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Large-sized single crystals of NagMTeOg (M = Co, Ni) were successfully grown using the flux method. The magnetic
anisotropy and field-induced magnetic transitions were systematically investigated, and the distortion of the CoOg and NiOg
octahedra was quantitatively analyzed. Both compounds are identified as strongly anisotropic Ising-like antiferromagnets.
NasCoTeOg exhibits a Néel temperature of 3.2 K with the b-axis as the easy axis, and field-induced spin-flip transitions
are observed along all three crystallographic directions. The magnetic anisotropy constant is determined to be K(2 K) =
1.63(5) x 107 erg/cm®. In NayNiTeOg, the Néel temperature is 5.9 K, also with the b-axis as the easy axis, while field-
induced spin-flip transitions occur along both the a- and b-axes, yielding an anisotropy constant of K(2 K) = 1.63(4) x
10* erg/em?®. Structural analysis reveals that the Co** jons in NayCoTeOg exhibit larger bond-length and bond-angle
distortions within the CoOg octahedra than the Ni** ions in NayNiTeOg. These results highlight the significant role of

octahedral distortion in governing the strong magnetic anisotropy of the NagMTeOg family.
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1. Introduction

Ising-like systems serve as a bridge connecting the

Ising and Heisenberg models.[!?!

Ising-like antiferromag-
nets, characterized by their strong magnetic anisotropy and
unique spin configurations, exhibit a series of unconventional
physical phenomena that challenge traditional understanding.
These phenomena not only deepen our knowledge of low-
dimensional magnetic order>* and quantum effects,>! but
also provide theoretical foundations for the development of
spintronic devices. The S = 1/2 Ising-like chain is commonly
found in cobalt oxides due to the Kramers nature of Co’*

[6,7

ions,[®7] Jeading to a variety of intriguing quantum phenom-

ena such as quantum criticality®-1% and Bethe strings.!'! For

U2.13] exhibits an

example, as an Ising-like system, StCo, V,0g
intermediate state dominated by quantum fluctuations at low
temperatures, with its excitation spectrum characterized by the
coexistence of Ising-type energy gaps and XY-type continu-
ous excitations. Consequently, it serves as an ideal platform
for investigating the evolution of one-dimensional quantum
magnetic anisotropy. In CoNb,Og, quantum critical magnetic

[14-16] and Eg symmetry excitations!!”-!8] have been

excitations
observed. By contrast, NiNb,Og shows similar quantum crit-
ical excitations!!”! but is not an Ising—like-type antiferromag-

net.

TCorresponding author. E-mail: hezz@fjirsm.ac.cn

CSTR: 32038.14.CPB.ae40dd

Compared with Co?* (3d’) ions, which possess a single
electron in the e, orbital, NiZt (3d®) ions have two electrons
occupying the e, orbitals, resulting in a more stable octahedral
crystal-field configuration. Therefore, the NiOg octahedra are
not prone to deformation, making it difficult to form strong
magnetic anisotropy, and thus Ising-like system antiferromag-
netism, extremely rare in Ni-based oxides. This rarity renders
Ni-based Ising-like systems highly valuable for exploration.
For instance, in Na;Ni; TeOg,!?°! Ni>* forms quasi-1D chains
(intrachain XY coupling; interchain weak Ising antiferromag-
netic coupling). Neutron scattering shows coexisting XY con-
tinuous excitations and Ising gaps, partial bistability with re-
laxation, a model for 1D anisotropy competition. Therefore,
investigating Ising-like antiferromagnets in cobalt and nickel
oxides offers a promising pathway to uncover exotic magnetic
behaviors and to provide real-material platforms for studying
theoretical models.

In our previous work,?!?? we have successfully syn-
thesized the family of NayMTeOg (M = Co, Ni) single crys-
tals. As the first example of one-dimensional (1D) chain-
like tellurates, NagCoTeOg and NagNiTeOg crystallize in the
monoclinic P2/c and triclinic P-1 space groups, respectively,
forming quasi-1D zigzag spin chains along the c- and a-

axes. Magnetic susceptibility measurements on polycrys-
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talline samples confirmed that both compounds possess an-
tiferromagnetic ground states and exhibit field-induced mag-
netic transitions.[?!! However, due to the rough surface and
flake-like morphology of NasCoTeOg crystals, as well as
the presence of a small amount of black impurities inside
NasNiTeOgq crystals, it is difficult to select suitable crystals
for the measurement of magnetic anisotropy. Subsequent neu-
tron powder diffraction and first-principles calculations on
NayNiTeOg revealed that Ni>* ions form a helical ferromag-
netic zigzag chain along the a-axis, which are antiferromag-

netically coupled along the b- and c-axes.!*’!

°°Q o0 oo °°Oe°o.o
ﬂooaoao °°o°°°ooo

P |

al —Pc

Fig. 1. Crystal structures of NayMTeOg (M = Co, Ni): (a) NagCoTeOg
shows a uniform zigzag chain structure along the c-axis, built by blue
polyhedra CoOg, where gray, green, and red balls represent Na, Te, and O
atoms, respectively. (b) NagNiTeOg exhibits an alternating zigzag chain
structure along the a-axis, built by purple polyhedra NiOg, where gray,
yellow-green and red balls represent Na, Te, and O atoms, respectively.

In this work, we overcame such drawbacks as poor crys-
tal quality, small crystal size and internal impurities by ad-
justing the temperature schedule of the growth process and the
ratio of raw materials, and successfully prepared pure bulk sin-
gle crystals of NayMTeOg (M = Co, Ni) via the flux method,
such that their quality fully meets the requirements for mag-
netic anisotropy measurements. To investigate the magnetic
anisotropy and field-induced magnetic transition phenomena,
we have tested the physical properties along different direc-
tions and calculated the distortion degrees of CoOg octahe-
dra and NiOg octahedra. The results show that NasMTeOg
(M = Co, Ni) are Ising-like antiferromagnets with strong mag-
netic anisotropy. Their Néel temperatures are 3.2 K and 6.5 K
respectively, and both have the b-axis as the easy magnetic
axis. Obvious spin-flips occur under a low magnetic field of
0-1 T for both compounds, and the distortion degree of CoOg
octahedra is stronger than that of NiOg octahedra.

2. Experiment

Single crystals of NagMTeOg (M = Co, Ni) were suc-
cessfully grown using a conventional flux method. The start-
ing materials, NayCO3 (99.5%, 8.4337 g), NayMoO4-2H,O
(99.5%, 10.1715 g), transition-metal oxalate [CoC,04-2H,0O
(analytical grade, 10.0909 g) or NiCy04- 2H;O0 (99%,
6.5591 g)], and TeO, (4N, 6.0006 g for Co and 9.0009 g for
Ni), were thoroughly mixed in stoichiometric ratios and placed
into an alumina crucible.

For the growth of NasCoTeOg, the mixture was heated
to 1383 K and held for 10 h, followed by slow cooling to
1273 K at a rate of 0.5 K/h and then to room temperature at
100 K/h. For NagNiTeOg, the mixture was heated to 1473 K
for 6 h, cooled to 1373 K at 1 K/h, and finally cooled to
room temperature at 100 K/h. After cooling, single crys-
tals were mechanically separated from the flux and ultrason-
The obtained
NayCoTeOg crystals were well-shaped and reached a maxi-

ically cleaned to remove any residual flux.

mum size of approximately 3 x 4 x 3 mm> (see Fig. 2(a)),
while the NayNiTeOg crystals exhibited typical dimensions of
about 0.8 x 0.7 x 0.5 mm?> (see Fig. 2(b)).

Fig. 2. Crystal samples of NagMTeOg (M = Co, Ni): (a) NagyCoTeOg and
(b) NagNiTeOg.

The crystal structures of NagMTeOg (M = Co, Ni) were
confirmed by single-crystal x-ray diffraction (XRD) (see Ta-
bles S1-S3). Magnetic susceptibility measurements were per-
formed using a commercial magnetic property measurement
system (MPMS) under an applied field of H = 0.1 T along the
crystallographic a-, b-, and c-axes. Isothermal magnetization
curves were collected using a Quantum Design physical prop-
erty measurement system (PPMS) at T = 2 K with magnetic
fields up to 8 T applied along the three principal axes.

3. Results and discussion

To investigate the fundamental magnetic properties of this
family of compounds, we performed vibrating sample mag-
netometer (VSM) measurements on NagCoTeOg. As shown
in Fig. 3, under applied magnetic fields of 0.03 T and 0.1 T,
the anisotropic magnetic susceptibility data of the single crys-
tals exhibit consistent behavior at different magnetic field
strengths, increasing uniformly with decreasing temperature,
reaching a pronounced peak at approximately 3.2 K, followed
by a sharp drop. This behavior indicates the onset of long-
range antiferromagnetic ordering below 3.2 K, consistent with
previous reports. The single-crystal data reveal pronounced
magnetic anisotropy, with the susceptibility along the b-axis
being the largest and that along the c-axis being the smallest,
indicative of strong anisotropy. The high-temperature region
of the susceptibility follows the Curie—Weiss law. Based on
the data analysis under an external magnetic field of 0.03 T,
the following parameters are derived: Ocw, = —4.50(6) K

Mett.a = 4.32(6) up; Ocw,p = 7.49(7) K, Uefrp = 5.49(3) up;
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Ocw,. = —77.69(5) K, Uer = 3.88(4) pg. All three crys-
tallographic directions display antiferromagnetic characteris-
tics; however, the positive Curie—Weiss temperature along the
b-axis suggests the presence of weak ferromagnetic interac-
tions, which dominate along this direction, while antiferro-
magnetic interactions prevail along the a- and c-axes. Such
anisotropic competition between ferromagnetic and antiferro-
magnetic interactions has also been observed in compounds
like LiVGe;Og. (241 Moreover, the effective magnetic moments
along all three axes exceed the theoretical value for Co>*
(3.87 up, S =3/2, g = 2), implying a significant orbital con-
tribution to the total magnetic moment.
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Fig. 3. Magnetic susceptibilities of NayCoTeOg measured along different
axes under magnetic fields of 0.03 T and 0.1 T.
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Fig. 4. Magnetization curves of NasCoTeOg measured along different
axes at 2 K.

Figure 4 shows the field-dependent magnetization (M—H)
curves of NasCoTeOg single-crystal samples measured at 2 K.
In the low-field region, the magnetization increases linearly
with the field, consistent with the characteristics of an antifer-
romagnetic ground state. A sudden increase in magnetization
appears along the b-axis at approximately 0.1 T, followed by
a gradual saturation; a similar jump is observed along the a-
axis at around 0.4 T, while the spin-flip transition along the
hard magnetization c-axis occurs at about 0.6 T. These results

indicate a typical spin-flip transition under an applied mag-
netic field.[>! The M—H measurements further confirm that
NayCoTeOg possesses strong magnetic anisotropy with the
easy axis along the b direction.

To estimate the degree of anisotropy of NasCoTeOg,
we employed a simple uniaxial two-sublattice mean-field

1.125] When the direction of the applied magnetic field is

mode
parallel to the easy magnetization axis of the antiferromagnetic
system, the spin magnetic moments tend to rearrange their ori-
entation perpendicular to the magnetic field, resulting in an
energy change of AE = 0.5H?(y, — X)- In cases where the
magnetic anisotropy energy is low, the energy provided by the
applied magnetic field can compensate for the anisotropy en-
ergy loss caused by the rearrangement of magnetic moments
in the system. When the external field strength reaches the
critical value Hgr, the spin orientation will undergo a spin-flip
phase transition. Therefore, the anisotropy energy K is used
to estimate the magnitude of the magnetic anisotropy energy,
and its quantitative estimation can be performed using the em-
pirical formula K (T') = 0.5HZ: (%, — x|)- The magnetic sus-
ceptibilities parallel and perpendicular to the easy magnetiza-
tion axis are taken as the values parallel to the b-axis and c-
axis at 2 K, respectively, with y;, = 2.98(2) emu/(mol-Oe) and
Xe = 3.01(3) x 10~ emu/(mol-Oe), given Hsg = 0.11(1) T,
the calculated value of K(2 K) = 1.63(5) x 103 erg/cm?,26]
which is lower than the 4 x 10° ergs/cm? reported in the liter-
ature for hep Co.1?7!

Figure 5 presents the temperature-dependent magnetic
susceptibility (y—T) of NagNiTeOg single crystals measured
under applied fields of 0.03 T and 0.1 T. In contrast to
NasCoTeOg, the magnetic data of NayNiTeOg exhibit dis-
tinctly different behaviors under different external magnetic
field strengths. At 0.03 T, the anisotropic magnetic suscep-
tibility of the single crystal shows a consistent trend: it in-
creases with decreasing temperature, reaches a peak at 5.9 K,
and then decreases sharply. At 0.1 T, the a-axis and b-axis
magnetic susceptibilities of the single crystal increase with de-
creasing temperature but continue to rise without showing a
peak at 5.9 K. In contrast, the c-axis magnetic susceptibility of
the single crystal behaves the same as that at 0.03 T, reaching
a peak at 6.5 K. This indicates that an increase in the mag-
netic field strength induces spin flipping in NayNiTeOg. At
high temperatures, all curves follow the Curie—Weiss law. The
parameters derived from the fitting process under an external
magnetic field of 0.03 T are Ocw , = 13.01(1) K and pefr, =
335(1) UB; GCW,b = 2236(2) K and Heftp = 342(5) UB;
Ocw,c = 15.22(4) K and pegr . = 3.31(6) pg for the single crys-
tal sample. The positive Curie—Weiss temperatures along the
a- and b-axes suggest field-induced ferromagnetic tendencies
under 0.03 T. The effective magnetic moments along all three
axes exceed the spin-only value of 2.83 ug for Ni** (S =1,
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g = 2), implying a significant orbital contribution. The single-
crystal measurements indicate that the b-axis is the easy mag-
netization direction.
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Fig. 5. Magnetic susceptibilities of NayNiTeOg measured along different
axes under magnetic fields of 0.03 T and 0.1 T.
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Fig. 6. Magnetization curves of NayNiTeOg measured along different
axes at 2 K.
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Figure 6 shows the M—H curves of NasNiTeOg at 2 K. In
fields below 0.1 T, the magnetisation increases linearly along
all axes, consistent with the antiferromagnetic ground state re-
ported in previous susceptibility studies at 0.01 T.[>3] A sharp
jump in magnetisation is observed along the b-axis at around
0.03 T, followed by a gradual saturation above 0.4 T, indicat-
ing a spin-flip transition induced by the external field. Sim-
ilar behaviour is also found along the a-axis near 0.1 T. Be-
cause the susceptibility measurements were performed under
0.1 T, the spins along the a- and b-axis have already under-
gone spin reorientation and exhibit a ferromagnetic alignment.
This result reasonably accounts for the ferromagnetic-like be-
haviour observed in the magnetic susceptibility—temperature
x-T curves under an external magnetic field of 0.1 T. Ac-
cording to Ref. [23], the intrachain ferromagnetic coupling
between Ni’* ions is stronger than the interchain antiferro-
magnetic interaction. Therefore, even though the c-axis com-

ponent remains antiferromagnetically coupled, the ferromag-
netic contribution dominates, accounting for the positive Ocw
and antiferromagnetic-like response along the c-axis.

NayNiTeOg also exhibits strong magnetic anisotropy
and undergoes a spin-flip transition under an external mag-
netic field. The higher spin-flip field along the hard mag-
netization c-axis further confirms that this compound, like
NaysCoTeOg, is an Ising-like antiferromagnet. Notably, the ap-
pearance of Ising-like antiferromagnetic behavior in Ni-based
oxides is relatively rare. Using the same model, with x; =
2.93(5) emu/(mol-Oe), x. = 2.29(3) x 107! emu/(mol-Oe),
and Hsg = 3.5(2) x 1072 T, the anisotropy energy density is
calculated to be K (2 K) = 1.63(4) x 10* erg/cm?, smaller than
that of metallic Ni (8 x 10° erg/cm?).[?8]

In an ideal octahedral coordination environment, the or-
bital angular momentum of high-spin Co>* and Ni’* ions
is expected to be quenched (L = 0), leading to negligible
single-ion anisotropy and spin—orbit coupling. However, both
NasMTeOg (M = Co, Ni) exhibit pronounced spin—orbit cou-
pling, suggesting that structural distortions may play an es-
sential role. To investigate this effect, we analysed the local
distortion of the MOg (M = Co, Ni) octahedra and calculated
their bond-length and bond-angle distortion parameters, AD
and 62, according to the following equations: 273"

D; — Daye 1
AD=Y" D X7 (1
1 12
o’ = ) (0 -90)%, ©)
i=1
where D; denotes the individual M—O bond length, D,y is the
average bond length, n is the total number of bonds, and ¢;
represents the O—M—O bond angle.

As summarised in Table 1, both the bond-length and
bond-angle distortions for Co>* are larger than those for Ni>*,
consistent with the estimated magnetic anisotropy energies.
This result indicates that the enhanced structural distortion of
the CoOg octahedra strengthens the spin—orbit coupling and
contributes to the pronounced Ising-like system anisotropy in
NaysCoTeOg.

Table 1. Degree of distortion AD (x10~3), 6% and bond lengths for MOg
(M = Ni, Co) octahedra.

Sites Dpjins Dimax (A) AD o’

Co 2.084,2.155 14.81
Ni 2.099,2.1193 225

87.63
76.21

4. Conclusion and perspectives

In this study, large-sized high-quality single crystals of
NasMTeOg (M = Co, Ni) were successfully grown, and
their magnetic anisotropy and field-induced magnetic transi-
tions were systematically investigated. Both NasCoTeOg and
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NayNiTeOg are identified as Ising-like antiferromagnets ex-
hibiting pronounced magnetic anisotropy. For NaysCoTeOg,
the b-axis serves as the easy axis, and field-induced spin-flip
transitions were observed along all three crystallographic di-
rections, yielding a magnetic anisotropy constant of K(2 K) =
1.63(5) x 10° erg/cm?. Similarly, NayNiTeOg also shows the
b-axis as the easy magnetisation direction, with spin-flip tran-
sitions occurring along both the a- and b-axes, and a calcu-
lated anisotropy constant of K(2 K) = 1.63(4) x 10* erg/cm?.
Structural analysis further reveals that the CoOg octahedra ex-
hibit greater bond-length and bond-angle distortions compared
to NiOg octahedra, consistent with the observed stronger mag-
netic anisotropy in the Co compound.
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