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Zigzag magnetic order and possible Kitaev interactions in the spin-1 honeycomb lattice KNiAsOy,
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Despite the exciting implications of the Kitaev spin Hamiltonian, finding and confirming the quantum
spin-liquid state have proven incredibly difficult. Recently, the applicability of the model has been expanded
through the development of a microscopic description of a spin-1 Kitaev interaction. Here we explore a candidate
spin-1 honeycomb system, KNiAsO,4, which meets many of the proposed criteria to generate such an interaction.
Bulk measurements reveal an antiferromagnetic transition at ~19 K which is generally robust to applied
magnetic fields. Neutron diffraction measurements show magnetic order with a k = (2, 0, 0) ordering vector
which results in the well-known “zigzag” magnetic structure thought to be adjacent to the spin-liquid ground
state. Field-dependent diffraction shows that while the structure is robust, the field can tune the direction of
the ordered moment. Inelastic neutron scattering experiments show a well-defined gapped spin-wave spectrum
with no evidence of the continuum expected for fractionalized excitations. Modeling of the spin waves shows
that the extended Kitaev spin Hamiltonian is are generally necessary to model the spectra and reproduce the
observed magnetic order. First-principles calculations suggest that the substitution of Pd on the Ni sublattice
may strengthen the Kitaev interactions while simultaneously weakening the exchange interactions thus pushing

KNiAsOy closer to the spin-liquid ground state.

DOLI: 10.1103/PhysRevResearch.5.013022

I. INTRODUCTION

The Kitaev Hamiltonian for the spin—% honeycomb lat-
tice system is a rare case of an exactly solvable model that
also produces exciting physics with imminently useful prop-
erties [1]. This confluence of features has driven a massive
research effort into studying the phase space and properties
of the model and its extensions, searching and designing ma-
terials which actually host the prescribed Kitaev interactions,
and developing methods to manipulate the resultant topolog-
ical physics for quantum computation [2-7]. As a result of
this effort, RuCl; has emerged as a leading candidate ma-
terial allowing for the observation of many of the proposed
experimental properties of the Kitaev quantum spin liquid
(QSL) exhibiting fractionalized excitations and fractionalized
thermal transport and leading to the development of extended
Kitaev Hamiltonians for real materials which have additional
perturbing interactions [8—11].
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Key to this discussion is the “Kitaev” interaction which
describes an Ising-like interaction along each of the three
metal-metal directions for any given site on the honey-
comb [1]. This provides an alternate route to a quantum
spin-liquid state to the well-known resonating valence state
proposed by Anderson as a potential explanation for high-
temperature superconductivity [12]. Such an interaction in a
spin-% system leads to magnetic frustration and ultimately
can give rise to topological classifications, in particular, a
Z, classification with bipartite nearly degenerate ground-state
manifolds classified by their mapping to a torus [1,13,14].
Such a Z, QSL invokes long-range quantum entanglement
which can lead to topological excitations such as the Z,
gauge-flux “visons” and fractionalized excitations including
Majorana fermions [1,14,15]. These quasiparticles may ex-
hibit non-Abelian statistics which would allow for braiding
operations along the particle worldlines and ostensibly a ro-
bust form of quantum computation [1,16].

Yet, despite the promise of these exciting physics, finding
candidate materials which exhibit the pure Kitaev interaction
has proven challenging [2,17-19]. Restricting the search to
materials with spin—% magnetic ions on honeycomb lattices
is quite limiting on its own; however, to physically realize
the Kitaev interaction while minimizing other interactions, an
even stricter set of conditions is imposed. Such an optimiza-
tion requires that the magnetic ions be in the d° valence and
be arranged in edge-sharing octahedra with perfect 90° bond
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angles, that strong spin-orbit coupling be present, and that
there be a strongly insulating state [20]. Further confounding
their realization, the QSL state both is highly sensitive to
disorder and often has properties which are trivially emulated
by disorder leading to a difficult situation with potential false
leads [21-24].

Therefore expanding the phase space and loosening the
restrictions on where one might look to find applications of
the Kitaev model and QSL physics are of significant value.
Recently, one such effort has been in extending the model
to systems with spin S greater than % [25]. However, for

S > %, it is not guaranteed that a Kitaev model is realizable,
that the resulting state is a QSL, or that such a QSL would
host the desired excitations. The key difficulties here are that
for § > % the Kitaev Hamiltonian is not analytically solv-
able and until recently no microscopic model for contriving
Kitaev interactions for such a state existed. Excitingly, this
latter difficulty has been overcome by the development of a
microscopic model for a spin-1 system [26]. In this model,
Kitaev interactions were generated via many of the same re-
quirements as in the spin—% case requiring spin-orbit coupling,
a honeycomb lattice of edge-sharing octahedrally coordinated
transition metal ions, and a large Hund’s coupling creating a
Mott insulator state [26]. Additionally, numerous numerical
approaches have been used in attempts to address the solvabil-
ity issue and have suggested that the S = 1 case still supports
a QSL state indicating a possibility for topological physics
and long-range entanglement [25,27,28]. Encouragingly, in
these studies both ferromagnetic (FM) and antiferromagnetic
(AFM) Kitaev interactions were suggested to generate a QSL
making the spin-1 model relatively permissive [26,28].

However, due to the lack of an analytical solution, the
nature of the potential QSL state remains contested. Dif-
ferent numerical approaches have led to the emergence of
conflicting predictions, with proposals of both gapped and
gapless QSL ground states with a possible Z, topology and
topological quasiparticle excitations, some of which are not
found in the spin-% system [27-31]. In general, predictions
of nontrivial topology seem universal; yet despite the expec-
tation for exotic quasiparticles, some analyses have reported
that such a QSL may not generate Majorana fermions or
non-Abelian quasiparticles as may be intuitive considering
the spin [27-29,32,33]. Nevertheless, it is of great interest
to find such a spin-1 Kitaev material to test these pre-
dictions and attempt to extend the phase space of QSLs
and the general understanding of the Kitaev interaction and
Hamiltonian.

Thus far, few candidate spin-1 honeycomb systems have
been found (though there has been success in identifying
S > 1 materials) with Na,_,Ni, TeOg perhaps being the most
well studied [34—40]. This system crystallizes in the P63 /mcm
space group with stacked Ni** honeycomb layers built of
NiOg octahedra, thus indicating the potential for spin-1 Kitaev
physics [37]. Recently, a comprehensive neutron scattering
study on the Na,;Ni, TeOg member found a “zigzag” magnetic
ground state and a spin-wave spectrum which required the ex-
tended Kitaev Hamiltonian to model, adding to the material’s
promise [37]. However, disagreements between the ground-
state structure and the energy-minimized structure of the
spin Hamiltonian have complicated the analysis and indicated

the need for more complex modeling potentially leaving this
material further removed from the pure Kitaev state [37].

Another potential candidate spin-1 honeycomb compound
is KNiAsO,4, which was first discovered and studied sev-
eral decades ago as a “micalike” material with potential for
organic ion exchange [41-44]. KNiAsO, crystallizes in the
trigonal R3 space group (in the hexagonal setting) with a lay-
ered structure of edge-sharing NiOg octahedra which create an
expected spin-1 Ni>* honeycomb sublattice [41,43]. These Ni
layers are highly two dimensional (2D) with a large ~10 A~
interlayer spacing which should strongly suppress interlayer
interactions, while the overall material has strong insulating
characteristics (growing as transparent greenish-yellow crys-
tals) [41]. Thus KNiAsOy appears a good candidate material
for exhibiting spin-1 Kitaev physics.

Unfortunately, early work revealed that KNiAsO,4 under-
goes an AFM transition at ~19 K thus significantly reducing
the chances of finding a QSL state in the as-grown com-
pound [45]. Neutron diffraction experiments suggested an
ordering vector of k = (%, 0, 0) with an AFM chain structure
and early theoretical work (absent the Kitaev formulation)
even traced out a potential phase diagram based on relative
exchange interaction strengths [45]. This early analysis pro-
posed a rich magnetic phase diagram with numerous potential
magnetic states in close proximity including the well-known
zigzag structure which is predicted to exist proximate to the
QSL state [45]. Therefore it is worthwhile to reconsider this
material to determine if it exhibits any evidence of Kitaev
interactions; if so, how close to the QSL it might be; and how
to optimize the structure and chemistry to tune the material
closer to the pure spin-1 Kitaev model.

In this paper, we revisit the synthesis, structure, magnetic
order, and phase diagram of KNiAsQOy, study the effects of an
applied field on the magnetic ground state, and evaluate the
potential for Kitaev physics via the experimental determina-
tion of the spin Hamiltonian. We find a ground-state magnetic
structure of the zigzag type indicating the potential presence
of the Kitaev interaction. Using inelastic neutron scatter-
ing, we find that the spin-wave spectrum is most consistent
with an extended Kitaev Hamiltonian with both Kitaev and
Heisenberg interactions. Using first-principles calculations,
we consider how KNiAsO4 might be chemically tuned to
strengthen the Kitaev and weaken the Heisenberg interactions.
These results suggest that KNiAsO,4 is a useful system to
study Kitaev physics in a spin-1 honeycomb lattice.

II. EXPERIMENTAL METHODS
A. Synthesis

Powder samples of KNiAsO4 were synthesized using a
stoichiometric mixture of KH,AsO,4 and Ni(NO3), - 6H,O. In
a typical reaction, a total of 3 g of KH,AsO4 and Ni(NO3); -
6H,O were mixed in a 1 : 1 stoichiometric molar ratio and
ground well using an agate motor and pestle inside an in-
flatable glove chamber due to both KH; AsO4 and Ni(NO3); -
6H,0 being highly hygroscopic. Next, the mixture was loaded
into an alumina crucible and heated to 300 °C overnight. After
the initial heating, the mixture was ground and pelletized.
These pellets were then reheated to 900 °C for 2 days in an Ar
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atmosphere, after which a homogeneous greenish powder was
obtained with powder x-ray diffraction confirming the quality
and purity of the sample. Once finished, powder samples
were transferred to an Ar-filled glovebox to prevent moisture
absorption.

Single crystals were synthesized starting with powder sam-
ples grown as described above. Using a flux growth, the
well-ground KNiAsO4 powder was mixed with KCl at 1 : 10
mass ratio and sealed in evacuated quartz ampoules. The am-
poules were then heated up to 900 °C at 60 °C/h and left
to dwell at temperature for 7 days. After this the reaction
was cooled to 400 °C at 5 °C/h and then furnace cooled to
room temperature. Once at room temperature, high-quality
green platelike crystals were recovered from the flux by wash-
ing with deionized water. As with the powders, the crystals
were stored in the glovebox in order to prevent any reaction
with air.

B. Magnetization and heat capacity experiments

Temperature- and field-dependent magnetic properties
were measured in a Quantum Design (QD) Magnetic
Properties Measurement System (MPMS). The temperature-
dependent static susceptibility [M/H (T )] was measured over
a temperature range 2-300 K with applied fields between
0.1 and 5 T using single-crystal samples with the field ori-
ented parallel and perpendicular to the ¢ axis (i.e., the surface
of the plates). Isothermal magnetization measurements were
performed at 2 K for fields up to 6 T. Heat capacity was mea-
sured on single-crystal samples in the QD Physical Properties
Measurement System (PPMS) by the relaxation technique.
Measurements were performed in both H||c and H L ¢ ori-
entations up to 9 T; however, only H _L ¢ results are shown
due to the similarity of the signals in either orientation.

C. Neutron scattering experiments

Neutron powder diffraction (NPD) measurements were
performed using the constant-wavelength powder diffrac-
tometer HB-2A of Oak Ridge National Laboratory’s
(ORNL’s) High Flux Isotope Reactor (HFIR) [46]. To prevent
grain reorientation and sample movement during measure-
ments in an applied field, the powder sample was pressed
into pellets and secured in the sample can with a thin Al
post. Analysis of the neutron powder diffraction data was
performed using the Rietveld method as implemented in the
FULLPROF software suite [47]. For the magnetic structure de-
termination, the Simulated Annealing and Representational
Analysis (SARAH) software was used as well as the Bilbao
Crystallographic Server [48-51]. Visualization of the nuclear
and magnetic crystal structures was performed using Visual-
ization for Electronic and Structural Analysis (VESTA) [52].

Inelastic neutron scattering (INS) experiments were carried
out on the Hybrid Spectrometer (HYSPEC) direct-geometry
spectrometer of ORNL’s Spallation Neutron Source [53].
Measurements were performed on powder samples, and the
data shown in this paper were collected using an incident
neutron energy of E; = 13 meV and a Fermi chopper fre-
quency of 300 Hz. This configuration provided an energy
resolution of 0.4 meV (determined from the full width at

half maximum at the elastic line). Analysis of the obtained
spectra was performed using a machine-learning optimization
algorithm developed by the authors and linearized spin-wave
theory as implemented in SPINW [54,55].

D. First-principles calculations

First-principles calculations were performed using the lin-
earized augmented plane-wave (LAPW) density functional
theory code WIEN2K, using both the generalized gradient
approximation (GGA) and the commonly used “GGA+U”
approximation, in which an orbital potential U was applied to
the magnetic Ni 3d orbitals [56-58]. To avoid attempting to fit
the data using first-principles efforts, only a single U of 5 eV
was used in the calculations. In general, the application of a
U further localizes the relevant electrons and hence reduces
the exchange energies associated with magnetic order, and we
will see that this is true here.

Sufficient numbers of k points (a minimum of 600 in
the relevant Brillouin zone) were used to make the or-
dered magnetic moments and associated energies of sufficient
accuracy—generally to at least 1072 up and 10~* eV for
the in-sphere magnetic moment and total energy, respec-
tively. The experimentally determined lattice parameters were
used, and the internal coordinates were relaxed, within the
“straight” GGA approach in an assumed ferromagnetic con-
figuration, until atomic forces were less than 2 mRy/bohr.
Including magnetic order in the relaxation helps to guard
against the risk that the neglect of magnetoelastic effects in
non-spin-polarized calculations yields a structure far from
the experimental one [59-63]. Forces in the experimental
antiferromagnetic state (see below) remain small. Spin-orbit
coupling was not included in these calculations. LAPW sphere
radii of 1.42, 1.57, 1.99, and 2.37 bohrs were used for O,
As, Ni, and K, respectively, and an RK;,,x value of 7.0 was
employed. This represents the product of the smallest sphere
radius—in this case O—and the largest plane-wave expan-
sion wave vector. Ordinarily for high-precision computational
work a larger value (typically 9.0) is more desirable, but in
this case the relatively small sphere radius applicable to O
means that the effective RK,,x applicable to the magnetically
relevant Ni is in fact well in excess of 9.0, so that one may be
reasonably assured of the accuracy of these calculations.

III. RESULTS AND DISCUSSION
A. Nuclear structure

Previous reports suggest that KNiAsO, crystallizes in the
trigonal R3 space group (hexagonal setting) in a “micalike”
layered structure as is shown in Figs. 1(a)-1(c) [41,42,45,64].
Due to the trigonal symmetry, all four atom species form
triangular lattices which are then shifted and stacked along
the ¢ axis by the centering operations and mirrored by the
rotoinversion. In the case of the Ni site, the z position of
~0.16, which is close to % of 1, leads the layers generated
by the centering operations to be nearly positioned on the
same plane, creating very slightly buckled hexagonal layers
of Ni. These Ni layers are then sandwiched between O layers
describing a hexagonal lattice of NiOg octahedra. The NiOg

lattice is capped by triangular lattices of As which cover the
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FIG. 1. (a) Crystal structure of KNiAsO4 shown along the a
axis illustrating the layered structure. (b) Picture of as-grown single
crystals of KNiAsO4 with the longest edge of the crystals being
~2 mm. (c) Crystal structure viewed along the ¢ axis. (d) Rietveld
profile of the fit to the 40-K neutron powder diffraction data. Int.,
intensity; arb., arbitrary.

center of the Ni hexagons making AsOy tetrahedra [Figs. 1(a)
and 1(c)]. These Ni-As-O layers stack along the ¢ axis with the
interlayers filled by offset triangular lattice K sheets [41,64].

To check this structure, originally reported several decades
ago, we performed NPD at temperatures above the Néel tem-
perature 7Ty and modeled the resulting pattern using the R3
structure [as shown in Fig. 1(d)]. In our Rietveld refinements,
the R3 structure satisfactorily accounted for all observed peak
positions and peak intensities save for a small (~1% volume
fraction) impurity phase of NiO and peaks originating from
the Al sample can. During our modeling we attempted to
refine the K, Ni, and O site occupancies individually; however,
all sites were refined to within 1% of fully occupied. Consider-
ing the relatively low Q range of this study which is optimized
to capture magnetic scattering rather than structural peaks,
in the final refinements we fixed all site occupancies to fully
occupied. Therefore we use this reported structure for the rest
of our analysis. The lattice and atomic parameters extracted
from the refinements at various temperatures are shown in
Table I. Of particular interest here is the sizable c¢ lattice
parameter, which leads to ~10 A of separation between the
Ni layers and thus should encourage strongly two-dimensional
physics.

TABLE 1. Crystallographic parameters of KNiAsO, at 40 and
2 K under 0 T and at 2 K with a 6 T applied field. The magnetic
moment is reported in units of 1tz /Ni.

40K, 0T 2K, 0T 2K,6T
Space group R3 R3 R3
Ry 8.53 8.43 8.29
x? 17.99 16.72 3.10
a(A) 4.9864(1) 4.9868(1) 4.9858(1)
cA) 28.6182(6)(2) 28.6192(6) 28.6162(5)
V(A% 616.06(1) 616.37(1) 616.06(1)
K (6¢)
X 0 0 0
y 0 0 0
Z 0.2893(2) 0.2893(2) 0.2893(2)
Ni (6¢)
X 0 0 0
y 0 0 0
z 0.1653(2) 0.1652(1) 0.1653(3)
m, —-0.2(1) —1.3(1)
my 1.6(1) 0.4(1)
me 0.7(1) 0.2(1)
|m| 1.8(2) 1.5(2)
As (6¢)
X 0 0 0
y 0 0 0
Z 0.5596(1) 0.5599(1) 0.5596(1)
01 (18f)
X 0.0050(6) 0.0060(5) 0.0050(6)
y 0.3447(5) 0.3454(4) 0.3447(5)
Z 0.1255(1) 0.1249(1) 0.1255(1)
02 (6¢)
x 0 0 0
y 0 0 0
b4 0.6178(1) 0.6183(1) 0.6178(1)

B. Bulk magnetic properties

Previously, KNiAsO, was reported to have an AFM
transition at ~19 K from magnetic susceptibility measure-
ments; here we revisit such measurements with modern
instrumentation and expand on them by measuring the field
dependence [45]. In Fig. 2(a) we show the susceptibility
and its inverse as functions of temperature along two dif-
ferent crystallographic directions (H || ¢ and H L ¢). Upon
cooling, we first observe a broad peak at ~30 K, followed
by a steep downturn at ~20 K. Such a broad peak-like
feature in two-dimensional systems can be indicative of
two-dimensional magnetic correlations preceding the long-
range three-dimensional order [65,66]. Using heat capacity
measurements [Fig. 2(b)], we observe a sharp lambda-like
anomaly at ~19 K. Consequently, we label the AFM transition
as occurring at ~19 K. Comparing the behavior along the dif-
ferent crystallographic directions (i.e., in-plane and along c),
we find that while the in-plane signal shows a sharp downturn,
along ¢ a much smaller drop is observed perhaps indicating a
larger moment component in the ab plane. We also observe an
upturn in the H || ¢ signal below ~10 K. However, as will be
discussed this is not observed in any other probe used, and so
we do not attribute it to an observable change in the magnetic
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FIG. 2. (a) Magnetic susceptibility and inverse susceptibility of
KNiAsO, collected parallel and perpendicular to the ¢ axis for a
probe field of 0.1 T. (b) Heat capacity C, measured for H L ¢
for applied fields between 0 and 9 T (data collected for H || ¢ are
qualitatively similar and so are not shown). Temperature-dependent
magnetic susceptibility collected between 2 and 50 K under applied
fields between 0.1 and 5 T for (c) H L ¢ and (d) H || ¢. The inset in
(d) shows the isothermal magnetization collected along the two field
orientations.

ground state at these temperatures. Such a low-temperature
upturn is often seen and is usually attributed to small con-
taminants or impurity phases though intrinsic mechanisms are
possible; such an identification is beyond the scope of this
work [67-71].

Using the inverse susceptibility curves, we performed
Curie-Weiss fitting to extract the effective moment e and
the Curie-Weiss temperature 6cw . We note that in this analysis
a high sensitivity of the fit parameters to the fit tempera-
ture range was observed (as is common in lower-dimensional
and frustrated systems), and so a high temperature range of
180 < T < 350 K was used in the fits [45]. Doing so re-
sulted in fit parameters of Ocw = —0.2 &= 0.5 K and pesr =
2.7+£0.1 pup for fits to the H L ¢ inverse susceptibility and
of Ocw = —16.1 £0.4 K and per =2.9£0.1 pup for the
H || ¢ curve. Here, the ueq is close to that expected for a
S =1, 3d transition metal ion. On the other hand, while
both fits produced negative Ocw, suggesting AFM interac-
tions, the temperatures are quite different. The in-plane |Gcw |
is significantly smaller than that of the out-of-plane value.
This is unexpected given the quasi-2D layered structure.
However, similarly large out-of-plane Curie-Weiss temper-
atures have been obtained in other quasi-2D honeycomb
materials with Kitaev interactions and been ascribed to the
effects of off-diagonal exchange terms (see Sec. I1I D) perhaps
indicating some similarity here to those systems [72-74].
Alternatively, this could be interpreted more straightfor-
wardly as KNiAsO, exhibiting much stronger out-of-plane
than in-plane exchange interactions. However, while per-
haps not impossible, this seems quite difficult to explain
given the >9-A interlayer separation. Whatever the cause of
this seemingly inverted anisotropy, more detailed magnetic
susceptibility measurements are needed both to understand

this result and to uncover possible physical mechanisms
behind it.

In Figs. 2(c) and 2(d) we show the low-temperature behav-
ior of the transition at different probe fields for the two crystal
orientations. For H L ¢ we find that increasing field decreases
the magnitude of the signal drop after the transition. Simi-
larly, for H || ¢ the upturn in the curve at low temperatures
decreases with increasing field perhaps indicating that the
field is tuning the direction of the moment. However, in either
case the Ty shows no significant change even at the highest
measured field of 5 T, and no evidence of a second transition
is observed suggesting only a spin reorientation in the existing
magnetic symmetry but no metamagnetic transition [75,76].
As a further check, the heat capacity was measured as a
function of temperature and applied field in both orientations
[Fig. 2(b); H || ¢ is not shown but looks identical to H L ¢],
and while a sharp peak is observed at 0 T, it shows no field
dependence; no evidence of a second transition is observed at
any temperature for fields up to 9 T.

C. Magnetic structure and field dependence

With the bulk measurements indicating an AFM transition
at ~20 K we next turn to neutron powder diffraction to solve
the magnetic structure. In Fig. 3(a) we show neutron powder
diffraction patterns collected above and below the signal ob-
served in the susceptibility. Upon cooling below 7, numerous
new reflections appear which cannot be indexed by the nuclear
structure indicating AFM ordering. To better associate these
new peaks with the signal seen in the bulk measurements,
an order parameter scan was performed by collecting the
intensity of the peak at ~0.76 A~! as a function of tem-
perature (with the intensity of a magnetic Bragg peak being
proportional to the square of the ordered moment) as shown
in Fig. 3(b). The peak intensity is seen to grow below 20 K
consistent with the behavior observed in the susceptibility.

To solve the magnetic structure, we first identify order-
ing vectors which can account for the observed reflections.
As shown in Fig. 3(a) all the additional low-temperature
peaks can be indexed by k = (%, 0,0) [we note that here
k= (%, 0, 0) is indicated rather than k = (%, 0, 0) due to the
observed extinction rule —h + k 4+ I = 3n]. Using represen-
tational analysis, this k together with the R3 space group
and 6¢ Wyckoff position of the Ni** ion allows two possible
irreducible representations (irreps I"), each of which split the
6¢ site into two symmetry-related sites (one with the origi-
nal position and one at x, y, —z) with a total of three basis
vectors—one each for the three crystallographic directions
(see Table II). Of the two I, the first gives rise to a “stripy”-
type magnetic order with AFM along the zigzag chains in the
[010] direction of the honeycomb lattice and FM correlations
between the chains. The second I' describes a “zigzag” order
with FM along the chains and AFM between them. Both of
these I" correspond to the magnetic space group (MSG) Ps1
with a doubling of the a lattice parameter and an origin shift
of (%, 0, 0) in the case of I';.

Rietveld refinements were performed using both of these
models, and the zigzag structure of I, was found to produce a
decisively better fit to the experimental pattern. The resulting
profile together with the data is shown in Fig. 3(c), and the
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FIG. 3. (a) Comparison of powder diffraction patterns collected
at 1.5, 20, and 50 K with peak indices showing the appearance of new
fractional integer peaks below Ty. (b) Temperature-dependent order
parameter scans for the (—%, 0, 1) peak collected on warming under
different applied fields. (c) Rietveld profile to the 2-K diffraction pat-
tern for the best-fit magnetic model. (d) Rietveld profile comparison
of the previously reported magnetic structure [with k = (%, 0,0)]
and the k = (%, 0, 0) structure reported here.

extracted crystallographic and magnetic structure parameters
are reported in Table I. The obtained magnetic structure
(Fig. 4) has FM zigzag chains running along the [010] direc-
tion of the unit cell with AFM coupling to the neighboring
chains (i.e., along a). The Ps1 MSG allows the magnetic
moments to have nonzero components in all three crystal-
lographic directions, and in our refinements we found it
necessary to allow all three components to be nonzero to

TABLE II. Irreducible representations I', basis vectors ¥, mag-
netic space group (MSG), magnetic supercell, and origin shift for
k= (%, 0, 0). Basis vectors contain components for the two gener-
ated Ni sites, the original at (0,0,0.165) indicated by v, and a second
at (0,0,0.835) indicated by ;.

r ¥y v MSG  Supercell  Origin shift
Iy (1,0,0) (1,0,0) Pl (2a, b, ¢c) (0,0,0)
(0,1,0) (0,1,0)
(0,0,1) (0,0,1)
I, (1,000  (—1,0,0) Ps1 (2a, b, c) (%, 0,0)
0,1,00  (0,—1,0)
0,0,1) (0,0,—-1)

FIG. 4. Best-fit magnetic structure of KNiAsO, oriented to vi-
sualize (a) the stacking relationship of the Ni planes along the ¢
direction and (b) the magnetic order in a single Ni layer.

obtain the best fit. In the refined structure, the majority of the
moment lies in the ab plane with a small component along ¢
describing an ~22° canting (see Table II). The magnitude of
the ordered moment is 1.8(2) wup/Ni, which is smaller than
the effective moment but very close to the expected size for a
spin-1 system [45,64].

We note that the magnetic structure found here is dif-
ferent from that reported in Ref. [64], and so it is worth
considering this previous model more carefully. In Ref. [64]
ak = (%, 0, 0) was suggested with a magnetic structure that
doubled the cell along a (or b) and re-created a stripy-type
structure. In our analysis using representational analysis, k =
(%, 0, 0) breaks the 6¢ Wyckoff site into two separate orbits
(or symmetry-distinct atomic sites) with the same positions as
described for the symmetry-related atoms in the k = (%, 0,0)
structures and produces only a single I for either orbit. This I'
has three basis vectors per site—one for each crystallographic
direction leading to a total of six parameters and allowing the
two sites to have differently sized ordered moments. Using
this model, we again performed Rietveld refinements, and the
best fit is shown in Fig. 3(d) together with the fit from the k =
(%, 0, 0). Here it is clear that the k = (%, 0, 0) zigzag model
accounts for both the observed peak positions and intensities
better than the k = (%, 0,0) model with the latter adding
magnetic peaks where no new intensity is seen while also not
correctly fitting the observed intensities. We suggest that this
discrepancy with the previous report likely results from our
use of a higher-intensity, higher-resolution instrument, which
allowed us to observe many more magnetic peaks than in the
previous work as well as the development of more powerful
tools for magnetic structure solution in the intervening time.
Therefore we continue our analysis using our zigzag magnetic
structure.

Having established the zigzag structure as the zero-field
magnetic ground state, we turn to the field-dependent struc-
ture. Shown in Fig. 5(a) are several powder patterns collected
under different applied fields together with the O-T, 1.5-K
data and the 0-T, 40-K data for comparison. Focusing on the
most intense low-angle peaks [the (—%, 0,1) and (%, 0,2)
reflections], we see that as the field is increased the magnetic
intensity monotonically decreases to the highest measured
field of 6 T [Fig. 5(c)]. However, the reduction in intensity is
not identical between the peaks with the (—%, 0, 1) changing
from the more intense peak at 0 T to the weaker reflection
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FIG. 5. (a) Powder diffraction patterns under different applied
fields. (b) Rietveld profile fit of data collected at 1.5 K under a
6 T applied field using the magnetic structure determined from the
analysis of the O-T data. (¢c) Order parameter scan collected upon
warming from 1.5 K on the (—%, 0, 1) magnetic peak. (d) Refined
components of the Ni>* magnetic moment as a function of applied
field.

by 6 T. Similarly, considering the three reflections between
1.9 and 2 A~!, we see the intensity of the two higher-angle
peaks decreases with increasing field while the lower-angle
peak remains nearly constant. These observations imply that
the increasing field has two effects on the magnetic structure,
reducing the ordered moment and changing its direction with
respect to the nuclear structure, both of which are broadly
consistent with the magnetization data previously discussed.
This is further supported by considering the temperature de-
pendence of the (— % 0, 1) peak under different applied fields
[Fig. 3(b)] and at 2 K as a function of field [Fig. 5(c)]. In
the former, as in the heat capacity measurements, we see
no change in the transition temperature. In the latter we
see a continuous decrease in intensity to the highest mea-
sured field. In either case, no sign of a phase transition is
observed.

Ideally, one would like to extract the behavior of the
magnetic field along different crystallographic directions;
however, in this paper, such measurements were not fea-
sible. Therefore, despite the orientational averaging of the
powder data, we nevertheless performed quantitative analysis
by modeling the magnetic scattering observed in the data
collected under an applied field. We note that since no metam-
agnetic transition was observed, which in such measurements

can lead to multiple macroscopically coexisting magnetic
structures due to the different field orientations of differ-
ent powder grains (see, for instance, Ref. [77]), analysis of
the field-dependent data may just give additional insights
into which crystallographic directions are more magnetically
soft.

In Fig. 5(b) we show a fit using the zigzag model of the
data collected at 1.5 K and 6 T. As seen, despite the discussed
difficulties, the calculated intensities match the experimental
profile remarkably well without the need for additional mag-
netic phases to account for different relative field orientations,
with similar quality fits obtained for all measured fields. To
elucidate the above-described field dependence, we extracted
the independent components of the refined magnetic moment
[Fig. 5(d)]. As the field is increased, we find a monotonic
decrease in the magnitude of both mj; and m, while the
magnitude of m, increases thus describing a rotation of the
moments to be more in-plane and more perpendicular to the
chain direction. We note that in our refinements we also found
the field to drive a slight contraction of both the @ and c lattice
parameters, which both continuously decrease with increasing
field.

Finding the zigzag order in KNiAsOy is quite interesting.
In both the spin—% and spin-1 Kitaev models on a honeycomb
lattice, the zigzag magnetic ground state is expected to be
adjacent to the Kitaev state [28,78,79]. In calculations, the
zigzag structure is found to stabilize from a spin Hamiltonian
which contains both Kitaev and Heisenberg interactions [78].
Thus perhaps the observed structure is evidence of a proxim-
ity to Kitaev physics in KNiAsQy, a case we consider more
rigorously in the next section.

D. Spin waves and the spin Hamiltonian

While the realized long-range order allows us to place
KNiAsQOy4 on established generic phase diagrams of the per-
turbed Kitaev Hamiltonian, to better elucidate whether it
actually exhibits Kitaev interactions, it is necessary to study
the spin dynamics of the system. Shown in Fig. 6(a) is the
INS spectrum for a powder sample of KNiAsO, collected at
2 K using the HYSPEC spectrometer with an incident energy
of E; = 13 meV. Here, we see well-defined excitations with
several acoustic modes arising from approximately 0.75, 2,
and 2.6 A~ and optical modes around 4.5 and 7 meV as
expected for an AFM structure. At low energies the acoustic
modes are seen to have an energy gap of ~1 meV indicat-
ing some explicit symmetry breaking in the underlying spin
Hamiltonian.

Such behavior is unlike that of the canonical proximate
QSL «-RuCl3, where even powder INS evidenced heavily
damped, broad excitations indicative of the QSL state, though
it is worth noting that in the spin-1 QSL such fractionalized
excitations may not be expected in the spin channel [8,32].
Rather, here the spectrum looks well ordered as seen recently
in other Kitaev candidate materials such as Na,Co,TeOg,
Na,Ni, TeOg, BaCo,(AsQy),, and Na,IrO5; [37,80,81]. Nev-
ertheless, it is important to determine whether the found
ordered state results from Kitaev interactions to understand
if and how one could tune the interactions towards a Kitaev
state.
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FIG. 6. (a) Powder inelastic neutron spectrum [S(g, AE)] of
KNiAsO,4 measured on HYSPEC using E; = 15 meV at 2 K. Calcu-
lated INS spectra from best-fit parameters for the (b) I'-K and (c) ISO
spin Hamiltonians.

To explicate the spin Hamiltonian, linear spin-wave theory
(as implemented in SPINW) was used to fit the observed spectra
with several different trial Hamiltonians. Of these, here we
focus on the extended Kitaev (I"-K) and the isotropic (ISO)
Heisenberg models as they provided the best fits of the ob-
served spectra (we note that an XX Z model produced similar
quality fits to the ISO model but with less reasonable param-
eters) [20,37,82]. A generalized form of the spin Hamiltonian
is shown in Eq. (1).

Hrk = 318§+ ) [KSTS] + (5] +57s)
(ij) (ij)

+T(SESY + ST S+ SPSY +5787)]
~DY (8- m). M

In Eq. (1), the indices (ij) run over first, second, and
third in-plane nearest-neighbor (NN) interactions and a single
interlayer interaction with associated exchange interactions of
Ji, J2, J3, and J,, respectively, in the first sum and over only
NN interactions in the second sum. The «, 8, and y label
the three Kitaev spin directions, and the K, I", T/, D, and #;
denote the Kitaev, symmetric off-diagonal exchange, asym-
metric off-diagonal exchange, single-ion anisotropy (SIA),
and the SIA direction, respectively. The D term is added for
generality and is only nonzero when K — 0, where Hr g
reduces to the Heisenberg XX Z-like model which can be
further reduced to the ISO model by setting the off-diagonal
terms (I" and I'’) to zero. To apply such a highly parametrized
model (with a maximum of seven parameters), we used an
iterative machine-learning optimization procedure together
with SPINW as explained in Ref. [54] and further discussed
in Ref. [37]. Figure 7 shows select slices of the resulting
manifold of possible solutions plotted as contours of the cost
estimator §3s function (which is determined from the cost

function X2 = Zw ZQ[Iexpt(Qv ) — learc (Q, w)]Z using the

J 4 (meV)
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FIG. 7. Two-dimensional cuts of the higher-dimensional spin-
Hamiltonian optimization manifold with the color scale indicating
the x? of the given parameter’s modeling of the observed spectra.
Small and large values of % are indicated by yellow and blue,
respectively, on a logarithmic scale.

process described in Ref. [37]). Using this cost estimator, the
best solutions modeling the observed INS spectra were chosen
at )A(Ist minima (indicated by the yellow regions in Fig. 7) and
are labeled as ISO and I'-K.

Figures 6(b) and 6(c) show the resulting simulated INS
spectra calculated from the best-fit models of both the ex-
tended Kitaev and the ISO Hamiltonians (i.e., D =0 and
K, T, I = 0, respectively) with the refined parameters shown
in Table III. Surprisingly, both models are able to reproduce
fairly well most of the observed scattering despite having
very different physical origins—possibly due to the informa-
tion lost during the powder averaging of the INS spectra.
Both models reproduce the flat optical modes at ~7.5 and
~4.5 meV and capture the observed dispersions for the acous-
tic modes. Similarly, both models re-create the observed peak
intensities near (g, AE) = (0.5 A1, 4.5 meV) and in the
high-energy optic mode. However, at lower energies, I'-K is
better able to account for the observed gap at Q ~ 0.8 A~!,
though we note that both models do produce gaps at this
Q. More significantly, the ISO model requires a SIA which
either underestimates or grossly overestimates the gap and is
found to produce a magnetic structure with Ni>* moments

TABLE III. Parameters obtained from the extended Kitaev
Hamiltonian optimized to reproduce the observed spin-wave spectra.
For the I'-K model the D term is fixed to zero, while for the ISO
model the K and I' terms are fixed to zero. In the K-I' model
the I'" term was found unnecessary and so set to zero in the final
optimization. All values are in meV.

Model Jl K1 Fl F; Jz J3 Jz D

K-Tr -097 056 0.11 0
ISO -073 0 0 0

-0.17 1.6 0.15 0
—-0.15 155 065 —-0.35
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purely in the ab plane. Such features are inconsistent both with
the structure found in the NPD analysis missing the moment
canting and with the observed gap in the INS spectra. On
the other hand, the extended Kitaev model naturally allows
for the observed canted structure and accurately re-creates the
experimental gap, thus indicating its potential applicability for
this system.

Considering the obtained parameters, we find that the Ki-
taev model produces AFM Kitaev interactions with FM J;
and J, exchange interactions and AFM J; and interlayer J,
interactions. Here J; and J; interactions are dominant with
the Kitaev term being roughly half that of the J;. This in-
dicates that even in the extended Kitaev model the Kitaev
term is not the leading interaction unlike other candidate
compounds [8,37]. For the ISO model, we obtain qualitatively
similar values for the exchange interactions albeit with a large
increase in the interlayer interaction J,, which surprisingly
becomes similar in size to the J; exchange. In both models
we find |J3| > |J;| > |J»|, which is also somewhat surprising:
With distances of 5.76, 2.88, and 4.988 A, respectively, to
first order, one might expect the interactions to weaken as the
distance is increased. However, similar relatively strong J3’s
have been reported in other honeycomb and QSL candidate
systems (especially for the case of J;3 > J,) and are usually
found necessary to stabilize the zigzag order [37,83-85]. We
note that interactions through pnictide complexes are known
to at times have unintuitive behaviors suggesting the need
for further single-crystal work and more thorough theoretical
treatments to confirm and understand the mechanism behind
this result [86].

Interestingly, the zigzag structure found in our diffraction
analysis was predicted to arise in a spin-1 extended Kitaev
model for J/K < 0 [26,27]. This is consistent with the J/K
determined in our spin-wave fit using the I'-K Hamiltonian
further indicating consistency with this model. For the
ISO model, the large J;/J;,3 ratio is unexpected. For
similar layered transition metal honeycomb lattices the
interlayer exchange interactions are typically an order of
magnitude smaller than the NN exchange [37,80,81,87,88].
For KNiAsOy, the inter-Ni-layer distance is ~10 A~!, and
a superexchange pathway would entail electron exchange
through both the As and K layers; that such a large J,
would result is surprising and unlikely lending support to the
extended Kitaev model. We note that it has been reported that
buckling of the honeycomb layer can increase the out-of-plane
coupling [89]. As discussed in Sec. III A, the Ni sublattice in
KNiAsQy is slightly buckled, and so it is worth considering
whether this could give rise to a large J,. However, in previous
work studying the effects of such buckling (e.g., Ref. [89]),
while a large buckling (as measured by the displacement along
¢ between sites in a single honeycomb layer) such as ~0.6 A
(as observed int CaTiO3) was found to enhance J,, the effect
was significantly reduced for smaller bucklings [such as the
0.16-A displacement observed in BaCo;(AsO4);]. In
KNiAsO4 the displacement is even smaller at ~0.07 A,
and so we believe it unlikely that buckling could explain the
large J, of the ISO model. Considering the slightly better
visual agreement of the I'-K model, its consistency with
the observed magnetic structure, and its more physically
reasonable exchange parameters, we tentatively suggest it

as the more appropriate model for this system. However,
additional INS studies using single-crystal samples are
needed to more firmly discriminate between these models.

E. First-principles analysis of the magnetic structures

First-principles calculations were carried out to further
elucidate the microscopic origins of the zigzag magnetic
structure. Using density functional theory (DFT), three
magnetic states were studied: A non-spin-polarized state
[nonmagnetic (NM)], the FM state, and a nearest-neighbor
antiferromagnetic state (AFM1) which approximates the
neutron-scattering-observed ground state. We have not at-
tempted to estimate the interlayer coupling but expect it to
be quite small in view of the large Ni-Ni distances involved.
However, we note that in recent work (Refs. [90,91]) even
nearly negligible interlayer couplings were found sufficient to
stabilize magnetic order with appreciable ordering points of
order 10 K or higher, as is possibly the case here.

As expected for an oxide, even within the straight GGA the
magnetic order is local in nature and falls well below the
NM state in energy, with the FM state falling, within
the GGA, over 800 meV/Ni below the NM state and with
the AFM1 ground state some 12.9 meV/Ni below the FM
state indicating the robustness of the AFMI state. Within
the GGA+U this latter energy difference is reduced to some
3.3 meV/Ni. Consistent with the expected +2 charge state
and the 3d® electronic configuration of Ni, we find a moment
of 2 up per Ni, i.e., the total cell moment is 2.00 up for
the FM state, with the in-sphere moment, as expected, being
slightly smaller at 1.59 up/Ni in the GGA and 1.74 in the
GGA+U. The corresponding moments for the AFM1 state are
1.58 (GGA) and 1.74 (GGA-+U); the relative insensitivity of
the in-sphere magnetic moment to magnetic configuration is
characteristic of local moment magnetism and in good agree-
ment with the value determined from the Rietveld modeling
[of 1.8(1) up]. The AFMI1 ground state is insulating, with
band gaps of 1.71 eV within the GGA and 3.07 within the
GGA+U.

The observed energetics would indicate estimated mag-
netic ordering points between 12.6 K (GGA+U) and 50 K
(GGA), with the observed ordering point of 19 K bracketed by
these values [62,92-94]. That the lower GGA+U value is sig-
nificantly closer to the experimental value is a fair suggestion
that the GGA+U -depicted localization of Ni orbitals is active
here. Direct linear interpolation of the band-gap values based
on the Néel point prediction suggests that the experimental
band gap is likely close to 3 eV.

Next we consider via first principles how to push KNiAsO4
closer to the Kitaev model. In this model the previously dis-
cussed ratio J/K plays a key role. In the true Kitaev limit,
J/K approaches zero, and so in an attempt to discover Kitaev
physics here we have briefly explored substitutions designed
to increase K and potentially decrease J. For this purpose
we have substituted, in separate calculations, one of the two
in-cell Ni by the isoelectronic Pd and one of the As by the
similarly isoelectronic Sb. As heavier elements, both substi-
tutions would be expected to increase spin-orbit coupling and
thus potentially the K interaction, and the generally weaker
magnetic coupling of elements such as Pd would be expected
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to also decrease J. For Sb alloying, the calculation immedi-
ately crashes, suggesting that the much greater volume of Sb
may impede its substitution for As. For the Pd case, however,
something interesting happens. Despite the calculation’s ini-
tialization with the Pd moment oriented opposite to Ni, the Pd
moment rapidly “flips” to become ferromagnetically coupled
to the Ni and converges to a ferromagnetic solution with the
same moment (4 wp/cell) as in the pure-Ni FM case. This in-
ability to stabilize non-ground-state magnetic structures may
indicate that Pd substitution can be expected to move the
system towards itinerant behavior, with all the potential com-
plexities associated with itinerant physics [95]. Therefore Pd
substitution may drive the system towards quantum-critical
behavior by frustrating the normally antiferromagnetic Ni-Ni
nearest-neighbor interaction and thereby driving the ordering
point towards T = 0. Howeyver, given that this requires doping
into the honeycomb layers, it may also induce disorder and
as a result lead to other more trivial yet obscuring effects.
We leave this observation for future experimental efforts to
exploit.

IV. CONCLUSIONS

We report the synthesis and comprehensive magnetic
analysis of the spin-1 honeycomb compound KNiAsOj.
Crystallizing with the R3 space group symmetry, KNiAsO,
presents a nearly perfect layered honeycomb material with
a nearly planar Ni honeycomb and a large ~10 A~! inter-
layer spacing. Charge counting suggests a Ni’>* state with a
5d® valence giving rise to a spin-1 system. The octahedral
NiOg environment has nearly perfect 90° Ni-O-Ni bond an-
gles which together with the other chemical and structural
components set the stage to realize the highly desired Kitaev
interaction. Magnetization and heat capacity measurements
reveal an AFM transition at ~19 K which is generally ro-
bust to applied magnetic fields up to 9 T. Neutron diffraction
experiments as a function of temperature and field allowed
for the solution of the magnetic structure revising previous
reports and suggesting a k = (%, 0, 0) ordering vector with
the ostensibly QSL proximate “zigzag” magnetic order and
a refined moment of 1.8(2) pup—consistent with the charge
counting for a spin-1 Ni valence. Neutron powder diffraction
up to 6 T showed no evidence of a metamagnetic transition but
did reveal that the moment direction could be tuned within the
Pg1 magnetic space group indicating the possibility for tuning
to a ¢ or b(a) polarized state in single crystals.

Using inelastic neutron scattering, the spin Hamiltonian
was studied. We found that both the extended Kitaev and

isotropic Heisenberg Hamiltonians were able to produce ad-
equate simulations of the observed spectra. However, the
predictions of the zigzag structure for a spin-1 Kitaev sys-
tem with J/K < 0, the better capture of the spin gap of the
I'-K model, the inconsistent magnetic ground state of the
ISO model, and its unusually large interlayer exchange all
intimate a preference for the extended Kitaev Hamiltonian
though additional inelastic measurements on coaligned single-
crystal arrays are necessary to firmly discriminate between
these models. Using first-principles calculations, we showed
that the zigzag model is indeed the expected lowest-energy
magnetic order and that the inclusion of a U term was im-
portant to capture the experimental 7y suggesting a highly
localized system. Finally, looking to decrease the J/K ratio,
we suggest alloying Pd on the Ni site, which will both in-
crease the spin-orbit coupling, thus strengthening the Kitaev
interaction, and reduce the J due to enhancing the itinerancy
giving a road map to push KNiAsOy closer to the Kitaev state.
Our work presents a rare example of a spin-1 honeycomb
system which generally shows the possibility of proximity to
a Kitaeyv state thus allowing for study of the associated physics
in a higher-spin model than the canonical spin-% quantum spin
liquid.

The Department of Energy will provide public access to
these results of federally sponsored research in accordance
with the DOE Public Access Plan [96].
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