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Hidden magnetic order in the triangular-lattice magnet Li2MnTeO6
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The manganese tellurate Li2MnTeO6 consists of trigonal spin lattices made up of Mn4+ (d3, S = 3/2)
ions. The magnetic properties of this compound were characterized by several experimental techniques, which
include magnetic susceptibility, specific-heat, dielectric permittivity, electron-spin-resonance, nuclear magnetic
resonance (NMR), and neutron powder-diffraction measurements, and by density functional theory calculations.
The magnetic susceptibility χ (T ) demonstrates very unusual behavior. It is described by the Curie-Weiss law at
high temperature with Curie-Weiss temperature of � = −74 K and exhibits no obvious anomaly indicative of a
long-range magnetic ordering at low magnetic fields. At high magnetic fields, however, the character of χ (T )
changes showing a maximum at about 9 K. That this maximum of χ (T ) reflects the onset of an antiferromagnetic
order was confirmed by specific-heat measurements, which exhibit a clear λ-type anomaly at TN ≈ 8.5 K even
at zero magnetic field, and by 7Li NMR and dielectric permittivity measurements. The magnetic structure
of Li2MnTeO6, determined by neutron powder-diffraction measurements at 1.6 K, is described by the 120◦

noncollinear spin structure with the propagation vector k = (1/3, 1/3, 0). Consistent with this finding, the
spin-exchange interactions evaluated for Li2MnTeO6 by density functional calculations are dominated by the
nearest-neighbor antiferromagnetic exchange within each triangular spin lattice. This spin lattice is strongly spin
frustrated with f = |�|/TN ≈ 8 and exhibits a two-dimensional magnetic character in a broad temperature range
above TN.

DOI: 10.1103/PhysRevB.102.094433

I. INTRODUCTION

Systems staying in a disordered spin-liquid-like state down
to lowest temperatures are of great interest as candidates
in which to discover quantum phenomena [1–4]. The most
promising candidates are low-dimensional frustrated magnets,
which are prevented from achieving a long-range order (LRO)
by Mermin-Wagner theorem [5]. Though rare, there occurs an
exotic situation in which a system undergoes a long-range or-
dering but its observation is hampered [6–8]. In this case, the
standard macroscopic magnetic techniques such as magnetic
susceptibility, specific heat, or even neutron-scattering mea-
surements are insufficient for gaining insight into the ground
state of a magnetically ordered solid, particularly if it exhibits
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a short-range order or nearly random order. Systems possess-
ing this type of hidden magnetic order have not been well
studied, and studies on such systems can lead to interesting
results.

Historically, the heavy Fermion material URu2Si2 was an
early compound for which a hidden (i.e., not observable by
standard techniques) magnetic order was discovered [9,10].
Numerous experimental efforts have been made to uncover
the true nature of this phenomenon with tiny magnetic mo-
ments below a transition temperature. One of the recent
explanations includes the formation of a nontrivial magnetic
dotriacontapole (rank 5) moment as the order parameter [7].
The cause for the violation of the Stoner criteria in ac-
tinides is thought to arise from a strong spin-orbit coupling.
In contrast to conventional magnets, therefore, the Fermi-
surface nesting stabilizes staggered multipole moments,
which can be viewed as an unconventional density wave
(UDW) [6,7,11].
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FIG. 1. Polyhedral view of the layered crystal structure of Li2MnTeO6 (P3̄1c space group): (a) A perspective view of layers. (b) A
projection of the layer of magnetic ions along the c direction, in which the MnO6 and TeO6 octahedra alternate sharing their edges. The
green and blue octahedra represent the MnO6 and TeO6, respectively. The Li and O atoms are represented by yellow spheres and black balls,
respectively.

In ferropnictide superconductors, the magnetic moments
on iron cancel out below the quantum critical point. The
hidden magnetic order behind this observation was related to
a weak Hund’s rule coupling, in contrast to a commensurate
spin-density wave (cSDW), which occurs at a strong Hund’s
rule coupling [12]. It was assumed that injected mobile holes
can account for the nature of low-energy single-particle ex-
citations in the hidden magnetic order states in ferropnictide
materials.

There are a few remarkable examples of hidden magnetic
order in low-dimensional magnets. In particular, an intricate
magnetic transition around 70 K has been observed for quasi-
one-dimensional (1D) spin-lattice semiconducting magnet
CuNCN [8]. Despite the lack of specific-heat anomaly as well
as the missing magnetic scattering in the neutron-diffraction
data, the antiferromagnetic (AFM) LRO was evidenced by
a bending in the temperature dependence of the magnetic
susceptibility and clearly established by the spectroscopic
techniques like Muon spin rotation, relaxation and resonance
(μSR), electron-spin resonance (ESR), and NMR [13]. It has
been shown that the experimental observation of the LRO has
been impeded by strong quantum fluctuations that reduce the
Néel temperature and the ordered moment.

The coexistence of two spin sublattices with mixed dimen-
sionalities [e.g., 1D and two-dimensional (2D)] and energy
scales was believed to be the reason for the hidden magnetic
order in another Cu-based compound CuP2O6 [14]. The or-
dering weakly manifests itself in the magnetic susceptibility
but has not been seen by neutron diffraction, while ESR data
confirm the LRO onset with low net moment indicating sub-
stantial fluctuations that persist even below TN.

An unusual hidden magnetic ordering occurs in an insu-
lating oxide Sr2VO4 at low temperature [15–19], for which
several possible scenarios have been mentioned including
an orbital ordering triggered by Jahn-Teller distortion [15],
an unconventional magnetic octupolar ordering [20], and a
Néel order with muted order parameter of 0.06 μB (com-
pared to 1 μB in a classical spin-1/2 system) [16,19]. A
direct confirmation of the LRO and inhomogeneous mag-
netic state was obtained by µSR studies [17], while recent
theoretical calculations predict the single-stripe magnetic
ordering [18].

In the present paper, we examine the properties of a quasi-
2D triangular lattice compound Li2MnTeO6, which belongs
to the A2MnTeO6 (A = Li, Na, Ag, Tl) structural family of
frustrated low-dimensional magnets [21], to find that the mag-
netic properties of Li2MnTeO6 are similar to those magnets
possessing unusual hidden magnetic order.

II. EXPERIMENT

Powder samples of Li2MnTeO6 were prepared by a molten-
salt ion exchange reaction of the isostructural Na2MnTeO6, as
reported previously [21]. Li2MnTeO6 crystallizes in the space
group P3̄1c. The Mn4+ and Te6+ cations of Li2MnTeO6 form
magnetic honeycomb layers, which alternate with nonmag-
netic layers of Li+ cations. Each individual (MnTeO6)2− layer
is essentially ordered such that the magnetic Mn4+ ions form
a triangular network consisting of weak spin-exchange paths
Mn-O-Te-O-Mn (Fig. 1). Thus, the crystal structure provides
the conditions necessary for low-dimensional frustrated mag-
netic interactions.

The temperature-dependent magnetic susceptibilities were
measured at the magnetic field B = 0.1, 1, 3, 6, and 9 T
in the temperature range 2–300 K by means of a Quantum
Design physical property measurement system (PPMS) using
a vibrating-sample magnetometer Teflon capsule with 34 mg
of powder sample. Specific-heat measurements were carried
out by a relaxation method using a Quantum Design PPMS
system on a cold-pressed 5.03-mg sample. The data were
collected at zero magnetic field as well as under applied
fields of 3, 6, and 9 T in the temperature range 2–300 K.
The dielectric constant was measured on a Quantum De-
sign magnetic property measurement system (MPMS) XL-7
system using a custom-made insert and Andeen-Hagerling
2700A capacitive bridge. The measurements were performed
at various frequencies in the 1–20-kHz range at temperatures
from 2 to 300 K in zero magnetic field. The resolution of
the Andeen-Hagerling 2700A bridge is 2.4–16 aF depend-
ing on the frequency. In addition, the device can measure
the loss tangent up to 1.5 × 10−8, the conductivity down to
3 × 10−16 S, or the resistance up to 1.7 × 1015 Ohm, with the
operating voltage of 15 V. The duration of one measurement
is from 30 ms to 0.4 s. The sample for dielectric permittivity
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measurements was a plane-parallel disk with a diameter of
up to 6 mm and a thickness of up to 3 mm. A silver paste,
“LietSilber,” was applied to both sides of the disk, resulting in
a capacitor. The sample was mounted in the measuring insert
for the MPMS XL-7 system, which was used to control the
temperature and external magnetic field.

Electron spin resonance (ESR) studies were carried out us-
ing an X -band ESR spectrometer CMS 8400 (ADANI) ( f ≈
9.4 GHz, B � 0.7 T) equipped with a low-temperature mount,
operating in the 6–270-K range. The effective g factor of our
sample was calculated with respect to an external reference
for the resonance field. We used a g-bisdiphenyline-b-
phenylallyl (BDPA) (get = 2.00359) as a reference material.
Nuclear magnetic resonance (NMR) measurements were car-
ried out for 7Li nuclei (spin I = 3/2, gyromagnetic ratio γn =
16.55 MHz/T) at constant frequencies 13.0 and 116.56 MHz
in the temperature range 4.2–100 K. The data were collected
using a Tecmag Redstone pulse solid-state NMR spectrome-
ter. For recording the spectra, we used a solid-echo sequence
as the main experimental technique. The magnetic field varied
in the range of 0.59–0.99 T and 6.87–7.22 T with a step from
0.01 to 0.0005 Т depending on the measurement tempera-
ture. The relaxation rates were measured by the saturation
recovery method. The nuclear magnetization M versus the
pulse delay time τ was fitted to a single exponential function
M(τ ) = M0{1 − f exp[−(τ/T1)b]} with 0.7 < f < 0.9 ( f =
1 for ideal saturation). The constant b = 1 at T > 10 K but
decreases slightly at low temperatures indicating the growth
of electron-spin system anisotropy. In principle, the main line
of spin = 3/2 nuclei is described by a double-exponential de-
pendence. In the present case, however, a single-exponential
dependence describes the experiment more correctly, since
the line shows a strong inhomogeneous broadening and since
quadrupole satellites are not resolved. Dynamic studies (ESR
and NMR) were carried out using powder samples of 38 and
43 mg, respectively.

NPD measurements were carried out at the spallation
neutron source SINQ at PSI Villigen using the two in-
struments, DMC (cold neutron powder diffractometer) and
HRPT (high-resolution powder diffractometer for thermal
neutrons). The HRPT diffractometer uses thermal neutrons
with λ = 1.886 Å, monochromatized by a focusing single-
crystal germanium monochromator with Ge (335) reflection.
The fixed take-off monochromator angle was 120◦. Neutron-
diffraction patterns were collected in the 2θ diffraction angle
range of 3.55◦–164.50◦ with steps of 0.05◦. The sample was
placed into a thin-walled cylindrical vanadium container with
dimensions 6 mm × 50 mm. HRPT measurements at room
temperature were carried out to verify the quality of the sam-
ple and refine the crystal structure. The latter is possible due
to the high resolution of the diffractometer. Measurements
at the lowest achieved temperature, T = 1.6 K, were carried
out to record magnetic neutron scattering associated with a
long-range magnetic order. This allows one to construct and
describe the spin structure in the ground state.

To analyze the temperature evolution of the magnetic scat-
tering, neutron-diffraction patterns were measured on a high
intensity DMC powder diffractometer using cold neutrons
monochromatized with a graphite monochromator. The mea-
surements were carried out at a wavelength λ = 2.4575 Å of

FIG. 2. Refined neutron-diffraction pattern of Li2MnTeO6 mea-
sured on the HRPT diffractometer at T = 300 K. The red dots
represent the experimental data, the black line shows the calculated
intensity, the green ticks indicate the position of the Bragg reflec-
tions, and the blue line shows the difference between experimental
and calculated data, plotted at the bottom for convenience.

the neutron beam incident on the sample in the angular range
of 5.0◦–86.7◦ with a step of 0.1◦. The neutron-diffraction
patterns were recorded at temperatures T = 1.6, 2.5, 4, 6, 10,
20 K. All diffraction patterns from HRPT and DMC were
treated with the Rietveld method using the FULLPROF suite
[22].

III. RESULTS AND DISCUSSION

A. Sample characterization

The neutron-diffraction pattern measured on the HRPT at
room temperature and the results of its Rietveld refinement are
presented in Fig. 2. It clearly demonstrates the high quality of
the sample under study and the absence of any meaningful
impurities. All diffraction peaks, even low-intensity ones, are
well described in terms of the space group P3̄1c [a = b =
5.017 10(6) Å, c = 9.5267(2) Å at T = 300 K]. The narrow
and symmetrical shapes of the diffraction maxima indicate a
high crystallinity of the sample. A microstructural analysis us-
ing the Rietveld refinement has slightly improved the quality
of the fit due to the introduction of microstrains.

There is a significant difference in magnitude and even
sign in the neutron-scattering lengths of the elements con-
stituting the compound (i.e., bLi = −0.19 × 10−12 cm, bMn =
−0.37 × 10−12 cm, bTe = 0.82 × 10−12 cm, and bO = 0.58 ×
10−12 cm). Thus, neutron-diffraction measurements are espe-
cially important for the analysis of the possible substitutional
defects, which often happen in similar layered oxides.

B. Static magnetic properties and dielectric permittivity

The temperature dependence of the magnetic susceptibility
χ = M/B of Li2MnTeO6, measured in the field B = 0.1 T, is

094433-3



E. A. ZVEREVA et al. PHYSICAL REVIEW B 102, 094433 (2020)

FIG. 3. The temperature dependence of the magnetic suscepti-
bility χ = M/B for Li2MnTeO6 at B = 0.1 T in both FC and ZFC
modes (upper panel) and the integrated ESR intensity (green sym-
bols). The inset to this panel represents the M/B(T ) curves for
the Li2MnTeO6 at various external magnetic fields. The solid red
curve represents the Curie-Weiss law. The temperature dependence
of the Curie constant C = (χ–χ0)(T –�) is shown in the lower panel
along with the inverse magnetic susceptibility 1/χ . The dashed line
represents the limiting value C = 1.84 emu/(mol K).

shown in Fig. 3. The zero-field-cooled (ZFC) and field-cooled
(FC) susceptibilities do not show noticeable divergence indi-
cating the absence of impurities and spin-glass effects. This
is in good agreement with the neutron data, which indicate a
high purity of the sample. In weak magnetic fields, the behav-
ior is almost a Curie-Weiss type without any clear anomaly
that can be associated with a long-range magnetic order. It is
found, however, that an increase in the probe magnetic field
strength leads to significant changes in the behavior of the
temperature dependence of the susceptibility with the appear-
ance of a maximum of M(T ) at approximately Tmax ≈ 9.2 K
(inset in Fig. 3). In the paramagnetic state, the χ (T ) can
be approximated by a modified Curie-Weiss law with χ =
χ0 + C/(T − �), where χ0 is the temperature-independent
term, C is the Curie constant, and � is the Weiss temperature.

The diamagnetic contribution χdia was determined by sum-
ming up the Pascal constants [23] and was fixed to reduce
the number of variable parameters in the fitting analysis,
which yields C = 1.84 emu K/mol and � = −74 ± 1 K. The
obtained Curie constant C gives the value of the effec-
tive magnetic moment as μeff = √

8C μB = 3.84 μB, which
is in good agreement with theoretical estimation μtheor =√

g2S(S + 1) μB = 3.87μB for Mn4+ (S = 3/2). The Curie-
Weiss temperature � is negative and relatively large in
comparison with the Tmax(≈9.2 K), indicating the presence
of dominant antiferromagnetic exchange interactions. With
the frustration index f = |�|/TN ≈ 8, the extent of spin

FIG. 4. The specific heat of Li2MnTeO6 (filled symbols) and that
of nonmagnetic isostructural analog Na2GeTeO6 (open circles) under
zero magnetic field. The upper inset shows the magnetic specific
heat Cm(T ) (green symbols) and the magnetic entropy Sm(T ) (violet
symbols). The red line is the result of the spin-wave theory. The lower
inset shows Cp(T ) under various magnetic fields, where the data were
shifted upwards for clarity.

frustration in the spin lattice is appreciable. In addition, at
temperatures below ∼150 K, a noticeable deviation of the
χ (T ) from the Curie-Weiss law is observed. This indicates the
occurrence of strong short-range exchange interactions and a
nontrivial ground state (lower panel of Fig. 3).

Despite the absence of a sharp anomaly in the magnetic
susceptibility in weak magnetic fields, the low-temperature
data on the specific heat unambiguously indicate the onset of
a long-range magnetic order in Li2MnTeO6. The data on the
specific heat Cp(T ) in a zero magnetic field exhibit a distinct
λ-type anomaly, which obviously corresponds to a long-range
ordering transition (Fig. 4). The Néel temperature found from
the specific-heat data is TN = 8.5 K.

This value is slightly smaller than Tmax determined from the
M(T ), which is typical of antiferromagnets with short-range
interactions [24,25]. Under magnetic fields, the position of
the λ-type anomaly in Cp(T ) shifts very slowly towards lower
temperatures with increasing the field strength (the lower right
inset of Fig. 4).

In order to clarify the nature of the magnetic phase
transition and evaluate its effect on the specific heat and
entropy, the temperature dependence of specific heat Cp(T )
was also measured for the isostructural nonmagnetic com-
pound Na2GeTeO6. The Debye temperatures are estimated as
�

nonmag
D = 421 ± 5 K for Na2GeTeO6 and �

mag
D = 470 ± 5 K

for Li2MnTeO6, after taking into account the molar mass
differences between Li and Na and between Mn and Ge
[26]. The standard scaling procedure [27] was applied to the
Cp(T ) data for Li2MnTeO6 and Na2GeTeO6 to estimate the
lattice phonon contribution Cph(T ). We observe the specific-
heat jump �Cm = 8.3 J/(mol K), which is lower than the
value expected from the mean field (MF) theory because for
the high-spin state of manganese Mn4+ (S = 3/2), �Ctheor =
5RS(S + 1)/[S2 + (S + 1)2] = 18.3 J/(mol K). The magnetic
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FIG. 5. The magnetic phase diagram for Li2MnTeO6. The inset
shows the arrangement of magnetic sublattice.

entropy �Sm, released below TN is less than 50% of the total
one expected from the mean-field theory for a S = 3/2 spin
system, i.e., �Sm = R ln(2S + 1) = 11.52 J/(mol K) [26].

An analysis of Cm(T ) below TN in terms of the spin-wave
(SW) approach shows that, at low temperature, it should fol-
low the Cm ≈ T d/n power law for magnons [28,29], where
the constant d stands for the dimensionality of the magnetic
lattice, and n is the exponent of the dispersion relation ω ≈ κn.
For Li2MnTeO6, the least-squares fitting of the data below TN

(the red solid line in the upper inset of Fig. 4) leads to the
values of d = 2 ± 0.1 and n = 0.99 ± 0.1, which indicates
the presence of 2D AFM magnons at low temperatures.

The magnetic phase diagram can be constructed from our
magnetic and thermodynamic data as depicted in Fig. 5. The
long-range ordering into an AFM phase occurs at 8.5 K. This
phase boundary is shifted slightly towards lower temperatures
by magnetic field. As shown by the neutron-diffraction studies
and density functional theory (DFT) calculations (see below),
the magnetic structure is a 120◦ noncollinear spin arrangement
expected for a triangular spin lattice with nearest-neighbor
AFM spin exchanges (see below).

The results of our dielectric measurements for Li2MnTeO6

reveals the presence of an additional anomaly in the vicin-
ity of the ordering temperature as can be seen from Fig. 6,
where the real part of dielectric permittivity is compared with
specific-heat and NMR data. Although this effect is weak, its
presence is reproduced for all frequencies studied from 1 to
10 kHz. This fact may reflect the coupling of dielectric and
magnetic subsystems in Li2MnTeO6 similar to that observed
in triangular lattice antiferromagnets with noncollinear mag-
netic structure [30–33].

C. Dynamic magnetic properties

Evolution of the ESR spectra with a temperature variation
for powder sample of Li2MnTeO6 is shown in Fig. 7(a). In
the entire range of temperature investigated, a relatively wide
Lorentz-type line is observed, apparently corresponding to the

FIG. 6. Temperature dependence of the specific heat at zero mag-
netic field (upper panel), the real part ε′ of the permittivity recorded
at frequency f = 20 kHz (middle panel), and the relaxation rate ob-
tained at 116.56 MHz (lower panel), where the yellow area highlights
the ordering transition region.

signal from Mn4+ ions. The integrated ESR intensity χESR,
obtained by the double integration of the first derivative ab-
sorption line, was shown in the upper panel of Fig. 2 along
with static magnetic susceptibility. The shape of the line can
be accounted for by fitting with a Lorentzian profile. Since the
absorption line is relatively wide, we used the fitting expres-
sion that includes two circulating components of a linearly
polarized high-frequency field [34]:

dP

dB
∝ d

dB

[
�B

�B2 + (B − Br )2 + �B

�B2 + (B + Br )2

]
, (1)

where P is the power absorbed in the ESR experiment, B is
the magnetic field, Br is the resonant field, and �B is the
linewidth. The representative result of the fitting is shown by
the red solid curve in the inset on Fig. 7(a). The effective g
factor and the ESR linewidth �B obtained from this approx-
imation are collected in Fig. 7(b). It is clearly seen that the
line is noticeably broadened with decreasing temperature, and
the effective g factor deviates from a constant value below
∼150 K, indicating an extended range of the short-range-
order correlations, which is typical for low-dimensional and
frustrated systems [29]. In order to characterize the diver-
gence of the temperature dependence of the linewidth, we
have analyzed it in terms of the Dormann and Jaccarino [35]
model and the classical critical behavior that, as the criti-
cal temperature is approached from above, the �B increases
due to the slowing down of spin fluctuations [36–38]. In the
paramagnetic regime far above the critical regions associated
with the magnetic transition, where any critical contribution to
�B(T ) as well as spin-lattice relaxation can be neglected, the
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FIG. 7. (a) The temperature-dependent ESR spectra of
Li2MnTeO6. The inset shows a representative ESR spectrum, where
the Lorentzian fitting profile is given by the red solid line. (b)The
temperature dependence of the effective g factor (green symbols)
and the width of the ESR line (navy symbols). The solid orange
curve corresponds to the temperature dependence of the linewidth
within the framework of classical critical behavior and the magenta
dashed line represents the prediction of Eq. (2).

temperature variation of the ESR linewidth can be described
by the expression of Dormann and Jaccarino [35]:

�B(T ) = �B0

[
χ0(T )

χ (T )

]
, (2)

where χ0 = C/T is the free single-ion susceptibility with
C the Curie constant of the uncoupled paramagnetic sys-
tem, while χ (T ) is the static susceptibility of the coupled

system and �B0 describes the temperature-independent
high-temperature limit of the linewidth associated with
the contribution of anisotropic spin-spin interactions. We
have calculated the temperature variation of �B using the
measured dc susceptibility χ (T ), the Curie constant C =
NAg2μB2S(S + 1)/3kB = 1.84 emu/K of Li2MnTeO6 (with
S = 3/2 and experimental g = 1.97 for Mn4+ ions), as well
as the constant value �B0 ≈ 90 mT estimated in the high-
temperature limit. As can be seen, the static susceptibility may
roughly account for the temperature evolution of the �B [ma-
genta dashed curves in Fig. 7(b)]. As temperature decreases,
however, appreciable deviation occurs from the experimental
points.

In the Kawasaki-Mori-Huber theory [36–38], the temper-
ature variation of �B can be described as �B(T ) = �B∗ +
A[T ESR

N /(T − T ESR
N )]β . Here A is an empirical parameter,

�B∗ is the high-temperature limiting value of the linewidth,
T ESR

N is the temperature of the order-disorder transition, and
β is a critical exponent. A least-squares fitting of the exper-
imental data [the orange line in Fig. 7(b)] reveals that the
value of T ESR

N = 11 ± 2 K is close to the Néel temperature
TN obtained from the measurement of the specific heat. The
critical exponent β = 0.90 ± 0.05 K indicates the 2D nature
[36] of the exchange correlations in Li2MnTeO6.

At high temperatures, the 7Li NMR spectrum has a powder
profile with unresolved quadrupole satellites. With decreas-
ing temperature, the line shifts toward a lower field, and
its width slightly increases. The local magnetic fields Hloc

cause a shift of the NMR line from the Larmor frequency
ωL = (γn/2π )H0, so the local electron-spin susceptibility can
be directly extracted from this shift. The shift is defined
as K = (ω − ωL)/ωL × 100%, and consists of two terms,
namely, K (T ) = Ksp(T ) + K0, where K0 is the temperature-
independent part of the shift related to the Van Vleck
susceptibility and the second-order quadrupolar effects, which
are very weakly dependent on temperature [Fig. 8(a)]. Ksp is
the spin part of the shift, caused by interactions Hs = 	IιAi j

h f
	SJ

between a nuclear spin 	Iι and an electron spin 	SJ . It consists
of three contributions, Ks = Kdip + Kcontact + Kcore, where the
Fermi contact term Kcontact and the core polarization term Kcore

contribute to the isotropic part of the NMR shift while the
dipolar term Kdip depends on the relative orientation of the

FIG. 8. (a) Line shift and (b) linewidth of the 7Li NMR signal at 13.05 MHz as a function of the static magnetic susceptibility. The dashed
lines show a linear dependence of the local counterpart from the bulk static susceptibility.
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FIG. 9. (a) Temperature dependence of the relaxation rate obtained at 13.05 MHz (black solid circles) and 116.56 MHz (red open
circles). The solid lines are guide for the eye. The inset shows high-temperature region at 13.05 MHz. (b) A log-log plot of the normalized
(1/7T1)/(1/7T1∞) against the reduced temperature |T –T NMR

N |/T NMR
N for both frequencies (T NMR

N = 6.7 K). The dashed line represents Eq. (5)
with the critical exponent of p = 1.12. (c) Example of an inversion recovery measurement on 13.05 MHz at T = 15 K. Red line shows a fit by
single exponent law (see text in Sec. II).

crystal axes to the external magnetic field and is therefore
anisotropic. In the paramagnetic regime 	SJ can be replaced by
its expectation value 〈S〉 = χsH0, and K is related to χsp(T )
as

Ksp(T ) = Ahfχsp(T )/NAμB, (3)

where Ahf is the hyperfine coupling constant, NA is the Avo-
gadro number, χsp is the static spin susceptibility, and μB is
the Bohr magneton. Here we neglect the effect of the shape of
the magnetic particles in the external field [39], which is much
smaller than the transferred hyperfine field since the powder
particles are almost spherical. The inhomogeneous linewidth
is determined by the distribution of the local magnetic fields
Hloc, so in the paramagnetic regime its temperature change is
also proportional to the static spin susceptibility χsp.

The shift and width of the line obtained at H0 ≈ 0.789 T
depend linearly on the bulk static susceptibility χ (T ) obtained
at 1 T in the temperature range 15–100 K [Fig. 8(b)]. The
hyperfine interaction constant Ahf is determined to be 0.123 ±
0.009 kOe/μB. It is quite small compared to the compounds
with three-dimensional (3D) magnetic lattice (see for example
Ahf = 1.01 kOe/μB in spinel LiMn2O4 [40]). It is interesting
that the obtained Ahf value is similar to, or even smaller
than, the parameter Aax = 0.24 ± 0.007 kOe/μB, which is
estimated using the point moment model of dipole-dipole
interaction within the coordination radius of 6.5 Å. This
suggests that, in layered compound Li2MnTeO6, the inter-
planar exchange interaction associated with the hybridization
of orbitals and the transfer of spin density is very weak and
partially compensates for the local dipole field on the lithium
nuclei due to the contact part of the hyperfine interaction.
Below 15 K the line shift as well as the linewidth deviate
strongly from the bulk static susceptibility. It means that the
relation τe

−1  ωL is not satisfied (τe is a correlation time

of electron spins), and 	SJ cannot be replaced any more by
〈S〉. This indicates the development of anisotropic electron
correlations in the vicinity of the Néel phase-transition tem-
perature T NMR

N ≈ 7 K. The NMR measurements are carried
out in magnetic fields of several T, therefore the Néel temper-
ature according to NMR is a bit lower than the one deduced
from the zero-field specific heat data.

The dynamics of the electron-spin system was probed by
the nuclear relaxation measurements. In the temperature range
of 17–100 K the relaxation rate changes very slightly. Below
15 K, it grows sharply and has a peak at 6.7 K indicating

FIG. 10. The plot of (T1T K )−1 vs T , where (T1T )−1 represents
the local dynamic susceptibility, and K is the local static susceptibil-
ity. The shaded area marks the region where this ratio is a constant,
which corresponds to the pure paramagnetic regime.
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TABLE I. Values of the critical exponents ν, z, and η as well as the parameter p expected for various spin models.

d ν z η p = ν(z − η)

MF 3 0.5 [42] 1 [42] 0 [42] 0.5
3D Heisenberg 3 0.71 [43] 3/2 [44] 0.037 [43] 1.039
3D Ising 3 0.63 [45] 2.025 [45] 0.036 [45] 1.253

1.964 [46] 1.237
2D Ising 2 1 [47] 2.18 [45] 0.25 [47] 1.93

1.75 [45] 1.5

the transition to an ordered state (Fig. 9). The temperature
dependence of the spin-lattice relaxation observed in 7.045 T
also shows a pronounced peak at 7 K. The relaxation process
is dominated by the fluctuations of the local field arising from
the local electron-spin dynamics. The nuclear relaxation rate
is related to the imaginary part of the dynamic spin suscepti-
bility χ ′′

⊥(	q, ωL ) [40],

1

T1T
∝ γ 2

n

∑
	q

|A⊥(	q)|2 χ ′′⊥(	q, ωL )

ωL
, (4)

where A⊥ is the q-dependent transverse component of the
hyperfine coupling, 	q is the wave vector, and ωL is the Larmor
frequency. Thus, the (T1T )−1 can be considered as a measure
for the local dynamic part of the local susceptibility. In a
purely paramagnetic regime, there is no dependency of the
susceptibility on the q vector, and the electron-spin fluctuation
rate is much higher than the Larmor frequency. Therefore,
the temperature dependence of the local dynamic and static
susceptibility is the same, and (T1T K )−1 = constant, where
K is the line shift. The deviation of (T1T K )−1 from a constant
value below 15 K manifests the development of electron-spin
correlations and a critical slowing down of the spin fluctua-
tions (Fig. 10 ).

The temperature dependence of the relaxation rate in the
critical regime slightly above T NMR

N can be described by the

FIG. 11. The 7Li spectrum of Li2MnTeO6 at 4.2 K at two differ-
ent frequencies (i.e., external fields). The blue lines correspond to the
AF powder profiles as described by Eq. (6), the red dashed lines to
the impurity contribution (see the text), and the black dashed lines to
the Larmor field HL.

formula

T −1
1 ∝ (

T − T NMR
N

)−p
, (5)

where the fitting parameters p and T NMR
N are found to be

1.12 ± 0.09 and T NMR
N = 6.7 ± 1 K, respectively. Using p =

ν(z − η) [41] as well as the critical exponents ν, z, and η

listed in Table I, we can conclude that the critical behavior
of the relaxation fits well by a 3D Heisenberg or a 3D Ising
model.

In contrast to the Mn4+ ESR that probes the intralayer
correlations, the NMR of the Li+ ions located in between the
layers should be sensitive mostly to the interlayer interaction
and consequently to a 3D order. Thus, using a combina-
tion of two local techniques, we can clearly distinguish the
temperature regions for the 2D correlations (<150 K) and
3D correlations (15–6.7 K). Below T NMR

N , the relaxation
rate as well as the shape and the width of the spectrum
change dramatically (see Fig. 11). The width consists of two
contributions, namely, a rectangular shape with quadrupolar
broadened wings and a relatively narrow Gaussian shape. The
main part of the spectrum with rectangular shape is typical of
powder samples of antiferromagnets [48]. Such a line shape
can be described by the equation

f (H, HA, H0) = 1

4HA

∣∣∣∣1 + H2
0 − H2

A

H2

∣∣∣∣ (6)

FIG. 12. Temperature dependence of the intensity of the NPD
maxima measured on the DMC diffractometer at low temperatures.
The indices of the most intense magnetic reflections are marked.
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FIG. 13. Refinement of the neutron-diffraction pattern of
Li2MnTeO6 measured on the HRPT diffractometer at T = 1.6 K.
The red dots represent the experimental data, the black line shows
the calculated intensity, the green ticks indicate the positions of the
nuclear and magnetic Bragg reflections, and the blue line shows the
difference between experimental and calculated data, plotted at the
bottom for convenience. The inset shows a small-angle portion of
the neutron-diffraction pattern with an additional blue line showing
calculated scattering from a magnetic phase.

for |H0 − HA| � H � H0 + HA. Here, HA is an absolute value
of the internal magnetic field created by ion moments in the
ordered phase, H0 = ωL/(γn/2π ) is the external field, ωL

is a Larmor frequency, and γn is the nuclear gyromagnetic
ratio. We calculated the internal field on different lithium
positions using the dipole point moment model and the mag-
netic structure proposed by neutron-diffraction study (see the
next section). This model is approximate, but allows us to
estimate the symmetry and a possible amount of magnetically

nonequivalent lithium positions in an ordered state. Our mod-
eling results in three magnetically nonequivalent positions of
lithium, so one can expect three components in the spectrum.
The direction of the internal field at these positions varies by
an angle of 120◦, but its absolute values remain the same
for all three cases. For this reason, only one rectangle is
observed in the powder spectrum and the internal field value
obtained from the experiment corresponds to the value of
HA = 1100 Oe. Comparing this value with the one resulting
from the approximate model of the dipole field from point-
wise spins, we can estimate the magnitude of the effective
magnetic moment on the Mn4+ ions in the ordered state to
be 1.78 μB ± 0.06 μB, which is reasonable for S = 3/2 and
(T − T NMR

N )/T NMR
N = 0.6. It is interesting that the value of

the internal field on Li+ changes insignificantly when the
external field varies from 0.78 to 7.05 T. This suggests that the
external field affects mostly the in-plane components of Mn4+

spins because, in this case, the additional magnetic fields
at Li+ ions from two adjacent layers of Mn4+ ions almost
cancel each other out. The second relatively narrow spectral
component has a low intensity and almost vanishing line shift,
which grows linearly with the external field as well as the
linewidth. This contribution, probably from a small amount
of nonmagnetic impurity, has long transverse and longitudinal
relaxation times. Therefore, in the paramagnetic temperature
region, where the time delays in the measuring sequence are
short and the spectrum of the main sample is rather narrow,
the relative intensity of the parasitic contribution to both the
spectrum and the relaxation curves is small. At low temper-
atures, when the width of the main spectrum in the ordered
state increases, the parasitic contribution becomes noticeable.

D. Neutron powder diffraction

Figure 12 shows NPD patterns measured on the DMC
diffractometer at several low temperatures. The appearance
of magnetic neutron scattering and its temperature evolution
are visually demonstrated. Down to 10 K, the NPD pattern
contains only nuclear reflections from the crystal lattice of the

FIG. 14. Magnetic structure of Li2MnTeO6: (a) An extended projection view on the ab plane of the 120◦ noncollinear spin arrangements
of two adjacent trigonal layers (at z = 0.25 and 0.75). (b) A perspective view of the 120◦ noncollinear spin arrangements of two adjacent
trigonal layers. The two triangles at z = 0.25 and 0.75 have a staggered arrangement. The thin black lines denote the crystallographic unit
cells formed by the unit vectors a and b. The thick green lines highlight the Shubnikov magnetic unit cell formed by the unit vectors A and B.
The relation between the parent crystal unit cell and the magnetic unit cell is determined by A = 2a + b, B = −a + b. [a = b = 5.0114(2) Å,
c = 9.4915(9) Å at T = 1.6 K].
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FIG. 15. Spin-exchange paths J1 and J2 in Li2MnTeO6. The blue
circles represent the Mn4+ ions.

paramagnetic phase. At T = 6 K, we can observe the appear-
ance of additional reflections, including the diffraction angles
smaller than the position of the first nuclear (002) reflection.
The first, most intense magnetic reflections (100)-k and (101)-
k are marked in Fig. 12. Their appearance unambiguously
indicates the AFM nature of the emerging long-range spin
ordering.

The value of TN estimated from the temperature de-
pendence of the magnitude of the magnetic moment is
inconsistent with that determined from the thermodynamic
measurements. The data indicate a phase transition from the
paramagnetic to the AFM state with decreasing tempera-
ture without any significant structural transformations. The
low-temperature neutron-diffraction pattern from the HRPT
allowed us to construct a magnetic structure in a magneti-
cally ordered state. Figure 13 represents the results of the
Rietveld refinement of the experimental neutron-diffraction
pattern measured at T = 1.6 K. The appearance of the mag-
netic peaks is clearly seen from the inset of Fig. 13 in the
2� angle range between 10◦ and 45◦. It is also worthwhile
to mention that these data unambiguously demonstrate the
absence of any magnetic impurity phases. The latter can mani-
fest themselves in magnetic scattering even if these impurities
are not detected by nuclear scattering due to their very low
concentration.

The symmetry analysis of the seven most intensive
magnetic reflections using the BasIreps program (in the FULL-
PROF suite) shows that the observed magnetic reflections of
Li2MnTeO6 are described by the propagation vector k =
(1/3, 1/3, 0). This vector corresponds to a commensurate

magnetic structure, and the magnetic cell is tripled along two
basic crystallographic directions a and b in the layer. The
magnetic structure of Li2MnTeO6 obtained from the Rietveld
analysis is shown in Fig. 14. There are two antiferromagnet-
ically ordered manganese ions per unit cell in the positions
(2/3, 1/3, 1/4) and (1/3, 2/3, 3/4). In a projection view of the
crystallographic unit cell on the ab plane, shown in Fig. 15,
two manganese ions are located with their spin moments lying
in the ab plane and making the angle of 120◦ between them to
forma 120◦ noncollinear spin arrangement in each magnetoac-
tive MnTeO6 layer with spin moment equal to 1.16 μB/Mn
[mx = 0.68(2) μB/Mn, my = 1.38(3) μB/Mn] [Fig. 14(a)].
This value of the magnetic moment was obtained as a re-
sult of the full-profile processing of the neutron-diffraction
pattern measured at T = 1.6 K. This moment is three times
smaller than the effective magnetic moment calculated from
the magnetic susceptibility data (Sec. III B) and expected for
Mn4+ ions. This reduction of the magnetic moment is very
unusual. The spins in one spin triangle of one layer are pointed
along the directions toward, or away from, the center of the
triangle. Each triangle with spins pointed toward the center in
one trigonal layer lie above and below the triangles with spins
pointed away from the center [Fig. 14(b)].

The symmetry analysis performed with the ISODISTORT
software tool [49] has shown that this magnetic structure cor-
responds to the maximal symmetry magnetic Shubnikov space
group P3̄1c (165.1.1322 [50]). The group is generated by
irreducible representation mK1, with special order parameter
P1 (a,0), according to the international nomenclature given
in Ref. [49], with the basis transformation (2,1,0), (−1,1,0),
and (0,0,1). The Mn atom is at the position 6 f (x,0,1/4) with
x = 1/3 and the magnetic moment direction [u,0,0].

E. Theoretical calculations of exchange interactions

We evaluate the spin-exchange interactions of Li2MnTeO6

by performing energy-mapping analysis based on DFT cal-
culations [51–53]. A perspective view of the arrangement of
the magnetic ions Mn4+ in Li2MnTeO6 is presented in Fig. 15,
which has two triangular layers of Mn4+ (d3, S = 3/2) ions in
a unit cell. For our analysis, we consider the nearest-neighbor
spin-exchange path J1 within each triangular layer and the
spin exchange path J2 between adjacent triangular layers. For

FIG. 16. Spin ordered arrangements of (a) FM, (b) AF1, and (c) AF2 states, where the gray and white circles represent the up and down
spin sites, respectively.
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TABLE II. Relative energies (in meV/FU) of the three spin
ordered states, the spin-exchange parameters (in K), and the Curie-
Weiss temperature (in K) of Li2MnTeO6 determined from the
generalized gradient approximation + U calculations with U eff = 2,
3, and 4 eV

U (eV) 2 3 4

EFM 6.15 4.04 2.51
EAF1 5.98 4.17 2.91
EAF2 0 0 0
J1/kB −7.85 −5.26 −3.41
J2/kB −0.15 0.12 0.34
θ (K) −60 −39 −23

the evaluation of J1 and J2, spin-polarized DFT calculations
were carried out for Li2MnTeO6 using the (2a, b, c) supercell
containing four formula units (FUs) and three ordered spin
states (FM, AF1, AF2) defined in Fig. 16. Spin-polarized DFT
calculations were carried out by using the Vienna ab Initio
Simulation Package (VASP) [54,55], the projector augmented
wave (PAW) method [56], and the Perdew-Burke-Ernzerhof
exchange-correlation functionals [57]. The electron corre-
lation associated with the 3d state of Mn was taken into
consideration by performing the DFT + U calculations [58]
with the effective on-site repulsion U eff = U–J . All our DFT
+ U calculations used the plane-wave cutoff energy of 450
eV, the threshold of 10−6 eV for self-consistent-field energy
convergence and the k points of the (6 × 6 × 3) set.

Using the spin Hamiltonian,

Hspin = −
∑

i< j
Ji j 	Si · 	S j, (7)

where 	Si and 	S j are the spins at magnetic ion sites i and j,
respectively, with the spin exchange constant Jij = J1, J2, the
total spin exchange energies per four FUs of the three ordered
spin states are written as

EFM = (–12J1–12J2)S2,

EAF1 = (–12J1 + 12J2)S2, (8)

EAF2 = (4J1–4J2)S2,

where S = 3/2, i.e., the spin of Mn4+. The relative energies
of the three ordered spin states determined by DFT + U
(with U eff = 2, 3, and 4 eV) calculations are summarized in
Table II. Thus, by mapping the relative energies onto the cor-
responding ones in terms of the total spin-exchange energies,
we obtain the values of J1 and J2 listed in Table II. The latter
reveals that the intralayer exchange J1 is AFM and dominates
over the interlayer exchange J2 in magnitude. The latter is
very weakly AFM with U eff = 2 eV and becomes very weakly
ferromagnetic (FM) with U eff = 3 and 4 eV. The Curie-Weiss
temperatures θcal calculated on the basis of the calculated
spin exchanges J1 and J2 using the mean-field approximation
[59] are also listed in Table II. The θcal values calculated
with U eff = 2 and 3 eV (−60 and −39 K, respectively) agree
reasonably well with the experimental value of −51 ± 1 K.
To a first approximation, therefore, our calculations show
that the magnetic structure can be described by a triangular

spin lattice with the nearest-neighbor AFM spin exchange J1.
The long-range magnetic order expected for a triangular spin
lattice with nearest-neighbor AFM spin exchange is a 120◦
noncollinear spin arrangement. Therefore, our calculations
are in support of our discussions presented in the previous
sections.

IV. CONCLUSION

In summary, the magnetic susceptibility χ (T ) of the lay-
ered triangular-lattice tellurate Li2MnTeO6 reveals an unusual
behavior under external magnetic field. Although χ (T ) shows
no obvious anomaly indicative of a long-range magnetic or-
dering at low magnetic fields, its character changes radically
showing a maximum at about 9 K at high magnetic fields.
The specific-heat data exhibit a clear λ-type anomaly at TN ≈
8.5 K even at zero magnetic field, unambiguously confirming
that the maximum of χ (T ) at high magnetic fields reflects
the onset of an AFM order. This conclusion is also consistent
with both 7Li NMR data and dielectric permittivity measure-
ments, which indicate the presence of an AFM state below
7 K. Our DFT calculations suggest that the spins of each
trigonal layer will have a 120◦ noncollinear spin arrange-
ment, and that the 3D AFM ordering takes place when the
interlayer spin arrangements become ordered. These sugges-
tions are consistent with the magnetic structure determined by
neutron-diffraction measurements. The 3D magnetic ordering
temperature TN ≈ 8.5 K is noticeably lower than the absolute
value of the Curie-Weiss temperature � = −74 ± 1 K (frus-
tration index f = |�|/TN ≈ 8) showing the presence of strong
spin frustration in each triangular spin lattice of Li2MnTeO6.
Our ESR and NMR data show a 2D magnetic character in
a broad temperature range above TN. Support for the 2D
magnetism picture in Li2MnTeO6 was also obtained from the
magnetic specific heat and the critical divergence of the ESR
linewidth.
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Jagličić, X. Liu, A. L. Tchougréeff, and R. Dronskowski, Phys.
Rev. Lett. 107, 047208 (2011).

[14] R. Nath, K. M. Ranjith, J. Sichelschmidt, M. Baenitz, Y.
Skourski, F. Alet, I. Rousochatzakis, and A. A. Tsirlin, Phys.
Rev. B 89, 014407 (2014).

[15] H. D. Zhou, B. S. Conner, L. Balicas, and C. R. Wiebe, Phys.
Rev. Lett. 99, 136403 (2007).

[16] M. V. Eremin, J. Deisenhofer, R. M. Eremina, J. Teyssier, D.
van der Marel, and A. Loidl, Phys. Rev. B 84, 212407 (2011).

[17] I. Yamauchi, K. Nawa, M. Hiraishi, M. Miyazaki, A. Koda, K.
M. Kojima, R. Kadono, H. Nakao, R. Kumai, Y. Murakami,
H. Ueda, K. Yoshimura, and M. Takigawa, Phys. Rev. B 92,
064408 (2015).

[18] B. Kim, S. Khmelevskyi, P. Mohn, and C. Franchini, Phys. Rev.
B 96, 180405(R) (2017).

[19] J. Sugiyama, H. Nozaki, I. Umegaki, W. Higemoto, E. J.
Ansaldo, J. H. Brewer, H. Sakurai, T.-H. Kao, H.-D. Yang, and
M. Månsson, Phys. Rev. B 89, 020402(R) (2014).

[20] G. Jackeli and G. Khaliullin, Phys. Rev. Lett. 103, 067205
(2009).

[21] V. B. Nalbandyan, I. L. Shukaev, G. V. Raganyan, A. Svyazhin,
A. N. Vasiliev, and E. A. Zvereva, Inorg. Chem. 58, 5524
(2019).

[22] FULLPROF suite, http://www.ill.eu/sites/fullprof/.
[23] G. A. Bain and J. F. Berry, J. Chem. Educ. 85, 532 (2008).
[24] M. E. Fisher, Proc. R. Soc. London, Ser. A 254, 66 (1960).
[25] M. E. Fisher, Philos. Mag. 7, 1731 (1962).
[26] A. Tari, The Specific Heat of Matter at Low Temperature (Impe-

rial College Press, London, 2003).
[27] D. B Losee, J. N. McElearney, G. E. Shankle, R. L. Carlin, P. J.

Cresswell, and W. T. Robinson, Phys. Rev. B 8, 2185 (1973).
[28] R. L. Carlin, Magnetochemistry (Springer-Verlag, Berlin,

1986).

[29] L. J. deJongh and A. R. Miedema, Adv. Phys. 23, 1 (1974).
[30] E. Vavilova, A. S. Moskvin, Y. C. Arango, A. Sotnikov, S. L.

Drechsler, R. Klingeler, O. Volkova, A. Vasiliev, V. Kataev, and
B. Büchner, Europhys. Lett. 88, 27001 (2009).

[31] N. Terada, D. D. Khalyavin, P. Manuel, Y. Tsujimoto, K.
Knight, P. G. Radaelli, H. S. Suzuki, and H. Kitazawa, Phys.
Rev. Lett. 109, 097203 (2012).

[32] S. Seki, Y. Onose, and Y. Tokura, Phys. Rev. Lett. 101, 067204
(2008).

[33] J. Hwang, E. S. Choi, F. Ye, C. R. Dela Cruz, Y. Xin, H. D.
Zhou, and P. Schlottmann, Phys. Rev. Lett. 109, 257205 (2012).

[34] J. P. Joshi and S. V. Bhat, J. Magn. Res. 168, 284 (2004).
[35] E. Dormann and V. Jaccarino, Phys. Lett. A 48, 81 (1974).
[36] K. Kawasaki and K. Kawasaki, Phys. Lett. A 26, 543 (1968).
[37] H. Mori and K. Kawasaki, Prog. Theor. Phys. 28, 971 (1962).
[38] D. Huber, Phys. Rev. B 6, 3180 (1972).
[39] A. G. Smol’nikov, V. V. Ogloblichev, A. Y. Germov, K. N.

Mikhalev, A. F. Sadykov, Y. V. Piskunov, A. P. Gerashchenko,
A. Y. Yakubovskii, M. A. Muflikhonova, S. N. Barilo, and S. V.
Shiryaev, JETP Lett. 107, 134 (2018).

[40] T. Moriya, J. Phys. Soc. Jpn. 18, 516 (1963).
[41] F. Borsa, M. Corti, T. Goto, A. Rigamonti, D. C. Johnston, and

F. C. Chou, Phys. Rev. B 45, 5756 (1992).
[42] H. E. Stanley, Introduction to Phase Transitions and Critical

Phenomena (Oxford University Press, New York, 1987).
[43] M. Campostrini, M. Hasenbusch, A. Pelissetto, P. Rossi, and E.

Vicari, Phys. Rev. B 65, 144520 (2002).
[44] P. C. Hohenberg and B. I. Halperin, Rev. Mod. Phys. 49, 435

(1977).
[45] A. Pelissetto and E. Vicari, Phys. Rep. 368, 549 (2002).
[46] L. Van Hove, Phys. Rev. 95, 249 (1954).
[47] L. Onsager, Phys. Rev. 65, 117 (1944).
[48] Y. Yamada and A. Sakata, J. Phys. Soc. Jpn. 55, 1751 (1986).
[49] B. J. Campbell, H. T. Stokes, D. E. Tanner, and D. M. Hatch,

J. Appl. Crystallogr. 39, 607 (2006), also available via the Inter-
net at http://iso.byu.edu/iso/isotropy.php, ISOTROPY Software
Suite.

[50] D. B. Litvin, 1-, 2- and 3-Dimensional Magnetic Subperiodic
Groups and Magnetic Space Groups (International Union of
Crystallography, Chester, 2013).

[51] M.-H. Whangbo, H.-J. Koo, and D. Dai, J. Solid State Chem.
176, 417 (2003).

[52] H. J. Xiang, C. Lee, H.-J. Koo, X. G. Gong, and M.-H.
Whangbo, Dalton Trans. 42, 823 (2013).

[53] M.-H. Whangbo and H. J. Xiang, in Theoretical Descrip-
tions, Handbook in Solid State Chemistry Vol. 5, edited by
R. Dronskowski, S. Kikawa, and A. Stein, (Wiley, New York,
2017), pp. 285–343.

[54] G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993).
[55] G. Kresse and J. Furthmüller, Comput. Mater. Sci. 6, 15 (1996).
[56] G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 (1996).
[57] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,

3865 (1996).
[58] S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys,

and A. P. Sutton, Phys. Rev. B 57, 1505 (1998).
[59] J. S. Smart, Effective Field Theory of Magnetism (Saunders,

Philadelphia, 1966).

094433-12

https://doi.org/10.1038/nature08917
https://doi.org/10.1088/0034-4885/80/1/016502
https://doi.org/10.1038/s41535-018-0090-7
https://doi.org/10.1103/PhysRevLett.17.1133
https://doi.org/10.1038/nature00795
https://doi.org/10.1103/PhysRevLett.103.107202
https://doi.org/10.1103/PhysRevB.85.224431
https://doi.org/10.1103/PhysRevLett.55.2727
https://doi.org/10.1103/PhysRevB.43.12809
https://doi.org/10.1103/PhysRevLett.81.3723
https://doi.org/10.1103/PhysRevB.82.014505
https://doi.org/10.1103/PhysRevLett.107.047208
https://doi.org/10.1103/PhysRevB.89.014407
https://doi.org/10.1103/PhysRevLett.99.136403
https://doi.org/10.1103/PhysRevB.84.212407
https://doi.org/10.1103/PhysRevB.92.064408
https://doi.org/10.1103/PhysRevB.96.180405
https://doi.org/10.1103/PhysRevB.89.020402
https://doi.org/10.1103/PhysRevLett.103.067205
https://doi.org/10.1021/acs.inorgchem.8b03445
http://www.ill.eu/sites/fullprof/
https://doi.org/10.1021/ed085p532
https://doi.org/10.1098/rspa.1960.0005
https://doi.org/10.1080/14786436208213705
https://doi.org/10.1103/PhysRevB.8.2185
https://doi.org/10.1080/00018739700101558
https://doi.org/10.1209/0295-5075/88/27001
https://doi.org/10.1103/PhysRevLett.109.097203
https://doi.org/10.1103/PhysRevLett.101.067204
https://doi.org/10.1103/PhysRevLett.109.257205
https://doi.org/10.1016/j.jmr.2004.03.018
https://doi.org/10.1016/0375-9601(74)90409-5
https://doi.org/10.1016/0375-9601(68)90536-7
https://doi.org/10.1143/PTP.28.971
https://doi.org/10.1103/PhysRevB.6.3180
https://doi.org/10.1134/S002136401802011X
https://doi.org/10.1143/JPSJ.18.516
https://doi.org/10.1103/PhysRevB.45.5756
https://doi.org/10.1103/PhysRevB.65.144520
https://doi.org/10.1103/RevModPhys.49.435
https://doi.org/10.1016/S0370-1573(02)00219-3
https://doi.org/10.1103/PhysRev.95.249
https://doi.org/10.1103/PhysRev.65.117
https://doi.org/10.1143/JPSJ.55.1751
https://doi.org/10.1107/S0021889806014075
http://iso.byu.edu/iso/isotropy.php
https://doi.org/10.1016/S0022-4596(03)00273-1
https://doi.org/10.1039/C2DT31662E
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.57.1505

