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A low-dimensional magnetic system promotes strong interactions between quantum spins and leads to
fascinating quantum phenomena. To realize quantum devices based on the spin-liquid ground state, a
two-dimensional magnetic system with strong spin-frustration is highly desired. A honeycomb-layered
tellurate with a 3d transition metal within its slabs is a potential system that can host Kitaev quantum
spin-liquid although conclusive evidence for the spin-liquid phase has not been reported to date. This
might be partially due to the presence of an interslab exchange coupling between magnetic honeycomb
slabs which stabilizes antiferromagnetic ordering and potentially suppresses Kitaev interactions. Here, we
report the magnetic and spin frustration properties of Ag-based honeycomb layered tellurates with
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magnetic honeycomb slabs separated by Ag bilayers which are expected to screen the interslab
exchange coupling. From magnetization measurements, we observe antiferromagnetic ordering and
DOI: 10.1039/d3tc01915b signatures of enhanced spin-frustration for the tellurates containing Ag-bilayers relative to other

honeycomb layered tellurates without bilayers. The results might be promising for the realization of the
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Introduction

Spin-frustration in a magnetic material enables quantum spins
to have a liquid-type of ground state instead of a solid-type."* In
a Kitaev spin model,>” bond-dependent Ising interaction of
spins in a two-dimensional (2D) honeycomb lattice leads to
spin-frustration and a quantum entangled spin-liquid ground
state with a number of spin configurations of the order of
Avogadro’s number. In such a system, the spin Hamiltonian is
fractionalized into the hopping Hamiltonian of Majorana
fermions and therefore, fluctuating spins can be described by
a propagation of Majorana fermions.*>”

To realize the bond-dependent anisotropic Ising interaction,
spins need to be coupled with spatially anisotropic orbitals via
strong spin-orbit coupling.® Based on the concept, a lot of
research has been undertaken to realize a Kitaev spin-liquid
in a honeycomb-structured material with 4d and 5d heavy
metals with strong spin-orbit coupling. To date, iridates” and
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a-RuCl;'® are strong candidates of a Kitaev material although a
spin-liquid ground state at sufficiently low temperatures has not
been identified in these systems. This is attributed to long-range
magnetic order such as Heisenberg interactions that perturb
Kitaev interactions. Hence, a magnetic honeycomb lattice with
localized (short-range) 3d-orbitals,'" albeit relatively weak spin-
orbit coupling, is attracting attention as a possible Kitaev system
especially after Na;Co,SbOg was reported to potentially host a
Kitaev spin-liquid state.® Recently, the presence of strong spin-
frustration has been reported in Na3;Co,SbOs and Na,Co,.
TeOg>'* and a detailed comparison with other 3d honeycomb
layered oxides having different crystal structures has been a
subject of increasing interest.

A honeycomb layered tellurate A,M,TeOg, where A is typically
an alkali metal (e.g:, A= Li, Na, K) and M is typically a 3d transition
metal (e.g:;, M = Ni, Co), has a 2D honeycomb lattice that can
potentially host the Kitaev spin liquid state. So far, antiferromag-
netic (AFM) transition with the Néel temperature (7y) below 35 K
has been reported for Na,Co,TeQg, > Na,Ni,TeOg, > >*
K,Ni,TeOs,**?® and Li,Ni,TeOg,>® in which (Te, Co)-O and (Te,
Ni)-O honeycomb layers are responsible for the AFM ordering.
However, there have been limited reports on spin-frustration in the
2D magnetic honeycomb layers.'*'* This would be partially due to
an interslab exchange coupling in honeycomb layered tellurates
that stabilizes AFM ordering. In addition, degradation of
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magnetic properties due to moisture absorption can suppress
spin-frustration.

Here, we report magnetic properties of Ag-based honeycomb-
layered tellurates: global composition Ag,M,TeOs (M = Co,
CoysNigs5, and Ni) consisting of Agrich AggM,TeO, with a
Ag-bilayer and Ag-deficient Ag, ,M,TeOq (0 < x < 2) with a
Ag-monolayer, which are robust against degradation of magnetic
properties due to the absence of hygroscopicity. To date, there
has been no report on magnetic properties of Ag-based honey-
comb layered tellurates, especially honeycomb layered tellurates
containing Ag bilayers. From temperature and field dependent
magnetization measurements, we observe antiferromagnetic
ordering and signatures of spin-frustration in the vicinity of the
antiferromagnetic phase transition which might result from
enhanced 2D magnetic ordering due to the screening of the
interslab exchange coupling by the Ag bilayers.

Results and discussion

Fig. 1(a)-(d) show typical high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) images
of Ag,Ni,TeOs, which confirm the coexistence of dominant
AgeNi,TeOgs phase with a Ag-bilayer and partial Ag, ,Ni,TeOg
(0 < x < 2) phase with a Ag-monolayer. Unlike other tellurates,
in Ag, M,TeOg¢ (0 < x < 2) (M = Co, CoqsNig 5, and Ni), a
straight dumbbell-like coordination between the d-orbitals of
Ag" and the 2p-orbitals of 0>~ along the interslabs enhances
the interslab distance between the (Te, M)-O layers.”” In addi-
tion, the formation of Ag-bilayers recently discovered®® further
extends the interslab distance relative to its monolayered
counterpart. It has been recently theorized that a weak attrac-
tive interaction between Ag atoms constituting argentophilicity

(@)

(b)

eAg +Te < Ni

Fig. 1 (a)-(c) HAADF-STEM images of Ag,Ni,TeOg with various magnifi-
cations. Blue and yellow squares in (c) indicate the areas of AgeNi,TeOg
and Ag,_M,TeOg (0 < x < 2), respectively, which are magnified in (d).
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resulting from pseudo-spin symmetry is responsible for the
unconventional formation and stability of the Ag bilayers.>”*®

In Fig. 2(a)—(c), we plot the magnetic susceptibility (y) versus
temperature (7) curves at the magnetic field (H) of 100 Oe for
polycrystalline powders of global composition Ag,M,TeOg with
M = Co, CoysNiy s, and Ni, respectively. An AFM transition is
observed for all the samples. Ty (defined as T at which dy/dT
becomes maximum) increases with the Ni concentration and
becomes highest for M = Ni (see Table 1 for the summary of the
magnetic properties). The discrepancy between the zero-field-
cooling (ZFC) and the field-cooling (FC) curves below Ty and
the rise of y at T ~ 0 for M = Co imply the presence of a small
fraction of ferromagnetic (non-AFM) phase. The behaviors are
less pronounced for M = Coy;sNips and Ni, suggesting less
amount of the non-AFM phase for higher Ni concentration,
which might be related to higher Tx. However, the possible
presence of spin-glass state originating from spin-frustration
could also lead to the discrepancy and the rise of y at T &~ 0 and
further investigation is necessary to clarify the origin.

By fitting ZFC curves of y () [see Fig. 2(d)] above T = 60 K
to the Curie-Weiss law [see the dashed curves in Fig. 2(d)], we
estimate the Curie-Weiss temperatures (Tcw) of (—26.4 £+ 0.7) K,
(—40.8 + 0.6) K, and (—84.3 £ 0.9) K and the effective
paramagnetic moments (ue) of 7.58ug, 6.624p, and 5.78up for
M = Co, Cog;sNigps, and Ni, respectively. The experimentally
obtained p.¢ values are close to the theoretical values of 7.74up
(M = Co), 6.70up (M = Coy 5Niy 5), and 5.66p (M = Ni) calculated
from the moment of Co>" (3.87ug) and Ni** (2.83u3) free ions,
suggesting that the magnetic moment of the samples is pre-
dominated by unpaired spins of Co®" and Ni** ions, whilst the
magnetic moment of pseudo-spins of the Ag-bilayers is rather
small (see supplementary materials for a control measurement
on the global composition Ag,Mg,TeOs with dominant
domains of the bilayered AgeMg,TeOg), suggesting that the
pseudo-spin magnetic moment (if present) may be of a different
character (such as in graphene®®) from conventional magnetic
moments measured in our experiment. The upward deviation of
%~ (T) curves from the Curie-Weiss law below T = 60 K [see inset
in Fig. 2(d)] suggests the presence of the ferromagnetic exchange
interaction that might be a signature of quantum spin liquid,
which we will discuss later.

In Fig. 2(e), we plot dy/dT versus T for M = Co, Co, 5Ni, 5, and
Ni. The width of the AFM transition (ATy) estimated from the
temperatures giving the maximum and zero values of dy/dT is
(4.0 + 1.0) K, (4.0 + 1.0) K, and (10.5 + 1.0) K for M = Co,
Coy5Nig 5, and Ni, respectively. A broad AFM transition with
large ATy is observed for all the samples, which is indicative of
strong 2D magnetic ordering.>>*° Recent neutron scattering
and specific heat measurements on Na,Co,TeOg and Na,Ni,TeOg
have demonstrated that the broad peak of a y(T) curve corre-
sponds to the 2D magnetic ordering temperature within a
slab.??132 The largest ATy value for our M = Ni suggests an
enhanced two-dimensional magnetic ordering due to a strong in-
plane exchange interaction manifesting as large Tcw. Although
the interslab exchange coupling is not negligible for tellurates
with a cationic monolayer,'®**%® it can be strongly suppressed for

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Magnetic susceptibility (y) versus temperature (T) of Ag,M,TeOg polycrystalline powders with (a) M = Co, (b) M = CogsNigs, and (c) M = Niat H =

100 Oe. (d) Inverse susceptibility (y~) versus T for M = Co, CogsNigs, and

Ni at H = 100 Oe. The dashed curves in (a)-(d) represent a least squares

regression line fit to the Curie—Weiss law, giving Curie—Weiss temperatures of —26.4 K, —40.8 K, and —84.3 K and the effective paramagnetic moments of
7.58ug, 6.62ug, and 5.78ug for M = Co, Cog sNig s, and Ni, respectively. The insets in (a)—(d) show the magnified curves near the AFM transition. (e) dy/dT
versus T and (f) magnetic moment (m) versus H for M = Co, Cog sNigs, and Ni. The arrows in (e) represent the width of the AFM transition, defined from
the temperatures giving the maximum and zero-value of dy/dT. The data in (d) and (e) are obtained during warming at H = 100 Oe after zero-field-

cooling. The dashed lines in (f) are the guide to the eye.

Table 1 Magnetic properties of AgaM,TeOg (M = Co, Cog sNigs, Ni)

M = Co M = CogsNigs M = Ni
Ty (K) 22.0 £ 0.5 24.0 £ 0.5 28.5 + 0.5
Tew (K) —264+0.7 —40.8+0.6 —84.3 £ 0.9
Crnol (emu K mol ™) 7.19 + 0.06 5.48 + 0.03 4.18 + 0.02
tetr (tip) 7.58 + 0.03 6.62 £ 0.02 5.78 + 0.02
f= |Tewl/Tx 1.20 + 0.06 1.70 + 0.06 2.96 + 0.08
ATy (K) 4.0 +1.0 4.0 + 1.0 10.5 + 1.0

Age¢M,TeO, with long interslab distance mediated by Ag-bilayers
(see ESIT Fig. S1). Hence, the coexistence of the broad (2D-like)
and sharp (3D-like) transitions for all the samples may be due to
the coexistence of the AggM,TeOg and Ag, ,M,TeOg (0 < x < 2)
phases with different interslab distance.

Fig. 2(f) shows the magnetic moment versus field [m(H)]
curves at 10 K. The non-linear m(H) curves for M = Co and
Coy sNi, 5 indicate a broad spin-flop transition which can occur in
AFM materials and has also been reported for other
161823 prom the numerical derivative of the y(H) curves,
we find that the spin-flop transition occurs broadly around Hy¢ ~
6 x 10° Oe (see ESL for details). The absence of a spin-flop
transition for M = Ni suggests that the transition field Hys is
higher than 70 kOe. Since Hy is given as Hys = (2HexH,)"> where
Hey is the exchange field and H, is the anisotropy field, the large
Hygs for M = Ni indicates the large H., and hence the stronger AFM
ordering, consistent with the largest T for M = Ni.

tellurates.

This journal is © The Royal Society of Chemistry 2023

We now discuss the potential existence of quantum spin-
liquid originating from a 2D spin-frustrated state. Quantum
criticality in a spin liquid state can be observed at the tempera-
ture range where the classical ground state is suppressed by the
thermal fluctuations and gives the power law: y(T) ~ T *
(o constant) [and therefore log(H"y) ~ —olog(7/H)] at tem-
peratures slightly above Ty where the long-range Heisenberg
interaction is suppressed.”**” The (H, T)-dependent y at
Tn < T < 60 K follows a single line with the slope of —o where
0.41, 0.34, and 0.28 for M = Co, CoysNiys5, and Ni,
respectively [see Fig. 3(a)]. The variation of the critical exponent
o among the three samples with different compositions might
be due to different strength of quantum fluctuations. The
remarkable deviation from the Curie-Weiss law (« = 1) and the
scaling with the same exponent « over 3 orders of magnitude in
T/H are the signatures of a spin-liquid state®®*” in our samples.
In addition, all the samples show |Tgw| > Ty, implying a
suppression of Ty due to a factor that can be related to spin-
frustration. The spin-frustration index f= | Tcw]|/Tx for the global
composition Ag,M,TeOg obtained from this work (f= 1.2-3.0) is
larger than that reported for Na,M,TeOq (f = 0.5-1.2),">>*
K,M,TeOg (f = 0.6-1.1),>>*° and Li,M,TeOs>° (f = 0.8) [see
Fig. 3(b)]. We note that in a Kitaev system, a suppression of Ty
can result from a competition between the AFM interaction and
the Ising interaction within a 2D honeycomb lattice. Therefore,
unlike a geometrically frustrated system the relation between

o =

J. Mater. Chem. C, 2023, 11, 11213-11217 | 11215
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Fig. 3 (a) Scaling plot of H*y versus T/H at various H where o = 0.41, 0.34,

and 0.28 for M = Co (red curves), CogsNigs (green curves), and Ni (blue
curves), respectively. The dashed lines show fit to the curves over the
range of Ty < T < 60 K, giving the scaling with the same exponent o over
3 orders of magnitude in T/H. (b) The spin-frustration index f for Ag,M,.
TeOg (diamonds) from this work, K;M,TeOg (squares),?>2® Na,M,TeOg
(circles),**=2* and Li,M,TeOg (triangle)?® with M = Co, Cog sNigs, and Ni.

spin-frustration and the Ty suppression (the f value) can be
complicated.

Since the interslab distance of Ag-deficient Ag, ,M,TeOq
(6 A%®) is either comparable to or shorter than that of Na, K, and
Li-based tellurates [see ESL T Fig. S1(a)], the signatures of the
enhanced 2D spin-frustration in our Ag-based tellurate can be
attributed to the Ag-rich AgeM,TeO, phase with remarkably
long interslab distance of 9 A,?® which is expected to screen the
interslab magnetic exchange coupling. From density functional
theory (DFT) simulations of the total energy difference between
layered-antiferromagnetic and ferromagnetic ordering, we find
that the interslab magnetic exchange coupling of honeycomb
layered tellurates with monolayered structures becomes weaker
with increasing interslab distance between the magnetic
(Te, M)-O layers [see ESL Fig. S1]. Although the ionic radius
of Ag" is smaller than that of K',*® the interslab distance
between the (Te, M)-O honeycomb layers in Ag, ,M,TeOs is
comparable to K,M,TeOs due to a straight dumbbell-like
coordination between Ag® and O®  ions,”” confirming the
suppression of the interslab magnetic exchange coupling by
interslab distance rather than ionic radius. The formation of
Ag-bilayers with the straight coordination in AggM,TeO; rea-
lizes even a longer interslab distance of approximately 9 A - the
longest amongst all the experimentally reported honeycomb
layered tellurates. Thus, the large interslab distance screening
the interslab magnetic exchange coupling is the most likely
candidate responsible for the signatures of the 2D spin-
frustrated state.

Conclusion

In conclusion, we have investigated magnetic properties of
Ag-based honeycomb tellurates: Ag,M,TeOg (M = Co, Co 5Niy s,
and Ni), in which a large interslab distance due to Ag-bilayers
with straight coordination suppresses the interslab magnetic
exchange coupling of (Te, M)-O magnetic honeycomb layers.
From temperature and field dependent magnetization
measurements, antiferromagnetic ordering and a signature of

1216 | J Mater. Chem. C, 2023, 11, 11213-11217
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spin-frustration have been observed for all the samples.
Although studies on single-crystals are necessary to further
clarify and optimize the magnetic properties, the results sug-
gest that Ag-based honeycomb layered tellurates might be
promising for the realization of strong spin-frustration and
the Kitaev quantum spin liquid.*® Synthesis of epitaxial hetero-
structures recently reported for honeycomb layered oxides®”
could be employed to obtain single-crystals, which could offer
further insights and controllability of spin textures in Ag-based
honeycomb layered tellurates.

Methods

Polycrystalline powders of Ag,M,TeOq (M = Co, Co, 5Nij 5, and
Ni) are prepared by a low temperature ion-exchange reaction:
Na,M,TeOg + 2AgNO; — Ag,M,TeOs + 2NaNO;. The Na,M,.
TeOg precursors are reacted with a molten flux of a 4-fold molar
excess amount of AgNO;. The residual nitrates were dissolved
in distilled water. Further details on the sample synthesis are
described elsewhere.”® Magnetic properties of the samples are
characterized using a Quantum Design Magnetic Property
Measurement System with a temperature-range of 2-300 K
and a magnetic field-range of + 70 kOe. The crystal structures
in ESI{ are visualized by the VESTA program.*’
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