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Polar and chiral Ni;TeOg was found to exhibit a colossal magnetoelectric (ME) effect associated with collinear
antiferromagnetic order. We have investigated the evolution of its magnetic state with the substitution of the Ni**
spins by isotropic Mn** spins, namely (Ni, Mn);TeOs (NMTO). The ground state of NMTO maintains an Ising
nature, but a new phase with XY-type magnetic anisotropy is discovered at an intermediate temperature range.
Neutron powder diffraction experiments reveal that (1) Mn ions tend to occupy a specific transition-metal site,
consistent with the first-principle calculation, and (2) the intermediate phase is an incommensurate (IC) helical
magnetic state propagating along the ¢ axis with gic = (0, 0, 1.5 & §). We also found that the balance between
these two magnetic states can be readily manipulated with magnetic fields, which results in significant ME
effects. This selective site occupancy of NMTO allows for a unique competition between collinear and helical
magnetic structures with minimal chemical disorder. Thus, NMTO serves as a model system to study site-specific

chemical control of noncollinear magnetism and ME coupling.
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I. INTRODUCTION

Noncentrosymmetric crystal structure (polar or chiral) al-

lows for antisymmetric magnetic exchange interaction, also
known as Dzyaloshinskii-Moriya (DM) interaction D_)lz
> = = L . >
(S1x82) (D12: Dzyaloshinskii vector between spins S
and S;), which originates from the spin-orbit coupling and
absence of inversion symmetry [1,2]. It allows for non-
collinear spin arrangement and may stabilize chiral magnetic
structures such as conical, helical, cycloidal, and skyrmion
states [3-5], which are of intense study over the past
decades [6]. These states give rise to various emergent
properties such as magnetically induced ferroelectric polar-
ization and strong magnetoelectric (ME) coupling [7-10],
anomalous/topological Hall effect [11-14], and nonreciprocal
effects [15,16]. Skyrmions, in particular, are stable topological
quasiparticles in mesoscale and have great potential in future
device applications [6].

In addition to the DM interaction, formation of these
unconventional magnetic structures strongly depends on
the constituent magnetic spins. For example, intercalated
transition-metal dichalcogenide (TMDC) materials with chi-
ral space group display plethora of magnetic ground states
within 3d transition metal ions; helical [17,18], Ising fer-
romagnet [19,20], Ising antiferromagnet [21], and collinear
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antiferromagnet [22]. Thus, chemical composition plays an
important role in determining the magnetic ground state as
much as the crystal symmetry. In this regard, chemical mixing
of dissimilar magnetic ions seem to be a promising route
to introduce competition between different magnetic ground
states and search for emergent phases and/or functionality.
However, it is mostly accompanied by chemical disorder with
short range magnetic interactions, making it difficult to study
its intrinsic properties.

Orthotellurate NizTeOg (NTO), which crystallizes in a
noncentrosymmetric space group R3 [23,24], is both polar
and chiral and may circumvent the issue of chemical disor-
der and provides a platform to study the effect of magnetic
anisotropy under chemical doping. It orders to a com-
mensurate collinear (CC) antiferromagnet (AFM) with an
Ising-type magnetic anisotropy below 51 K [25]. Upon ap-
plication of high magnetic field along the magnetic easy
axis, it shows a “nonhysteretic” spin-flop type transition with
strong ME coupling at ~9 T [26] and another transition at
higher magnetic field with stronger ME effect [27]. Optical
spectroscopy study showed that the 9 T transition in NTO
involves changes in crystal-field environment of Ni** and ac-
companies sensitive magneto-optical response [28]. Neutron
scattering study revealed that the spin-flop type transition is
actually a first-order phase transition and the “spin-flopped”
phase is, in fact, an incommensurate (IC) spin-helical state
where spins lie in the ab plane and rotate along the c¢ axis
[29].
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Recent reports show that it is possible to partially substitute
Ni with other 3d transition metal ions (M = Mn, Co) and
still preserve its noncentrosymmetric space group R3. By Mn
doping, magnetic ordering temperature (7') increases as high
as ~70 K, but the system is reported to order magnetically the
same as NTO [30,31]. On the other hand, upon Co doping,
the system orders to an IC spin-helical ground state, similar
to the magnetic field-induced spin-helical state of NTO [32].
Both systems exhibit low-energy excitations below Ty with in-
tricate spin-lattice coupling, possibly electromagnons [31,32].

Here, in contrast to previous Mn-doping studies [30,31],
we discovered a new magnetic state under zero magnetic field
by Mn doping in NTO, namely Ni;_,Mn,TeOg (NMTO). We
find the solubility limit of Mn into the NTO matrix up to x <
1.0, above which a phase separation occurs with Mn3;TeOg
phase (space group R3). Compared to the previous work [31],
both our single- and polycrystalline samples below x = 1.0
are free from impurities. The new magnetic phase is actually
an IC spin-helical phase that emerges between AFM ordering
temperature (Ty) ~ 75 and ~65 K under zero magnetic field,
below which a CC AFM phase persists to lowest temperature
measured, identical to the case of NTO. Interestingly we find
a sharp peak at the IC spin helical to CC AFM transition
and a broad feature under magnetic field-induced transition in
dielectric susceptibility (¢) measurements, indicating strong
ME coupling. Neutron powder diffraction (NPD) experiment
reveals that the Mn ions mostly occupy a specific site among
three possible crystallographic positions for M ions. We per-
formed a density-functional theory calculation and compared
the formation energies of a model NMTO system with Mn
ions occupying different transition-metal sites. Our work
demonstrates a viable route to realize the modulated spin
structures in noncentrosymmetric magnets, between Ising-
and XY-type magnetic anisotropies, which can be useful for
future applications.

II. METHODS

NMTO powder samples were prepared by solid state re-
action method [25]. Stoichiometric amounts of NiO (99.9%
purity), MnCO3 (99.99%), and TeO, (99.99%) were ground
and sintered at 800 °C for 24 h, followed by furnace cooling
to room temperature. The process was repeated twice with an
intermediate grinding. Single crystals of NMTO were grown
by chemical vapor transport (CVT) technique with polycrys-
talline powder and TeCly as transport agent. We found that
the growth of single crystals with desired phase (space group
R3) is rather insensitive to Ni/Mn ratio of the polycrystalline
powder used for CVT, although larger Mn concentration in
the polycrystal yields Mn;TeOg impurities (space group R3)
which is discussed later. Powder x-ray diffraction (XRD) was
measured using a Cu Ko source at room temperature (X’ Pert
Pro, PANalytical). Single-crystal XRD data were collected at
T = 173 K using graphite-monochromated Mo K« radiation
(PHOTON 1I X-ray diffractometer, Bruker). Single crystals
obtained have planar hexagonal shape with typical edge length
and thickness of 0.7 and 0.1 mm, respectively [Fig. 1(b)].
Prior to the bulk measurement, samples were examined under
a polarized optical microscope to ensure that they have a
single polar/chiral domain.
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FIG. 1. (a) Crystal structures of Ni;_,Mn,TeOg (NMTO) viewed
along (left) the [110] direction and (right) the [001] direction, show-
ing TM1-Te and TM2-TM3 layers in the ab plane. Three transition
metals (TM)-oxygen (red spheres) cages are shown in blue, purple,
and green, respectively. Te-oxygen cages are shown in dark yellow.
(b) XRD data taken at room temperature and Rietveld refinement
on a powder sample with x = 0.5. Black symbols, red, and green
lines represent observed intensity, fitted intensity, and the difference
between the observed and fitted intensity, respectively. (¢) XRD data
of powder samples with different Mn dopings (x). (d) and (e) Lattice
parameters from Rietveld refinement of XRD and NPD data at room
temperature as a function of x. Black and red symbols are from
phases with space groups R3 and R3, respectively. Dashed linear
lines are guides to the eye.

We used a commercial cryostat equipped with a super-
conducting magnet (Physical Property Measurement System,
Quantum Design) for dielectric, electric polarization, and spe-
cific heat measurements. Electrodes for dielectric and electric
polarization experiments were made by Au sputtering. Dielec-
tric constant was measured by using an LCR meter (7600,
Quadtech) at frequencies between 440 Hz and 440 kHz. Elec-
tric polarization was measured using an electrometer (617,
Keithely). Magnetic susceptibility was measured using either
a superconducting quantum interferometer (Magnetic Prop-
erties Measurement System, Quantum design) or a vibrating
sample magnetometer (Quantum Design). The crystal and
magnetic structure of NMTO powder sample with the mass
of ~10 g were investigated using neutron diffraction method
at high-resolution powder diffractometer (BT-1) at the NIST
Center for Neutron Research. NPD experiments were per-
formed in a T range from 300 to 4 K with a wavelength
of 2.079 A (Ge-311 monochromator). NPD data were ana-
lyzed using Rietveld refinement program FullProf suite. The
Simulated Annealing and Representation Analysis (SARAh)
program was used to derive the symmetry allowed magnetic
structures [33,34].

094405-2



HELICAL VERSUS COLLINEAR ANTIFERROMAGNETIC ...

PHYSICAL REVIEW MATERIALS §, 094405 (2021)

III. RESULTS

A. Structural characterization by x-ray diffraction

NMTO with x < 1 adopts the same space group (R3) as
NTO [23-25]. Ni and Mn ions occupy three distinct crystallo-
graphic sites, denoted as TM1, TM2, and TM3. As shown in
Fig. 1(a), all three TM sites and Te ions are surrounded with
six oxygen ions forming distorted octahedrons. Each TM1-
TM2 and TM3-Te ion pairs are linked by face-sharing oxygen
planes along the ¢ axis, forming columns of TM1-TM2-0J-
TM3-Te (10 denotes the empty oxygen octahedra along the
c axis). In the ab plane, TM1-Te and TM2-TM3 ions are
connected through two oxygen ions and form a planar hon-
eycomb lattices of edge-sharing octahedra. Each pairing ions
are slightly shifted along the ¢ axis with respect to the center
of the octahedra. These two adjacent layers are repeated along
the ¢ axis with a relative in-plane shift by (1/3, 1/3, 0) in the
unit cell.

Figure 1(b) shows the XRD data of a powder NMTO
sample with x = 0.5 and its Rietveld refinement result (x> =
2.09), adopting the structural model of NTO (details of the
refinement is included in the Supplemental Material [35]).
However, upon further increasing the Mn concentration x
from 1.0, we find additional peaks as shown in Fig. 1(c). For
x =0.5, 0.6, and 1.0, two peaks are observed at ~19° and
21° that corresponds to (003) and (101) reflections within the
space group R3, respectively. On top of these peaks, two extra
peaks with weak intensity are observed in x = 1.0 sample at
20.2° and 20.4°, which increases in intensity concomitantly
up to x = 2.0. We identify these extra peaks with others in
different angles (not shown) as second phases as reported for
Mn;3TeOg with space group R3 [36]. Thus, the solubility limit
of Mn in NTO is slightly below x = 1.0 (at least grown by
solid state reaction method), above which the sample shows
phase separation. Figures 1(d) and 1(e) show the evolution
of lattice constants ¢ and a as a function of x, respectively.
Up to x = 1, both a and c lattice constants increase linearly
in x, following Vegard’s law, with a single phase. The linear
relation does not hold above x = 1.2 and both a and ¢ values
of the R3 phase remain more-or-less constant up to x = 1.5.

B. Bulk physical properties

Having identified the single-phase limit of NMTO, we
studied its bulk physical properties. Figure 2 shows the T'-
dependent magnetic susceptibility () of powder sample with
x = 0.9 under different applied magnetic fields. A large hump
observed at 75 K marks the onset of a long-range AFM or-
der (Ty;) which is the largest value among pure and doped
M;TeQg series [30-32]. Upon cooling below Ty, a small kink
feature is observed at Ty, = 63 K at uoH = 1 T, indicating
another magnetic phase transition in NMTO. This kink behav-
ior becomes larger and broader in T with increasing applied
magnetic field and disappears at 6 T.

In order to understand the nature of the new mag-
netic phase, we studied a single crystal sample grown by
CVT method in detail. Exact Mn concentration x of the
single-crystal sample can be estimated by comparing its ¢ axis
lattice constant (13.93 A), obtained by calculation of single
crystal XRD data (see the Supplemental Material for details
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FIG. 2. Magnetic susceptibility of Niy 9Mng ; TeOg powder sam-
ple as a function of temperature under different magnetic fields.

[35]), with the trend in polycrystal samples [Fig. 1(d)] where
we find x ~ 0.60. Bulk physical properties of this sample are
summarized in Fig. 3. From x and specific heat (C,) curves
[Figs. 3(a) and 3(b)], we find that a long-range magnetic
order sets in at Ty; = 74 K. At T > Ty, x(T) curves with
magnetic field applied along the ab plane and ¢ axis direc-
tions overlap nicely, following the Curie-Weiss behavior with
TCW = —8.9K and Meff = 34 [LB/M.

Below Ty, two curves show anisotropic 7 dependencies
as shown in Fig. 3(a). For H || ab, upon cooling, x shows a
hump at 7y, and an upward step at Ty, = 60 K. For H | c,
X is constant between Ty; and Ty, with a step down at Ty,
on cooling. These features indicate that, between Ty, and
Ty, magnetic moments are aligned along the ab plane with
XY-type magnetic anisotropy. Below Ty,, they are aligned
along the ¢ axis with Ising-type anisotropy, similar to what
is observed in NTO [25]. The specific heat curve [Fig. 3(b)]
shows two features that correspond to these transitions: a large
A-like peak at Ty; and a small one at Ty,. The small peak at
T, implies that the phase transition at Ty, involves a minute
entropy change.

Both magnetic transitions are also observed in dielectric
properties as shown in the T dependencies of change of
electric polarization (AP) [Fig. 3(c)] and dielectric constant
(¢) [Figs. 3(d) and 3(e)] measured along the ¢ axis. Below
Ty, electric polarization emerges and increases upon cooling
down to lowest T at H = 0. AP(T) curve shows a small
kink at Ty, which is also observable at uoH = 4.5 and 5 T,
but none at 9 T. Electric polarization developed below Ty, is
not reversible by switching the poling electric field direction
above Ty, indicating that this system is not ferroelectric as
reported in NTO [26]. The maximum AP value reaches 565
uC/m?at2K and H = 0.

To further track the evolution of the new magnetic state in
magnetic field, we studied the T dependence of ¢ in detail.
In zero magnetic field, Ty, and Ty, show a small hump and a
large peak, respectively. When magnetic field is applied along
the ab plane direction [Fig. 3(d)], the peak at Ty, diminishes
in size and merges with Ty, above 3 T. Multiple features are
observed when magnetic field is applied along the ¢ axis. With
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FIG. 3. Bulk physical properties of the NMTO single crystal with x = 0.60. Temperature-dependent (a) magnetic susceptibilities along
two different crystallographic directions, (b) specific heat, (c) change of electric polarization [AP = P(T') — P(T = 100 K)] along the ¢ axis,
and (d) and (e) dielectric constants along the ¢ axis with magnetic field applied along two different crystallographic directions. Magnetic field
dependence of (f) and (g) magnetization as a function of magnetic field along the ab plane and c axis, (h) change of electric polarization
[AP = P(H) — P(H = 0)] along the c axis at different temperatures. Arrows in (a) mark 7y; and Ty, as described in text. Data in (c), (d), and
(e) are shifted for clarity. Photo in (b) shows a single crystal with edge length of ~400 pm.

increasing magnetic field, the peak in 7y, increases in size and
shifts to lower T'. Above 3.5 T, ¢ increases on further cooling
to lowest temperature and manifests a shoulderlike feature.
As magnetic field increases, this shoulder feature expands to
higher T and merges with the peak at Ty, as a wide broad
bump at 5.25 T, with its maximum at 7 = 24 K. Finally, the
merged bump quickly disappears as magnetic field increases
further. In both magnetic field directions, Ty; value is inde-
pendent of magnetic field value up to 9 T.

Magnetic field-dependent magnetization curves show the
field-induced magnetic transitions. At 10 K, the magnetiza-
tion along the ab plane increases monotonically up to 7 T,
similar to the case of NTO with easy-axis anisotropy [26,27].
However, at 70 K, when the system is in the easy-plane
anisotropy phase, magnetization shows a small kink at 3.5 T
and increases linearly up to 7 T [Fig. 3(f)]. For ¢ axis magnetic
field, it shows a rather broad transition centered at ~4 T at
10 and 40 K. But at 70 K, when the system is in the easy-
plane anisotropy phase, it increases linearly in H. We note
that at 10 K, the M(H) curve along the ab direction shows
a Brillouin-type PM background. Similarly, M(H) curve at
10 K along the ¢ axis above 4 T shows a linear behavior which
does not extrapolate to M = 0 at 0 T. These observations
indicate that there may exist orphan spins in the system, which
are subject to local exchange interactions. This feature is also
observable in x (T') curve along the ab direction [Fig. 3(a)].

Change of electric polarization (AP) measured along the ¢
direction with magnetic field applied along the same direction
shows a strong ME coupling in this material. AP jumps in
a similar manner as the ¢ axis magnetization. Interestingly,
the change is sharper in magnetic field at 15 K, rather than at

lower temperatures, e.g., 2 K. We do not find any clear signa-
ture of hysteresis in magnetic field for both magnetization and
electric polarization across the phase transition.

The three different phases in H-T phase diagram observed
in NMTO under different magnetic field orientations are
summarized in Fig. 4. Phase boundaries are determined by
marking the anomaly positions in 7" dependencies of y, ¢, and
C, curves, and the peak in %(H ), respectively. We note that

the Z—AF’I’(H ) curves show a broad peak feature; e.g., at 10 K,
the transition ranges from 3-5 T with the peak centered at 4 T
(not shown). We denote the phases above Ty and the ground
state as paramagnet (PM) and CC AFM, respectively. The
intermediate phase is identified as IC spin helical which will
be discussed in the next section. By increasing the in-plane
H [Fig. 4(a)], the temperature window of the IC helical phase
quickly diminishes and is no longer observed above ~5 T.
On the other hand, the IC helical phase is stabilized with in-
creasing out-of-plane magnetic field [Fig. 4(b)]. At T < 20K,
a broad hump in the dielectric constant shows up, implying
a reentrant phase transition. We note that this behavior is
concomitant with the broad magnetic transition observed in
M (H) data [Fig. 3(g)].

C. Neutron powder diffraction

To understand this new magnetic phase, we performed
neutron powder diffraction (NPD) measurements at different
temperatures. Figure 5(a) shows the NPD pattern obtained
from a powder sample with x = 0.9 at T = 300 K. Rietveld
refinement was performed and all of the diffraction peaks
could be indexed using the space group R3, as in NTO
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FIG. 4. H-T phase diagram of NMTO single crystal (x = 0.60)
with magnetic-field applied along the (a) ab plane and (b) ¢ axis,
based on data presented in Fig. 3. (b) Contour plot of & taken
from ¢(7T') data [Fig. 3(e)] is also shown. Red, magenta, black,
and dark cyan symbols indicate phase transition points determined
from magnetic susceptibility, dielectric constant, specific heat, and
magnetization measurements, respectively. PM, IC helical, and CC
AFM denote paramagnetic, incommensurate spin helical, and com-
mensurate collinear antiferromagnetic phases, respectively.

[25] with the unit cell parameters a = 5.1656(4) Aand ¢ =
13.9970(4) A. Overall occupancies of Ni and Mn ions for
this specimen were determined to be 2.100(3) and 0.899(7),
respectively. Best fit result (x> ~ 2.9) shows that TM1 site is
fully occupied by Ni ions while Mn ions partially substitute Ni
ions in TM2 and TM3 sites with more tendency in the TM2
site (see Table I). The models in which Mn ions mainly occupy
TMI1 site or TM3 site always result in a x? larger than 10. For
models in which Mn ions occupy both TM2 and TM3 sites,
when increasing the occupancy of Mn ions at TM3 site from
0.25119 to 0.64851, the X2 increases from 2.9 to 13.0. The
model with Mn ions with occupancies of 0.64851 at TM2 site
and 0.25119 at TMI site gives x? of 6.8. These comparisons
clearly confirms the preferred occupancy of Mn ions at TM2
site. Refinement result also indicate that the ¢ position of TM2
ions shift towards TM1, while it shifts away from in the case
of other isostructural systems [31,32,36]. However, we note
that the goodness of the fit is insensitive to the ¢ position,
which might be due to the site mixing.

Magnetic reflections emerge upon cooling below Ty;.
Figures 5(b) and 5(c) show the observed and calculated NPD
patterns at 68 and 4 K, respectively. All the magnetic reflec-
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FIG. 5. Neutron powder diffraction data of NMTO (x = 0.9)
sample at different temperatures. Position indicators in the upper and
lower columns in (b) and (c) denote the Bragg positions for lattice
and magnetic structures, respectively.

tions can be indexed with the crystal structure in space group
R3 symmetry with proper magnetic propagation vectors. In
the Ty, < T < Ty; range, incommensurate magnetic peaks
appear at 20 = 11.554° and 14.061°. The propagation vector
was determined as k = (0,0, 1.5 & §) with § = 0.146. The
microscopic magnetic structures compatible with the crystal
symmetry can be obtained from group-theory analysis. Using
the program of SARA, the basis vectors of the irreducible
representations that leave the propagation vector invariant
were calculated and listed in Table II. I'l describes the spin
alignment along the ¢ axis, while I'2 and I'3 give solutions
to that along the ab plane. Since the x(7') curves suggest

TABLE 1. Structural parameters for NMTO (x = 0.9) sample, obtained from NPD data taken at 300 K.

Atom Wycoff site X y z Occupation
Nil 3a 0.00000 0.00000 0.68943 1.00000
Ni2/Mn2 3a 0.00000 0.00000 0.49008 0.35151/0.64850
Ni3/Mn3 3a 0.00000 0.00000 0.19923 0.74871/0.25119
Te 3a 0.00000 0.00000 0.00536 1.00000

o1 9 0.30350 0.01167 0.08742 1.00000

02 9b 0.66285 —0.04654 0.59567 1.00000
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TABLE II. Basis vectors for the space group R3:H with k = (0, 0, 1.354).

BV components

IR BV ma mb mc ima imb imc
(2 0 0 0 0 0 0
'l Y 0 0 0 0 0 0
vs 0 0 3 0 0 0
Yy 1.5 0 0 —0.866 —1.732 0
r2 vs 0 1.5 0 1.732 0.866 0
Ve 0 0 0 0 0 0
Yy 1.5 0 0 0.866 1.732 0
r3 /A 0 1.5 0 —1.732 —0.866 0
Yo 0 0 0 0 0 0

an alignment of magnetic moments along the ab plane be-
tween Ty, and Ty;, we employ I'2 symmetry to describe
the magnetic structure in this region. All the nuclear and
magnetic reflections and intensities can be well fitted yielding
my; = 0.85(1) pp and my, = 2.10(8) up (x> = 4.29). The
refinement using I'3 yields a similar magnetic structure with
similar magnetic moments and x2. The combination of I'2
and I'3 does not improve the refinement result. For simplicity
we use the ['2 symmetry to describe the magnetic structure of
NMTO in the Ty, < T < Ty range. Here the spin structure
is described by an IC helical model with spins aligned in
the ab plane which are stacked along the ¢ axis, as shown in
Fig. 6(a).

Below Ty, the IC magnetic reflections disappear and all
reflections can be indexed with space group R3 unit cell with
a CC AFM magnetic propagation vector k = (0, 0, 1.5), iden-
tical to those reported earlier [25,29,32]. The x(T') curves
suggest an alignment of magnetic moments along the ¢ axis
below Ty, which is only compatible with I'l symmetry. Spin
structure model is shown in Fig. 6(b). The intensities of all
the nuclear and magnetic reflections at 4 K can be best fitted
employing the I'l magnetic structure with the fit yielding
my; = 1.794 g and my, = 3.355 up (x2 = 3.12).

D. Density functional calculation

In order to understand the preferential site occupancy of
Mn in TM sites in NMTO, we performed density functional
theory (DFT) calculations on pure Ni3TeOg and Nio,MnTeOg
with different Mn substitution configurations, where Mn sub-
stitutes Ni in one of three TM sites. We adopted Dudarev’s
DFT+U scheme implemented in VASP package. The effec-
tive Coulomb potentials (U) of 5.0 and 6.5 eV for Mn and
Ni atoms have been used, respectively, with Perdew-Burke-
Ernzerhof exchange correlation potentials. K-point mesh
5x5x2 with energy cut of 450 eV is used for all the calcu-
lations. We assumed full occupation of TM sites and collinear
AFM magnetic ground state as observed in NPD experiment.

The lowest energy configuration is found when Mn ions
occupy TM2 site. The energy differences (AE), i.e., relative
formation energy, to the ground state (Mn in TM2) config-
uration are AE(Mn in TM1) = 40.4 eV/f.u. and AE(Mn
in TM3) = 4-0.2 eV /f.u. This result is consistent with NPD
result in overall (Table I): Mn occupation fraction is largest in

TM2 site (~65%), smaller in TM1 site (~25%), and none in
TM1 site.

By comparing the partial density-of-states (pDOS) of
Ni3TeOg and Ni,MnTeOg (Fig. 7), we can clearly observe the
doping effect of Mn. The most noticeable effect is that Mn
d orbitals form an emergent in-gap state, which is located in
between the d-d gap of Ni, hence reducing the gap size and
dominating the low-energy physics. The occupied d orbitals
of TM are well hybridized with p orbitals of oxygen.
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FIG. 6. Schematic spin structures deduced from neutron powder
diffraction data at (a) 68 K and (b) 4 K, respectively. Left column
in (a) shows top view of spin directions inside orange dashed circles
in each unit cell. Blue, purple, and green arrows denote the spins on
TM1, TM2, and TM3 sites, respectively.
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FIG. 7. Total and partial density-of-states of (a) Ni3TeOgq, and
(b) NipMnTeOg¢ with Mn occupying the TM2 site. Gray shaded
region indicate the total DOS while blue, red, and orange solid lines
indicate pDOS of d orbitals in three different TM sites.

IV. DISCUSSION

Observation of two magnetic states implies a strong com-
petition between CC AFM and IC helical state in NMTO.
Previous study on the same system only found the CC
AFM ordered phase, possibly due to the phase separation of
Ni3TeOg and Mn3TeOg [31], as we observed in our samples
with x > 1 [Figs. 1(c)-1(e)]. Another study on Co-doped
NTO, reported an IC helical spin structure [32], but it orders
into a single spin-helical state down without any other mag-
netic phases. Doping studies on other 3d magnetic transition
metal ions into NTO have not been reported to date, perhaps
due to strong tendency to form M,TeOg phase with M = Cr,
Fe [37]. Thus, NMTO serves as a unique example that mani-
fests two ordered magnetic states by chemical mixing.

It is interesting that three IC helical states in NTO and
its derivatives with space group R3, display similar IC mag-
netic wave vector (0, 0, gic): pure NTO with applied magnetic
field along ¢ axis above ~9 T (gic = 1.32) [29], Co-doped
NTO (gic = 1.211-1.299, depending on Co doping level)
[32], and Mn-doped NTO (gic = 1.354, this work). For the
former two cases, a simplified magnetic Hamiltonians qual-
itatively explain the experimentally observed field-induced
transition, helical wave vector, magnon spectrum, and electric
polarization under magnetic field [27,29]. On the other hand,
thermally stabilized spin-helical state in NMTO, as we report
here, suggests that not only exchange interaction and mag-
netic anisotropy but also thermal fluctuation plays a crucial
role in its formation. Such a description is applied to weakly
anisotropic magnetic materials with cubic or tetrahedral crys-
tal systems to explain modulated spin structure, including

magnetic skyrmions [4,5]. We speculate that introducing DM
interaction or free energy analysis is necessary to explain this
phenomenon.

Although, both IC helical phases of NTO and NMTO ex-
hibit similar bulk physical properties, there are some notable
differences. First, the “spin-flop” transition in NMTO is broad
in magnetic field and occurs at ~4 T at 10 K, compared to a
sharp jump that occurs at 9 T, 2 K in NTO [26]. Furthermore,
the phase diagram of NMTO shows a reentrant behavior at
T < 25 K [Fig. 4(b)] as determined from the ¢(T) curves.
For H || ¢, dielectric constant increase above 3 T upon cooling
below 8 K. When magnetic field is further increased, the low
temperature dielectric constant anomaly becomes a shoulder
and gradually merges to the CM-ICM phase transition at
5.25 T. This trend in dielectric constant is markedly different
from field-induced behavior in NTO, where dielectric constant
increases monotonically on cooling and do not display any
kink or shoulder behavior up to the spin-flop magnetic field
[26,28].

The broad feature in ¢ at low T, magnetic field-induced
transition, and the reentrant behavior observed in H-T' phase
diagram suggests that structural/magnetic disorder between
Ni and Mn may play a role. However, frequency-dependent
dielectric (40 Hz to 400 kHz) measurements (not shown) did
not show any frequency dependence, ruling out ferroelectric
diffuse phase transition as the source of the broad feature.

Typically, intermixing of magnetic ions with different
anisotropies leads to the suppression of magnetic order and/or
onset of short-range interactions. For example, recent works
on intermixing of MnPS; and NiPS; report that magnetic
order is greatly suppressed to low temperature, close to half-
mixing composition without any emergent magnetic phases
[38,39]. Thus, enhanced AFM ordering temperature and a
sharp phase transition between IC helical and collinear AFM
phase in NMTO are rather unique phenomenon. We at-
tribute this behavior to three distinct crystallographic sites in
this double corundum system [23], which can be selectively
substituted by different magnetic ions, although the energy
differences between each configurations are small in energy,
as we show in our DFT calculation. The origin of this site pref-
erence requires further investigation. Future sample synthesis
with other magnetic ions may help understand this intricate
behavior.

V. CONCLUSION

Our systematic synthesis of polycrystalline samples of
NMTO shows that it remains in the space group R3 with
polar/chiral point group up to a certain doping level (x < 1).
In this doping regime, by combining bulk characterization
of single crystals, we find a new spin state with easy-plane,
XY-type magnetic anisotropy at zero magnetic field in an
intermediate temperature range, which accompanies a strong
ME effect at the temperature or magnetic field-induced phase
transitions. Neutron powder diffraction reveals that this XY-
type anisotropic phase is an IC spin-helical structure, similar
to those observed in magnetic field-induced state in pure
NTO and Co-doped NTO [29,32]. From DFT calculation
we find that Mn ions occupy a specific crystallographic site
(TM2) in NMTO, suggesting that this system can have mixed
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composition with minimal disorder. In addition, a unique in-
gap state of Mn d orbitals is predicted from band structure
calculation. Other chemical substitutions would be of inter-
est to induce other exotic magnetic states. Our work proves
a chemical sensitivity of polar magnets to induce uncon-
ventional magnetic states. Site specific doping suggests new
design principles in polar magnets.
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