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Introducing the monoclinic polymorph of the honeycomb magnet Na2Co2TeO6
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Recent theoretical studies have suggested that the low-energy Hamiltonian of honeycomb cobaltate systems
could be dominated by anisotropic Kitaev interactions. Motivated by the theory, a honeycomb layered material
Na2Co2TeO6 with a hexagonal unit cell has been studied and found to exhibit antiferromagnetic (AFM) ordering
at 27 K with two spin reorientation transitions at 15 and 5 K. Here we report a monoclinic polymorph of
Na2Co2TeO6, also with honeycomb layered structure but with a single AFM transition at 9.6 K and without
spin reorientation transitions at lower temperatures. Using neutron diffraction, we identify an in-plane zigzag
AFM order in the ground state with the spins canted out of the honeycomb planes and ferromagnetically coupled
between them. The zigzag order is suppressed by a magnetic field of 6 T. The lower critical temperature and
field, positive Curie-Weiss temperature, and out-of-plane canting of spins in the monoclinic Na2Co2TeO6 suggest
enhanced frustration in this polymorph compared to the hexagonal one.

DOI: 10.1103/PhysRevB.108.064405

I. INTRODUCTION

Establishing a quantum spin liquid (QSL) phase is
highly desired in condensed matter physics, since the
non-Abelian anyonic excitations of a QSL can be used
as qubits for topological quantum computing [1–6]. One
of the most promising proposals for the QSL phase is
the Kitaev model based on anisotropic interactions among
spin-1/2 particles on a honeycomb lattice [7]. Experi-
mental efforts to materialize the Kitaev model have been
largely focused on honeycomb layered structures with heavy
transition metals such as α-Li2IrO3, Na2IrO3, Li2RhO3,
α-RuCl3, Cu2IrO3, Ag3LiIr2O6, Ag3LiRh2O6, Cu3LiIr2O6,
and H3LiIr2O6 [8–24]. The choice of 4d and 5d transi-
tion metals (Ru, Rh, Ir) is due to their strong spin-orbit
coupling (SOC) that induces anisotropic interactions among
pseudospin-1/2 (Jeff = 1/2) spin-orbital states [25–27]. Such
Jeff = 1/2 Kramers doublets originate from the low-spin con-
figuration t5

2g e0
g of the (4, 5)d5 orbitals of Ru3+, Rh4+, and

Ir4+ subjected to octahedral crystal electric field (CEF) [28].
Recent theoretical studies have suggested that both the

anisotropic exchange interactions and Kramers doublets can
also be realized in the high-spin configuration t5

2ge2
g of the 3d7

orbitals of Co2+ and Ni3+ [29–32]. The tantalizing possibility
of synthesizing Kitaev QSL candidate materials with earth-
abundant elements (Co and Ni) instead of precious metals
(Ru, Rh, and Ir) led to a surge of activity on such materials as
Na3Co2SbO6 and Na2Co2TeO6 [33–40]. In these compounds,
anisotropic interactions stem from a sizable Hund’s coupling
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in the eg manifold and enhanced SOC effect of the ligands due
to proximity of oxygen to heavier Sb or Te atoms [31].

Na3Co2SbO6 crystallizes in the monoclinic space group
C2/m similarly to the iridates. It undergoes antiferromagnetic
(AFM) ordering at TN = 8.3 K. Reports of both positive and
negative Curie-Weiss temperature depending on the sample
quality and fitting range suggest a competition between ferro-
magnetic (FM) and AFM interactions in this material [33–35].
Na2Co2TeO6 instead crystallizes in the hexagonal space group
P6322. It undergoes an AFM transition at 27 K followed by
two spin reorientation transitions at 15 and 5 K. The negative
�CW = −8.3 K in polycrystalline samples confirms dominant
AFM interactions, unlike competing FM and AFM interac-
tions found in Na3Co2SbO6 [37–40].

Both the monoclinic (C2/m) unit cell of Na3Co2SbO6 and
hexagonal (P6322) unit cell of Na2Co2TeO6 possess sodium
disorder between the honeycomb layers. However, there is
more disorder in the hexagonal structure because it allows for
three interlayer Wyckoff sites unlike the monoclinic structure
with two interlayer Wyckoff sites according to powder x-ray
refinements. Such disorder in the interlayer site occupancy
randomizes the position of oxygen atoms and leads to higher
levels of bond randomness within the honeycomb layers and
stacking faults between them [Fig. 1(a)].

In this article, we introduce a monoclinic polymorph of
Na2Co2TeO6 in the space group C2/m, which is structurally
similar to Na3Co2SbO6. As shown in Fig. 1, the two-layer
monoclinic polymorph reported here has a smaller amount
of interlayer sodium disorder than the three-layer hexagonal
polymorph [36,37,39,40]. Unlike the hexagonal Na2Co2TeO6

that has three transitions at 27, 15, and 5 K, the monoclinic
polymorph has a single AFM transition at 9.6 K. Also, the
large splitting between zero-field-cooled (ZFC) and field-
cooled (FC) susceptibility in the hexagonal Na2Co2TeO6,
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FIG. 1. (a) The hexagonal polymorph of Na2Co2TeO6 has con-
siderable sodium deficiency and site disorder between the layers.
The yellow and white colors show Na occupancy and vacancy, re-
spectively. (b) Both hexagonal (P6322) and monoclinic (C2/m) space
groups have honeycomb layers. (c) The monoclinic polymorph has
less interlayer sodium disorder.

indicative of spin-glass behavior, is absent in the monoclinic
polymorph consistent with lower disorder levels. Our find-
ings suggest enhanced magnetic frustration in the monoclinic
Na2Co2TeO6 compared to its hexagonal polymorph. How-
ever, further studies are required to determine whether the
ground state of the title compound fits a Kitaev or XXZ
model [41,42]. The latter seems to be a better description
of the magnetic properties of most Co2+ honeycomb sys-
tems [43–46]. We discuss this issue toward the end of the
article.

II. EXPERIMENTAL METHODS

Polycrystalline samples of both hexagonal and monoclinic
Na2Co2TeO6 were synthesized via a solid-state reaction. The
precursors, sodium carbonate (99.5%), cobalt oxide (99.7%),
and tellurium oxide (99.99%), were mixed and reacted ac-
cording to the following equation:

3Na2CO3 + 2Co3O4 + 3TeO2 → 3Na2Co2TeO6. (1)

The mixture was pressed into a 350 mg pellet, wrapped in a
gold foil, and sintered in a capped alumina crucible at 850 ◦C
for 24 h. It was then cooled to 550 ◦C and quenched in a dry
box. The hexagonal polymorph was obtained by following
Eq. (1) strictly, and the monoclinic polymorph was obtained
by adding 30% molar excess of Na2CO3. Both polymorphs
were stable in air and had distinguishable colors of purple
(monoclinic) and maroon (hexagonal) as shown in Fig. 2. We
also synthesized the nonmagnetic analog Na2Zn2TeO6 with a
similar approach (using 50% additional Na2CO3) to subtract
the phonon background from the heat capacity data.

Powder x-ray diffraction (PXRD) measurements were
performed using a Bruker D8 ECO instrument with a
Cu-Kα source. The FullProf suite [47] and VESTA soft-
ware [48] were used for the Rietveld refinements and crystal

FIG. 2. (a) Rietveld refinement of the PXRD pattern of mon-
oclinic Na2Co2TeO6. The inset compares PXRD patterns of the
monoclinic (C2/m) and hexagonal (P6322) polymorphs. (b) Rietveld
refinement of the NPD pattern at T � TN. The inset compares
the colors of the monoclinic (purple) and hexagonal (maroon)
polymorphs.

visualizations. Magnetization and heat capacity measure-
ments were performed using a Quantum Design MPMS3 and
PPMS Dynacool, respectively. Neutron powder diffraction
(NPD) was performed on the time-of-flight (TOF) powder
diffractometer POWGEN at the Spallation Neutron Source
at Oak Ridge National Laboratory by loading 2.5 g of dried
powder into a vanadium sample can and cooling it in an or-
ange cryostat. For optimal nuclear and magnetic refinements,
two neutron banks with center wavelengths of 1.500 Å and
2.556 Å were selected, respectively, at 100 K and 1.6 K. The
FullProf k-Search software was used to identify the mag-
netic propagation vector [47]. The Bilbao Crystallographic
Server [49] was used for the magnetic symmetry analysis, and
GSAS-II [50] was used for the refinements.

III. RESULTS AND DISCUSSION

A. Structural analysis

Figures 2(a) and 2(b) show the PXRD and NPD patterns
of the monoclinic polymorph of Na2Co2TeO6 (red empty
circles) with Rietveld refinements in the C2/m space group
(black solid lines). The crystallographic solution confirmed by
both PXRD and NPD is visualized in Figs. 1(b) and 1(c), and
the refinement details are summarized in Appendix A. The
inset of Fig. 2(a) shows visible differences between the PXRD
patterns of the monoclinic (C2/m) and hexagonal (P6322)
polymorphs. The first peak of the hexagonal compound is
located at a lower angle compared to that of the monoclinic
compound suggesting a stronger interlayer connection and
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FIG. 3. (a) Magnetic susceptibility per mole Co (black) and in-
verse susceptibility (red) plotted as a function of temperature. The
filled and empty circles correspond to zero-field-cooled (ZFC) and
field-cooled (FC) data, respectively. The solid black line is a Curie-
Weiss (CW) fit above 250 K. Inset shows the dχ/dT curve to
identify TN. (b) Comparison between χ (T ) in the monoclinic and
hexagonal polymorphs of Na2Co2TeO6. (c) χ (T ) (and dχ/dT in the
inset) at several fields. (d) Magnetization as a function of field at 2
and 150 K. Inset shows a weak hysteresis at small fields.

smaller interlayer spacing in the monoclinic polymorph. The
inset of Fig. 2(b) shows that the two polymorphs have differ-
ent colors. As shown in Fig. 1, the amount of Na deficiency
between the layers of monoclinic Na2Co2TeO6 is significantly
less than that of the hexagonal polymorph—a direct result
of the change of space group. Therefore, structural disorders
such as bond randomness within the honeycomb layers and
stacking faults between them are fewer in the newly synthe-
sized monoclinic polymorph.

B. Magnetic characterization

The monoclinic polymorph of Na2Co2TeO6 has a single
AFM transition characterized by one peak in the susceptibility
data χ (T ) without ZFC/FC splitting [Fig. 3(a)]. The Néel
temperature TN = 9.6(6) K is determined from the peak in
dχ/dT in the inset of Fig. 3(a). A comparison between the
χ (T ) curves of the monoclinic and hexagonal polymorphs
is shown in Fig. 3(b). The hexagonal polymorph orders at
a higher temperature TN = 27 K with two spin reorientation
transitions at 15 and 5 K, corresponding to the peak and
trough in the ZFC data, as reported in prior works [37,39,40].
Such features are absent in the monoclinic polymorph. Fig-
ure 3(b) also shows the absence (presence) of ZFC/FC
splitting in the monoclinic (hexagonal) polymorph indicat-
ing the absence (presence) of spin-glass behavior consistent
with less (more) Na disorder. In Appendix B we show that
a lower-quality sample of the monoclinic Na2Co2TeO6 has a

TABLE I. Magnetic properties of Na3Co2SbO6 and the hexag-
onal and monoclinic polymorphs of Na2Co2TeO6 (polycrystalline
samples).

Na2Co2TeO6 Na3Co2SbO6 Na2Co2TeO6

Hexagonal Monoclinic Monoclinic

Space group P6322 C2/m C2/m
TN 27 K 8.3 K 9.6 K
�CW −8.3 K −0.8 to +2.2 K +10.3 K
μeff 5.34 μB 5.22 μB 4.83 μB

Sm/Co 0.70 R ln(2) 1.47 R ln(2) 0.70 R ln(2)
Reference [37,38] [33,34] this work

lower transition temperature (5.9 K instead of 9.6 K) with an
upturn around 3 K. These observations suggest that the pre-
viously reported spin re-orientation transitions in hexagonal
Na2Co2TeO6 [37–40] may be due to an impurity phase of the
monoclinic polymorph.

A Curie-Weiss (CW) analysis, χ−1 = (T − �CW)/C, at
T > 250 K in Fig. 3(a) yields a CW temperature of �CW =
+10.3 K and an effective moment of μeff = 4.83 μB. The
positive sign of �CW in the monoclinic Na2Co2TeO6 indi-
cates the presence of FM correlations, unlike in the hexagonal
Na2Co2TeO6 which has a negative CW temperature (�CW =
−8.3 K). Both positive and negative values of �CW have been
reported for Na3Co2SbO6 which has a monoclinic structure
(C2/m) and exhibits an AFM order at TN = 8.3 K [33–35].
In this regard, the behavior of Na3Co2SbO6 is intermedi-
ate between the hexagonal and monoclinic polymorphs of
Na2Co2TeO6. Table I summarizes the magnetic parameters of
these materials.

The effective moment of 4.83 μB in the monoclinic
Na2Co2TeO6 is close to the value 4.73 μB expected from
a high-spin 3d7 system with S = 3/2 and Leff = 1 with
unquenched orbital moment (g = 1.6 instead of 2). The ef-
fective moments of hexagonal Na2Co2TeO6 (5.34 μB) and
Na3Co2SbO6 (5.22 μB) are slightly higher than this value
(Table I).

Figure 3(c) shows that TN, defined as the peak in dχ/dT ,
is suppressed by an external magnetic field of 6 T. A similar
behavior is observed in the hexagonal polymorph, where the
suppression of TN happens at 9 T [39]. Such a behavior is
reminiscent of the field-induced quantum paramagnetic phase
proposed for α-RuCl3 [51].

Figure 3(d) shows magnetization curves below and above
TN in the monoclinic Na2Co2TeO6. Unlike the hexagonal
polymorph [33] that shows a saturation of magnetization at
3 T, the monoclinic polymorph requires a larger field to
saturate magnetization, possibly due to a stronger magne-
tocrystalline anisotropy. The inset of Fig. 3(d) shows a weak
hysteresis at 2 K for H < 3 T, evidence of a finite FM compo-
nent, and competing FM/AFM interactions. This is consistent
with the observed positive �CW despite AFM ordering
(Table I) as well as the c-type zigzag AFM order found by
neutron scattering (Sec. III D).
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FIG. 4. (a) Heat capacity divided by temperature (C/T ) per
mole Co or Zn plotted as a function of temperature for monoclinic
Na2Co2TeO6 (red) and Na2Zn2TeO6 (black). The black data is mul-
tiplied by 0.95 to correct for the mass difference between Co and
Zn. Inset shows dC/dT at zero field to determine TN. (b) Magnetic
heat capacity (Cm) and entropy (Sm) of monoclinic Na2Co2TeO6 in
units of R ln(2) as a function of temperature. (c) C/T per mole Co
as a function of temperature at different magnetic fields. (d) Sup-
pression of TN with increasing field according to dχ/dT and dC/dT
data. Error bars correspond to the width of peaks at 90% maximum
below 4 T.

C. Heat capacity

Similar to the magnetic susceptibility data, a single
peak is observed at 12 K in the heat capacity of mono-
clinic Na2Co2TeO6 due to AFM ordering [Fig. 4(a)]. The
low-temperature spin reorientation transitions found in the
hexagonal Na2Co2TeO6 are absent in the monoclinic poly-
morph according to both magnetic susceptibility and heat
capacity data [Figs. 3(a) and 4(a)]. The peak in dC/dT in the
inset of Fig. 4(a) is used to evaluate TN = 9.6(6) K consistent
with the value reported from dχ/dT in the inset of Fig. 3(a).
The lower TN in the monoclinic polymorph (9.6 K) compared
to hexagonal polymorph (27 K) indicates enhanced magnetic
frustration due to the change of crystal symmetry (Fig. 1).

To isolate the magnetic heat capacity, we synthesized mon-
oclinic Na2Zn2TeO6 (a nonmagnetic isostructural analog of
the title compound) and measured its purely phononic heat
capacity [black data in Fig. 4(a)]. After subtracting the phonon
background, the magnetic heat capacity (Cm/T ) is plotted
in units of R ln(2) per mole Co in Fig. 4(b) (black curve).
Also, the magnetic entropy is calculated by numerical in-
tegration using Sm = ∫

(Cm/T )dT and plotted in Fig. 4(b)
(red curve). It reaches 70% of R ln(2), which is the expected
molar entropy per Co2+ for the theoretically predicted �7

doublet (pseudospin-1/2) [52]. Releasing 70% of this amount
across the AFM transition could be due to either an in-
complete phonon subtraction or considerable fluctuations of

FIG. 5. (a) Neutron powder diffraction (NPD) pattern of the
monoclinic Na2Co2TeO6 at T < TN modeled by a zigzag magnetic
structure visualized in the bottom panels. The black and red vertical
bars correspond to the nuclear and magnetic Bragg peaks, respec-
tively. The inset compares temperature dependence of a magnetic
Bragg peak ( 1

2
1
2 0) and a nuclear peak (0 0 1) both indexed in the

nuclear unit cell. (b) The spins are predominantly in the bc plane
with 37◦ canting out of the ab plane. (c) The interlayer coupling is
FM.

the pseudospin-1/2 degrees of freedom above TN. Table I
compares the magnetic entropy of monoclinic Na2Co2TeO6

with its hexagonal polymorph and the isostructural system
Na3Co2SbO6.

Figure 4(c) shows that the AFM transition is suppressed
gradually by applying a magnetic field. Using the peaks in
both dC/dT and dχ/dT , a temperature-field phase diagram
is constructed in Fig. 4(d) that shows the suppression of the
AFM order at 6 T. The measured C/T as a function of tem-
perature shows similar behavior to the magnetic susceptibility
and displays a suppression of the AFM peak with increasing
field. However, in contrast to the complete change of behavior
seen in χ at 6 T, the C/T data still shows a residual peak
up to 9 T. Such a behavior is commonly observed in spin-
glass and spin-liquid systems, for example in the hexagonal
Na2Co2TeO6 [38].

D. Neutron powder diffraction

To determine the nuclear and magnetic structures, NPD
profiles were collected at 100 K [Fig. 2(b)] and 1.6 K
[Fig. 5(a)]. The black and red ticks in Fig. 5(a) mark the
positions of the nuclear and magnetic Bragg peaks, the lat-
ter of which appears at T < TN. The inset of Fig. 5(a)
compares a temperature-independent nuclear Bragg peak at
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Q = 1.2 Å−1 to a temperature-dependent magnetic Bragg
peak at Q = 0.7 Å−1 that appears below TN.

The magnetic peaks in Fig. 5(a) are indexed by the
commensurate propagation vector k = ( 1

2 , 1
2 , 0). A magnetic

symmetry analysis based on the structural space group C2/m
gives two magnetic maximal subgroups corresponding to the
zigzag and stripy AFM orders within the honeycomb layers
with FM coupling between the layers. However, the magnetic
refinement for the zigzag order produces a higher-quality fit
than the stripy configuration (Appendix C). Thus, the mag-
netic subgroup that best represents the experimental data is
Ps1 (irrep: mV1− ), which describes a zigzag AFM order within
the layers and FM coupling between them [Figs. 5(b), 5(c)].
The nonvanishing χ (T ) as T → 0 and positive �CW in
Fig. 3(a) are consistent with such a magnetic structure.

A refinement of the moment size in the zigzag structure
gives μ = (0.48(15), 1.50(15), 1.18(16)) μB suggesting that
the spins lie primarily in the bc plane with 37◦ canting out of
the ab plane [Figs. 5(b), 5(c)]. The magnetic moment per Co2+

from this refinement is 1.83 μB which can be understood
by considering the high-spin configuration (4F ) of the 3d7

orbitals which splits into two triplets and a singlet (4F →
24T +4 A) under the octahedral CEF [53]. The lowest-energy
triplet 4T has an orbital angular momentum L = − 3

2 Leff =
− 3

2 × 1 and spin 3
2 leading to a total moment 〈m〉 = 2S + L =

2( 3
2 ) − 3

2 = 3
2 . This is close to but slightly lower than the

observed moment of 1.83 μB. The small difference is likely
due to the trigonal distortion which is ignored in the first-order
analysis.

IV. CONCLUSION

The results presented here highlight the interplay between
structural symmetries and magnetic properties in honey-
comb magnetic materials. Although both polymorphs of
Na2Co2TeO6 have similar Co-Te honeycomb layers, their
structural space groups and magnetic properties are differ-
ent (Table I). We highlight three important differences that
may suggest stronger Kitaev interactions in the monoclinic
polymorph compared to the hexagonal one. (i) Despite a com-
parable |�CW|, TN is three times smaller in the monoclinic
Na2Co2TeO6 than in hexagonal polymorph, suggesting more
frustration. (ii) Although both systems exhibit AFM ordering,
�CW is negative in the hexagonal polymorph but positive in
the monoclinic one, indicating more anisotropy in the latter
compound. (iii) Both systems have a zigzag order but the
moments are canted out of plane in the monoclinic polymorph
unlike the in-plane moments of the hexagonal polymorph.

It is important to note that Kitaev interactions are not
always dominant in any Co2+ system with a honeycomb lay-
ered structure. Since SOC is weak in 3d transition metals,
distortions of the local octahedral environment could alter
the exchange interactions considerably [41]. For example,
intralayer O-As-O and O-P-O bridges in BaCo2(AsO4)2 and
BaCo2(PO4)2, respectively, and covalent interlayer O-Ti-O
bonds in CoTiO3 [Figs. 6(a), 6(b)] distort the local crystal field
environment in favor of third-neighbor interactions (J3) [42].
Consequently, the magnetic properties of these materials are
better described by an XXZ model instead of the Kitaev

FIG. 6. (a) Crystal structure of BaCo2(AsO4)2 in space group
R3̄ with intralayer O-As-O bridges. (b) Covalent interlayer O-Ti-
O bonds in CoTiO3 in space group R3̄. (c) Monoclinic unit cell
of Na2Co2TeO6 in space group C2/m without covalent intralayer
bridges or covalent interlayer bonds [54].

model [42–46]. The title compound has ionic (instead of co-
valent) interlayer bonds and does not have intralayer bridges
[Fig. 6(c)]; however, the Te atoms within the honeycomb
layers could covalently bond to oxygens and modify the local
crystal field environment. This will be the subject of future
theoretical and experimental studies to determine which mi-
croscopic model, XXZ or Kitaev, best describes the ground
state of the monoclinic Na2Co2TeO6.
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TABLE II. Unit cell parameters of Na2Co2TeO6 and quality fac-
tors of the PXRD Rietveld refinement at room temperature.

Unit cell parameters Refinement parameters

Space group C2/m Parameters 20
a (Å) 5.33225(6) RBragg (%) 6.92
b (Å) 9.20808(8) RF (%) 5.57
c (Å) 5.80718(8) Rexp (%) 5.38
β (deg) 108.90837(88) Rp (%) 5.72
V (Å3) 269.745 Rwp (%) 7.69
Z 2 χ 2 2.04
ρ (g cm−3) 4.770 T (K) 295
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TABLE III. Atomic coordinates, site occupancies, and isotropic
Debye-Waller factors from NPD Rietveld refinement of Na2Co2TeO6

in space group C2/m at 100 K.

Atom Site x y z Occ. Biso (Å2)

Na1 4h 1/2 0.32818 1/2 0.700 0.014
Na2 2d 0 1/2 1/2 0.600 0.014
Co1 4g 0 0.66923 0 1.000 0.007
Te1 2a 0 0 0 1.000 0.0002
O1 8 j 0.28060 0.34569 0.80303 1.000 0.006
O2 4i 0.26474 1/2 0.19231 1.000 0.006

APPENDIX A: RIETVELD REFINEMENT

A co-refinement of PXRD and NPD patterns was used
to accurately solve the crystal structure of monoclinic
Na2Co2TeO6. The unit cell parameters from the PXRD
Rietveld refinement are summarized in Table II. Because neu-
tron diffraction is more reliable in determining the oxygen
positions, the atomic coordinates, Wyckoff-site occupancies,
and Debye-Waller factors are reported from the NPD refine-
ment in Table III. Since Na, Co, Te, and O have sufficiently
different atomic form factors for neutron diffraction, the
chemical composition of Na2Co2TeO6 was reliably deter-
mined from the NPD refinement. Both the CIF and mCIF files
for the monoclinic Na2Co2TeO6 are included as Supplemental
Material [54].

APPENDIX B: GOOD-QUALITY VS POOR-QUALITY
SAMPLE

The quality of Na2Co2TeO6 samples varies based on the
amount of excess Na2CO3 and the temperature and duration
of the synthesis. A common problem in poor-quality samples

FIG. 7. (a) A good-quality sample (S1) does not have cobalt
deficiency unlike poor-quality (S2) sample. (b) PXRD pattern of the
poor-quality sample (S2) shows a shift of the first peak to the right
indicating a larger c axis due to weaker interlayer bonding. (c) The
magnetic transition is reduced from 9.6 to 5.9 K in the poor-quality
sample.
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FIG. 8. Comparison between the magnetic Rietveld refinements
of the NPD pattern using three different models. (a) Maximal mag-
netic space group Ps1 with zigzag order, which gives the best fit
and a moment of 1.83 μB per Co2+. (b) Maximal magnetic space
group Ps1 with stripy order, which gives the worst fit. (c) Magnetic
subgroup Ps1 with zigzag order but in a lower symmetry magnetic
structure. The fit quality is worse than in panel (a). The red and blue
circles in the insets represent antiparallel spins. The poor fit quality
of the stripy model leads to a larger weighted profile factor RWP. The
asterisks mark the positions of Co3O4 impurity peaks.

is cobalt deficiency that is correlated with excess sodium be-
tween the layers (to maintain charge neutrality). Figures 7(a)
and 7(b) show the results of the PXRD refinements in a good
(S1) versus poor (S2) quality sample. The good quality sample
(S1) has less sodium between the layers and no cobalt defi-
ciency. The poor-quality sample (S2) has more sodium atoms
between the layers which strengthen the interlayer bonds and
shorten the c axis. Thus, the first Bragg peak in Fig. 7(b) is
shifted to the right in S2 compared to S1.

Due to cobalt deficiency, TN is shifted to a lower temper-
ature in the poor-quality sample (S2) as seen in Fig. 7(c).
Note that the TN reduction in S2 is due to disorder; it is not
an evidence of increasing proximity to the Kitaev spin-liquid
phase. Also, there is an upturn in χ (T ) of S2 at 3 K similar to
the upturn observed in Fig. 3(b) in the hexagonal polymorph.
It is likely that this upturn is due to disorder (Co deficiency)
in the monoclinic phase and it shows up in hexagonal sam-
ples that are contaminated with a small amount of a parasitic
monoclinic phase.
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APPENDIX C: NEUTRON DIFFRACTION

A symmetry analysis of the k = ( 1
2 , 1

2 , 0) wave vector
in the structural space group C2/m of Na2Co2TeO6 gives
two magnetic models belonging to the maximal magnetic
space group Ps1. The irreducible representations of these two
magnetic models are mV −

1 and mV +
1 corresponding to the

zigzag and stripy orders, respectively. The Rietveld refinement
for both magnetic structures is shown in Fig. 8. Whereas
the zigzag model produces a good fit quality [Fig. 8(a)],
the stripy model does not fit the data properly [Fig. 8(b)].
For example, the large Bragg peak at Q = 0.7 (Å−1) and
the small peaks near 1.8 and 1.9 (Å−1) are fitted poorly
in the stripy model. We found a small amount (2% vol-
ume fraction) of Co3O4 impurity in our samples. The peaks

corresponding to this impurity are marked by asterisks in
Fig. 8.

It is also possible to refine the NPD pattern in a lower-
symmetry space group Ps1 (irrep: mV +

1 ) that allows four
different Co moment sites, which we constrain to have the
same size. The refinement in this model, which also gives a
zigzag in-plane ordering but with 26◦ out-of-plane canting, is
presented in Fig. 8(c). This model produces a lower-quality
fit than the first zigzag model in Fig. 8(a). It also gives a
total moment of 2.91 μB which is considerably higher than
the expected moment from the doublet ground state (1.5 μB)
and should produce twice the magnetic entropy shown in
Fig. 4(b). Thus, the model that best describes the behavior of
the title compound is the zigzag model presented in Fig. 5 and
Fig. 8(a).
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