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Abstract

The magnetic structure of quasi-two-dimensional)(2bneycomb lattice N&li, TeOs
has been determined by low-temperature neutroradtfbn and the crystal structure fine details
at room temperature have been established by aioatidn of synchrotron and neutron powder
diffraction. The atomic structure is described I P6/mcm space group, but the strong
presence of stacking faults defects in layered rordeis found for the first time. Both
magnetization and specific heat data indicates atabkshment of a long-range
antiferromagnetic order witfiy = 25t1 K, preceded by a short-range order on 2D honelgcom
lattice at about 34 K. Determined effective magnetiomentues = 4.35up is in excellent
agreement with numerical estimation using effectivfactorg = 2.19 directly measured by
electron spin resonance. The ground magnetic &baf€ = 1.5 K is represented by the
commensurate zigzag-type magnetic order. Magnatimemts of Ni are almost perpendicular to
the honeycomb layers, which antiferromagneticatiypted along the-direction. Besides, the
coherent magnetic scattering area has a disk ghapés homogeneous over thb plane and
compressed along tleeaxis that indicates 2D nature of magnetic corietest in the compound.
The magnetic diffuse neutron scattering relateth&éopresence of strong short-range spin-spin
correlations abovely was observed. Based on our experimental measutemen propose

magnetic phase diagram for Na,TeO:s.

Keywords: low dimensional magnetism, honeycomb lattice, reeusicattering, zigzag-type

spin structure, magnetic phase diagram
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1. Introduction

Presently, low-dimensional magnetism is a subjécoasiderable interest in condensed
matter physics because of plenty of new interegpimgnomena that can be studied on strongly
correlated spin systems. A large number of varimustrivial magnetic states can be realized in
view of reduced spatial dimension and small spilie/dS < 1) when the quantum effects take
place. The nature of the magnetic state dependleospin-spin couplings and the presence of
frustration and anisotropy. The low-dimensional metg represented by the bulk materials have
special attention since the influence of boundéiigces can be excluded from consideration.

Recently, the new examples of such systems withgéreeral formula A,M?*,X%"Og
and A"3M?%,X°*0Og (A = Li, Na, K....; M = Mn, Fe, Co, Ni, Cu ...., X =€[ Sb, Bi) began to be
actively studied [1-9]. They represent the layestdictures formed by honeycomb ordered
magnetically active layers alternating alkali medtédms. This arrangement leads to a certain
softness of the crystal structure in the perpendidayers packing direction, therefore different
ways of stacking the honeycomb layers against etteér and the possibility of breaking these
layouts through a certain number of layers canrbglamented. The structure of individual
honeycomb magnetic layer is very rigid that is vienportant in view of magnetism.

Due to the high demand for such compounds in @elcgmistry, numerous studies of
their transport, thermoelectric, electrochemicald ather properties and characteristics were
carried out in recent years [9-11]. The numbertatlies on their magnetic properties is also
dramatically increasing for obvious reasons. Thesmpounds belong to the class of natural
quasi-two-dimensional magnets with hexagonally emdenagnetic atoms in layers. According
to theJ; - J, - J; theoretical model [12-14], where competition otleange interactions between
first, second, and third nearest magnetic neighlsotaken into account, the different magnetic
ground states known as zigzag, stripe, and spidarimg can be realized on the honeycomb net.
Besides, the edge-sharing oxygen octahedral amaengs of transition metals lead to a complex
scheme of magnetic interaction in system, that maiatermined by orbital degrees of freedom
on the honeycomb net. The special attention desehegpossibility of the quantum spin liquid
state, where long-range magnetic ordering can Ippreased by presence of frustration or
anisotropic exchange interactions. In particulataéy proposed an exactly solvable model for
two-dimensional honeycomb lattice of spins S = “hwond-dependent couplings, which
suggest the Majorana-like fractional spin excitasigl5]. A promising result for Kitaev model
realization was received faP transition metals-based insulators with strong-gpbit coupling
[16, 17]. However zigzag-type antiferromagneticesndg fora-RuCk [18] and NalrO3 [19-21]
was experimentally observed by means neutron diftra measurements at low temperature. It

was shown that the observed result is a consequaintiee competition between anisotropic
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Kitaev interactions and isotropic Heisenberg intgoms including next-nearest magnetic
neighbors [17, 18, 21-23]. At the moment, the nwusrtheoretical and few experimental
studies of 4d and 5d materials wix %2 have shown that the implementation of purebady

interactions may not be feasible in any real maktebut advanced models, including more

realistic interactions, contain many interestirgjest and own phenomena [24].

In the last year, attempts to extend the Kitaev ehod two directions, both on 3d
transition metal-basethaterials, and systems with higher spins were hegfarparticular,
cobaltates withd” ions CG* can possess pseudospin-1/2 ground state formetheoyoe?
electron configuration with total spi = 3/2 and effective angular momednt= 1 [25]. The
resulting Hamiltonian contains bond-directionaldéiv and Heisenberg isotropic interactions, as
in the case off® ions. It is important to note that the presenceadditional spin-activesy
electrons ind’ cobaltates radically changes the balance betweitme\K and Heisenberg
couplings that directly effects on the correspogdihase diagram. If the system belongs to the
charge transfer mod&J(> A), which is indeed the case for many cobalt comdsuthen the
Heisenberg antiferromagnetic couplihgs strongly suppressed, and the spin-liquid plcasebe
stabilized. The results show that cobalt-based madgeare promising candidates for the
implementation of the Kitaev model, and it is sfieally offered to pay attention to
Na,Co,TeQ; and NaCo,SbQ; compounds with a layered hexagonal structure iithwl’ Co?*
ions form a nearly perfect honeycomb lattice aneetig an antiferromagnetic zigzag-type order
at low temperatures, similar to that observed®ipseudospin-1/2 Rughnd NalrO; materials.

A similar approach was also offered in [26]. Moregvin [27] a possibility of the spi§= 1
Kitaev model in two dimensional edge-shared octedledystems was presented. Bond-
dependent Kitaev interactions realize via superamgh couplings between half-filled catiepn
orbitals mediated by aniop orbital. To achieve this mechanism two essentigtadients are
noted: the system should have strong Hund’s cogpdimong two electrons in the transition
metal cations and strong spin-orbit coupling (SQ@€)anion sites. Taking into account the
antiferromagnetic Heisenberg term from direct-exg®apaths, the Kitaev interaction dominates
the physics ofS = 1 system and the gapless spin liquid state eameXpected. In [27], the
A3Ni,XOg composition is considered as a promising candiflatehe implementation of the
high-spin Kitaev physics. Moreover, the 2D honeybdayer arrangements in thegMi>XOg is
isostructural to the less studied N&TeQs; composition and we should expect similar effets i
this case.

The present work is devoted to the study of quaskdimensional magnetism on the
example of NagNi,TeG; layered compound with honeycomb ordering of the meéig atoms in

the layer. Only the crystal structure and some oraagnetic properties were reported
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previously for this composition [9, 28, 29]. Allish along with neutron diffraction data led to the
conclusion about the antiferromagnetic phase tiansat low temperature. However, the details
of the magnetic ground state in N&TeO; and its evolution at temperature remain unclear. |
this paper, we report on the crystal and magndtigctire, static and dynamic magnetic
properties from the point of view of the long-rangegnetic order formation mechanisms.
Based on the thermodynamic data on the field andpéeature dependences of the
magnetization, as well as on the specific heat,camstruct a magnetic phase diagram for
Na&Ni,TeGs. The zigzag-type magnetic order with the sping éina almost perpendicular to the
honeycomb layers is determined for the magneticurgilo state. A transition from the
paramagnetic to the antiferromagnetic phase taleee @t 25 K, but prior this strong short-range
ordering effect is observed.

2. Experimental

Polycrystalline samples were prepared by standalid-state reactions as was early
reported in [9].

Magnetic measurements were performed by meansStf wption of a Quantum Design
PPMS-9 system. The magnetic susceptibility dataewaken over the temperature range 2-50 K
in applied fields up to 9 T and in the temperattaege 2—-300 K aB=1 T. The isothermal
magnetization curves were obtained in static magrietids B < 9 T and afT < 25 K after
cooling the sample in zero magnetic field.

The specific heat measurements were carried out bglaxation method using a
Quantum Design PPMS-9 system. The plate-shaped lsangd NaNi,TeQ; and its non-
magnetic analogue Nan,TeQ; of ~ 0.2mm thickness ane 8 mg mass were obtained by cold
pressing of the polycrystalline powder. Data weo#ected at zero magnetic field and under
applied fields up to 9 T in the temperature rangel®0 K.

Electron spin resonance (ESR) studies were cardet using an X-band ESR
spectrometer CMS 8400 (ADANIY ¢ 9.4 GHz,B < 0.7 T) equipped with a low-temperature
mount, operating in the range= 6-300 K. The effectivegg-factor of our sample has been
calculated with respect to an external referencetfe resonance field. We used BDP#g-
bisdiphenylineb-phenylallyl) g.s= 2.00359, as a reference material.

High-resolution room temperature (RT) neutron powdiffraction was performed on the
SSPD diffractometer located at WWR-M reactor (PNBlatchina, Russian Federation).

Monochromatic neutron beam with a wavelenijtk 1.752 A was obtained with a focusing
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(004) germanium single crystal monochromator. Taw dvere collected with a step of 0.1° in
the 2 region 12° - 158°.

Structural investigation at room temperature wasez out using the high-resolution X-
ray diffractometer ID31 (now this diffractometer weal and reconstructed to ID22 beamline) at
the ESRF, Grenoble, France. Monochromatic synabmatadiation with a wavelength of 0.3999
A was used. Diffraction data were collected thrange from -12to + 43 with step of 0.00%3
The exact zero angle of the diffractometer wasrdeteed by comparing positions of the same
reflections with positive and negative scatterinmgglas. For Rietveld analysis, we used the
diffraction pattern in the angular range frofita@ 43.

The low-temperature neutron powder diffraction stadwere carried out on the cold
neutron two-axis G4.1 diffractometer (LLB, Sacl&yance) which has a high resolution at a
small diffraction angles and perfectly adapted foagnetic structure determination. The
wavelength of the incident neutrons was 2.422 Ae Treutron diffraction patterns were
measured in the angular range 2 7° - 87° with a step of 0.1°. Rietveld refinemef all
neutron and synchrotron diffraction data for deteation of crystal and magnetic structures was
carried out using FullProf Suite [30, 31].

3. Results
3.1. Crystal structure

The compounds of NM,TeGQ; family, whereM = Co, Zn, Mg, have crystal ordering
with P6322 space group that was found by means of X-Ray andrare diffraction [5, 9].
However, anotheP6;/mcmspace group was proposed and used in subsequek# |28, 29] for
the related compound with M = Ni. Now we preser time details of the N&li,TeOs crystal
ordering that were determined using neutron antd-hegolution synchrotron powder diffraction.

Results of Rietveld analysis of the neutron ditfron pattern at RT are shown in Fig. 1.
Besides the main phase, the refinement revealetticadd diffraction peaks appearing from a
small amount of undefined impurity. The subseqaeatlysis of all diffraction data together with
the results of measurement of the studied compdayndther physical methods, given in this
article, allows us to state that the presenceisfrtbnmagnetic impurity does not have any effect
on the accuracy of the obtained characteristics.
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Fig. 1. RT neutron diffraction pattern of Bdi,TeOs. Red circles are experimental data, black
solid line is calculated profile, vertical bars @sitions of Bragg peaks, blue solid line is
difference curve shifted down for convenience, asigrisks mark positions of additional peaks

from undefined impurity.

The best fitting corresponds to the crystal stmectiescription within th&6;/mcmspace
group with the refined parameters given in TabldHe NaNi,TeOs;is formed by edge-sharing
NiOg and TeQ@ octahedra that implement perfectly ordered honeyxctayers in theab-plane
(Fig. 2a). Principal interatomic bondings and vakeangles are listed in Table 2.

Fig. 2. a) Crystal structure of Nii, TeQs; b) fragment of a honeycomb layer.

Table 1. Crystallographic data for NMi,TeQs in P6;/mcm (#193) from neutron powder diffraction at room
temperaturea = b = 5.2016(1) ¢ = 11.1723(3), V = 261.791(8)AAnisotropic thermal parameters for Na atoms:
Uy = 0.06(6) &, Uy,= 0.130(15) & Uss= 0.016(4) &, U;3= 0.06(5) K Agreement factors are,R 3.96 %, R,=
5.45 %, Ry, = 2.39 %,; globa}® = 5.22.

Atom Site x/a y/b zlc Uieo, A2 Occupancy
Te 2b 0 0 0 0.0061(12) 1
Ni 4d 2/3 1/3 0 0.0289(6) 1

o) 12k 0.6816(5) 0.6816(5) 0.5945(1) 0.0259(3) 1
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Nal 69 0.347(3) 0 1/4 -l- 0.49 (69%)
Na2 4c 1/3 2/3 1/4 - 0.33 (31%)
Na3 2a 0 0 1/4 -1l- 0 (0%)

Table 2. Selected interatomic distances and bond angle®at temperature

Bond distances (A) Bond angles (deg.)
Te-0 1.964(3)
Sum of radii BZ] 1.96 0O-Te-0 86.18(6)
) O-Te-0 93.82(10)
Ni—O 2.064(3)
Sum of radii B2] 2.09
Nal-0O 2.456(6) )
O-Ni-0O 81.08(9)
Na2 - O 2.483(2) _
. O-Ni-0O 96.18(9)
Sum of radii B2] 2.42
Ni — Ni
First neighbors 3.003 x3
Second neighbors 5.202 x6 Ni— O — Ni 93.34(9)
Third neighbor 6.006 x3
Interlayer 5.586

P6s/mcmspace group, because of the presence of only osidgomofor all ions except
Na, excludes the possibility of the differencehe bond lengths both for Ni-O and Te-O bonds,
however reduced value of Ni-O bond distance in canspn to the sum of ionic radii [32] may
indirectly indicate a disorder in the 3d-metal stddem. We did not find any Ni/Te mixing in the
sample as well as mixing between 3d- and alkalaiseValues of O-Ni-O (96.18°) and O-Te-O
(93.82°) bond angles that are directed out of tmeficomb plane are larger than angles directed
into the plane (O-Ni-O = 81.08°, O-Te-O = 86.18%,NpTeG;layer is compressed alomepxis
(Fig. 2b). Such octahedral distortion can indiddwe presence of a trigonal crystal field at Ni
sites. Due to the symmetry, all the distances betwtbe corresponding magnetic neighbors in
the layer are equal (Table 2). It is very importémtnote (in view of the magnetic exchange
interactions) that in-plane Ni-Ni distances for gexond neighbor are slightly less than the Ni-
Ni distances between the adjacent layers incthgis direction, and for the third neighbor they
are longer. This phenomenon is specific for thawsadand lithium) ANi,TeO; compounds due

to the small size of the A-cation.
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Each of magnetoactive layers is separated by lagesodium atoms, which are in a
prismatic oxygen surrounding. The important questa A,M,TeQ; compounds is alkali metal
ordering in the gap between honeycomb layers. Algtuaccording to our neutron diffraction
data for the NaNi,TeG; it was found that while the positions of the teallm, nickel, and
oxygen ions are fully occupied there are only twystallographic non-equivalent positions for
sodium ions, which are occupied partially: 6g siieh 69% occupation and 4c site with 31%
occupation (Table 1). Besides, it was detecteddtad absence of Na ions at 2a site that brings
some changes to the magnetic interaction schemmaeNait leads to a reduction of the possible
ways for interlayer coupling that should have ansigant impact on the interlayer magnetic
interaction. There are two different ways of thegmetic interaction with the adjacent layers
through two Na positions. For Nal, the triangulaQyprism shares two edges with Ni@nd
one edge with Tepoctahedra from the layers above and below, wheé@-bbontained prisms
share faces with Nifoctahedra on top and bottom sides of the prismg. (B). Thus, the
refinement of the occupation of the sodium posgighable 1) showed that the energetically
unprofitable Na3 position sandwiched between twdOglectahedra is empty, and the

occupations of the Nal and Naz2 sites are slightiyeiased.

TeO |

6

W\
Na2 . Na3
LI/ &i A
Na2 Na3 c
i |8

Fig. 3. Honeycomb layers possible connections through Na2 and Na3 triangle oxygen

prisms.

The DFT calculations in [29] showed that, despite $trong change in Na distribution,
the interlayer magnetic interactions are much small comparison with the intralayer, which
mainly determine the magnetic ground state realizelis system.

During Rietveld refinement, thermal parametersaaf Na ions located at nonequivalent
Wyckoff positions were considered as anisotropid asstricted to be the same (Table 1).
Important to note that the anisotropic componehtsvgd a small value dfz3 compared tdJ;;
and U,,, which emphasizes the presence of significantmhbéefluctuations within the sodium
layer. It is quite possible that this is due to Blees splitting and not only to the thermal

oscillations anisotropy.
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In addition small but noticeable due to the resotuiof SSPD neutron diffractometer
anisotropic peaks broadening has been observeslifidicates the presence of crystal defects in
the studied sample and primarily we associate thwie stacking faults that is generally
accepted for the layered systems. SinceNNdeQs is out of the general M,Te(Q; sequence
with P6322 space group ordering, it is natural to expectitfdhe presence of such phenomena
due to the possible poor layer assembly.

Results of the full-profile analysis of the higrsodution synchrotron powder diffraction
pattern at RT is presented in Fig. 4. In view gfstal structure complexity (and its non-ideality),

Rietveld refinement becomes difficult and deterriioraof fine details is practically impossible.

Intensity (arb. units)
L
1

I
=1

10 20 30 40
Scattering angle 20 (degrees)

Fig. 4. RT synchrotron diffraction pattern of i, TeOs. Red circles are experimental data,
black solid line is calculated profile, verticalrbare positions of Bragg peaks, and blue solid

line is difference curve shifted down for convertien

However, the huge broadening of the peaks withelaemnd the presence of the shoulders
for the reflections series (DGand (11) with | > 2 (Fig. 5b) should be noticed. This is mostlike
related to the poor layers stacking, which leadsnterlayer distance increasing (shoulders
appear at the small angle region, that is, at largpacing near the main reflection). Another
observation is a characteristic “tail” near theQ)L6tructure reflection, on which other peaks are
observed and not indexed with thé;/mcmspace group (Fig. 5a).
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Fig. 5. RT synchrotron diffraction pattern of pNi,TeQs;. a) Enlarged area near the (1 0 0)
structure reflection with characteristic "tail”. t&sisks marks positions of unindexedAfiz/mcm
space group peaks. It is marked the additional I} r@flection allowed iP6;22. b) Example of
broadening reflections with differehindexes.

Such feature was observed for other layered congsoand was explained with stacking
faults presence [33, 34]. The weak (101) and (X@8gctions are visible on the synchrotron
data, which is forbidden iP6/mcmspace group, but are allowed &322 that indicates the
fractional presence of this polytype in the resiteystal structure due to a failure in the layer
packing. The ordering iR6;22 space group is formed by the layer-to-layer tteosivector (2/3
1/3 0) relative to the main crystallographic ax@&tus, the new chains with Ni-Te-Ni-Te
alternation are formed along thexis. Moreover, the other smaller peaks on tHefahe (100)
reflection indicate the presence of the other stpgstures associated with different translations
of the layers relative to each other. Synchrotratadshowed unambiguously that the crystal

ordering of NaNi,TeG; is the result of complex packing of the honeycdifleG; layers and
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sodium layers. The diffraction experiment indicateé averagd?6;/mcm structure ordering,
which is distorted by the small presence of charstic stacking faults. Herewith, the structure
of separate honeycomb magnetic layer remains ugeldawhat is very important in view of

magnetism.

3.2 Temperature and field dependences of magnetizan
Summary of the magnetization data for ,NaTeQ; at various magnetic fields is

presented in Fig. 6.

0.030

0.025

(swun “qre) 7p/yp

0.020 o/

00I5F . 2

¥, (emu/mol)

0.010 - -

0005 1 1 1 1 1 oo~
0 50 100 150 200 250 300

Fig. 6. Temperature dependence of magnetic susceptiiktyl/B for NgNi,TeQ; atB = 1 T.
The solid green curve shows the result of the Gwreess approximation. Dashed red and black
curves are results of approximation according tsHRumooke — Wood model for 2D honeycomb
lattice. Insets: (a) Temperature dependendd/8fand its derivative under variation of magnetic
field. (b) Magnetization isotherms at different f@enatures.

With temperature decreasing the magnetic suscitibi = M/B passes through a
relatively broad correlation maximum &.x ~ 34 K, characteristic for low-dimensional
systems, which is replaced by a weak kink and exadiytit falls by about one third. Small
discrepancy betweey(T) dependences recorded in the field-cooled (FC)zard-field cooled
(ZFC) cooling regimes confirms a good quality of ttample under study. Such a behavior is
typical for polycrystalline easy-axis antiferromagm and indicates the onset of a long-range
antiferromagnetic order at low temperatures, wlsgbreceded by short-range ordering effect on
2D honeycomb lattice. The Neel temperature maystienated from the maximum of the/dT
(T) dependence and was found toThe= 25 K. In the high-temperature region, the behawior

X(T) is well described by the Curie-Weiss law with thddition of a temperature-dependent

term:

C
=Y, +t—
/Y /YO T_O (1)
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where0® is the Weiss temperatur€,is the Curie constaiit = Nalfk2[i2/3ks, Na IS Avogadro’s
number, ter IS the effective magnetic moment; is Bohr's magneton, ank is Boltzmann’s
constant. The best fitting according to Eq. 1 ia thnge 150 — 300 K resulted jp ~ 1x10°
emu/mol, C = 2.37 mol K/emu an®@ = -18.5+ 0.5 K. The negative value of the Weiss
temperature indicates the predominance of antiieagnetic exchange couplings, and its
relatively small value implies the existence ofosty competition between FM and AFM
interactions. The effective magnetic moment deteeahifrom the corresponding Curie constant
was found to be 4.3fg/f.u. which is in excellent agreement with thearatiestimate$aneo” =
g°Us’ngS+1), wheren is number of Ni* ions per formula unitusing an effective g-value 2.19
obtained from ESR data (see below).

Structural conditions for N&li,TeQOs; allow us to apply the high temperature series
expansion (HTSE) model for 2D planar honeycombickttthe analysis of the magnetic
susceptibility. For 2D honeycomb lattice with the 1 one can use the expression of Rushbrook
and Wood (RW) [35]:

1= (NGBZBKT)(L+Ax+BX+CxC+DX*+EXC+FE) )

wherex=lJJ/kT, k = 1.3807x 10° ergk*, N is Avogadro’s numbeif =9.274x 102" erg
G, A=4,B=7.333C=7.111D = —5.703E = — 22.281, an& = 51.737 [35].

It is worth to note that this Eq.2 is valid onlywdo to a certain temperature, since it
becomes not quantitative when the ra€iéJ — 1, because only limited number of terms (six)
were calculated [35] in the infinite series. Heneeg can approximate the temperature
dependence of the magnetic susceptibility accortbngg. 2 above the maximum temperature.
As one can see from Fig. 6 this approximation (esied red curve) gives a good agreement
with the experimental data over the wide tempeeatange, which is markedly higher than the
range of Curie-Weiss law validation (green solidvel). The best agreement is achieved with the
value of the exchange paramedét = - 10.8 K. This experimental value is in veryseaable
agreement with the result of DFT calculations [29].

Applied magnetic fields up to 9 T does not affessentially on the character of
temperature dependence of the magnetization (uppet (a) in Fig. 6). The maximum of the
magnetizatioM(T) very weakly shifts towards low-temperatures vittreasing magnetic field,
hence one can expect that the scale of exchangradations should be substantial.

The magnetization isothern&(B) for Na:Ni,TeOs show neither hysteresis nor saturation
in the magnetic fields up to 9 T (lower inset (b)Fig. 6). At the same timd(B) curves below
Neel temperature demonstrate a clear upward cue/atuggesting the presence of a magnetic
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field induced spin-flop type transition in the comomd with the critical fieldBsp~ 5 T atT = 2

K. With increasing temperature the position of tamomaly slightly shifts to higher fields and
eventually disappears at> Ty, confirming the ordering temperature. It is alsded that within
this range of the applied magnetic fields, the mmaxn value of magnetic momeM ~ 0.4
us/f.u. remains noticeably lower than the theorelyjcakpected saturation magnetic moment for

Ni?* ionsMs = gSug = 4.4pg/f.u.

3.3 Specific heat

In order to analyze the nature of the magneticsphansition and to evaluate the
corresponding contribution to the specific heat anttopy, the similar [9] diamagnetic material
NaZn,TeQs; has been synthesized and measured. The specitidatafor both magnetic and
diamagnetic samples in tflerange 2-50 K are shown in Fig. 7. TG€T) data for NaNi,TeOs
in zero magnetic field are in good agreement whih temperature dependence of the magnetic
susceptibility, and demonstrate a distileshaped anomaly, which is characteristic of a 3D
magnetic order (Fig. 7). Note, that the absolutkiesaf the Néel temperaturby ~ 25 K for
NapNi,TeOs deduced fromCy(T) data atB = 0 T perfectly coincides with maximum on the
Fisher specific heat [36, 37] @)/dT(T) that is characteristic of low-dimensional

antiferromagnets with strong short-range correteinset in Fig. 7).

30 F

[
(=]

C_(J/mol K)
trow /) s

S

Fig. 7. Magnetic specific heat (blue circles) and magnetitropy (red circles) for NHi,TeG;
atB=0T. Inset: The temperature dependences of thafgpheat for NaNi,TeOQ; atB=0T
(black circles)B = 9 T (blue circles) along with the data for noagnetic analogue Nan,TeGs
(green circles) in zero magnetic field and Fishpercsic heat dfT)/dT.

We observe a specific heat jumpTatAC,, ~ 30 J/mol K for NgNi,TeOs, which almost reaches

the value expected from the mean-field theory tierantiferromagnetic ordering of two™i
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ons system assuming all spins to be in the high4§+1) state [36]AC. =5R_ 255 Y__
" S?+(S+1)
33.2 J/(mol K), wher® is the gas consta®=8.31 J/mol K.
In applied magnetic fields, thg, - anomaly only slightly shifts to lower temperasirsimilarly
behavior of the magnetization (inset (a) in Fig. 6)
For quantitative estimations we assume that thecifspeheat of the isostructural
compound NgZn,TeQ; provides a proper estimation for the pure lattioatribution to specific

heat. In the frame of the Debye model the phonecifip heat is described by the function [38]:

3T/0p 4
C, ZQF{GLD] £ (:—i(l?dx 3)

wherex =hwlksgT, Op = homalks 1S the Debye temperatur@max is the maximum frequency of
the phonon spectrum aikg is the Boltzmann constant. The value of the Daleyeperaturép
estimated from approximatin@(T) to this T> — law in the low temperature range for the
diamagnetic compound B&n,TeO; was found to be about ~ 330 + 10 K. Normalizaidrthe
Debye temperatures has been made taking into actoeidifference between the molar masses
for Zn / Ni atoms resulting i®p ~ 339 + 10 K for NagNi,TeGs. The entropy change was

:
calculated using the equatioﬁSm(T)=jC”j|_(T)dT. We observe that the magnetic entraysy,
0

saturates at temperatures higher than 33 K withevldwer than the magnetic entropy change

expected from the mean-field theoA)Sm(T) = 2Rln(28+1)= 18.3 J/(mol K). Such a behavior is

frequently observed for materials with lower magnelimensionality and coexistence of long
and short-range correlations [39, 40].

The magnetic contribution to the specific heat Watermined by subtracting the lattice
contribution using the data for the isostructurahimagnetic analogue (Fig. 7). At lowest
temperatures we have examined thgTQ in terms of the spin-wave (SW) approach assuming
that the limiting low-temperature behavior of thagnetic specific heat should followGy, ~
TN power law, wher@ stands for the dimensionality of the magnetiadatandn is defined as
the exponent in the dispersion relationx” [39]. The least square fitting of the data bel®w
agrees well withd = 3 andn = 1, that corroborates the picture of 3D AFM maghat low

temperatures.

3.4 ESR spectroscopy
In the paramagnetic phas&>{y), a single broad Lorentz type line is observedhia
ESR absorption spectra (Fig. 8), apparently comeding to the signal from Kfiions. The main
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ESR parameters (effective g-factor, the ESR lindwiand the integral ESR intensity) were

deduced by fitting the experimental spectra withrddzian profile taking into account two

circular components of the exciting linearly patad microwave field on both sidesBf 0,

dP_d AB . AB
dB  dB AB*+(B-B)" AB+( B+ B) @

where P is the power absorbed in the ESR experiménis the magnetic fieldB; is the

resonance field, anfiB is the linewidth.
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Fig. 8 Temperature dependences of the integral ESRsityefupper panel) as well as effective

g-factor and ESR linewidth (lower panel) for N TeOs. The black solid curve on lower panel

represent the result of fitting in the frame of nfiedl Huber theory as described in the text. On

inset the representative example of ESR absorgpestrum (circles) at room temperature and
its fitting by Lorenzian profile (red curve).

At high temperatures, the ESR line is characteribgdan isotropic temperature-
independent effective g-factor, which is approxietatg = 2.19+ 0.02. When cooling the
sample belowT ~120 K, the g- value factor to be temperatureqreshelent and there is a
noticeable shift of the resonant field towards semahagnetic fields.

The integral intensity of the ESR specjya, which is proportional to the number of

magnetic spins, was estimated using double integraf the first derivative of the experimental
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absorption line for each temperature. In the paguec phase it demonstrates Curie-Weiss
type behavior in a good agreement with the statigmetic susceptibility.

The linewidth decreases weakly and almost lineadgn lowering of the temperature,
passes through minimum at ~ 140 K and eventualiyhghs the trend. Upon further decrease of
the temperature the absorption line broadens sgnifly and the ESR signal vanishes in the
vicinity of the Néel temperature, indicating an ojpg of an energy gap for resonance
excitations, e.g., due to the establishment of Adtifer. The broadening of the ESR line may be
treated in terms of critical behavior of ESR lindthi due to slowing down of spin fluctuations in
the vicinity of an order-disorder transition [41}44 0 account for theAB behavior over the

whole temperature range we have also includednieard termD-T into the fitting formula:

_TESR
Ty

TESR B
AB(T)=AB" + AEEN—} +D[T (5)

where the first termAB* describes the high-temperature limit of the widththe exchange-
constricted line, and the second term is respoadinl the critical behavior when approaching
the temperature of orderinf~"y from aboveA is an empirical parameter al is a critical
exponent.

It is found that the theoretical dependence satisfdy describes the experimental data
in a wide temperature range above the Neel temyerathe best agreement by the least squares
method was obtained with the values of the follayyrarameteraB* = 177+ 3 mT, A = 200t
3 mT, D =3.47T5% =20+ 2 K andp = 0.75+ 0.05. The value of the critical exponent is
noticeably larger than the expeci@d 1/3 for the 3D Heisenberg antiferromagnet in filaene
of Kawasaki approach [42, 43] and probably indisatather 2D character of exchange
interactions in NgNi,TeG; in accordance with layered quasi-2D network of nedig sublattice.
For example, such values were observed earlieotfoer 2D antimonates of alkali and nickel,
such ag ~ 0.9 for 2D Li(NagNi,SbG; [45].

3.5 Magnetic Phase Diagram

Summarizing the thermodynamic data on the field tamdperature dependences of the
magnetization, as well as specific heat, we carsttoct a magnetic phase diagram for the
N&Ni,TeG; tellurate (Fig. 9). The ground state is antiferagmetic, but it is complicated by
presence of field-induced spin-flop phase. A tramisi from the paramagnetic to the
antiferromagnetic phase takes place at 25 K, lbat gris a strong short-range ordering effect is
observed. As the magnitude of the magnetic fielmddases, the phase boundary shifts weakly

towards lower temperatures. The estimated magneiinent of saturation for two Niions &=
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1) in NgNi,TeG; is Ms = 4.4 pg/f.u. which is significantly higher than the maximuwalue
reachedM =~ 0.4 /f.u. in the investigated range of magnetic fiellibe expected saturation
field of magnetization is ~ 85 T, which greatly erds the range of the fields studied (up to 9 T).

k[ B, MB) \\
O T, dMMT(D) \ PM
orle nem \
°
8 @ \‘\
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Q6 . " o
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0 1 1 1 1 g
0 5 10 15 20 25 30
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Fig. 9. Magnetic phase diagram of i, TeOs

3.6 Magnetic structure

Experimental low-temperature neutron measuremedtis flom G4.1 diffractometer are
presented in Fig. 10. It is important to note ttie previous work of Karna et al. [29] has
already reported signatures of both strong inconsmexte (ICM) and weak commensurate
antiferromagnetic spin ordering in PN, TeQ; by means magnetic neutron diffraction, but no
relevant Rietveld refinement had been carried ©heir neutron data demonstrate a broadened
single peak that was indexed with incommensuratdlidirections propagation vectkr= (0.47
0.44 0.28). In contrast, our sample shows a purglesiphase ordering corresponding to an
antiferromagnetic magnetic structure with the saprepagation vector as in [29] for
commensurate peaks, which will be shown later. Thportant question of whether this

incommensurability is a result of sample preparatieatures or helical magnetic ordering
requires additional research.

However, for other honeycomb compounds, a commatesispin structure with a single
propagation vector is usually observed, which, antipular, was obtained for the isostructural
NaCo,TeQ; compound [46].

The appearance of additional reflections within tbe diffraction angles especially
within the angles lower than the angular positidrthe first (002) crystallographic reflection
uniquely indicates the antiferromagnetic spin ardgrnature, which agrees well with the

macromagnetic properties. Magnetic peaks have ghtbli asymmetric shape with typical
Lorentzian tails.
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Fig. 10 Low temperature neutron diffraction patterns @M,TeGs (G4.1,1 = 2.4224).

Arrows are pointing at the most intense additioeflections associated with magnetic scattering
appearing at temperatures lower than 27 K. Ins@tz &ngle part of diffraction patterns with the
neutron diffuse scattering.

At 20 = 16° (in the area of (0 0 O)kkmagnetic reflection) the diffuse magnetic scatigri
can be observed on neutron diffraction patterng5at26, 27, 28, 30 K, which is most likely
related to the presence of the short-range magoetrelations in compound (inset in Fig. 10).
Such behavior has been noticed earlier on simdarpounds NZCo,TeOs [46] and BaNiV,0g
[47]. Besides, there are some additional low-intgrBragg peaks from the uncertain phase(s),
which have not been described in our model (sest@lrtructure). The behavior of these peaks
remain unchanged in the temperature range fromKLlid 30 K, therefore the presence of
impurity does not prevent us in analysis of magnBtagg scattering.

In order to determine the magnetic structure witremy influence of the impurity peaks,
we use the difference pattern between the patteessured at 1.7 and 30 K (Fig. 11). The up-
down features of the difference pattern appearir®) & 24.2° and @ = 69.5° are created by the
slight thermal expansion between 1.7 K and 30 Kciwheads to an incomplete subtraction of
the most intensive (002) and (113) nuclear reftei

It is remarkable that there are three equivalehitisms for magnetic structure in view of
the group-theoretical analysis based on the synymetr hexagonal crystal structure. All
magnetic peaks can be indexed with the propagatotorsk; = (1/2 0 0),k,= (0 1/2 0) orks=
(1/2 1/2 0). They correspond to an antiferromagnatiangement with a magnetic cell doubled
alonga-axis, alongb-axis or along botla- andb-axis respectively, according to the crystal unit
cell of the NaNi,TeG:s.

The unit cell contains four nonequivalent nickedras at the 4d site, which occupy the

positions specified in Table 3.
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Table 3. Basis vectors of’, irreducible representation for propagation vedtor (1/2 0 0) andP6;/mcm space
group. The symmetry operators correspond to fonegaivalent Ni positions within the unit cell: NiL/3, 2/3, 0);
Ni2: (2/3, 1/3, 1/2); Ni3: (2/3, 1/3, 0); Ni4: (1/3/3, 1/2)

Basis Vectors

IR
Symm: X,Y,Z -X+1,-y+1,z+1/2 -X+1,-y+1,-z X,Y,-z+1/2
¥, (0-10) (0-10) (0-10) (0-10)
Iy
¥, (0 01) (00-1) (001) (00-1)

Their magnetic moment components related to eahrdiy the symmetry operators,
which impose constraints to magnetic moments doest and their magnitudes. The
representational analysis based on the propagasiotork;= (1/2 0 0) and the crystallographic
space grou6s/mcmyields to 8 one dimensional magnetic irreducibj@esentations (IR), four
of them appearing once and another four appeawrnget The magnetic representatibpag iS
could be composed of eight IRs as

Tmag = It + T3 + 205 + 2T} + 2T + 2T + T + T3.

The basis vectors are calculated using the projeabiperator technique implemented in the
BASIREPS program, included in the FullProf suitack ofI';, 'y, I'7, andI's has one basis
vector, wherea¥'s, I'4, I's, ['s have two basis vectors. The low temperature l@mge magnetic
structure was solved through Rietveld refinementimgiuding basis vector and symmetry
information in the pcr-file. Possible IRs were &sbktby refining the pure magnetic powder
diffraction pattern using the scale factor andpgbhak shape parameters determined from the high
temperature structure refinement. The best fittmgs obtained considering the magnetic
structure associated with th&, irreducible representation. The basis vectors af th
representation (the Fourier components of the ntaggtmn) are given in Table 3. The refined

pure magnetic diffraction pattern (without nucleantribution) at 1.7 K is shown in Fig. 11.
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Fig. 11. The refined magnetic diffraction pattern of N&TeQOs;without nuclear contribution at
1.7 K. (G4.1,1 = 2.422 A). The vertical bars indicate positiofisTagnetic Bragg peaks. The
most intensive magnetic reflections are pointed uarrows and indexe&.= (1/2 0 0),y* =

2.72,R¢= 1.81 %. Inset: visualization of the average cehemagnetic scattering region.

The resulting magnetic structure is shown in Fig. Two free parameters associated
with the presence of two basis vectors fgrirreducible representation allow to vary the
magnetic moments magnitudes aldmngandc- directions independently. The best fitting was
reached when the magnetic moment of nickel atorefemably directed along theaxis with
component equal vl = 1.67(1)us and with inclination along thie-axis represented by nonzero
component equal tM, = 0.41(1)us, Which about 24% of th&l.. The refined total magnetic
moment value obtained to & = 1.72(1)us/Ni. The problem of the presence or absence of the
magnetic moment inclination, which has already beeted earlier in study of the related
NaCo,TeQ; compound [48], but which has not received suffitiatiention, is actually quite
important. Without taking into account thel, the resulting magnetic structure can be
considered as zigzag ferromagnetic chains coupldteaomagnetically inrab-plane (Fig. 12a)
and the interlayer interactions alormgdirection are antiferromagnetic. The presencebof
component leads to a slight ferromagnetic intesactalong thec-direction according to

symmetry ofl'4 irreducible representation (Fig. 12b).

(a) (b)ktktktk‘
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Fig. 12 The magnetic structure of pi;TeOsat 1.7 K. Different colors denote opposite spin
directions. a) Zigzag magnetic order in honeycoayet. b) Representation of zigzags in
adjacent layers.

As noted earlier, the crystal structure symmetigdgeto three different solutions for
propagation vectorg= (1/2 0 0),ko= (0 1/2 0) orks= (1/2 1/2 0). The low-temperature neutron
diffraction data treatment showed that all propegavectors correspond to the same zigzag
magnetic structure, but the direction of zigzagimtigs different. They are pointed along the [0 1
0], [1 0 0] and [1 1 O] crystallographic directiofts k;, ko andks, respectively. To avoid such
ambiguity we use the Shubnikov magnetic group aggrpwhich is implemented in Fullprof
suite. It was found that all magnetic structurausohs correspond to the magnetic space group
Cpmcm'(#63.13.523) in the OG notation [49].

Zigzag magnetic order means that three of six sstee spins from the honeycomb
block are parallel and the other three are antijghro them. In other words, each spin on
honeycomb net has two ferromagnetically coupled resta neighbors and one
antiferromagnetically coupled, and for the secoeigjimbors, the antiferromagnetic couplings are
dominant and so on. Thus, this magnetic order i®salt of strong intralayer interactions
competition on the honeycomb net. In this systemioNs are separated by ligands, so that the
direct exchange between magnetic atahwsbitals is difficult and hopping processes oceiar
ligand p-orbitals. As was recently described in the revi®@][in the case when two neighboring
MOg octahedra share their edges there will also b a@erexchange interaction: first of all, a
moderate AFM exchange appears via the saroebital of oxygen; second, there is also a
possible FM superexchange between two half-fillgd(er tg) orbitals via two differentp-
orbitals. The exchange processes with further meighcan be realized via not only one but
several intermediate ions (two oxygen and tellurinncase of the second neighbor) that is the
known as super-super exchange [51, 52]. Furtherntbeedistance between adjacent layers is
comparable to the distances between different beighin one layer but the magnetic
interaction travels a more complex path (througlal&ali metal and two oxygen atoms), and the
magnetic interaction is usually weaker than thethvith the neighbors in the layer [29, 45].

The zigzag magnetic ground state was repeatedlgrobd earlier and it is probably
preferable for systems with a honeycomb-like geoyehowever, there are significant
differences that strongly depend on the interraicstire (crystallographic symmetry, distances,
bond angles, etc.) and chemical composition of ¢bempounds. For example, the zigzag
magnetic order was recently found for the relategQ¢,TeQ;s compoundwhich has the
identical honeycomb ordering to pNi>TeGs, but another layer packing in the frameR22
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space group. Both compounds demonstrate similapaesture dependences of the magnetic
susceptibility, the Neel and Weiss temperatureg tdkse values. However, the Co magnetic
moments are pointed out along thaxis (i.e. along zigzag precisely) and lies cortgdlein the
honeycomb plane as opposite to the Ni magnetic mtsn&hich are almost perpendicular to
layers. Such anisotropy in magnetic moment direstizvas also observed for compounds with
monoclinic crystal structure GM,SbQ; (M = Co, Ni) [53].

Then we should talk about the value of the magmatienent. Since & Ni** with ety
splitting by an octahedral crystal field should éadkie electron configuration aé,tezg forS=1
high-spin statepmeor = 2.7 ug/Ni is expected (assuming g=2.19) from spin-oniyntabution.
The magnitude of the ordered magnetic moment deriiram the neutron diffraction data at 1.7
K is smaller than the theoretically expected vallige reduced value is usually associated with
both thermal fluctuations presence and the magmetibange frustrations between nearest and
further neighbors, which are significant for sugistem. On the other hand, it may be associated
with stacking faults in NaNi,TeGs. As a result, nonideal layer arrangement dimirgsmagnetic
peaks intensities so the value of a moment is lawan expected. Such effect was observed
earlier in CyNi,SbQ; and CyCao,Sb([53] and in NaCo,TeOs[46, 48].

Besides, the behavior of the magnetic structuré tié temperature was studied. For the
neutron diffraction patterns measured at differerhperaturesT < 30 K were processed.
Temperature dependence of the total magnetic momaghitude and its components aldnrg
andc-axis are shown in Fig. 13. This result demonss$réttat increasing of temperature from 1.7
to Ty leads only to a conventional change of magnetienerd value (its decrease), but the
direction of the moment remains unchanged (an awle c-axis is equal to (12.7+0.9) It
turns out that the invariance of the directionte magnetic moment in the magnetically ordered
state for the family of layered oxides with honaydosuperstructure of a layer of theMyTeOs
type differs from the case of relatedMeSbQ; oxides, where the phenomenon of turn of the
magnetic moment with decreasing temperature fragndilection along the-axis to a direction
perpendicular to the honeycomb plane was revedtedexample on LgNi,SbQ; [54]. This
difference can be explained by the monoclinic @lystructure of AM,SbGs.



24

M,
I ® XM
Z . . * M
Z
1!:0 ) ’ * L]
~1.0F B
2 L]
£
S )
g
3 *
2 * * s &
= : 4
an
S ¢
=
0.1 L
0 10 20 30
T (K)

Fig. 13 Temperature dependence of the magnetic momentitndg and its components along

b- andc-axis (logarithmic scale).

Due to the difference in the magnetic peaks fornd aspecially broadening in
comparison with nuclear reflections, their widtherev simulated using the size formalism
presented in the FullProf suite. The size effeanyéating the direction dependence of the
magnetic correlations) was fitted using the andutr size-broadening model, which is
implemented in the FullProf suite. As it turned,aie coherent magnetic scattering area has a
disk shape that is homogeneous overah@lane and compressed along thaxis (inset in Fig.
11). This behavior indicates the two-dimensionalurea of magnetic correlations when the
correlation length along theaxis is relatively small and covers about ten weils, while the
correlation in the honeycomb plane is uniform armhlde. As a result, the broad peak on the
magnetic susceptibility curve near 30K relates wab AFM short-range order, i.e., the
interlayer correlation length must develop long @gtoto reach the 3D long-range order below
30 K. The neutron diffraction data show the preseot broad diffuse magnetic halo slightly
above the Neel temperature, which then with thepature decreasing develops into magnetic

reflections of the fully ordered phase.

4. Conclusions

We have investigated the crystal structure ofNNal'eOs using a combination of high-
resolution synchrotron and neutron powder diffi@acti The effect of stacking faults on the
crystal structure is not negligible and requireefid examination.

The thermodynamiand resonance properties were received by temperand field
dependences of magnetization, specific heat, arifl lB8asurements. The onset of long-range

magnetic order was found aboli = 251 K, which is preceded by a short-range order on 2D
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honeycomb lattice. Detailed study of the magnetapprties in wide range of temperature and
applied magnetic fields was performed, which alldwe construct the magnetic phase diagram.
For the first time we have revealed field-inducegingeorientation transition on the
magnetization isotherms. Spin-dynamics from helt@nroom temperature was studied and in
particular was determined the temperature behafi&&SR linewidth which is proportional to
spin-correlation length and it is quite unusuallioneycomb 2D Ni-based compounds.

The ground magnetic state of MN&,TeQ; below Ty has been determined using low-
temperature neutron diffraction. It represents ammensurate antiferromagnetic zigzag-type
structure with the spins that are almost perpenalicto the honeycomb layers. The diffuse
magnetic neutron scattering aboligrelated with the strong short-range spin-spin dati@ns
presence was found. We cleared up the coexistehtieeashort and long-range order in this
quasi- 2D compound and these observations give rmarie self-consistent picture taking into
account structural conditions and organizationhef $pin-configuration. The coherent magnetic
scattering area has a disk shape that is homogsmeu theab plane and compressed along the
c-axis that indicates 2D nature of magnetic corietest in the compound. Restricted along c-axis
coherent scattering area and the ESR measuremelitate the quasi-two-dimensional nature of

the compound.
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. The atomic structure of Na:Ni,TeOs (P6s/mcm sp.gr.) is determined to be different from
other compounds of Na;M,TeOg family (M = Co, Zn, Mg) with P6322 sp.gr. The strong
presence of stacking faults defectsin layered ordering is found for the first time.

. For thefirst timeit is detect that the energetically unprofitable Na3 position sandwiched
between two TeOg octahedraisreally empty.

. The onset of long-range magnetic order was found at Ty = 25+1 K, which is preceded by a
short-range order on 2D honeycomb lattice at about 34 K.

. The ground magnetic state is represented by a commensurate antiferromagnetic zigzag-
type structure with the spins that are almost perpendicular to the honeycomb layers and
can be described based on so-called J; - J, - J; theoretical model with frustrated exchange
interactions in the specified layered honeycomb system.

. The coherent magnetic scattering area has a disk shape that is homogeneous over the ab
plane and compressed along the c-axis that indicates 2D nature of magnetic correlations in
the compound. Restricted along c-axis coherent scattering area and the ESR
measurements indicate the quasi-two-dimensional magnetic nature of the compound.



This article has not been published previously, that it is not under consideration for publication
elsewhere, that its publication is approved by all authors and tacitly or explicitly by the responsible
authorities where the work was carried out, and that, if accepted, it will not be published elsewhere in
the same form, in English or in any other language, including electronically without the written consent
of the copyright-holder.



