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ABSTRACT: As the simplest example of geometrical frustration,
the two-dimensional triangular lattice antiferromagnet exhibits the
mismatch between the lattice geometry and spin-exchange
interaction, which has been the subject of intensive studies due
to its exotic quantum phenomena. Here, we performed detailed
studies of the magnetic structures and spin wave excitations by
neutron powder diffraction and inelastic neutron scattering
measurements on the triple-perovskite oxides Ba3MNb2O9 (M =
Co, Ni, and Mn) with triangular-lattice geometry. The interplay
between the frustrated interaction and easy-plane/axis anisotropy
gives rise to two magnetic phase transition temperatures for
Ba3CoNb2O9 (Ba3MnNb2O9) and only one for Ba3NiNb2O9. The
linear spin-wave theory +1/S calculations indicate that both spatial
dimensionality and the spin size have a significant impact on the strength of quantum fluctuations, which lead to their different
magnetic ground states and exotic physical properties. Moreover, the effects of the thermal fluctuations are presented for
Ba3NiNb2O9.

■ INTRODUCTION
Exploring the exotic quantum phenomena and the related
ground states of the quantum magnets has emerged as a
forefront area of condensed matter physics,1−5 and those
unconventional states could be created or modified by the
delicate relationships among the electron, spin, orbital, and
lattice degrees of freedom. One of the intensively investigated
materials is the frustrated antiferromagnet with triangular-
lattice geometry, which has a large distance between the
magnetic layers and exhibits typical two-dimensional (2D)
properties with the quantum fluctuation even at the ground
state. In 1966, Mermin and Wagner investigated those low-
dimensional compounds and found that the long-range
magnetic order, breaking a continuous spin-rotation symmetry,
can be destroyed by either thermal or quantum fluctuations.6

However, this continuous symmetry can be broken easily even
by a weak interlayer interaction, lattice distortion, and spin or
spatial anisotropies, giving rise to the long-range magnetic
order below the Neél temperature TN. For a triangular-lattice
antiferromagnet (TLAF), the spins of the ground state arrange
in a noncollinear sequency with a coplanar 120° intersection
angle between the nearest magnetic ions, which can induce the
coupling between transverse and longitudinal fluctuations and
cause strong magnon band renormalization and anomalous

magnetic excitation continuum featured by a relatively large
spectral weight.7 Therefore, this nonlinear effect intrigues rich
physical phenomena and exotic quantum states.
In order to reveal the intrinsic quantum effects of the

magnetic ions in the TLAFs, an essential prerequisite is the
ideal quasi-2D triangular lattice without lattice distortion or
spatial anisotropy. Ba3CoSb2O9 is a typical TLAF with an
equilateral triangular lattice. Given that the oxygen-octahedron
(CoO6) layers are separated by the double layer nonmagnetic
face-shared SbO6 and Ba2+ ions, the interlayer interaction (J′)
between Co2+ ions along the c-axis is much weaker than the
intralayer interaction in the ab-plane (J).8−10 Therefore, it
realizes several quantum states, such as the 120° magnetic
structure at zero fields and the magnetic field induced “up-up-
down” (uud) phase.8−15 Although Ba3CoSb2O9 has been
widely studied, the contrast between different TLAF

Received: May 25, 2022
Revised: June 23, 2022
Published: July 5, 2022

Articlepubs.acs.org/cm

© 2022 American Chemical Society
6617

https://doi.org/10.1021/acs.chemmater.2c01576
Chem. Mater. 2022, 34, 6617−6625

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
TE

N
N

ES
SE

E 
K

N
O

X
V

IL
LE

 o
n 

Se
pt

em
be

r 2
3,

 2
02

2 
at

 2
1:

45
:1

3 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinlong+Jiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shangshun+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qing+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.F.+Shu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="G.+T.+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C.+R.+dela+Cruz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="V.+O.+Garlea"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="V.+O.+Garlea"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="N.+Butch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Matsuda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haidong+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.2c01576&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01576?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01576?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01576?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01576?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cmatex/34/14?ref=pdf
https://pubs.acs.org/toc/cmatex/34/14?ref=pdf
https://pubs.acs.org/toc/cmatex/34/14?ref=pdf
https://pubs.acs.org/toc/cmatex/34/14?ref=pdf
pubs.acs.org/cm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c01576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/cm?ref=pdf


compounds is essential for clarifying the elementary factors
that control the strength of quantum effects.
Recently, the theoretical and experimental studies have been

extended to Ba3MNb2O9 (M = Co, Ni, and Mn),16−19 a sister
family of Ba3CoSb2O9. In the Nb-analogue compounds, the
Nb5+ ion has a larger radius than the Sb5+ ion and the NbO6
octahedra are pushed away from face-sharing to corner-sharing,
which not only breaks the glide symmetry along the c-axis but
also reduces the J′/J by increasing the layer distance between
the M2+ triangular planes. Hence, the space group changes
from P63/mmc (no. 194) to P3̅m1 (no. 164), and the Nb-
analogue compounds keep the regular triangular lattice and
avoid the DM interaction.
The spin size (S) is another nonnegligible factor in

regulating the quantum effect besides J′.20−22 For Ba3MNb2O9,

the combined effect of crystal field and spin−orbit coupling
induces a low-energy doublet in the electronic energy
configuration of Co2+ (3d7) ions, a triplet for Ni2+ (3d8)
ions, and a sextet for Mn2+ (3d5) ions, respectively, which are
effectively described by the pseudospin S = 1/2, 1, and 5/2
operators.23 According to the previous reports,16−18

Ba3NiNb2O9 exhibits only one magnetic transition temperature
at TN = 4.9 K, while Ba3CoNb2O9 and Ba3MnNb2O9 have two
at 1.36, 1.10, and 3.4 K, 3.0 K, respectively. It is obvious that
although Ba3MnNb2O9 has the largest spin size, S = 5/2,
Ba3NiNb2O9 has the highest magnetic transition temperature.
This paper conducted the first systematic study on the spin

dynamic spectra of the triple-perovskite Ba3MNb2O9. The
reduction of the quantum fluctuation by the interlayer
interaction, exchange or single-ion magnetic anisotropy, and

Figure 1. NPD patterns (markers) and Rietveld refinements (red line) using FULLPROF26 at 244 mK and 1.5 K by HB-2A for (a) Ba3CoNb2O9
and (b) Ba3MnNb2O9, respectively. Blue lines at the bottom of each panel show the difference between measured and calculated patterns. The red,
olive, and purple tick marks are the reflection positions for the lattice phases and magnetic phases of Ba3MNb2O9 and the lattice phase of the Al
can, respectively. (c,d) Schematic crystal structures for Ba3MNb2O9 and Ba3CoSb2O9, respectively. (e,f) Schematic magnetic structures for
Ba3CoNb2O9 (Ba3NiNb2O9) and Ba3MnNb2O9, respectively.

Table 1. Refined Parameters of Ba3MNb2O9 (M = Co, Ni, and Mn) from NPD Results

parameters Ba3CoNb2O9 Ba3NiNb2O9
16 Ba3MnNb2O9

space group P3̅ m 1 P 3̅ m 1 P3̅ m 1
lattice parameters a = b = 5.771(5) Å a = b = 5.755(2) Å a = b = 5.804(5) Å

c = 7.081(7) Å c = 7.065(6) Å c = 7.133(4) Å
interaxial angles α = β = 90° α = β = 90° α = β = 90°

γ = 120° γ = 120° γ = 120°
k vectors (1/3 1/3 1/2) (1/3 1/3 1/2) (1/3 1/3 0)
moment (μB) 1.02(5) 1.81(2) 4.91(2)

Table 2. Selected Bond Lengths (Å), Bond Angles (deg), and Overlap Integral (A) of Ba3MNb2O9 (M = Co, Ni, and Mn) at
Base Temperaturea

Ba3CoNb2O9 Ba3NiNb2O9
16 Ba3MnNb2O9

in ab-plane
M (A)−M (B) 5.771(5) 5.755(2) 5.804(5)
M (A)−O (1) 2.059(2) 2.053(2) 2.146(2)
O (1)−O (2) 2.862(2) 2.826(2) 2.798(2)
Nb (1)−O 2.013(8) 1.941(3) 1.925(1)
∠Nb(1)−O(1)−O(2) 45.04(3) 45.50(3) 45.56(4)
∠M (A)−O (1)−O (2) 134.96(7) 134.50(7) 134.44(6)
∠M (B)−O (2)−O (1) 134.96(9) 134.51(9) 134.44(7)
∠M (A)−O (1)−Nb (1) 179.10(2) 176.94(5) 176.88(9)
∠O (1)−Nb (1)−O (2) 91.192(3) 93.291(3) 93.244(2)
A 1.155 × 10−4 1.204 × 10−4 1.027 × 10−4

aM (A) and M (B) present the A-sublattice and B-sublattice, and O (1) and O (2) are the O2− closest to M (A) and M (B), respectively.
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the spin size are studied quantitatively based on a modified
Heisenberg TLAF model that is compatible with both space
group symmetry and the ground-state magnetic ordering. The
origins of the exchange interactions are discussed quantitatively
according to the underlying microscopic lattice structure. This
generic understanding built from the reduction of the quantum
effects applies to other frustrated magnets.24,25

■ RESULTS AND DISCUSSION
Neutron Powder Diffraction (NPD). The NPD patterns

of Ba3CoNb2O9 and Ba3MnNb2O9 at 244 mK and 1.5 K are
presented in Figure 1a,b, respectively. The diffraction patterns
of Ba3CoNb2O9 and Ba3NiNb2O9 are similar,16,17 which is not
shown here, while Ba3MnNb2O9 shows more Bragg peaks than
theirs. There are no impurity peaks observed and the antisite
disorder between the magnetic M2+ and nonmagnetic Nb5+
ions is neglectable. The refined lattice parameters and selected
bond lengths and angles are listed in Tables 1 and 2,
respectively. Figure 1c presents the schematic crystal structures

for Ba3MNb2O9. The M2+, Ba2+, Nb5+, and O2− ions are
sequentially distributed in the alternating layers stacked along
the c-axis. The M2+ and Nb5+ ions are at the center of an
octahedron surrounded by six O2− ions, and NbO6 and MO6
octahedra are connected by the O2− ion at the vertices.
Meanwhile, the M2+ ions form a perfect equilateral triangular
lattice without distortion. The crystal structure of Ba3CoSb2O9
is demonstrated in Figure 1d for comparison, in which the
SbO6 octahedra share the O2−-face instead. As a consequence,
the exchange path of the magnetic ions in different layers is
different between Ba3CoNb2O9 and Ba3CoSb2O9, as discussed
below. It is noticed that the M−M bond lengths of
Ba3NiNb2O9 are shortest both in the ab-plane and along the
c-axis, which can be explained by the smallest ion radius of the
Ni2+ ion (0.690 Å) compared with other M2+ ions (M = Co,
0.745 Å; Mn, 0.830 Å for the high-spin state).27

Although all three oxides are isostructural, the magnetic
propagation vectors are (1/3, 1/3, 1/2) for Ba3CoNb2O9
(Ba3NiNb2O9) and (1/3, 1/3, 0) for Ba3MnNb2O9,

Figure 2. Experimental spectra of energy versus momentum transfer for (a) Ba3CoNb2O9 with Ei = 3.27 meV at 0.2 K, (b) Ba3NiNb2O9, and (c)
Ba3MnNb2O9 with Ei = 3.8 meV at 1.5 K, respectively. (d−f) The calculated powder averaged dynamical spin structure factor using spin wave
theory by LSWT + 1/S corrections.
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respectively. The ordered moments for these three oxides from
refinements are 1.02 μB, 1.81 μB, and 4.91 μB, respectively,
which agree with the reported results and can be described as
pseudospin 1/2, 1, and 5/2 spin states.16−18 The magnetic
structures for all three compounds in the magnetic triangular-
layer (ab-plane) are the 120° spin structure, while they are
different along the c-axis. As shown in Figure 1e,f, the spins of
Ba3CoNb2O9 (Ba3NiNb2O9) lie in the ab-plane and are
antiferromagnetic (AFM) along the c-axis, while the spins of
Ba3MnNb2O9 are parallel with a small canting angle along the
c-axis corresponding to an easy-axis type (the spins on two
sublattices are 8.7° downward from the ab-plane and the other
sublattice are 18.7° upward from the ab-plane).
Inelastic Neutron Scattering and Simulation. To study

the quantum effect on the spin dynamics, the inelastic neutron
scattering (INS) measurements were performed. Figure 2a−c
show the energy-momentum maps of the scattering intensity of
Ba3MNb2O9. The scattering data was collected at 0.2 K with
incident neutron energy Ei = 3.27 meV for Ba3CoNb2O9,
Figure 2a, and 1.5 K with Ei = 3.8 meV for Ba3NiNb2O9 and
Ba3MnNb2O9, Figure 2b,c, respectively. All measuring temper-
atures were below TN.

16−18 The spin dynamic spectra of
Ba3MNb2O9 all show minima around Q ≈ 0.7 Å−1, which
corresponds to the commensurate magnetic ordering wave-
vector (1/3, 1/3, 1/2) for Ba3CoNb2O9 (Ba3NiNb2O9) and
(1/3, 1/3, 0) for Ba3MnNb2O9. For the Co-compound (Figure
2a), the scattering intensities at Q ≈ 0.7 Å−1 are stronger than
at Q ≈ 1.5 Å−1 and Q ≈ 2.0 Å−1, manifesting the momentum-
dependence of magnetic signals. The spectrum has two
separated energy bands. The lower energy part originates
from the single-magnon excitations with a bandwidth of about
0.4 meV. The quasi-gapless feature at Q ≈ 0.7 Å−1 indicates an
approximately SU(2) spin-rotation symmetry. The higher
energy band compromises a continuum of magnetic excitations
extending up to 0.8 meV. The Ni-compound has a similar
spectral structure (Figure 2b), except (i) a less dispersive and
gapped low-energy band, (ii) a weaker intensity from the high
energy band centered at 1.8 meV, and (iii) a wider separation
between the low- and high-energy bands. These observations
imply a more significant magnetic anisotropy in the model
Hamiltonian for the Ni-compound. It also partly explains why
the Ni-compound has the highest magnetic transition temper-
ature among this family. For the Mn-compound, Figure 2c, we
observed one gapped and dispersive mode at low energy, while
the high-energy band observed for the other two compounds is
invisible here. This typical semiclassical behavior indicates
relatively weak quantum fluctuations in Ba3MnNb2O9
compared to the other two compounds. By comparing the
powder-averaged magnetic dynamics of these three com-
pounds, we clearly observed that the strength of the quantum
effect decreased with increasing spin size (S).
We simulated the INS spectra by the linear spin wave theory

(LSWT) based on a modified spin-exchange Hamiltonian
compatible with both space group symmetry and the ground
state magnetic ordering of Ba3MNb2O9, Figure 2d−f. For M =
Co or Ni, the spins form the coplanar 120° order within the
ab-plane and align antiferromagnetically along the c-axis. This
magnetic structure can be explained by the quasi-2D XXZ
Hamiltonian including both spin-exchanges on the nearest
neighbor (NN) bonds in the ab-plane and that on the vertical
bonds along the c-axis,

H J S S S S S S J S S( )
ij c

i
x

j
x

i
y

j
y

i
z

j
z

ij c
i j1 = + + + ·

< > < >
(1)

where J > 0 and J′ > 0 are the antiferromagnetic intra- and
interlayer NN spin-exchange energies, and 0 < Δ < 1 is the
easy-plane spin-exchange anisotropy.
For M = Mn, the ground state develops a noncoplanar

magnetic structure as discussed above. The layers stack
ferromagnetically along the c-axis, indicating that the interlayer
coupling is J′ < 0 ferromagnetic. To explain this noncoplanar
magnetic structure, a generic spin-exchange Hamiltonian that
includes all symmetry-allowed terms is not enough. The
essential term is the single-ion anisotropy, which takes the
following generic form for spin-5/2 magnetic Mn2+ ions,

H D S D S D S( ) ( ) ( )D
i

i
z

i
i
z

i
i
z

1
2

2
4

3
6= + +

(2)

where D1, D2, and D3 are independent to the magnetic
sublattices. We note that the minimal model, H1 + HD, must
include nonzero D1 and D2, as we did in the calculation. The
easy-plane spin-exchange anisotropy is expected to be small
(Δis close to 1) given the quasi-gapless nature of the INS
spectra shown in Figure 2(c).
The simulated spectra shown in Figure 2d−f agree well with

the experimental INS spectra, while Table 3 lists the model

parameters adopted in the LSWT calculations. The pink
dashed line in the simulated spectra separates the single-
magnon and the two-magnon excitations, which corresponds
to the low- and high-energy bands in the INS spectra,
respectively. The spectral weight associated with the two-
magnon continuum comes from the 1/S correction to the
LSWT calculation and measures the magnitude of quantum
fluctuations. From both experimental data and the calculation,
the weight of the two-magnon continuum is the largest for
Ba3CoNb2O9 (S(Co2+) = 1/2), strongly suppressed for
Ba3NiNb2O9 (S(Ni2+) = 1), and almost negligible for
Ba3MnNb2O9 (S(Mn2+) = 5/2), which confirms that
Ba3CoNb2O9 has the strongest quantum fluctuations in the
Ba3MNb2O9 (M = Co, Ni, and Mn) system. Actually, such
quantum-effect related continuum mode had been observed in
other frustrated systems, such as Ba3CoSb2O9,

8,11 NaYbCh2
(Ch = chalcogenide),28−31 Na2Co2TeO6,

32,33 etc. The
bandwidth of the single-magnon excitations is larger in the
calculation compared with the data. It further reduces through
the interaction with the two-magnon continuum as described
by the cubic term in the spin-wave Hamiltonian.7,34

To determine the thermal fluctuation on the quantum effect,
the temperature dependence of the INS spectra of
Ba3NiNb2O9 was measured. As shown in Figure 3, the

Table 3. Summary of Parameters in the Hamiltonian of the
LSWT Results

parameters Ba3CoNb2O9 Ba3NiNb2O9 Ba3MnNb2O9 Ba3CoSb2O9
8

J (meV) 0.25 0.32 0.1 1.7
J′ (meV) 0.01 0.015 −0.01 0.085
|J′|/|J| 4% 7.5% 10% 5%
Δ 0.996 0.625 0.99 0.94
D1 (meV) −0.004
D2 (meV) 0.003
D3 (meV) 0
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integrated magnetic scattering versus energy was integrated
from ∼0.2 Å−1 to ∼1.2 Å−1. With increasing temperature, the
scattering intensities of the two distinct magnetic excitation
modes both decrease, and the energies of both bands
demonstrate different behaviors: the energy of the low energy
magnon band is kept constant, while the high energy
continuum band moves toward the lower energy side (Figure
3d). Above TN (∼5 K), the higher energy band disappears
while the low energy magnon band turns into a diffused

paramagnetic dynamics from the AFM ordering. Hence, the
quantum effect related continuum mode can be modulated by
temperature easily.
The three compounds are distinctive in magnetic anisotropy.

Ba3CoNb2O9 shows a nearly isotropic feature with Δ = 1,
Ba3NiNb2O9 has a large easy-plane spin-exchange anisotropy
with Δ = 0.625, and Ba3MnNb2O9 presents a small easy-axis
single-ion anisotropy in eq 2 with nonzero D1 and D2. As
theoretically predicted in the triangular system,35−39 these

Figure 3. Temperature dependence of inelastic neutron scattering intensity of Ba3NiNb2O9 versus energy and momentum transfer by HYSPEC,
SNS. (a−c) The INS spectra of Ba3NiNb2O9 measured at 3, 4, and 5 K, respectively. (d) Temperature dependence of the momentum-integrated
(0.2 ≤ Q ≤ 1.2 Å −1) intensity.

Figure 4. (a) The SSE interaction paths for Ba3MNb2O9, here, only the dx2 − y2 orbitals of magnetic ions were considered. The index M (A)−M (C)
and M (A′)−M (C′) present different sublattices. For the Nb-analogue compounds, the intralayer NN exchange interaction is achieved via (b)
dx2 − y2(M(A))−px(O(1))−py(O(2))−dx2 − y2(M(B)) and the interlayer NN exchange interaction is accompanied via (c) dx2 − y2(M(A))−
px(O(1))−px(Nb(1))−px(O(3))−px(Nb(2))−px(O(4))−dx2 − y2(M(A′))for M (A)−M (A′), and (d) dx2 − y2(M(B))−px(O(2))−px(O(3))−
px(Nb(2))−px(O(4))−dx2 − y2(M(A′)) for M (B)−M (A′). (e) The SSE interaction paths for Ba3CoSb2O9; here, only the dx2 − y2 orbitals of
magnetic ions were considered. (f) The interlayer NN exchange interaction path for Ba3CoSb2O9, which is accompanied via dx2 − y2(Co(A))−
px(O(1))−dx2 − y2(Sb(1))−dx2 − y2(Sb(2))−py(O(3))−dx2 − y2(Co(A′)). The solid and dotted arrows in parts b−d, and f present the spin directions
of the two interacting magnetic ions, respectively.
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distinct anisotropies are responsible for different finite
temperature phase transitions. A relatively large easy-plane
spin-exchange anisotropy stabilizes the 120° order within the
easy plane. It melts at the Neél temperature through a single
transition to a paramagnet. By contrast, the interplay between a
weak easy-plane anisotropy and an easy-axis, single-ion
anisotropy induces a two-step transition,40 giving rise to the
low-T 120° order, the intermediate-T up-up-down order, and
the high-T paramagnet. The above two scenarios are consistent
with our measurements of Ba3NiNb2O9 and Ba3MnNb2O9,
respectively. For a (nearly) isotropic system with S = 1/2,
advanced numerical studies indicate two temperature scales
related to the developments of antiferromagnetic and scalar
chiral correlations.39 While this provides one possible scenario
for the two-step transition observed in Ba3CoNb2O9, its exact
nature remains elusive, given the presence of spontaneous
ferroelectricity in this material.18 How the magnetic orderings
intertwine with the ferroelectricity calls for future studies.
As the Hamiltonian for the three compounds has the U(1)

spin-rotation symmetry about the c-axis, the low-energy
excitations should contain a gapless Goldstone mode at the
Brillouin zone (BZ) center. Meanwhile, the absence of the
SU(2) symmetry due to the easy-plane spin-exchange
anisotropy and the single-ion anisotropy induces a spin gap
at the BZ boundary. As revealed in the experimental spectra,
the strongest anisotropy for Ba3NiNb2O9 leads to a much
flatter band, while the small anisotropy for Ba3MnNb2O9
causes a small spectral gap.
Exchange Paths and Exchange Energy. Besides the

spin-moment effect, the exchange energies of both the
intralayer J and interlayer J′ affect the quantum effect of the
triangular system. There are two supersuper exchange (SSE)
interaction paths for the NN ions in the ab plane, as shown in
Figure 4a. The first SSE path of M (A)−O (1)−O (2)−M (B)
is realized along the two bridging NbO6 octahedra and does
not include the Nb5+ ion, and the other path is along M (A)−
O (1)−Nb (1)−O (2)−M (B) with two nearly 180° angles
(M (A)−O (1)−Nb (1) and M (B)−O (2)−Nb (1)). As
illustrated in refs 19 and 41, the second path presents a weak
ferromagnetic (FM) SSE through the extra Nb5+ ion; hence,
only exchange energy via the first path was considered in this
article. By following the analysis method in ref 42, the
exchange interactions between the electrons on the t2g and eg
orbitals were discussed microscopically for Ba3MNb2O9 using
the angle and bond lengths listed in Table 2, respectively.
For the SSE path of (M (A)−O (1)−O (2)−M (B)) in the

ab-plane, Figure 4b, the NN magnetic M2+ ions interact with
each other via two bridging oxygen 2p orbitals. Assuming the
interaction of M2+ ions is through the dx2 − y2 (eg) orbitals, the
spins of the left M2+ ion (M(A)) and right M2+ ion (M (B))
achieve the interaction first by forming a σ-type bond with the
bridged oxygen px and py orbitals, respectively. Thereafter, the
two spins would interact further on a concrete 2p orbital (px or
py) to finish the exchange by the overlap of px and py orbitals.
The AFM nature is decided by the Goodenough−Kanamori
law, and the exchange coupling was governed by the Pauli
principle on the O 2p orbital. As the distorted triangular oxides
A3NiNb2O9 (A = Ca, Sr)19 and the dimer oxide Ba3LaRu2O9,

43

the AFM interaction is strong through the super-super
exchange. Actually, the interaction between M2+(A) and
M2+(B) ion is valid not only for the eg−eg electrons but also
works for t2g−t2g and t2g−eg electrons. The only prohibited
path of the hopping px and py orbitals is that both bond angles

of the ∠M (A)−O (1)−O (2) (θ1) and ∠M (B)−O (2)−O
(1) (θ2) are 90°. Therefore, the strength of this SSE is
associated with the degree of deviation from 90° for θ1 and θ2
angles. Since the exchange constant J is decided by 4t2/U,
where U is the on-site Coulomb repulsion and t is the orbital
overlap integral that depends on the bond length of two
neighbor atoms, the strength of this AFM interaction could be
quantitated by both the bond angles and bond lengths. For the
superexchange interaction pathways involved in perovskite-
structured oxides,44 the orbital overlap integral was propor-
tional to the factor √A = cos2(ω/2)/d3.5. The exchange energy
in the triple-perovskite system then is obtained by the average-
effect: d is the average bond length of M (A)−O (1), O (1)−O
(2), and O (2)−M (B), and ω is the angle consisting of ∠Nb
(1)−O (1)−O (2). The bond lengths and bond angles were
obtained from the NPD refinements, and the factor As for
these three materials were calculated and summarized in Table
2. Compared with Ba3CoNb2O9 and Ba3MnNb2O9,
Ba3NiNb2O9 has the biggest A, which determines its strongest
AFM interaction.
As illustrated in Figure 4c, the magnetic ion M (A) on the

first layer triangular lattice accomplishes the exchange
interaction with the diagonal M (A′) on the second layer
triangular lattice via the SSE interaction path of dx2 − y2(M-
(A))−px(O(1))−px(Nb(1))−px(O(3))−px(Nb(2))−px(O-
(4))−dx2 − y2(M(A′)). The spins from M (A) and M (A′) are
correlated by the px orbital of the middle O2−. Then, they
would arrange antiparallelly and transfer back to M2+ by the
Pauli principle. It is noteworthy that the hole from M (A′)
could also interact with that from M (B) through dx2 − y2(M-
(B))−p x(O(2))−px(O(3))−px(Nb(2))−p x(O(4))−
dx2 − y2(M(A′)) to produce AFM interaction, as shown in
Figure 4d. Consequently, the AFM exchange interaction
among M (A)−M (B), M (A)−M (A′), and M (B)−M (A′)
compete with each other and lead to the frustration of the
interlayer exchange interaction. Therefore, whether J′ could be
FM or AFM would depend on the result of this competition.
For Ba3MNb2O9, Ba3CoNb2O9, and Ba3NiNb2O9 exhibit AFM
J′ while Ba3MnNb2O9 presents FM J′. In fact, this qualitative
discussion on the exchange energy could be applied for other
compounds: for Na2BaMV2O8 (M = Co, Ni, and Mn),45

Na2BaMnV2O8 presents AFM ordering while Na2BaCoV2O8
and Na2BaNiV2O8 present FM ordering; for Ba2La2MW2O12
(M = Co, Ni, and Mn),46 Ba2La2MnW2O12 shows FM ordering
while both Ba2La2CoW2O12 and Ba2La2NiW2O12 exhibit AFM
ordering.
For the NbO6 corner-shared Ba3CoNb2O9, the sum bond

length through the path in the ab-plane (Co (A)−O (1)−O
(2)−Co (B)) is L = 6.97 Å, and the sum bond length through
the path along the c-axis (Co (A)−O (1)−Nb (1)−O (3)−Nb
(2)−O (4)−Co (A′)) is L′ = 12.25 Å. Hence, L′/L
(Ba3CoNb2O9) is 1.757. For the SbO6 face-shared
Ba3CoSb2O9, Co (A)-ion in the bottom layer could achieve
AFM exchange interaction with the Co (A′)-ion in the top
layer, which is right above the Co (A)-ion via dx2 − y2(Co(A))−
px(O(1))−dx 2 − y 2(Sb(1))−dx 2 − y 2(Sb(2))−py(O(3))−
dx2 − y2(Co(A′)), Figure 4e,f. From the crystal information in
ref 8, L and L′ for Ba3CoSb2O9 are 7.102 and 10.908 Å,

respectively. Then, 87%L L
L L

/ (Ba CoSb O )
/ (Ba CoNb O )

3 2 9

3 2 9
= is deduced, which is

very close to the 80%J J
J J

/ (Ba CoNb O )
/ (Ba CoSb O )

3 2 9

3 2 9
= . Therefore, replacing

the intersecting SbO6 octahedra by NbO6 octahedra could
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decrease the interlayer exchange interaction and makes
Ba3CoNb2O9 more 2D-like.
Furthermore, J′/J is 7.5% for Ba3NiNb2O9, which is due to

the shorter bond length compared with Ba3CoNb2O9. Also, it
is no doubt that this reduced space distance between the layers
weakens the quantum effect. For Ba3MnNb2O9, the biggest J′/J
= 10% arises from its largest resultant ferromagnetic exchange
interaction although it doesn’t have the shortest bond length.
The biggest value of spin is the reason why it does not show
quantum effect.

■ CONCLUSION
In conclusion, we regulated the quantum fluctuations of
TLAFs at the momentum- and space-dimension and found
that the quantum effect gradually weakens from a smaller spin
(S = 1/2) to a larger spin (S = 5/2). The triple-perovskite
oxides Ba3MNb2O9 (M = Co, Ni, and Mn) are different in
magnetic anisotropy: Ba3CoNb2O9 exhibits isotropic behavior,
Ba3NiNb2O9 has easy-plane exchange anisotropy, and
Ba3MnNb2O9 presents easy-axis single-ion anisotropy. The
distinct anisotropy not only determines different numbers of
macroscopic phase transition temperatures but also induces
different spin-dynamic spectra. Ba3NiNb2O9 only has one
transition temperature, while Ba3CoNb2O9 and Ba3MnNb2O9
have two. The different bond lengths and bond angles of the
SSE paths determine the exchange energy of Ba3MNb2O9,
while the origin of the exchange energy is compared in both
Ba3CoNb2O9 and Ba3CoSb2O9. Ba3NiNb2O9 has the shortest
bond length, which determines its maximum exchange energy
and maximum phase transition temperature. Furthermore, the
thermal fluctuation on the quantum effect in Ba3NiNb2O9 was
observed.

■ METHODS
Sample Preparation and Characterization. Polycrystalline

samples of Ba3MNb2O9 (M = Co, Ni, and Mn) were prepared by
the solid-state reaction method. Stoichiometric mixtures of BaCO3,
Co3O4/NiO/MnO, and Nb2O5 were ground together and calcined in
air at 1230 °C for 24 h. Also, the compounds were characterized by
the bulk measurements, which have been reported previously.16−18

Neutron Diffraction and Inelastic Neutron Scattering. The
neutron powder diffraction (NPD) data were obtained by using the
HB-2A powder diffractometer at the High Flux Isotope Reactor
(HFIR), the Oak Ridge National Laboratory (ORNL). About 5 g of
powder for each composition was loaded in a vanadium can with an
inner diameter of 12 mm. To obtain the structure of the ground state,
Ba3CoNb2O9, Ba3NiNb2O9, and Ba3MnNb2O9 were measured at 244
mK, 2 K, and 1.5 K, respectively. Two different wavelengths were
applied with λ = 1.538 and 2.406 Å and the collimation is 12′-open-6′.
The shorter wavelength gives a higher Q coverage and was used to
investigate the crystal structures, while the longer wavelength gives
lower Q coverage and was used investigate the magnetic structures of
the material. The diffraction data were refined by the Rietveld method
using FULLPROF.26

The inelastic neutron scattering (INS) measurements were
performed on the Hybrid Spectrometer (HYSPEC) for Ba3NiNb2O9
and Ba3MnNb2O9 at the Spallation Neutron Source (SNS), ORNL,
and the Disk Chopper Spectrometer (DCS) for Ba3CoNb2O9, NIST
Center for Neutron Research (NCNR), respectively. Both instru-
ments are direct geometry time-of-flight (TOF) spectrometers and
applied for measuring the scattering intensity, S (Q, ω), over a wide
range of scattering energy transfers, ω, and momentum transfers, Q.
About 4 g of powder for each composition was loaded in an
aluminum can filled with He exchange gas and were measured at 244
mK for Ba3CoNb2O9 and 1.5 K for Ba3NiNb2O9 and Ba3MnNb2O9.
Each scan was counted around 6 h with the incident neutron energies

λi = 1.436 and 5.595 Å at HYSPEC and λi = 1.8 and 5 Å at DCS. The
INS data were analyzed by DAVE.47
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