
other groups for both the cuprate and the iron-based superconductors74–77.
Therefore, a !0/T value of 0.0062 WK!2m!1 is big enough to be correctly detected
by a high-level measurement.

Demagnetization effect. Here we list the used samples’ dimensions and weights
for various measurements. AC susceptibility: for B // a, 1.44 ! 1.15 ! 4.80 mm3,
33.2 mg; for B // c, 1.30 ! 1.30 ! 5.20 mm3, 36.7 mg. For both cases, the "eld is
along the longest dimension. Speci"c heat: for B // a, 1.96 ! 0.45 ! 0.38 mm3, 1.40
mg; for B // c, 1.87 ! 1.16 ! 0.18 mm3, 1.63 mg. For both cases, the "eld is along the
shortest dimension. Thermal conductivity: 3.0 ! 0.63 ! 0.14 mm3, 1.11 mg. For B //
a, the "eld is along the longest dimension, for B // c, the "eld is along the shortest
dimension. The estimated upper limit of the modi"cation of B by the demagne-
tization effects for AC susceptibility is <1% for both directions, for speci"c heat is
<4% for B // a and <8% for B // c, and for thermal conductivity is <1% for B // a
and <8% for B // c. Such kind of small modi"cation was neglected.

Data availability
The data that support the "ndings of this study are available from the corresponding
author upon reasonable request.
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FIG. 9. Magnetic phase diagrams of Na2BaNi(PO4)2 for B ! c
(a) and B ! a (b).

or a canted 120" spin structure, which is in a plane including
the crystallographic c axis due to the existence of an easy-axis
anisotropy and ferromagnetically stacked along the c axis. In
this canted 120" spin structure, the angle ! between the canted
sublattice spins and the c axis is smaller than 60". Accord-
ingly, the sum of the magnetic moments of the three sublattice
spins is nonzero but leads to a resultant magnetic moment
along the c axis in a triangular layer. Now if the triangular lay-
ers are ferromagnetically stacked, all the resultant magnetic
moments appearing in the triangular layers will align in the
same direction and result in a net magnetic moment along the
c axis. Here, we propose that Na2BaNi(PO4)2 also has such a
magnetic ground state, a canted 120" spin structure ferromag-
netically stacked along the c axis with easy-axis anisotropy.
Accordingly, we tend to assign phase I for both B ! c and B !
a to be the canted 120" spin state. While the exact reason for
the different magnetic ground states between Na2BaNi(PO4)2
and Na2BaCo(PO4)2 is not clear, it could be due to the lower
symmetry in lattice structure for Na2BaNi(PO4)2.

It is obvious that phase II for B ! c is the UUD phase
because for this phase its magnetization is a 1/3 Ms
plateau. Since the UUD phase only survives for B ! c in

FIG. 10. The proposed spin structure in each phase for B ! c
(upper row) and B ! a (bottom row).

Na2BaNi(PO4)2, this again suggests its easy-axis anisotropy
as the theory predicted [36]. We can further compare the
magnetic phase diagrams of Na2BaNi(PO4)2 with those of
Ba3CoSb2O9. For Ba3CoSb2O9 with easy-plane anisotropy,
with increasing field along the ab plane, its 120" spin structure
at zero field is followed by a canted 120" spin structure, the
UUD phase, a coplanar phase (the V phase), and another
coplanar phase (the V# phase) before entering the fully polar-
ized state [40,64–69]. For B ! c, the 120" spin structure will
be followed by an umbrella spin structure and the V phase.
Since Na2BaNi(PO4)2 has easy-axis anisotropy, we made an
analogy between its B ! c phase diagram and the B ! a phase
diagram of Ba3CoSb2O9 or its B ! a phase diagram and the
B ! c phase diagram of Ba3CoSb2O9. By doing that, we tend
to assign phases III and IV with B ! c for Na2BaNi(PO4)2
to be the V and V# phases, respectively, and phases III and
IV with B ! a to be the umbrella and V phases, respectively.
Certainly, further studies such as neutron diffraction measure-
ments are needed to verify the spin structures of these phases.
Moreover, it is surprising to see a phase II with B ! a that is
surrounded by phase III. This phase could be a metastable spin
state between the canted 120" and the umbrella phase, whose
nature again needs future studies to be clarified. The proposed
spin structure in each phase is summarized in Fig. 10.

Finally, we want to point out that, to our knowledge,
Na2BaNi(PO4)2 is a rare example of a spin-1 ETLAF with
single-crystalline form that exhibits a series of QSSTs. The
other studied spin-1 ETLAFs with Ni2+ ions, including
Ba3NiSb2O9, Ba3NiNb2O9, and Ba2La2NiTe2O12, are all of
polycrystalline form. The availability of single-crystalline
Na2BaNi(PO4)2 makes it an excellent candidate for future
spin-1 ETLAF studies, such as inelastic neutron scattering
measurements. For example, for Ba3CoSb2O9, unusual spin
dynamics have been confirmed by inelastic neutron scatter-
ing experiments [39,63,70–73], including strong downward
renormalization of the magnon dispersion, rotonlike minima,
line broadening throughout the entire Brillouin zone, and in-
tense dispersive excitation continua extending to a high energy
that is 6 times the exchange constant. Therefore it will be
interesting to see how these features can be affected in a
spin-1 ETLAF system, which will provide useful information

104403-7



assuming that the lattice contribution can be described by Cph=
!T3+ !5T5+ !7T7 with != 8.83 ! 10!4 JK!4mol!1, !5=!3.32 !
10!7 JK!6 mol!1, and !7= 6.67! 10!11 JK!8 mol!1 (see Supple-
mentary Fig. 1), the change of magnetic entropy below 4 K, !Smag,
was calculated by integrating (Cp–Cph)/T (Fig. 3b). The obtained
values are 5.1 and 5.4 JK!1 mol!1 for B= 0 and 1 T, respectively,
which are approaching the value of Rln2. This is another strong
evidence that Na2BaCo(PO4)2 can be treated as an effective spin-1/
2 system. At zero !eld, the recovered entropy below 200mK (where
the peak starts) is 1.6 JK!1mol!1. This is only 28% of Rln2, which
indicates the strong spin "uctuations above TN. A small upturn of

the speci!c heat is observed at the lowest temperatures, which could
be attributed to a contribution from the nuclear entropy. Figure 3c
shows the speci!c heat data for B // a. Similar to the results for B //
c, the low magnetic !elds along the a axis can also change the
position of the peak at 148mK but with weaker !eld dependence.

Residual thermal conductivity. It is abnormal for Na2BaCo
(PO4)2 to exhibit a non-zero "0/T term extrapolated from the data
above TN. One possible scenario is that it behaves as a QSL above
TN with gapless magnetic excitations, which give rise to power-
law temperature dependences of the low temperature physical

100

7.0081 ÅNa

Ba

Co
P
O

5.3185 Å

ab

c

1/
! 

(m
ol

 e
m

u–1
) 80

60

40

20

0
0 50 100

B = 0.1 T // ab

150
T (K)

200 250 300

cba

Fig. 1 Structure and magnetic susceptibility of Na2BaCo(PO4)2. a The crystallographic structure. b The triangular lattice of Co2+ ions in the ab plane.
c The inverse of the DC susceptibility measured with 0.1 T magnetic !eld along the ab plane. The solid lines are the Curie–Weiss !ttings to high-
temperature or low-temperature data.

102 0.15
ba

c d0.5

0.4

0.3

0.2

0.1

0.0

0.10

0.05
0.02

0.01

0.00
0.00 0.02 0.04

0.00
0.0 0.1 0.2 0.3 0.4 0.5

101

10–1

" 
(W

K
–1

m
–1

)
"/

T
 (

W
K

–2
m

–1
)

0.5

0.4

0.3

0.2

0.1

0.0

"/
T

 (
W

K
–2

m
–1

)
"/

T
 (

W
K

–2
m

–1
)

10–2

10–3

0.1
T (K) T2 (K2)

0.0 0.1 0.2 0.3 0.4 0.5

T2 (K2)

0.0 0.1 0.2 0.3 0.4 0.5

T2 (K2)

0 T

0 T

14 T // C

14 T // C 14 T // a

14 T // a

1 10

100

Fig. 2 Ultralow-temperature thermal conductivity of Na2BaCo(PO4)2. a The zero-!eld thermal conductivity of Na2BaCo(PO4)2 in temperature range of
70mK – 30 K. The heat current is along the a axis. The peak at 12 K is the so-called phonon peak. Also shown are the thermal conductivity in 14 T magnetic
!eld along the c or the a axis. In most of this temperature region, high magnetic !eld enhances the thermal conductivity. b Data in zero !eld plotted in !/T
vs T2. The solid line is a linear !t of the data at T < 700mK. A nonzero residual thermal conductivity !0/T= 0.0062WK!2 m!1 is resolved. The inset
shows a magni!ed view of the lowest-temperature data. There is a very weak anomaly at T < 100mK. c, d Thermal conductivity in 14 T magnetic !eld
plotted as !/T vs T2. The solid lines are a linear !ts for data at T < 550mK (for B // c) and at T < 500mK (for B // a). There is no residual term (!0/T= 0).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-18041-3 ARTICLE

NATURE COMMUNICATIONS | ��������(2020)�11:4216� | https://doi.org/10.1038/s41467-020-18041-3 | www.nature.com/naturecommunications 3

Na2BaCo(PO4)2 behaves as a gapless QSL above TN

This T2 behavior for phonon heat transport is further veri!ed by
the high-magnetic-!eld data of !a. As shown in Fig. 1a, b, with
applying 14 T (or 10 T) !eld along the a-axis (or the c-axis), the !a
displays a good T2 behavior at T < 700 mK accompanied with !a/
T= 0 for zero-temperature limit. Since these !elds are high
enough to polarize all the spins, below the magnon gap, the high-
!eld thermal conductivity should be a purely phononic term
without any contribution (carrying heat or scattering phonon)
from magnetic excitations. It is therefore reasonable that in high
!elds there is no residual term of !a/T at T! 0. Based on the
above comparisons, it is obvious that in zero !eld the !a behaves
as T2 at 200 mK < T < 600 mK with a residual thermal con-
ductivity of !0/T= 0.0058WK!2 m!1 and thereafter, the slope
change leads to a smaller !0/T= 0.0016WK!2 m!1 at T < 200
mK. Moreover, the larger !a/T in high !elds indicates that, in zero
magnetic !eld, the phonons are rather strongly scattered by
magnetic excitations that are be gapped out in high magnetic
!elds and suppressed at low temperatures. It !rmly suggests the
presence of magnetic excitations in the thermal conductivity
result at zero magnetic !eld, and the magnetic excitation certainly
does not have a large gap and could be gapless.

It is a bit strange that the phonon thermal conductivity at
ultralow temperature has a T2 behavior. Usually, the phonon
thermal conductivity of a high-quality insulating crystal at the
boundary scattering limit should have a T3 temperature
dependence. One possible explanation is the surface re"ection
effect, which could weaken the temperature dependence and gives
a T-power-law behavior with a power smaller than 3. However,

the calculated phonon means free path (see Supplementary
Information) is much smaller than the sample width, at least at
several hundreds of millikelvins. Therefore, the surface re"ection
may not be the origin of the T2 behavior. Here, we would like to
leave it as an open question.

The nonzero residual thermal conductivity at zero !eld
immediately implies that YMGO is a QSL with itinerant gapless
spin excitations having a long-range algebraic (power-law)
temperature dependence. In reality, it is very rare to observe this
nonzero !0/T term in the studied QSL candidates. So far only the
organic EtMe3Sb[Pd(dmit)2]25,33 and the inorganic 1T-TaS240
exhibit a nonzero !0/T term, both of which are spin-1/2 TAFs.
But it is also notable that some recent studies reported a zero !0/T
term in these two materials41,42. By the following ref. 5’s method,
we estimate the mean free path (ls) of the spin excitations in
YMGO by calculating
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Here, a (~3.40 Å) and d (~25.1 Å) are the in-plane and out-of-
plane lattice constants, respectively. From the observed !0/T=
0.0058WK!2 m!1, the ls is obtained as 78.4 Å, indicating that
the excitations are mobile to a distance 23 times as long as the
inter-spin distance without being scattered. In comparison, the
!0/T value of YMGO is ~30 times smaller than that of EtMe3Sb
[Pd(dmit)2]2 (~0.19WK!2 m!1), and ~10 times smaller than
that of 1T-TaS2 (~0.05WK!2 m!1), which may be attributed to
two possible reasons. First, the spinon velocity is much smaller in

Fig. 2 Magnetic !eld dependence of the a-axis thermal conductivity of YbMgGaO4. a, b Magnetic !eld dependence of !a at various temperatures with
!eld-applied along either the a-axis or the c-axis. c, d A magni!ed view of !a(B) data at low !elds. At 92mK and with B // a, there is a minimum at 0.5 T
and a slope change at 3 T, indicated by arrows. While at 92mK and with B // c, there are two minima at 0.5 and 1.6 T. With increasing temperature, these
anomalous minima become weaker and disappear above 850mK.
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a ~ 5.32 Å and d ~ 7.01 Å are
nearest-neighbor and interlayer
spin distance, respectively.

From the observed κ0/T = 0.0062
WK−2m−1, the ls (mean free path) is
obtained as 36.6 Å, indicating that
the excitations (spinons) are
mobile to a distance seven times as
long as the inter-spin distance
without being scattered.
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Figure 1 | Structure and magnetic properties of YbMgGaO4. a, Partial crystal structure, showing a triangular layer of Yb3+ ions (large cyan spheres) and
their coordination by oxygen (small red spheres). A nearest-neighbour interaction pathway J1 and a next-nearest-neighbour interaction pathway J2 are
shown by yellow and blue lines, respectively. b, Stacking of the Yb3+ planes along the c axis and their separation by two layers of disordered Mg2+ and
Ga3+ ions. c, High-energy neutron-scattering measurements on a powder sample at T =4K. Filled (respectively, open) symbols correspond to an incident
neutron energy of 160 meV (respectively, 300 meV). Solid lines are Gaussian fits to the observed magnetic excitations. Light (respectively, dark) horizontal
bars correspond to the observed (respectively, calculated) peak’s full-width at half-maximum. d, Magnetic component of the specific heat Cm(T), showing
data measured on a powder sample (open squares) and a single-crystal sample (filled circles). Single-crystal data are shown for applied magnetic fields
along the c axis of 0, 4, 7.8 and 14 T (labelled above each curve). The orange line shows a fit of the zero-field single-crystal data to a power law,
Cm(T)/T0.70(1). e, Magnetic entropy change 1Sm, showing data measured in zero field and in a 7.8 T field (labelled on each curve). f, Dependence of the
magnetization M on applied field µ0H, showing data measured at temperatures of 1.7 K for two di�erent field directions (labelled on each curve). In d–f the
temperatures and applied fields at which we performed neutron-scattering measurements (Figs 2 and 3) are indicated by grey arrowheads. Error bars
correspond to 1 standard error.

magnetism by modifying the charge environment around Yb3+

ions. Our broadband neutron-scattering experiment (Fig. 1c and
Supplementary Fig. 1) reveals three intense crystal electric-field
excitations at 38(1), 61(1) and 97(1)meV, consistent with the four
Kramers doublets expected for Yb3+. These excitations are broader
than the instrumental resolution and an additional weak mode
is observed around 134(8)meV, hinting at a distribution of local
environments across Yb3+ ions. In all ourmeasurements, we observe
no significant di�erences between powder and single-crystal
samples, suggesting that the sample dependence that has a�icted

QSL candidates such as Yb2Ti2O7 (ref. 23) is not evident
in YbMgGaO4.

Neutron-scattering experiments measure spin correlations as
a function of energy and reciprocal space, yielding direct infor-
mation about correlated quantum states. Single-crystal neutron-
scattering data measured in zero field are shown in Fig. 2, and
provide strong evidence for QSL behaviour. Throughout, we plot
neutron-scattering intensity as (1+ e��E) I(Q, E), where I(Q, E)
is the measured intensity as a function of scattering wavevector
Q=ha⇤ +kb⇤ + lc⇤ and energy transfer E, and the factor 1+ e��E

118

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE PHYSICS | VOL 13 | FEBRUARY 2017 | www.nature.com/naturephysics

YbMgGaO4, spin-1/2 triangular lattice antiferromagnet
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YbMgGaO4, residual k0/T term

A quantum spin liquid (QSL) is an exotic quantum state in
which spins are highly entangled and remain disordered
down to zero-temperature limit1–4. It has attracted

intensive interest because of its potential relevance to high-
temperature superconductivity and quantum information
applications. The most fascinating feature of certain gapless QSL
is that its fermionic-like spin excitations, or spinons, behave like
mobile charge carriers in a paramagnetic metal with a Fermi
surface1–4. Since the !rst reported gapless QSL candidate
EtMe3Sb[Pd(dmit)2]25, a spin-1/2 triangular lattice antiferro-
magnet (TAF) in 2010, the search for other candidates remains
as a hot topic during the last decade. One commonly used
experimental probe for QSL is a broad continuous magnetic
excitation, or continuum mode, in the inelastic neutron scat-
tering (INS) spectrum6–8.

Meanwhile, the community recently started to pay attention
to the chemical disorder effects on quantum magnetism. For
example, some recent studies proposed that the randomness in a
quantum magnet can induce spin-singlet dimers of varying
strengths in a spatially random manner, which can account for
the continuum mode due to its widely distributed binding
energy. Indeed, the disorder is unavoidable in most of the stu-
died gapless QSL candidates. For instance, the kagome lattice
herbertsmithite ZnCu3(OH)6Cl2 has Zn2+/Cu2+ site mixture9
(whether there is a small gap in this QSL candidate is still under
debate); the LiZn2Mo3O8 with breathing kagome lattice has
Li+/Zn2+site mixture10; the Ca10Cr7O28 with bilayer kagome
lattice has disorder among the two different Cr3+positions11,12,
and the H3LiIr2O6 with honeycomb lattice has mobile Hydrogen
ions13. Therefore, this so-called random-singlet (RS) or valence
bond glass state14–21 seriously prompts re-consideration of the
intrinsic magnetic ground state of them: whether they are true
gapless QSL or just spin liquid-like?

YbMgGaO4 (YMGO), a TAF with the effective spin-1/2
Yb3+ ions22,23, is at the center of this controversy. On one hand,
the observed continuum mode7,8,24,25, the Cp ~ T

0.7 behavior for
the speci!c heat22, the temperature-independent plateau for
the Muon spin relaxation (MuSR) rate26, and the saturated DC
susceptibility below 0.1–0.2 K27 all suggest a gapless QSL state. Its
origin has been interpreted as a U(1) QSL state with spinon Fermi
surface8,25,27,28, or a resonant valence bond-like state24, or a J1–J2
exchange interactions resulted in QSL7,29. On the other hand, no
residual !0/T term on the thermal conductivity has been
observed30. It needs to be emphasized that since the itinerant spin
excitations, spinons, carry entropy5,31–33, a nonzero residual
linear !0/T term at ultralow temperature for thermal conductivity
should exist. It is a well-recognized signature for spinon. The
absence of the !0/T term in YMGO makes it dif!cult to reconcile
with spinon physics. The frequency-dependent AC susceptibility
peak34 further suggests that the disordered occupancy of the
inter-triangular layers by Mg2+and Ga3+ions23,35 lead to a glassy
ground state. By including this disorder, other types of ground
states have been proposed, such as the mimicry of a spin
liquid36,37, RS led spin-liquid-like behavior16,38, and randomness
induced spin-liquid-like phase in J1–J2 model39.

In this paper, with the motivation to settle down this dispute,
which is certainly signi!cant for QSL studies, we performed
thermal conductivity, speci!c heat, magnetic torque, DC mag-
netization, and AC susceptibility measurements on high-quality
YMGO single crystals at ultralow temperatures with two crys-
tallographic axes and detailed !eld scans to study its intrinsic
magnetic ground state. We observed a residual !0/T term and
series of quantum spin state transitions (QSSTs) in the zero-
temperature limit, which strongly suggests that a QSL state with
itinerant excitations and quantum spin "uctuations survives
disorder in YMGO.

Results and discussions
Thermal conductivity. Figure 1a shows the ultralow-temperature
thermal conductivity (!) of YMGO measured along either the a
or c-axis, plotted with !/T vs. T. Apparently, the !a displays a T2

behavior in a rather broad temperature range (200–600 mK) with
a slope change at T < 200 mK. As shown in Fig. 1a, the !c also
exhibits a T2 behavior at T < 600 mK with !c/T= 0 for zero-
temperature limit. Since YMGO is a two-dimensional spin system
with negligibly weak spin interaction along the c-axis, the !c
should represent a pure phonon heat transport of this material.

Fig. 1 Ultralow-temperature thermal conductivity of YbMgGaO4 single
crystals. a Data measured along the a-axis (!a) and the c-axis (!c), plotted
as !/T vs. T2. The solid lines are some linear !tting results. The !c display a
T2 behavior at T < 600mK with zero intercepts at T= 0. The !a behave as
T2 at 200mK < T < 600mK with a residual thermal conductivity of !0/T=
0.0058WK!2 m!1 and a smaller !0/T= 0.0016WK!2 m!1 at T < 200
mK. b The a-axis thermal conductivity in zero !eld and in 10 T (14 T)
magnetic !eld applied along the a- (the c-) axis. The high-!eld !c data
display a T2 behavior at T < 700mK with !0/T= 0.
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From the observed κ0/T = 0.0058 WK−2m−1, the ls (mean
free path) is obtained as 78.4 Å, indicating that the
excitations (spinons) are mobile to a distance 23 times as
long as the inter-spin distance without being scattered.

The gapless QSL with itinerant excitations survives with
Mg/Ga disorder

X. Rao, H. D. Zhou et al., Nature Communications 12, 
4949 (2021).



This T2 behavior for phonon heat transport is further veri!ed by
the high-magnetic-!eld data of !a. As shown in Fig. 1a, b, with
applying 14 T (or 10 T) !eld along the a-axis (or the c-axis), the !a
displays a good T2 behavior at T < 700 mK accompanied with !a/
T= 0 for zero-temperature limit. Since these !elds are high
enough to polarize all the spins, below the magnon gap, the high-
!eld thermal conductivity should be a purely phononic term
without any contribution (carrying heat or scattering phonon)
from magnetic excitations. It is therefore reasonable that in high
!elds there is no residual term of !a/T at T! 0. Based on the
above comparisons, it is obvious that in zero !eld the !a behaves
as T2 at 200 mK < T < 600 mK with a residual thermal con-
ductivity of !0/T= 0.0058WK!2 m!1 and thereafter, the slope
change leads to a smaller !0/T= 0.0016WK!2 m!1 at T < 200
mK. Moreover, the larger !a/T in high !elds indicates that, in zero
magnetic !eld, the phonons are rather strongly scattered by
magnetic excitations that are be gapped out in high magnetic
!elds and suppressed at low temperatures. It !rmly suggests the
presence of magnetic excitations in the thermal conductivity
result at zero magnetic !eld, and the magnetic excitation certainly
does not have a large gap and could be gapless.

It is a bit strange that the phonon thermal conductivity at
ultralow temperature has a T2 behavior. Usually, the phonon
thermal conductivity of a high-quality insulating crystal at the
boundary scattering limit should have a T3 temperature
dependence. One possible explanation is the surface re"ection
effect, which could weaken the temperature dependence and gives
a T-power-law behavior with a power smaller than 3. However,

the calculated phonon means free path (see Supplementary
Information) is much smaller than the sample width, at least at
several hundreds of millikelvins. Therefore, the surface re"ection
may not be the origin of the T2 behavior. Here, we would like to
leave it as an open question.

The nonzero residual thermal conductivity at zero !eld
immediately implies that YMGO is a QSL with itinerant gapless
spin excitations having a long-range algebraic (power-law)
temperature dependence. In reality, it is very rare to observe this
nonzero !0/T term in the studied QSL candidates. So far only the
organic EtMe3Sb[Pd(dmit)2]25,33 and the inorganic 1T-TaS240
exhibit a nonzero !0/T term, both of which are spin-1/2 TAFs.
But it is also notable that some recent studies reported a zero !0/T
term in these two materials41,42. By the following ref. 5’s method,
we estimate the mean free path (ls) of the spin excitations in
YMGO by calculating

!0
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"k2B
9_

ls
ad

!
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! "2 J
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Here, a (~3.40 Å) and d (~25.1 Å) are the in-plane and out-of-
plane lattice constants, respectively. From the observed !0/T=
0.0058WK!2 m!1, the ls is obtained as 78.4 Å, indicating that
the excitations are mobile to a distance 23 times as long as the
inter-spin distance without being scattered. In comparison, the
!0/T value of YMGO is ~30 times smaller than that of EtMe3Sb
[Pd(dmit)2]2 (~0.19WK!2 m!1), and ~10 times smaller than
that of 1T-TaS2 (~0.05WK!2 m!1), which may be attributed to
two possible reasons. First, the spinon velocity is much smaller in

Fig. 2 Magnetic !eld dependence of the a-axis thermal conductivity of YbMgGaO4. a, b Magnetic !eld dependence of !a at various temperatures with
!eld-applied along either the a-axis or the c-axis. c, d A magni!ed view of !a(B) data at low !elds. At 92mK and with B // a, there is a minimum at 0.5 T
and a slope change at 3 T, indicated by arrows. While at 92mK and with B // c, there are two minima at 0.5 and 1.6 T. With increasing temperature, these
anomalous minima become weaker and disappear above 850mK.
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YMGO due to the small J value. Second, the ls is much shorter in
YMGO than that in EtMe3Sb[Pd(dmit)2]2 (~1.20 !m)5, which is
related to stronger scattering between phonon and spinon. Note
that although 1T-TaS2 has a very large J value40, its ls (~50 Å)
is also not so long, which may be due to the spin–phonon
scattering.

Accordingly, the smaller !0/T= 0.0016WK!2 m!1 below 200
mK leads to a ls ~21.6 Å, which still covers 6 times of the inter-
spin distance. While the exact origin for this slope change (or
reduction of the !0/T) is not clear, we suspect it should be related
to the effect of disorder. Here, 200 mK is comparable to the AC
susceptibility peak position observed at 80 mK. This result
strongly suggests that despite the heavily chemical disorder on
the Mg/Ga sites, the itinerant spin excitations of YMGO survive
when approaching zero temperature.

It is necessary to point out that in an earlier study, a T2 behavior
of ! measured in the ab plane at T < 300mK with a negative
intercept at T= 0 was observed and was interpreted as the non-
existence of magnetic heat transport30. However, if one compares
those data with our !a data, it can be found that those data also
exhibit a slope change at ~300mK; the data above 300mK exhibit
a T2 behavior with a nonzero !0/T= 0.0018WK!2 m!1. In the
present work, !rst, we measured the thermal conductivity along
both the a- and c-axis. As discussed above, the comparison
between the !a and !c clearly show the existence of !0/T term for
!a. Second, the phonon mean free path of our sample is much
larger than that of ref. 30 (see Fig. S2 in Supplementary
Information). Therefore, it is very clear that our samples display
better thermal conductivity, indicating higher sample quality, and
should exhibit more intrinsic physical properties of YMGO.
Nevertheless, the ultralow-temperature thermal conductivity data

from different groups all indicate that at temperatures above 200
or 300mK, there are itinerant spin excitations associated with the
QSL state, while the disorder effect suppresses the transport of
spin excitations at lower temperatures.

Figure 2 shows the magnetic-!eld dependence of !a at various
temperatures and with B // a or B // c. First, the !a is signi!cantly
enhanced at high magnetic !elds, indicating the existence of
magnetic scattering of phonons that can be smeared out in high
!elds. Second, the !a exhibits several structures at the low-!eld
region. For B // a, the !a isotherm measured at 92 mK shows a
minimum at Ba1= 0.5 T and another anomaly at Ba3 ~ 3 T. For B
// c, two more obvious minima are observed for the 92 mK data
at Bc1= 0.5 T and Bc2= 1.6 T, respectively. These structures
under magnetic !elds of both directions disappear gradually with
increasing temperature.

Speci!c heat. Figure 3 shows the magnetic-!eld dependence of
speci!c heat (Cp) at 300 mK with B // a or B // c. For B // a, the Cp
isotherm shows an obvious slope change at Ba3 ~ 3.0 T. Its
derivative additionally shows another change around Ba2= 1.5 T,
which corresponds to a weaker slope change of Cp. For B // c, one
clear slope change occurs at Bc2= 1.7 T, which is also highlighted
as a peak on its derivative. These features, both shown by the !
and Cp, pointing to some !eld-induced crossovers or transitions,
or some special !eld-dependent magnetic scatterings.

Magnetic torque. To further investigate the possible transitions,
magnetic torque (") measurements were performed. Figure 4a, b
shows the calculated "/B with applied !eld along the a- or c-axis.
At 30 mK, the data shows a weak hump around 1–2 T for both
directions. In principle, torque magnetometry measures magnetic

Fig. 3 Low-temperature speci!c heat of YbMgGaO4. a, b The magnetic-!eld dependence of speci!c heat, Cp, measured at 300mK and with B // a or B //c.
c, d The derivative (dCp/dB) for B // a or B //c. The dashed lines are the guide for eyes and indicate the anomalies associated with some transition !elds Ba2,
Ba3, and Bc2.
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YbMgGaO4, field induced spin state transitions

Ch=O, S, Se), one TAF family with effective spin-1/2 Yb3+ ions
and easy-plane anisotropy, the UUD phase has been proposed
under applied !elds55–58. Experimentally, more complex QSSTs
have been observed for Ba3CoSb2O9

59–65. For example, with
increasing !eld along the ab plane, its 120° spin structure at zero
!eld is followed by a canted 120° spin structure; the UUD phase; a
coplanar 2:1 canted oblique phase with one spin in the 120° spin
structure rotated to be parallel with another spin, which gives!!!
3

p
=3Ms; and another coplanar phase before entering the fully

polarized state.
Since YMGO also has the easy-plane anisotropy7,8,29, its !eld-

induced anomaly at ultralow temperatures could also be related to
these QSSTs. By comparing YMGO’s phase diagram with B // a to
that of Ba3CoSb2O9, we propose a phase I as the canted 120° spin
structure, phase II as the UUD phase, and phase III as the oblique
phase. The observation of the QSSTs strongly supports the
existence of quantum spin "uctuations approaching zero tempera-
ture in YMGO, which clearly differentiate it from a conventional
spin glass state. It needs to be pointed out is that while the phase
boundaries of the UUD phase were observed, the 1/3Ms plateau
does not exist for YMGO, which could be due to the disorder
effect. In another TAF Rb1!xKxFe(MoO4)266, the disorder
introduced by the K-doping also weakens the magnetization
plateau feature related to the UUD phase.

It is surprising to see that the phase boundary between phase I
and II for B // c case is related to 1/2 Ms. As learned from
Ba3CoSb2O9, while for B // c, the 120° spin structure will be
followed by an umbrella spin structure and an oblique phase,
between which the phase boundary is related to

!!!
3

p
=3Ms.

Meanwhile, Ye and Chubukov calculated the phase diagram of a
2D isotropic triangular Heisenberg antiferromagnet in a magnetic
!eld and predicted a novel up–up–up–down (UUUD) spin sate
with a 1/2Ms magnetization plateau for J2/J1 > 0.125 (J1: nearest-
neighbor exchange interaction, J2: next nearest-neighbor exchange
interaction)67. The reported J2/J1 values by simulating the spin
excitations obtained from INS data7 and terahertz spectroscopy
data29 are 0.22 and 0.18, respectively. Therefore, we tend to assign
phase II as the UUUD phase, while the nature of Phase I is not
clear at this stage. Again, the chemical disorder could be the reason
for the disappearance of the 1/2Ms plateau.

In the case that the minimum observed at 0.5 T for !(B) belong
to some special magnetic scatterings, the scenario of a spinon
Fermi surface QSL, that supports gapless magnetic excitations
discussed above, may give a possible understanding from the
conventional wisdom of Kohn anomaly. Since the charge degrees
of freedom in YMGO are frozen out, only Zeeman coupling can be
included as the magnetic !eld is applied. In the weak-!eld regime,
the !eld does not destroy the QSL ground state and the spinon
remains to be a valid description of the magnetic excitation28. The
magnetic !elds would modify the spinon Fermi surface, and the
Fermi surfaces of spin-up and spin-down spinons expand and
shrink with increasing !eld, respectively. Just like the electron-
phonon coupling68, the spin–lattice coupling may enhance the
phonon scatterings with modi!ed spinon Fermi surfaces, resulting
in the thermal conductivity modulation. In the high-temperature
regime, the QSL breaks down and the structures disappear as in the
experiment.

AC susceptibility. Finally, we revisited the AC susceptibility ("!)
to check the possibility for a spin glass state in YMGO, although
the observation of the residual !0/T and QSSTs clearly disputes
this scenario. Compared to the reported "! data performed at
zero DC magnetic !eld and without anisotropic information,
our "! data was measured with AC !eld both along the a- and c-
axis, and with applied DC !eld. Figure 6a, b shows the "!(T)
measured with applied DC !eld along either the a- or c-axis.
With B= 0 T, the "! shows a peak around 80 mK, which
is lower than the reported data exhibiting a peak around
100 mK34. With increasing B, the intensity of "! below 80 mK
increases and eventually becomes "at or saturated with B ! 0.05
T. Figure 6c, d shows the frequency dependence of the peak
position with the AC excitation !eld either along the a- or
c-axis. For both of them, the peak’s position (T0) shifts to higher
temperatures with increasing frequency. As shown in Fig. 6e, f,
its frequency dependence can be !t to an Arrhenius law f= f0
exp[!E/(kBT0)], which yields an activation energy Ea= 3.8(6)
K and Ec= 2.5(8) K for the excitation !eld along the a- and c-
axis, respectively. While the frequency-dependent peak of "!
normally represents a spin glass transition as discussed for
YMGO and YbZnGaO4

34, the saturation of the "! below this
peak position under a small DC !eld and the anisotropic acti-
vation energy both indicate that it should not be treated as a
conventional spin glass69.

Meanwhile, the recent DC susceptibility measurements with
B= 0.01–0.05 T for YMGO70 also revealed a saturation below
100–200 mK, which has been suggested as a signature for
the presence of gapless spin excitations. Since the temperature
dependence of the AC and DC susceptibility should behave
similarly, the saturation we observed for "! could be due to

Fig. 5 Magnetic phase diagrams of YbMgGaO4. a For B // a. b For B // c.
The data points are obtained from the magnetic torque (!) and !eld
dependence of thermal conductivity (") measurements. The dashed lines
are phase boundaries. For B // a, there are three phases (I: thee canted
120° spin structure, II: the UUD phase, and III: the oblique phase) in the
low-temperature and low-!eld region. Whereas, there are two phases
(I: unknown phase and II: UUUD phase) at low temperature and low !eld
for B // c. The dashed lines are the guide to the eyes.
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anisotropy. Accordingly, the d(!/B)/dB for B // a (Fig. 4c) clearly
shows a valley at Ba2= 1.2 T, a peak at Ba3= 2.7 T, and another
valley at Ba4= 7.0 T. With increasing temperature, the lower !eld
valley, and peak both become weak and disappear with T ! 1.5 K.
For B // c, the d(!/B)/dB (Fig. 4d) does not show a peak but a "at
regime starting around Bc2= 1.7 T, and a valley at Bc3= 5.0 T.
The Ba2, Ba3, and Bc2 observed here are closely corresponded to
the anomaly observed from the "(B) and Cp(B) data. This further
con!rms the existence of !eld-induced magnetic crossovers or
transitions. It is noticed that the magnetic torque was also mea-
sured for YMGO at 350 mK by Steinhardt et al.43 Its derivative
shows broad maxima near 3.5 T for B // c and 5.5 T for B // a,
which is different from our results obtained at 30 mK while
approaching zero temperature.

It is noticed that a recent study reported the DC magnetization
measured at 500 mK with B // ab plane44 or B // c. We also
measured the 500 mK magnetization with B // a or B // c. Our
results are the same as the reported ones, as shown in Fig. S4 in
Supplementary Information. For B // a, the saturation !eld Bs is
around 7.0 T with saturation moment Ms= 1.45 #B. For B // c, Bs
= 5.0 T and Ms= 1.8 #B. Therefore, the Ba4 and Bc4 represent the
saturation !elds. It is also noted that the magnetization at Ba2=
1.5 T, Ba3= 3.0 T, and Bc2 = 1.7 T is around 1/3,

!!!
3

p
=3, and 1/2

of the saturation value, respectively, with the assumption that the
critical !eld values are similar between 300 and 500 mK. In ref. 44,
they further measured magnetization at 40 mK with B // c. Its
derivative shows a "at regime around 1.8 T, which is related to 1/
2Ms. This result is consistent with our observation here. For their
data measured at 500 mK with B // ab plane, its derivative shows
a "at regime around 3.5 T, which again was ascribed to 1/2Ms.
This explanation is different from our observation for B // a case,
in which both phase boundaries at 1/3Ms and

!!!
3

p
=3Ms were

observed by the combination of "(B), Cp(B), and !(B) data. One
reason for this discrepancy could be the fact that the DC
magnetization was measured at 500 mK, a relative high
temperature. As shown in our data, Fig. 4c, the anomalies on
the d(!/B)/dB curve at 30 mK, an ultralow temperature, become
weak or "attened pretty quickly with increasing temperature. The
Cp(B) data at 200 mK was also reported in ref. 44. However, its
Cp(B) data with B // ab plane shows no distinct feature around
3.0 T, which our B // a data clearly shows. The slope change
around 1.5 T, as we observed, also has not been discussed in
ref. 44. Meanwhile, we also noticed that an early study on the DC
magnetization measured on powder sample at 500 mK reported
two critical !elds at 1.6 and 2.8 T22, which were suggested as the
phase boundaries of an up–up–down (UUD) phase. This study
supports our observation with B // a.

Phase diagram. Two magnetic phase diagrams are constructed by
using these critical !elds, as shown in Fig. 5. Since no anomaly
was observed on !/B around 0.2–0.5 T, the Ba1 and Bc1 are
unlikely related to spin-state transitions. Accordingly, besides the
paramagnetic phase at high temperatures, QSL at low tempera-
ture and zero !eld, and fully polarized phase at high !elds, with
increasing !eld, there are three phases for B // a (Fig. 5a) and two
phases for B // c (Fig. 5b).

For a spin-1/2 TAF with 120° spin ordering and easy-plane
anisotropy, the strong quantum spin "uctuations can stabilize a
so-called UUD phase within a certain magnetic !eld regime
applied in the triangular plane while approaching zero
temperature45–49, which has been observed in Ba3CoSb2O9

50–54,
a TAF with effective spin-1/2 Co2+ ions. This UUD phase
exhibits a magnetization plateau with 1/3 saturated moment
(Ms). Recently, even in QSL candidates AYbCh2 (A=Na and Cs,

Fig. 4 Ultralow-temperature magnetization of YbMgGaO4. a, b The calculated magnetization (M) from the measured magnetic torque as torque/B with
!eld-applied along either the a-axis or the c-axis (see Supplementary Fig. S1). c, d The derivative (dM/dB) for B // a- or c-axis. At 30mK, the derivative
shows two anomalies at Ba2 and Ba3 for B // a, which are related to 1/3Ms and

!!!
3

p
=3Ms, respectively. Meanwhile, only one anomaly at Bc2 was observed

from the derivative for B //c, which is related to 1/2Ms.
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UUD phase with B // a 
UUUD phase with B // c

Magnetization plateau feature is weak due to disorder



Pyrochlore heterostructure

The hypothesis of the proposed approach is that, when combined
to form a heterostructure, the interfacial coupling between the
magnetic degree of freedom in an insulating geometrically frustrated
quantum magnet (GFQM) and the electronic degree of freedom in a
spin-orbit-entangled correlated metal necessarily leads to electronic
transport signatures that are characteristic of the unusual spin states
and their elementary excitations

To explore a new route towards “metallization of quantum magnet”
or electronically detect spin states and magnetic excitations



Select Pyrochlore Dy2Ti2O7 (DTO) as the GFQM  

With applied field along the [111] axis, the spin ice (two in two out) 
state transforms to kagome spin ice and then three in one out state 

Sakakibara, T. et al Phys. Rev. Lett. 90, 207205 (2003). 
Tabata, Y et al., Phys. Rev. Lett. 97, 257205 (2006). 



Select Pyrochlore Bi2Ir2O7 (BIO) as the Correlated Metal 

Spin Ice DTO

Paramagnetic metal BIO

?

T. F. Qi et al., J. Phys. Condens. Matter 24, 345601 (2012); 
W. Witczak-Krempa et al., Annual Review of Condensed Matter Physics 5, 57 (2014).

Bi



Growth (I): BIO film on DTO single crystal

Pulsed Laser DepositionFloating Zone

A combination of optical floating zone crystal growth and pulsed
laser deposition is used to synthesize the DTO/BIO
heterostructures along the [111] direction.



Growth (II): Orientation, Polish, Film, Interface

AFM, Rs~ 1.21 Å RSM, fully strained

TEM, uniform interface



Anomalous MR related to the ice-rule breaking
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Anomalous MR (II): Temperature dependence

MR feature disappears above spin ice temperature

The anomalous MR responses can be depicted with the coexistence of the two spin 
states in the Kagome plane perpendicular to the field



Yb2Ti2O7/Bi2Ir2O7 heterostructure
S. SÄUBERT et al. PHYSICAL REVIEW B 101, 174434 (2020)

FIG. 3. (a) Specific heat of Yb2Ti2O7 as a function of temper-
ature at different !110" oriented magnetic fields. Note the sharp
first-order-like anomaly at zero field which broadens and becomes a
second-order lambdalike anomaly at finite field. [(b) and (c)] Real
and imaginary components of the AC susceptibility as a function
of !110" field at different temperatures. The negative field sweeps
show invariance of field sweep direction for nonzero internal fields.
Solid lines indicate increasing magnetic field and dashed lines show
decreasing magnetic field.

high-field phase boundary [as shown by the field dependence
of the magnetization in Fig. 2(f)]. In the absence of magnetic
field, the ground state of Yb2Ti2O7 is ferromagnetic with
magnetization spontaneously breaking the sixfold degenerate
!100" directions. For a field applied along !100", there is no
spontaneous symmetry breaking, hence no phase transition
[15]. For a first-order zero-field transition like in Yb2Ti2O7,
however, the transition should survive for small, but finite
fields [15], which also is fully consistent with the data.

Going from the !111" via !110" to the !100" direction, the
magnetization shows an increase in the spontaneous magnetic
moment [Figs. 2(d)–2(f)] consistent with the behavior of a
cubic ferromagnet. The coercive field in the ferromagnetic
regime of Yb2Ti2O7 is vanishingly small, which indicates
extremely weak domain wall pinning [Figs. 2(d)–2(e) and 8].

We previously argued, through comparison to classical
simulations, that the reentrant nature of the !111" phase
boundary is due to quantum fluctuations suppressing the
ferromagnetic order [21]. Exact diagonalization calculations,

FIG. 4. Neutron scattering of the (002) peak in Yb2Ti2O7 for
magnetic fields applied along the !110" direction. (a) Field depen-
dence of (002) at different temperatures, showing a quadratic depen-
dence at low fields and a clear upper critical field. (b) Theoretical
(002) scattering calculated with mean-field theory using the Ross,
Robert, and Thompson Hamiltonians [15,22,34]. (c) Temperature-
dependent scattering at different applied fields. No hysteresis is
visible. Error bars represent one standard deviation.

using ground state and finite temperature methods, support
this hypothesis [46]. We anticipate the same explanation holds
for the even more extreme reentrance observed for fields along
the !110" direction.

While previous !111" measurements indicated a first order
phase boundary [21], the !110" data provide evidence of a
second-order (continuous) phase boundary—at least for the
upper critical field—in three ways. First, the heat capacity
[Fig. 3(a)] shows a lambda-like anomaly (in contrast to the
symmetric peaks seen in the !111" direction [21]), and this is
a signature of a second-order phase transition [47]. Second,
the susceptibility [Fig. 3(b)] has a steplike feature, which—
because susceptibility is related to the second field deriva-
tive of free energy—indicates a discontinuity in the second
derivative of free energy and thus a second-order phase tran-
sition. Third, magnetization (Fig. 2) and neutron scattering
(Fig. 4) field and temperature sweeps detect no hysteresis at
the high-field phase boundary, even for faster magnetization
field sweep rates of 60 mT/min, which suggests a continuous
phase transition.

There are three caveats to this second-order boundary
hypothesis, all centered on observing hysteresis: (i) there is
noticeable hysteresis in the high-field phase boundary of the
!110" susceptibility measurements [Fig. 3(b)], (ii) substantial
hysteresis is observed at the lower phase boundary in !110"
magnetization data [Fig. 2(e)], and (iii) hysteresis is observed
in the temperature sweeps of !110" magnetization [Figs. 2(b3)
and 2(b4)]. Typically, hysteresis is a signature of a first-order
transition via nucleation and domain growth. That very much
seems to be the case for the lower field part of the phase
boundary (where TC increases with field), especially from (iii):
the hysteresis in M versus T [Fig. 2(b)].

The magnetocaloric effect, however, offers an alternative
explanation for the hysteresis observed at the high-field phase
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FIG. 1. Magnetic phase diagram of Yb2Ti2O7 for applied fields
along (a) !111", (b) !110", and (c) !100" as inferred from field
and temperature-dependent magnetization, specific heat, AC sus-
ceptibility, and neutron scattering. (B) and (T ) indicate field and
temperature scans, respectively. Hysteretic effects observed under
field and temperature sweeps are indicated by means of blue and
red shading, respectively. Tsf denotes a feature seen in the temper-
ature dependence of the magnetization reminiscent of spin freezing,
cf. Figs. 2(a)–2(c).

III. EXPERIMENTAL RESULTS

Qualitatively, the orientation dependence of the magnetic
phase diagram of Yb2Ti2O7, shown in Fig. 1 for low tem-
peratures, is consistent with the behavior of a cubic ferro-
magnet, i.e., where cubic magnetocrystalline anisotropy se-
lects six ground states with magnetization along !100" [45].
In !111" and !110" fields, however, the phase diagram ex-
hibits a highly unusual field dependence, wherein an applied
magnetic field initially increases the ordering temperature
and then suppresses it at higher fields, which results in a
reentrant phase diagram [Figs. 1(a) and 1(b)]. For fields
along !100", the high-field phase boundary collapses and the
system enters a field polarized state for small applied fields,
which is qualitatively distinct from the other field directions
[Fig. 1(c)]. This orientation dependence of the magnetic phase
diagram was determined by measurements of the temperature
and field-dependent magnetization (Fig. 2), heat capacity
[Fig. 3(a)], susceptibility [Fig. 3(b)], and neutron diffraction
(Fig. 4). Hysteretic effects observed under field and tempera-
ture sweeps are indicated by means of blue and red shading,
respectively. While the !111" data were reported in a previous
study [21], the two other directions, which are essential for the
conclusions of our study, are reported here for the first time.

The !111" and !110" phase diagrams have nearly the same
upper critical field (0.63 T and 0.57 T), but the reentrance
for fields along !110" is even more dramatic: the highest
!110" TC at Bint = 0.30 T is 540 mK, which is a 100% increase

FIG. 2. [(a)–(c)] Temperature dependence of the magnetization
of Yb2Ti2O7 in high [(a1)–(c1)], intermediate [(a2)–(c2) and (a3)–
(c3)], and small [(a3)–(c3)] applied fields. In small applied fields
and below 100 mK, a distinct difference between data recorded
under zero-field cooling (zfc) and field cooling (fc) emerges (Tsf ),
which has been attributed to spin freezing in related rare-earth
pyrochlore systems [42,43]. This feature vanishes for finite inter-
nal fields. [(d)–(f)] Magnetization and differential susceptibility of
Yb2Ti2O7 as a function of internal magnetic field after correction
of demagnetization fields for the !111" (d), !110" (e), and !100"
(f) directions, respectively. The differential susceptibility data are
shifted with respect to each other for clarity.

above zero field TC = 270 mK. (!111", meanwhile, has a
55% increase.) This can be seen in the temperature and field
dependence of the magnetization shown in Figs. 2(a) and 2(d)
for field along !111" and Figs. 2(b) and 2(e) for field along
!110".

Applying the field along !100" polarizes the system already
for small applied field [as can be seen in the temperature
dependence of the magnetization in Fig. 2(c)], so there is no

174434-3

Fig. 1. Refinement of Yb2Ti2O7 magnetic structure based on changes in
integrated Bragg intensities upon cooling from 0.6 K to 80 mK in zero
magnetic field. Inset shows the zero-field intensity of the (002) Bragg peak
appears upon cooling from 300 to 80 mK, which rules out AIAO order. Note
that the S(Q) axis is quadratic.

scattering and find streaks of scattering indicating an unusual
lamellar domain structure with a definite orientation relative to
the underlying Bravais lattice. Fourth, we show using classical
Monte Carlo and semiclassical spin wave theory that antiferro-
magnetism is a metastable state of Yb2Ti2O7. These findings
support the hypothesis that ferromagnetism and antiferromag-
netism coexists in Yb2Ti2O7 single crystals, forming anisotropic
domains that disrupt spin wave propagation.

Experiments
Elastic Scattering. We collected Yb2Ti2O7 single-crystal elastic
scattering data on the Triple Axis Spectrometer for Polarized
Neutrons (TASP) at the Paul Scherrer Institute. The sample
was a 0.4-g sphere cut from a high-quality Yb2Ti2O7 single crys-
tal (the same sample as in ref. 8). The sphere was mounted on
an oxygen-free copper finger and loaded in a dilution refriger-
ator insert with a h110i direction vertical. We collected elastic
scattering (~!=0.0(1) meV) data on the (11̄1), (002), (22̄0),
(11̄3), (22̄2), and (004) Bragg peaks, tracking the integrated
intensity of rocking curves as a function of temperature. We
discovered significant multiple scattering (particularly on the
(002) peak), so we collected data using both 5- and 4.5-meV
neutrons to isolate single-event diffraction (see SI Appendix

for details). We converted the peak intensity to absolute units
by also measuring the integrated intensity of the accompany-
ing nuclear peak with structure factors that we calculated from
the structure reported in ref. 14. For (002) we interpolated
the normalization constant inferred from other Bragg peaks as
(002) has zero nuclear intensity. The magnetic structure fac-
tor data were fitted to spin structure models assuming an equal
population of domains. The results are shown in Fig. 1.

Spin Wave Spectrum. We mapped the field- and temperature-
dependent energy-resolved neutron-scattering cross-section of
Yb2Ti2O7 on the Cold Neutron Chopper Spectrometer (CNCS)
at Oak Ridge National Laboratory. We coaligned three sto-
ichiometric Yb2Ti2O7 crystals totaling 7.2 g oriented with a
h111i direction along a vertical magnetic field and mounted in
a dilution refrigerator. These crystals were as described in ref.
14. We collected neutron-scattering data with two instrument
configurations. We did a high-neutron-flux measurement with
Ei =3.32meV neutrons, the Fermi chopper at 60 Hz, and the
disk chopper at 300 Hz for an energy resolution of 0.15 meV full
width at half maximum (FWHM). We also performed a higher-
resolution measurement with Ei =3.32meV neutrons, a Fermi
chopper at 180 Hz, and the disk chopper at 240 Hz for a FWHM
energy resolution of 0.08 meV.

We collected data at 0 (both from a field-cooled and a zero-
field–cooled state), 0.35, 0.7, and 1.5 T at base temperature
(100 mK) in the high-flux configuration and then zero-field–
cooled 0-T data in the high-resolution configuration. We also col-
lected scattering data at 20 K for use as a background. [The elas-
tic line for the in-field data appears oversubtracted—this is due
to the field-dependent extinction in Yb2Ti2O7 (31).] We sub-
tracted this background from all datasets, divided by the squared
Yb3+ magnetic form factor, symmetrized the data using Mantid
(32), and made cuts along high-symmetry directions � (000)!
K(22̄0)!UL (21̄1)!� (000). All high-symmetry cuts plotted
in this paper (such as Fig. 2) are symmetrized, but all plotted
constant-energy slices (see Fig. 5E) are unsymmetrized.

We used the SpinW package (33) to simulate the inelastic
scattering cross-section for spin waves calculated for the spin
Hamiltonians in refs. 20, 25, and 26 through linear spin wave the-
ory. Each simulation started from the lowest-energy 2-in-2-out
spin configuration (optimized separately for each Hamiltonian).
We fitted the 1.5T data (where the spin wave modes are most
clearly defined) to a linear spin wave model and extracted a new
set of parameters. The data compared with previous theoretical
studies are plotted in Fig. 2, while the best-fit spin wave model is
plotted in Fig. 3. While consistent with previous scattering data,
the revised exchange constants are needed to account for our
new data acquired in a different reciprocal lattice plane.

Small-Angle Neutron Scattering. We performed two small-angle
neutron scattering (SANS) experiments on the SANS-1 instru-
ment at the Heinz Maier-Leibnitz Zentrum. Both experiments
used the same 0.4-g spherical sample of Yb2Ti2O7 in a dilution
refrigerator, oriented with a h110i direction vertical and a h111i

A

B C

D E

F G

H I

J K

Fig. 2. (A–K) Inelastic magnetic neutron scattering from Yb2Ti2O7 along
� (000) ! K (22̄0) ! UL (21̄1) !� (000) in (A) the B = 0 ZFC state, (B) the
B = 0 FC state, and (C) B = 1.5 T, compared to linear spin wave theory pre-
dictions from (D and E) Ross et al.’s Hamiltonian (25), (F and G) Robert
et al.’s Hamiltonian (26), (H and I) Thompson et al.’s Hamiltonian (20), and (J
and K) this study. The vertical streaks in the zero-field data near � are due
to saturated neutron detectors.
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Yb2Ti2O7: a ferromagnetic ordering at 0.28 
K with strong quantum spin fluctuations 

Ideal system to detect quantum spin 
fluctuations electronically

A. Scheie et al., PNAS 117, 27245 (2020).
S. Saubert et al., Physical Review B 101, 174434 (2020).



Yb2Ti2O7/Bi2Ir2O7 heterostructure

MR anomalies are related to strong quantum spin fluctuations at zero 
field, and the field dependence of the low energy excitation
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Summary

Geometrically frustrated lattice, magnetic ordering at extremely low 
temperatures, disorder, and spin-1/2, are good ingredients for QSL

Thank You

Demonstrate a new route to electronically probe the exotic dynamics
of geometrically frustrated quantum magnets through epitaxial
interfaces.

Crystals = hard work + FedEx


