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An experimental study of long-range magnetic order formation mechanisms in a layered
structure with a honeycomb arrangement of the magnetic atoms Na>Ni>xTeOg has been carried
out. For the first time, the strong spin correlations were directly observed above the Neel
temperature 7n that was manifested in the presence of broad diffuse peaks on neutron
diffraction patterns obtained with XYZ polarization analysis. Due to the possibility of
separating the magnetic, nuclear incoherent and nuclear coherent contributions to the total
neutron scattering cross section, it was unequivocally established that observed diffuse
scattering has magnetic nature. The spin pair correlation function was reconstructed by
modeling diffuse neutron scattering on Na;Ni2TeOs with reverse Monte Carlo method. The
obtained results indicate two-dimensional nature of the magnetic correlations, and moreover,
the symmetry of short-range magnetic state corresponds to long-range zigzag-type magnetic
order in the honeycomb net, which was established earlier based on the theoretical

calculations.

1. Introduction

Recently, increased interest of researchers for predicting, detecting and studying the

unusual magnetic phenomena, in particular, searching for the new exotic magnetic structures
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is observed. Much attention is paid to such objects as frustrated magnets,!'*) Kagome
lattices,** skyrmion lattices,>% etc. From this point of view, low-dimensional systems are
kind of fascinating interest, in which a quantum nature is evident on the level of the
macroscopic  collective phenomena such as quantum Hall effect,”®°) giant
magnetoresistance,!*!!!  Berezinskii-Kosterlitz—Thouless topological phase transition
(BKT),'>!3 existence of the ground states without long-range magnetic ordering (spin glasses,
spin liquids!'*!3). Besides, two-dimensional materials are model systems for quantum
fluctuations study associated with the high-temperature superconductivity.!¢!

The systems, in which there are frustrations of different nature and anisotropy of the
magnetic interactions, play herein an important role. A striking example of such objects is
layered compounds with a honeycomb superstructure in the magnetic layers. Unlike triangular
or Kagome lattices, where geometric frustrations take place, in these systems frustrations
appear due to a competition between exchange interactions. On the honeycomb net, the
difference between nearest and next-nearest interactions plays a crucial role. The
corresponding J;-J>-J3 quantum model was described in Ref. [17] and [18], where J;
correspond to exchange interactions between an atom and its i” neighbor. Depending on the
sign of J; and the sign and ratio of J2/J; and J3/J;, different non-trivial spin configurations
could be realized such as ‘zigzag’, ‘stripe’, different spiral structures, etc.['"]

The studied in the present work Na)NixTeOs compound is a representative of
AxM>TeOs (A — alkali metal, M — transition metal) family, that is derived from a layered P2-
type oxide with a hexagonal structure NaxCoO»-type. The initial studies of such compounds
were motivated by their use as electrode material for alkali batteries. At the same time, due to
the unique internal structure, the A>M>TeOg family is considered as a model system for low-
dimensional magnetism. Na;NixTeOs compound is a layered oxide with a hexagonal layer
structure, described in a framework of P63/mcm space group.?’! In the structure, one can

distinguish well-ordered magnetoactive layers with Ni and Te atoms isolated from each other
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by non-magnetic Na-contained layers (Figure 1). The edge-sharing NiOg octahedra form a
honeycomb lattice, where the TeOg octahedron is located in the center of each “comb”. Due to
such crystal structure, NaxNi2TeOg could be attributed to a quasi-two-dimensional system, for
which the magnetic interaction between adjacent Ni2TeOg layers is much less than intralayer
exchanges or non-existent.'%1°2! It has to be noted, that the replacement of the composition
in AoM>TeOs has a direct influence on its magnetic properties. So, the replacement of an
alkali metal leads to a change of an interlayer distance, and as a result, it affects the interlayer
magnetic interaction. In addition, the type and spin state of a transition metal atom play a
crucial role.

Macromagnetic measurements showed the presence of a second-order phase transition
at low temperatures in Na;Ni2TeOg, associated with a transition from the paramagnetic to the
magnetically ordered state.[*!?2] There is a broad peak on the magnetic susceptibility curve
near 27 K, related to the antiferromagnetic (AFM) phase transition. For -classical
antiferromagnets, a sharp maximum on the magnetic susceptibility curve at the Neel
temperature 7y is usually observed. In our case, the broadened peak indicates the presence of
the strong spin correlations above the phase transition and the overextending of magnetic
order forming.??) As an example, a resembling situation was previously observed for a
number of compounds, in particular for BaNi»V,0Og, which also has a honeycomb
arrangement of the magnetic layers.”?! Due to small interlayer interaction, BaNi>V,Os
represents a good candidate for the 2D XY system. Neutron diffraction data also showed the
strong two-dimensional correlations presence well above the Ty, which is primarily related to
the BKT phase transition.

According to the neutron powder diffraction data from NaxNi,TeOg, the magnetic
phase transition was observed at Ty = 27.5.2!l Signatures of both incommensurate and
commensurate AFM spin ordering with propagation vector k£ = (1/2 0 0) were identified by

the presence of different Bragg reflections on the neutron diffraction pattern. Based on the
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first-principle density functional theory calculations, the most preferable magnetic ground
state for the commensurate case is the FM zigzag chains AFM coupled. This result was
obtained by consideration of three exchange interactions: FM between the nearest Ni atoms,
AFM between the second neighbors (superexchange interaction Ni-O..0-Ni) and the weak
AFM interaction between the layers. Magnetic zigzag-type ordering was previously observed
for a number of other compounds with a honeycomb structure.[!>**23-261 However, the long-
order formation mechanisms in the low-dimensional systems remain unclear. A consequence
of the Mermin — Wagner theorem is the absence of any spin ordering in 2D system at a
temperature 7 # 0 K. However, any small interlayer exchange interaction or frustration in the
magnetic structure break the theorem conditions, and therefore, can lead to the long-range
magnetic order at a finite temperature 7 > 0. The spins of magnetic atoms begin to correlate
with each other long before the phase transition, and the existence of still strong temperature
fluctuations does not promote to the formation of long-range magnetic order.

In this paper, we report the study of the spin correlations related to the AFM phase
transition in Na;Ni,TeOs. Polarized neutron scattering experiment on a powder sample
allowed us to detect and study magnetic diffuse scattering above the 7x. The magnetic lattice
with correlated spins was modeled by reverse Monte Carlo method and the spin pair
correlation function was reconstructed. In addition, the symmetry analysis of the short-range
magnetic order in Na;Ni,TeOs was performed which was compared to zigzag-type long-range

magnetic ordering.

2. Results and Discussion

The polarized neutron scattering experiment at the DNS instrument [*”) was carried out
in order to study the processes that occur with the magnetic lattice in NaxNixTeOes.
Measurements were carried out at the several temperatures 7= 28 K, 29 K, 30 K, which are

slightly higher than the phase transition temperature 7x. No visible difference between these
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three temperatures was found therefore all the results will be presented only for the 7= 30 K.
The presence of additional diffuse neutron scattering in the magnetic channel within the small
QO region was found (Figure 2). At this temperature, only the nuclear Bragg reflections
corresponding crystal phase are observed on the neutron powder diffraction pattern, which
indicates the long-range magnetic order absence in NaxNi;TeOs. On the other hand, the
diffuse scattering points to disorder in the system that can be characterized by some kind of
short-range ordering with a small correlation length. It is known that it can occur both from
the crystal structure, for example, stacking faults in layered compounds or randomly ordered
impurity, and from the spin structure. Since the diffraction process is can be considered as a
Fourier transform, the short-range ordering leads to the broadened peaks on the neutron
scattering pattern.

With XYZ polarization analysis, it was unequivocally established that the observed
diffuse scattering has a magnetic nature. At least two features are observed near the O = 0.7
Al and O = 1.9 A”!. The large measurement errors at Q = 1.1 A are associated with
incorrect raw data conversion in the high-intensity nuclear peak region. The shape of the
diffuse peaks is very important because it is determined by the spatial dimension of the
scattering system. The theory of X-ray scattering on disordered graphite was developed by B.
E. Warren,?®! who obtained expressions for the scattering intensity on a purely two-
dimensional object represented by parallel and equidistant carbon layers but randomly ordered
along the normal direction. It was shown that the diffraction pattern for the disordered 2D
systems should contain diffuse peaks of the asymmetric shape described by the Warren
function. Then, this model was adapted for the layered magnets with the short-range spin
correlations in the layers and with the weak interaction between them.?*2%3!] In our case, the
asymmetric shape of the peak is obvious, but this may be due to the presence of two close
magnetic reflections at the small O, which are the result of neutron scattering by the magnetic

structure with the propagation vector £ = (1/2 0 0) (Figure 2).
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To define short-range magnetic correlations within a two-dimensional plane, the Q-
dependence of magnetic diffuse scattering intensity was described by the Warren function. No
additional parameters except the size of the correlation area were used for the approximation
of the diffuse magnetic peak. The DNS data fitted with the Warren function at 7 = 30 K is
shown in the Figure 3. The results indicate the two-dimensional nature of the magnetic
correlations in NaxNi>TeOs with characteristic correlation length & = 15 A. Obviously, a
corresponding coherent scattering area is insufficient for observing clear Bragg peaks, and we
have a deal with the diffuse peaks on the neutron diffraction pattern.

For further analysis, the Spinvert program was used, which implements the reverse
Monte Carlo (RMC) algorithm to fit a large network of spins to experimental powder

diffraction data.*?

I The main advantage of this approach is full independence of the spin
Hamiltonian, the use of which is complicated for systems with the short-range spin
correlations. This work is based on sequential experimental data fitting, where the neutron
cross-section is calculated for a given spin configuration and compared with the experimental
data at each step. However, Spinvert does not provide information about the ground magnetic
state and spatial magnetic moments distribution in contrast to the ordinary Rietveld method
for magnetic neutron powder diffraction. The RMC technique allows us to recover magnetic
diffuse scattering pattern and the lattice averaged spin pair correlation function.

To generate the Na;Ni,TeOs input file for Spinvert, information about the crystal
structure (lattice parameters and magnetic atoms positions) based on x-ray data full-profile
analysis was used. The large 10x10x8 supercell with 6400 spins and periodic boundary
conditions was chosen for the simulation. Then the RMC algorithm was applied with the
realization of which the positions of magnetic moments are fixed to their crystallographic

sites throughout the refinement, while their orientations are refined in order to satisfy the

experimental data.



The resulting model curve for diffuse magnetic neutron scattering and experimental
data are presented in Figure 4a. The corresponding spin configuration was used to reproduce
the reciprocal space maps using complementary Spindiff program. The basic scattering planes
(hk0), (h0l), and (0kl) are shown in Figure 4b — d. Thus, the smeared diffuse magnetic neutron
scattering along the [00/] direction was found. First of all, this evidences about decreasing the
correlations between adjacent honeycomb layers, hence, no 3D magnetic long-range ordering
could be detected. Another important point is that these diffuse rods appear with a certain
dependence. The maximum of neutron scattering is observed for 4 = + (2n+1)/2 within (40/)
plane and for k£ =+ (2n+1) within (0k/) plane for the integer n. This observation is correlated
well with the previously obtained commensurate magnetic structure with propagation vector k
= (1/2 0 0). It can be concluded that the translational symmetry is preserved during the phase
transition from the short-range to the long-range magnetic ordering in Na;NixTeOs. On the
other hand, the symmetric diffuse scattering on the (4#k0) plane indicates isotropy of spin
correlations in this plane, that determined by the magnetic atoms honeycomb arrangement in
the crystal structure. Thus, the reconstructed reciprocal space maps clearly indicate the two-
dimensional picture of the spin correlations in Na;NixTeOg above 7.

To understand the diffuse scattering nature in Na;Ni2TeOs, the spin pair correlation

function in real space (S(0) - S(r)) was reconstructed. Each point in Figure 5 corresponds to
a certain distance between the neighboring spins. The corresponding magnetic moments are
parallel to each other in the case of a positive spin pair correlation function value and
antiparallel in the opposite case. The nearest neighbors of Ni atoms located at a distance of =
3 A, and according to the data, their spins should be strongly coupled and pointed into the
same direction. On the other hand, for the second and the third neighbors in the honeycomb
structure, a predominant AFM interaction is obtained, which leads to a negative sign of the
spin pair correlation function. Based on this, it can be concluded that the obtained result is in

complete accordance with the assumed commensurate zigzag-type magnetic order below the
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Ty (inset in Figure 5). Thus, during the phase transition, not only the translational symmetry
but also the magnetic lattice symmetry with respect to the spin reversal operator is preserved.
It should be noted that the spin correlations function damp sharply with increasing distance
and almost fade out at » = 15 A which is consistent with the results of Warren function

approximation.

3. Conclusion

In this work, an experimental study of the long-range magnetic order formation in a quasi-
two-dimensional system with honeycomb geometry represented by NarNixTeOs was
performed. Particularly, it was found that the previously observed features on the magnetic
susceptibility curve are associated with the presence of strong spin correlations above the 7.
As a result, an overextended phase transition from the paramagnetic to a magnetically ordered
phase occurs in the system, which, at the first stage, manifests itself in the gradual formation
of a structure with short-range magnetic order. Our results indicate the translational and
magnetic symmetry of the state with strong magnetic correlations above the 7 corresponds to
the previously published zigzag-type long-range magnetic order. An evidence of this behavior
is the presence of diffuse magnetic scattering, from which we have extracted important

information about the two-dimensional nature of spin correlations in the Na;Ni>TeOe.

4. Experimental Section

A polycrystalline sample of NaxNixTeOs was synthesized by solid-state reactions, as
previously described in Ref. [20]. The sample is well crystallized: a single phase, a
stoichiometry and a crystal structure were refined by X-ray analysis. The low-temperature
polarized neutron diffraction was carried out on the Diffuse Neutron Scattering spectrometer

DNS at the MLZ research center (Garching, Germany).?”! The main assignment of the



instrument is to distinguish different contributions to the total neutron scattering cross section
such as nuclear coherent, nuclear incoherent and magnetic scattering, with a polarized neutron
beam. Monochromatic neutrons with wavelength A = 4.2 A were used. The polarization was
controlled by Helmholtz ring system, which allows to create a magnetic field at the sample
and to change its direction and magnitude as well. The field strength is large enough to ensure
the adiabatic rotation of the neutron spin orientation but small enough to affect the sample
magnetization. Spin-flip and non-spin-flip neutron scattering cross sections were measured for
incident beam polarization along three main directions x, y, and z. The orthogonal coordinate
system is the following: x is parallel to the scattering vector Q; y and z are perpendicular to Q
pointing in- and out-of-the scattering plane respectively. Thus, during the measurements, six
different data sets are obtained for the neutron scattering intensity dependencies as functions
of Q. The subsequent XYZ polarization analysis!*}! based on the Maleev-Blume theory[3*3]
was performed to separate the magnetic, nuclear incoherent and nuclear coherent contribution
to the total neutron scattering cross section. DNS data analysis was performed using the

reverse Monte Carlo method, which is implemented in the Spinvert program.?]
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Figure 1. Left: General view of the crystal structure of Na>xNixTeOg. Right: 2D honeycomb
lattice of NiOg octahedra (in the center of each “comb” is located the TeOs octahedron).
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Figure 2. Separation of nuclear coherent (upper panel), magnetic coherent (black curve, lower
panel) and nuclear incoherent scattering (blue curve, lower panel) by XYZ polarization
analysis on the DNS. The vertical ticks show the positions of the magnetic Bragg reflections
associated with the propagation vector £ = (1/2 0 0).
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Figure 3. Experimentally measured diffuse magnetic neutron scattering (black dots with error
bars) and the fit of the Warren function to the data (red solid line).
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Figure 4. a) Experimentally measured diffuse magnetic neutron scattering (black dots with
error bars) and the theoretically calculated curve obtained by the reverse Monte Carlo method
(red solid line). b-d) Reconstructed magnetic neutron scattering maps for the (440), (£0/) and
(Okl) planes in reciprocal space.
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Figure 5. The reconstructed spin pair correlation function. Inset: a schematic view of a
zigzag-type magnetic structure (different colors of the circles correspond to opposite
directions of the spins); different lines indicate the bonds of Ni atom with neighbors in
different coordination spheres. The table presents the bond lengths with neighboring Ni atoms
in the honeycomb layer and the distance between adjacent layers (not specified in the figure).



