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An orthorhombic compound, NaMnSbQ,, represents a square net of magnetic Mn?* ions residing in vertex-
shared oxygen octahedra. Its static and dynamic magnetic properties were studied using magnetic susceptibility,
specific heat, magnetization, electron spin resonance (ESR), nuclear magnetic resonance (NMR), and density-
functional calculations. Thermodynamic data indicate an establishment of the long-range magnetic order with
Ty ~ 44 K, which is preceded by a short-range one at about 55 K. In addition, a nontrivial wasp-waisted
hysteresis loop of the magnetization was observed, indicating that the ground state is most probably canted
antiferromagnetic. Temperature dependence of the magnetic susceptibility is described reasonably well in the
framework of two-dimensional square-lattice model with the main exchange parameter / = —5.3 K, which is in
good agreement with density-functional analysis, NMR, and ESR data.
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I. INTRODUCTION

Currently, low-dimensional (LD) magnetic oxides of alkali
and transition metals are actively studied, due to the prospects
of their use as electrode materials for the manufacture of
lithium-ion and sodium-ion batteries [1-3]. Among them,
layered [quasi-two-dimensional (2D)] compounds represent
the most numerous and interesting class of the materials both
from the point of view of practical aspects and remarkable
physical properties. Within 2D layers, the magnetic ions
may adopt the different networks including triangular, square,
honeycomb, kagome, etc. [4-8] that provides an excellent
platform to study exotic magnetic phenomena [9,10]. The
investigation of these compounds allows one to determine
the spin lattices relevant for the discussion of their mag-
netic properties based on first-principles electronic structure
calculations.

To a first approximation, the magnetic properties of a 2D
square spin lattice, for which the formation of a spin-liquid
ground state is predicted, can be described by the nearest-
neighbor (NN) spin exchanges, namely, J; along the side
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of the square and next-nearest-neighbor (NNN) exchange
J> along the diagonal of the square, i.e., the Jj-J; model
[8,11-20]. Depending on the ratio « = |J,/J;| and the sign of
the J»/J; ratio, three different ordered states can be realized,
namely, ferromagnetic (FM), Néel antiferromagnetic (NAF),
and columnar antiferromagnetic (CAF) states. In contrast to
a NAF state, a CAF state is characterized by ferromagnetic
alignment along the x and y axes and is realized when the
NNN exchange dominates over the NN exchange (o > 1/2)
[21,22]. In addition, around o & 1/2, either spin-liquid and
plaquette valence-bond states (J; > 0) [16,20] or spin nematic
(J1 < 0) [18] ground states are predicted.

A CAF ground state has been realized for the layered vana-
dium oxides Li,VOXO4 (X = Si, Ge), [16,23-25] which are
regarded as the first examples of frustrated 2D square quantum
Heisenberg antiferromagnets (QHAF). The later studies of the
solid solutions Li, V_,OTi,SiOy4 (for 0 < x < 0.2) by means
of "Li and ?°Si NMR, muon spin relaxation (uSR), as well
as magnetization [26] revealed that the ratio |J,/J;| decreases
with x, and the magnetic ordering temperature decreases with
reducing the spin stiffness [24] by a factor of approximately
(1 — x)2. In contrast to the case of Li,VOXO4 (X = Si, Ge),
the J; and J, exchanges compete in the S = 1/ 2(V*t) QHAF
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system, VOMoQOy, [27,28] which orders at a markedly higher
temperature (~42 K) and demonstrates a structural distortion.
It is worthwhile to note that theoretical calculations [16,28]
predict a quite strong interlayer exchange for both Li; VOX Oy
(X = Si, Ge) and VOMoO,.

Another extensively studied family of oxides with 2D
square lattice are the vanadium phosphates AA’VO(PO,),
(A,A’=Pb, Zn, Sr, Ba, Cd). The parent compound
Pb,VO(POy4), was the first example of frustrated square
lattice with a NN FM exchange interaction and a stronger
diagonal antiferromagnetic (AFM) exchange [29-31]. The
spin dynamics probed by electron spin resonance (ESR) estab-
lished that Pb,VO(PO,); is the first frustrated square-lattice
system with spin topological fluctuations of the Kosterlitz-
Thouless type [31]. An earlier work on its isostructural analog,
Zn, VO(POy),, proposed it to be a one-dimensional (1D)
spin-chain system [32], but later investigations [33,34] un-
ambiguously excluded the 1D model and revealed the same
thermodynamic behavior as found for Pb,VO(POy,),. All
members of AA'VO(PQy), family (AA" = Pb, Zn, Sr, Ba, Cd)
investigated up to now are located in the CAF region with
frustration parameters —0.9 < o < —1.9 [25,30,35].

Other S = 1/2 QHAFs with 2D square lattice include
Na; sVOPO4F) 5 (¢« = —1.8) [36] and AMoOPO4CI (A = K,
Rb) (@ > —10) [37], which are regarded as good candidates
for the spin-1/2 J;-J, square-lattice magnet with columnar
AFM order. Sr, VO, presents unusual magnetic properties at
low temperature [38—41]. To explain these properties, several
proposals have been put forward, which include an orbitally
ordered phase due to Jahn-Teller distortion [38], an octupolar
order driven by spin-orbit coupling [42], and a Néel order with
mute magnetic moment, where the spin and orbital moments
cancel each other [39]. uSR studies have shown inhomoge-
neous magnetic state [40] with the sizable competition of
ferromagnetic and antiferromagnetic correlations preventing
the system from developing a long-range ordered phase. Such
a spin-liquid/spin-glass state indeed can be suggested, but re-
cent theoretical calculations predict the single-stripe magnetic
ordering [41].

At the moment, only a few 2D square-lattice compounds
with classical spin were mentioned in the literature. In par-
ticular, CuMnO; is such a rare example, which is topolog-
ically representative of a frustrated square lattice with S =
2. A neutron powder-diffraction study has shown that the
long-range three-dimensional (3D) magnetic ordering occurs
simultaneously with a lowering of the monoclinic symmetry
to a triclinic one [43].

The present paper is devoted to the investigation of a
member of 2D square-lattice compounds with classical spin,
NaMnSbO4. We performed detailed studies of its crystal
structure, static and dynamic magnetic properties supported
by density-functional calculation.

II. EXPERIMENTAL

A. Sample preparation and x-ray diffraction

The compound was prepared by conventional solid-state
reactions in inert atmosphere to maintain manganese in its
low oxidation state of 24. The x-ray diffraction (XRD)

measurements were performed using an ARL X’tra diffrac-
tometer with CuK, radiation, eliminating almost com-
pletely all undesirable wavelengths using a Si(Li) solid-
state detector. The powder pattern for the structural study
was taken with coffee powder admixed to the sample
to reduce grain orientation effect. The crystal structure
refinement was performed with the GSAS+EXPGUI suite
[44,45]. Details of the preparation, energy dispersive X-ray
(EDX) analysis, and crystal structure are presented in the
Supplemental Material (pdf and cif) [46,47].

B. Thermodynamic measurements

The temperature dependences of the magnetization at 0.1
and 9 T were measured in the temperature range 2-300 K by
means of a Quantum Design Physical Property Measurement
System (PPMS) 9 system. M(T) curves were also recorded
at a number of external magnetic fields (from 0.5 to 9 T) in
the temperature range 2—-100 K. In addition, the isothermal
magnetization curves were obtained in external fields up to 9
T at various constant temperatures (7 = 2, 55, 155 K) after
cooling the sample in zero magnetic field.

Specific-heat measurements were carried out by a relax-
ation method using a Quantum Design PPMS system. Data
were collected at zero magnetic field and under applied B =
9T in the temperature range 2-250 K.

C. ESR and NMR

Electron spin resonance studies were carried out using X
band ESR spectrometer CMS 8400 (ADANI) (f = 9.4 GHz,
B < 0.7T) equipped with a low-temperature cryostat, operat-
ing in the range T = 5-300 K. The effective g factor has been
calculated with respect to (a, g-bisdiphenyline-b-phenylallyl)
reference sample with g, = 2.003 59.

Nuclear magnetic resonance experiments were carried out
using home-built broadband-pulsed NMR spectrometer [48]
with Bruker superconducting 0-9-T magnet and the cryostat
optCRYO105 from RTI Ltd. Measurements were performed
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FIG. 1. Powder XRD pattern of NaMnSbO,. Asterisks, exper-
imental data; green line, calculated profile; violet line in the bot-
tom, difference profile; vertical bars, calculated positions of Bragg
reflections.
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TABLE I. Details of the XRD measurements and structure refinement.

Crystal system Orthorhombic Texture parameters Axis 001
Space group Pbcn (No. 60) (March-Dollase) ratio 0.9813
Lattice constants, A a 5.600 43(5) 20 min, ° 6.02
b 11.688 49(12) 20 max, ° 110.00
c 5.293 27(5) Step width, ° 0.02
Cell volume, A3 346.500(6) No. of data points 5200
Formula weight 263.67 No. of reflections calc. («; only) 219
Z 4 No. of variables 57 (20 — of structure)
Wavelengths, A o 1.540 56 Discrepancy factors R(F?) 0.0411
a 1.544 39 R, 0.0655
Ratio 0.5 Rup 0.0898
Density (calc.), g/cm? 5.055 x? 2.360

in the external magnetic field 3.67 T in the temperature range
35-300 K. The spectra were obtained by solid echo-pulse se-
quence (7 /2-t-1 /2, with w /2 = 6 us, T = 30 us) in step-by-
step variation of radiofrequency and integration of fast Fourier
transform lines in each point in frequency range £25 kHz.
Spin-lattice relaxation rates were measured at the frequency
of maximum spectral intensity by saturation recovery method.

III. RESULTS AND DISCUSSION

A. Crystal structure

The XRD powder pattern of NaMnSbO, (Fig. 1) was
indexed to the orthorhombic system with the ITO program [49]
and was included in the Powder Diffraction File [50]. The
systematic absences unambiguously indicated the space group
Pbcn. This, together with the similarity of the unit-cell sizes in
the ac plane, suggested that NaMnSbQO, has a structure similar
to that of LiSbO3 [51] based on a two-layer hexagonal close
packing of oxygen atoms. The third lattice parameter, b, was
~4/3 that of LiSbOj3. Therefore, it was quite natural to add
the fourth stack of face-sharing octahedra to accommodate
the additional component, MnO. This model was verified
and refined to reasonably low discrepancy factors. The main
results are listed in Tables I-III and the resulting stricture is
illustrated in Figs. 1 and 2. The bond lengths and bond-valence
sums are in reasonable agreement with the expected values
(Table III).

From the point of view of magnetic sublattice network
in NaMnSbO,, magnetoactive mixed layers of manganese
and sodium alternate with nonmagnetic layers of antimony
stacked along the b axis, as shown in Fig. 2. The magnetic
Mn?* cations are arranged in an almost square net of vertex-

shared octahedra as shown in the right part in Fig. 2 with
Mn-Mn distances of 3.8938(5) A and Mn-O-Mn angles of
128.0(4) A. The shortest Mn-Mn distances between the adja-
cent nets are 52% longer, 5.91 A; thus, the magnetic sublattice
seems to be essentially bidimensional. Structural arrangement
provides conditions for reducing the dimension of magnetic-
exchange interactions and frustration of magnetic subsystem.

B. Static magnetic properties

The temperature dependence of the magnetization M of
NaMnSbO,4 demonstrates a complex behavior with a tem-
perature variation (Fig. 3). At high temperatures it varies in
accordance with the Curie-Weiss law upon cooling, then it
passes through a broad correlation maximum at about 55 K,
characteristic for low-dimensional systems, and eventually
it is undergoing a kink at 7y ~ 44 K, which is replaced by
growth. It seems natural to relate the observed anomaly at Ty
to establishment of the long-range magnetic order preceding
by a short-range one at about 55 K.

The approximation of x(7) in accordance with Curie-
Weiss law (x = xo+C/(T — ®)) in the range 250 <
T < 300K gives xo ~ —6.9 x 10> emu/mol, which is in
satisfactory agreement with the value of x4, ~ —7 X
107> emu/mol obtained by direct summation of Pascal
constants [54] for the diamagnetic contributions of atoms
constituting NaMnSbOy4. The negative Weiss temperature
® ~ —115 4+ 1K indicates predominance of the antiferro-
magnetic interactions in the paramagnetic phase. The ef-
fective magnetic moment e = o/3kgC/ /LBZNA (kg is the
Boltzmann constant, C is Curie constant, and N, is the
Avogadro number) estimated as 5.98 ug/f.u. that is in good

TABLE II. Atomic coordinates and displacement parameters in NaMnSbOj.

Atom Site Symmetry x/a v/b /e U

Na de G 1/2 0.1327(5) 3/4 0.0206(17)
Mn 4c G 1/2 0.726 02(22) 3/4 0.0083(6)
Sb 4c G 1/2 0.428 56(11) 3/4 0.010 07
01 8d C 0.3182(10) 0.5606(9) 0.5710(12) 0.0143(21)
02 8d G 0.2990(13) 0.3150(8) 0.5987(11) 0.0140(23)

*Refined anisotropically, U, is reported.
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TABLE III. Important interatomic distances (A) and bond-valence [52] sums (BVS) in NaMnSbO,.

Bonds Na-O Mn-O Sb-O
Distances 2.187(8) x 2 2.128(8) x 2 1.916(9) x 2
2.540(10)x2 2.214(7) x 2 1.985(6) x 2
2.566(7) x 2 2.382(9) x 2 2.078(9) x 2
Average 243 2.24 1.99
Sums of ionic radii [53] 2.40 2.21 1.98
BVS Na Mn Sb o1 02
1.14 1.86 4.90 2.02 1.93

agreement with expected value for high-spin Mn?t (fheor =
V& u?S(S + 1) = 5.96 ug/f.u. using the effective g factor
of 2.01 £ 0.01 determined from ESR data).

Taking into account the structural conditions, which allow
to consider the magnetic lattice as almost 2D square, one can
account the behavior of the magnetic susceptibility on the

whole temperature range higher than 7y in the framework
of the 2D square-lattice model. Therefore, it is possible to
analyze the dependence y(7) using high-temperature series
expansion equation with a temperature-independent term ¥
[55]:

Ng*p?[kJ
X(T) = — S / — (1)
IS+ n=1 [r/sss+D]""
which can be rewritten by substituting the parameters C, for the system of spins § = 5/2 from work of Lines [55]:
0.374¢*/J
x(T) = xo+ / (@)

where J = J/k, for the obtained result in Kelvin units
and G, = 12.67, G, = 17.45625, C,3 = 175.51953125,
Cps = 697.556 15234375, C,5s = 871.945190429 687 5. The
best fit of the x (7) experimental data (solid pink line in Fig. 3)
according to Eq. (2) resulted in the value J = —5.3K and
g = 1.98. Both spin-exchange parameter J and g factor are
in good agreement with density-functional analysis (J,"" =
—5.35K at Uesr = 5eV) and ESR data (g% = 2.01 £ 0.01),
respectively (see below). As one can see from Fig. 4, the
position of anomaly at Ty =~ 44 K shifts slightly towards
the high-temperature side with increasing magnetic field up
to9T.

O Na
O Mn
O Sb
>0

4+ Gt +Ca(f) +Calf) +Gu($) +Cs(7)”

Specific-heat data in zero magnetic field are in good
agreement with the temperature dependence of magnetic
susceptibility, and demonstrate a distinct A-shaped anomaly,
which directly confirms an onset of the magnetic order at Ty
[Fig. 5(a)]. In applied magnetic field the maximum at 7y on
the C,(T') curve broadens and shifts to higher temperatures
[inset in Fig. 5(a)]. According to a classical Dulong-Petit law
saturation value in NaMnSbOy is expected to be Cy = 3Rv =
1751 /(mol K), where R = 8.31J/mol K is the gas constant
and v = 7 is the number of atoms per formula unit.

In order to analyze the nature of the magnetic phase tran-
sition and to evaluate the corresponding contribution to the

FIG. 2. Left part: Polyhedral presentation of the crystal structure of NaMnSbO,. Orange, green, blue, and yellow spheres are Na, Mn, Sb,
and O ions, respectively. The octahedra around the sodium ions are omitted for clarity. Right part: magnetoactive layers of manganese and

sodium ions.

054435-4



PECULIARITIES OF MAGNETIC ORDERING IN THE ...

PHYSICAL REVIEW B 101, 054435 (2020)

—— Curie-Weiss law fit
0.025 R

o
o
o
=}

B (emu/mol)

Ml
o
o
o

0.010 —— 2D Square fit

. I . I . I . I . I
0 50 100 150 200 250

T(K)

300

FIG. 3. Temperature dependence of the magnetization and its
inverse value (in the inset) at B = 9T for NaMnSbO, recorded in
the field-cooled protocol of magnetization measurements regime.
The solid pink curve is an approximation in accordance with 2D
square-lattice model [Eq. (2)], the violet line is Curie-Weiss law fit.

specific heat and entropy, C,(T') dependence was also mea-
sured for the isostructural nonmagnetic compound Na;TeO4
[Fig. 5(a)]. We assume that the specific heat of the isostruc-
tural compound Na,TeO4 provides an estimate for the pure
lattice counterpart to C,(T'). The correction to this contribu-
tion for NaMnSbO, has been made taking into account the
difference between the molar masses for each type of atom
in the compound (Na-Mn and Te-Sb) [56]. The values for
Debye temperature ®p have been determined as about 343 +
5 K for the diamagnetic compound Na,TeO4 and 327 + 5 K
for the NaMnSbQy, respectively. It was found that the best
description of the specific heat data for nonmagnetic Na; TeOy
is achieved by the sum of the Debye (Cp) and Einstein (Cg)

g
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FIG. 4. M(T) curves for NaMnSbOy, at various external magnetic
fields. The data are arbitrarily shifted along the vertical axes. The
dashed curve shows the position of the anomaly 7y. Inset: The Ty
versus B dependence.
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contributions [56]

Con = aCp(T, 0p) + (1 =) Y Cpi(T, 0. (3)

Here ®p and Og; are the Debye and Einstein temperature,
respectively, and o denotes a relative weight factor for Debye

8 16
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FIG. 5. (a) Temperature dependencies of the specific heat of NaMnSbO, (black symbols) and its nonmagnetic isostructural analog Na, TeOy,
(green symbols) in zero magnetic field; the dashed line presents the determined lattice contribution. (b) Magnetic specific heat Cy, (red balls)
and magnetic entropy S, (violet balls) variation. Inset: Zoomed-in low-temperature part of C, at B = 0 (gray symbols) and B = 9T (orange

symbols).
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FIG. 6. Field dependences of magnetization M(B) of NaMnSbO,
at various temperatures. The red dashed line denotes the linear fit of
the M(B) for B > 7 T at 2 K. Inset: the zoomed-in central parts of
M(B).

and Einstein terms. The fit according to Eq. (3) resulted in
the values ®g; = 120 £ 5K, Op, = 145 £ 5K, and O3 =
240 £ 5K [Fig. 5(a)].

A jump of the specific heat at the Ty ACy, ~ 7J/(mol K)
is lower than the estimation from the mean-field the-
ory ACp = 5R-S(S + 1)/[S? + (S + 1)*] ~ 19.7J/(mol K)
[56] [Fig. 5(b)]. It is important to note that the correlation
maximum observed on the x (7) dependencies at about Ti,x ~
55K is also quite obvious on the Cy(T), but its position
slightly shifts to lower temperature. The corresponding value
of magnetic entropy saturates at about 60 K reaching ap-
proximately 6.5 J/(mol K). It is also lower than the estimate
obtained from the mean-field theory AS;,, = RIn(25 + 1) =
14.9J/(mol K). One should note that the magnetic entropy
released below Ty removes only about 30% of the theoretical
saturation value. Such a reduction of the AC,, and the AS,
indicates the presence of strong short-range magnetic corre-
lations at temperatures higher the order-disorder transition,
which is typical of low-dimensional compounds [4,9].

The full magnetization isotherms for NaMnSbOy at various
temperatures are presented in Fig. 6. The magnetic hysteresis
loop in combination with the linear M-B behavior at high field
is a feature of a canted AFM ordering [57-59]. The hystere-
sis loop narrows with increasing temperature and eventually
disappears at T > Ty (Fig. S1 [46]), confirming that it arises
from a long-range order. This feature is intrinsic property
of the system under study. In contrast, the M(B) curves
in the vicinity the short-range ordering regime (T =~ Tinax)
pass exactly through the original point. Nevertheless, despite
the absence of a hysteresis loop M(B) still demonstrates a
small spontaneous moment that decays slowly. Eventually,
the linear behavior is observed at 7 > 100 K, typical of
paramagnets or robust antiferromagnets with strong exchange
interactions. To estimate the spin canting angle, we determine
by extrapolation the y-axis intercept of M(0) = 0.081 ug,
the canted moment at zero field (Fig. 6). The corresponding
canting angle ¢ can be calculated using the expression ¢ =

sin~![M(0)/gSug] [58]. Using S = 5/2 and g = 2 for Mn>*
ions, we obtain ¢ & 1°.

No signature of any other field-induced anomalies was
evidenced up to 9 T. One can note that within the investigated
range of the applied magnetic fields, the magnetic moment is
still far below the theoretically expected saturation magnetic
moment Ms = gSug = Sup for Mn>* (S = 5/2) ions.

It is very interesting that the shape of hysteresis loop is
quite unusual. It is squeezed in the middle, often denoted as a
“constricted loop” or “wasp-waisted hysteresis loop.” No con-
vincing account is generally given on this phenomenon at the
moment, because it can be associated with several different
physical causes. Possible reported explanations were listed for
example in Ref. [60]. Among them there are the influence of
dipolar interactions, the effect of surface anisotropy superim-
posed to bulk anisotropy, bimodal coercivity distribution, the
mixing of competing anisotropies (uniaxial and cubic), etc.

Such type of the hysteresis was observed for many different
magnetic materials: for example, for Dy,_,Eu,Ti,O; py-
rochlore [61], for monodispersed ferromagnetic FePt nanopar-
ticles [60], for soft-magnetic NiCoP-coated hard-magnetic
M-type ferrite BaFe;;0j9 polystyrene bilayer composite
films [62], for Fe,03-SiO, nanocomposite [63], mangan-
ite/ruthenate Lag 67519 33MnO3 /SrRuO; superlattices [64], for
one-dimensional (1D) nanotubes of Nd ;BiygFeOs [65], for
a single magnetic phase CoFe, 4 nanopowder [66].

Quite close to us, an example with similar type of hys-
teresis loop has also been observed for 2D multiferroic com-
pound BaNiF, [67]. According to the theoretical calculations
this system is canted antiferromagnet with weak interaction
between different sheets [68], leading to low magnetic order-
ing temperature and pronounced two-dimensional behavior.
BaNiF, was related to 2D magnetic vortex systems, for which
the wasp-waisted type of M-B curves was declared [69]. In
this case the spins tend to align circle-wise at low magnetic
fields and parallel to the magnetic field when the field is
large enough. Ederer and Spaldin pointed out that the AFM
aligned net spins due to spin canting are easy to be aligned
at high enough field, leading to the drastically increased
magnetization and weak ferromagnetism. However, at low
field, due to the weak AFM nature of canted spin, the net spins
due to canting will turn back to their initial orientation and
weak antiferromagnetism is recovered, leading to the drastic
decrease of magnetization and the wasp-waisted type M-B
curve.

C. Dynamic magnetic properties

Over the whole temperature range investigated the ESR
spectra reveal the presence of exchange-narrowed Lorentzian-
shaped resonance mode with g factor close to 2, which is
naturally to assign to the signal from S-type Mn>* ion in
octahedral oxygen coordination. At temperatures below T <
50 K the degradation of the ESR signal occurs, indicating
onset of long-range order and corresponding opening of the
energy gap for resonance excitations. The representative ESR
spectrum of powder sample NaMnSbO, at room temperature
is presented in the inset in Fig. 7. An accurate analysis of the
line shape requires including two circular components of the
exciting linearly polarized microwave field into the fit formula
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AB and effective g factorof NaMnSbO,. Solid red curve is the ap-
proximation according to Eq. (5). In the inset: the representative ESR
spectrum taken at room temperature: black symbols are experimental
data, solid blue line is fitting by Lorentzian [Eq. (4)].

since the line observed is relatively broad (only one order less
than the resonance field in the present compound) [70]:

dpP d [ AB n AB } @

dB “ dB|AB*+ (B—B,’  AB +(B+B))

This is a symmetric Lorentzian line, where P is the power
absorbed in the ESR experiment, B is magnetic field, B, is
resonance field, AB is the linewidth. It was found that in the
whole T range experimental data can be fitted by a single
Lorentzian in a form of (4). Result of ESR line-shape fitting is
shown by blue solid line in Fig. 7. Evidently, the fitted curves
are in reasonable agreement with the experimental data.

The parameters of the ESR spectra obtained from the ap-
proximation are also collected in Fig. 7. The effective g factor
remains almost temperature independent down to 50 K, then
the rapid shift of the resonance field occurs on approaching
the critical temperature Ty ~ 44 K from above. Such behavior
indicates the establishment of a long-range magnetic order
and appearance of internal magnetic field which violates the
resonance conditions.

Broadening of the ESR line with decreasing temperature
has been observed earlier for the wide class of antiferro-
magnetic, spin-glass, and diluted magnetic systems [71-76]
and explained in the frame of theory of critical behavior of
ESR linewidth in the vicinity of the order-disorder transition.
According to Mori-Kawasaki-Huber theory, the temperature
dependence of the ESR linewidth AB can be described by [77]

ESR B
AB(T) = AB* +A|:T—N—T}VESRi| s (5)

where the first term AB* describes the high-temperature ex-
change narrowed linewidth, which is temperature indepen-
dent, while the second reflects the critical behavior with 7SR
being the critical temperature and § the critical exponent.
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FIG. 8. (Left) 2*Na NMR spectra: black circles are experimental
data, solid line is fitting by Hamiltonian [Eq. (6)] with powder av-
eraging. (right) Temperature evolution of the spectra in temperature
range 40-150 K.

An approximation of the ESR spectra has shown that
AB(T) can be reasonably well described in the frame of this
model [Eq. (5)] over a wide temperature range 50-300 K (red
solid curve in Fig. 7). The best fitting was attained with the
parameters AB* = 12 + 1 mT, TNESR =48 + 1K, and B =
0.80 + 0.10. Obviously the TSR value is close to the critical
temperature 7Ty, estimated from the thermodynamic data.

The value of the critical exponent 8 = 0.8 is noticeably
larger than the expected B = 1/3 for the 3D Heisenberg
antiferromagnet in the frame of Kawasaki approach [77] and
probably indicates rather 2D character of exchange interac-
tions in NaMnSbOy in accordance with quasi-2D network of
magnetic sublattice. For example, such values were observed
earlier for other 2D antimonates of alkali and transition met-
als, such as 8 ~ 0.9 for 2D Li(Na);Ni,SbOg [78], B ~ 0.6
for LisFeSbOg [6].

The nuclear magnetic resonance study was performed us-
ing 2*Na nucleus which has spin 3/2 and quadrupole moment
10.4 x 1073 m?. The left panel of Fig. 8 presents a spectrum
obtained at 150 K, which can be reasonably described by the
Hamiltonian

ﬁ = _VNhIZBext +fiAij§j

eZQQ 2 2, N 0 2
+4I(2]—1)[3IZ I +2(I++I)], ©6)
where the first term represents the Zeeman interaction with
the external magnetic field, the second term is an anisotropic
transferred hyperfine coupling of the nuclear spin with the
electron spins, and the third term is the quadrupolar coupling
(here y, is the gyromagnetic ratio of the nucleus, I the nuclear
spin, S the electron spin, Bey; the external magnetic field, A;;
the hyperfine coupling tensor, / the reduced Planck constant,
e the elementary charge, and Q the nuclear electric quadrupole
moment. g and 7 are, respectively, the electric-field gradient
(EFG) main value and the asymmetry parameters, defined
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FIG. 9. Main panel: the temperature dependence of *Na nuclear
spin-lattice relaxation rate: black circles are experimental data, dot-
ted line is fitting as described in Ref. [88]. Upper panel: temperature
dependence of the stretched exponent parameter b (black dashed line
is a guide for the eye); Insert: recovery of spin-echo intensity plotted
as a function of delay between pulses. Dashed line represents the fit
to Eq. (7).

as eq =V, and n =V,, — V,,/V,..) [79]. The simulation of
the spectrum of a powder sample at a relatively high tem-
perature 150 K using Hamiltonian (6) was done according
to the procedure described, for example, in Ref. [80]. The
quadrupolar frequency wp = 3¢’qQ/[21(21 — 1)i] and the
EFG asymmetry parameter  were taken as fitting parameters.
The best result was obtained with the values wp =2 MHz
and n = 0.36. The symmetry of hyperfine tensor (also taken
as a fitting parameter) was found to be almost axial. The
spectrum gradually shifts and broadens with decreasing tem-
perature, then begins to transform to rectangularlike shape
in the vicinity of the magnetic order transition temperature
(right panel of Fig. 8). Dynamic properties of the electron
spin system were studied by measurements of the longitudinal
nuclear relaxation rates 7; ~! at the maximum of the spectral
intensity in the external-field magnetic field of 3.67 T within
temperature range from 300 down to 35 K. A typical delay-
time dependence of the longitudinal nuclear magnetization
M() for T =77K is shown in the inset of Fig. 9. For a
spin-3/2 nucleus this recovery measured in main transition
+1/2-1/2 is expected to follow a two-exponential law [81]:

-l (5]
we G

where t is a delay after series of saturating pulses, 7; is the re-
laxation time of >*Na nuclei, p is a saturation parameter which
is close to 1. Parameter b is the stretching exponent parameter,
which reflects a distribution of fluctuation frequencies and

spatial anisotropy of the localized electron spin subsystem
[82-87] (in our experiments b decreases with temperature
within the range 0.5 < b < 0.9). There is no pronounced peak
but a small kink of the relaxation at Ty which is often found in
low-dimensional compounds. The temperature dependence of
the 2*Na spin-lattice relaxation rate corresponds to the Moriya
formula [88]:

| X J* VAR
T =T 14+ 4n-
! ool ' 3T +n2(kBT)

LT\ L o
exp 2(k3T> ;( +4kBT> - ®
where J* = —2J. The term involving (J*/kgT)? in the pref-
actor has a negligible effectat T > J*¢ = (z/60)[S(S + 1)] =
6 for the electron spin § = 5/2 and the number of nearest
neighbors of each spin z =4 for 2D square lattice. From
the fitting we obtain J = —5.927 £ 0.556 K, which is in a
good agreement with the results of magnetization and density-
functional theory (DFT) studies (Secs. III B and III D).
In general, nuclear magnetic spin-lattice relaxation is dom-
inated by fluctuating fields at the nuclear site produced by
electron spins:

1 2 X//(q’ a)L)
— ~ y-kgT E A(G)————, 9
T Vn KB e @ fioy 9

where the sum is over the wave vectors gwithin the first
Brillouin zone, x" (g, wy ) is the imaginary part of the dynamic
susceptibility, A(q) the g-dependent nuclei form factor propor-
tional to the perpendicular component of the hyperfine tensor,
o, the Larmor frequency, y, the nuclear gyromagnetic ratio,
and kg the Boltzmann constant. Therefore, the term 1/(T1T ) is
proportional to the local dynamic susceptibility of a magnetic
subsystem measured at the nucleus position at the Larmor
frequency. In the paramagnetic regime, where the electronic
correlations are weak, and the fluctuation rate is significantly
far from the Larmor frequency, the dependence of the sus-
ceptibility on the g vector and frequency can be neglected.
Thus, 1/(T;T) probed by the >*Na NMR at 3.67 T is expected
to be proportional to the static bulk susceptibility obtained at
3.5 T, and this linear dependence is observed at temperature
range 300-77 K. Below 70 K linear dependence disappears,
indicating the developing correlations within a short-range
ordering region and the critical slowing down of the magnetic
fluctuations in the vicinity of Néel temperature (Fig. 10). The
temperature region where the correlations develop, observed
by NMR, is in good agreement with the region where the bulk
susceptibility deviates from the Curie-Weiss law.

D. Density-functional analysis of magnetic structure

To gain insight into the observed magnetic properties of
NaMnSbO,4, we have determined its spin-exchange inter-
actions by carrying out energy-mapping analysis based on
DFT calculations [89-91]. The projection view of the crystal
structure of NaMnSbOy, along the a axis is given in Fig. 11(a),
which shows that the layers of Mn?* (d°, S =5/2) ions
alternate with those of the Sb>T ions along the b axis. A
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FIG. 10. Local dynamical susceptibility 1/(717) (left y axis,
black circles) plotted as a function of the static bulk susceptibilit
y measured at 3.5 T. The dashed red line marks the region, where
dynamic susceptibility follows the static one.

projection view of a layer of Mn?* (d°,
the b axis is presented in Fig. 11(b).

We consider three spin-exchange paths Ji, J;, and J;
within each layer of Mn”* ions [Fig. 12(a)], and two spin-
exchange paths J; and Js between adjacent layers of Mn>*
ions [Fig. 12(b)]. To determine the values of J;-Js, we carry
out spin-polarized DFT calculations using the (2a, 2b, c)
supercell for NaMnSbOy4 containing 16 formula units (f.u.)
for the six ordered spin states (FM, AF1, AF2, AF3, AF4,
AF5) defined in Fig. 13. The calculations were performed by
employing the projected augmented wave method encoded in
the Vienna Ab initio Simulation Package (VASP) [92-94] with
the generalized-gradient approximation of Perdew, Burke, and
Ernzerhof [95] for the exchange-correlation functionals with
a plane-wave cutoff energy of 450 eV, a set of 4 x4 x 6k
points, and a threshold 107® eV for energy convergence. The
DFT plus on-site repulsion U (DFT4U) method [96] was
employed at Uy = U—-J =3, 4, and 5 eV to describe the

S =5/2) ions along

(b)

FIG. 11. (a) Projection view of NaMnSbO, along the a axis.
(b) Projection view of an isolated layer made up of corner-sharing
MnOQg octahedra. Green circles: Mn, blue circles: Sb, yellow circles:
O, and magenta circles: Na.
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N \\:WI
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FIG. 12. (a) Spin-exchange paths J, — J; within a layer of Mn?*
ions parallel to the ac plane. (b) Spin-exchange paths J4 and Js
between adjacent layers of Mn?™ ions.
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electron correlation in the Mn 3d states. Given the spin

Hamiltonian,
—> 1S+ 5;. (10)

i<j

where S; and §j are the spins at magnetic ion sites i and
J» respectively, with the spin exchange constant J;; = J1-Js.
Then, for each ordered spin state, the total spin-exchange
energy per 16 f.u. can be expressed as

N2
E = mJy + oty + n3Js + nads + n515)<7>, 11

where N is the number of unpaired spins per Mn>* (i.e., N =
5), and the coefficients n;—ns5 for the six ordered states are
summarized in Table S1 of the Supplemental Material [46].
The relative energies of the six ordered spin states determined
by DFT+U calculations are summarized in Table IV. Then,
by mapping these relative energies onto the corresponding
ones in terms of the total spin-exchange energies, we obtain
the values of J; — Js listed in Table V. The latter reveals that

,

FIG. 13. Six ordered spin arrangements of NaMnSbO, employed
to extract the values of the spin exchanges J; —Js by energy-
mapping analysis, where the gray and white circles indicate the
up and down spins of Mn?** ions. For the simplicity, only three
spin-exchange paths, J;, Js, and Js are indicated in red, blue, and
cyan cylinders, respectively.
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TABLE IV. Relative energies (in meV per 16 f.u.) of the spin-
ordered states determined by DFT4-U calculations.

TABLE V. Values (in kgK) of the spin exchanges J; — J5 and the
Curie-Weiss temperature (in K) determined by DFT4-U calculations.

State Ueff =3eV Ueff =4eV Ueff =5eV Ueff =3eV Ueff =4eV Ueff =5eV
FM 21.4 159 11.8 Ji —-9.72 —7.24 —5.35
AF1 20.6 15.3 11.3 b -0.29 -0.22 -0.18
AF2 10.4 7.7 5.7 J3 -0.56 —0.42 -0.33
AF3 0 0 0 Js -0.37 -0.29 -0.23
AF4 9.7 7.2 5.3 Js -0.19 -0.14 —0.11
AF5 0 0 0 Ocut(K) —112.8 -91.7 —68.1

all spin exchanges are AFM, and that the side exchange J,
dominates over all other spin exchanges. Table V also lists
the Curie-Weiss temperatures ®, calculated on the basis of
the calculated spin exchanges J; — Js using the mean-field
approximation [97]. The ®, changes from —113 to —92 to
—68 K as U increases from 3 to 4 to 5 eV, respectively.
The Oy ~ —113K obtained with U = 3¢V are in good
agreement with the experimental value of —112 + 1 K.
Therefore, our calculations predict that each layer of Mn>*
ions would be antiferromagnetically ordered without much
spin frustration, and then these AFM layers will be antifer-
romagnetically ordered leading to a three-dimensional AFM
state. At the same time nontrivial character of the anomaly on
the temperature-dependent magnetic susceptibility and wasp-
waisted hysteresis loop may indicate the more complicated
probably canted antiferromagnetic state. In order to clear up
the ground state the neutron studies are very desirable.

IV. CONCLUSION

NaMnSbOy is an orthorhombic phase based on a distorted
double-layered hexagonal close packing of oxide anions with
cations filling 3/4 octahedral voids in an ordered manner. Its
magnetic sublattice is a pseudotetragonal bidimensional array
of MnQg octahedra sharing vertices, with Mn-O-Mn angles of
128.0°.

When the temperature decreases the magnetic suscepti-
bility demonstrates the behavior typical for low-dimensional
magnets with broad correlation maximum at 7j,,x = 55 K fol-
lowed by clear anomaly at Ty &~ 44 K, which can be assigned
to the long-range magnetic ordering. At the same time unusual
character of the 7y anomaly and the wasp-waisted hysteresis
loop on the magnetization curve indicate that the long-range
state is most probably canted antiferromagnetic.

ESR spectra of NaMnSbOy in paramagnetic phase reveal
Lorentzian shape signal, which can be attributed to Mn2* ions

and characterized by the temperature-independent effective g
factor g = 2.01 = 0.1. ESR data indicate an extended region
of short-range order correlations, typical of low-dimensional
or frustrated magnets. An analysis of the ESR line broadening
performed using the Kawasaki-Mori-Huber theory confirms a
low-dimensional character of the magnetic exchange interac-
tions.

DFT calculations have shown that ground state is stabilized
by the five exchange parameters. It was found that all spin
exchanges are AFM, and that the side exchange J; on square
dominates over all other spin exchanges indicating rather 2D
magnetism in NaMnSbO, compound.

Temperature dependence of the magnetic susceptibility and
23Na nuclear spin-lattice relaxation are described reasonably
well in the framework of 2D square-lattice model with the
main exchange parameter J = —5.3K, which is in good
agreement with density-functional analysis and ESR data.
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