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Here we explore the structural, magnetic, and dielectric properties of NasCo,s5TegO36, Which reveal devel-
opment of a short-range magnetic correlation and a dielectric anomaly in the system above Neel temperature
(Ty=) of 50 K. Low-temperature neutron powder diffraction (NPD) without any external magnetic field clearly
indicates that the canted spin structure is responsible for the antiferromagnetic transition, and this canted spin
structure brings several short-range ferromagnetic and antiferromagnetic correlations, and partially occupied Co
form short-range magnetic correlation with other Co. Interestingly, a structural change in terms of changes in the
lattice parameters and consequent development of dielectric anomaly around similar temperature is also recorded
in the system. Additionally, the isothermal remanent magnetization and electron-spin resonance measurements
reveal the presence of short-range magnetic correlations which coincide with an anomaly in the dielectric
constant vs temperature curve. Further, a sharp jump in the magnetic-field-dependent magnetization clearly
indicates the presence of metamagnetic transition, and magnetic-field-dependent NPD confirms that rotations
of Co spins with applied magnetic field are responsible for this metamagnetic phase transition. Consequently,
a magnetocaloric effect is developed in the system, which is suitable for the application in low-temperature

refrigeration.
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I. INTRODUCTION

Multiferroics has remained as one of the most important
parts of condensed matter research for last few decades due
to several possible technological applications [1,2]. There are
several different ways to introduce multiple ferroic order in
a system [3-19], with short-range magnetic correlation being
one of them. There are a few compounds such as Ca;Co,0Og,
Er,BaNiOs which show displacive-type ferroelectricity in-
volving off-centering of the magnetic ion due to short-range
magnetic correlation [18,19]. Another langasite compound,
Pbs;TeMn3P,014, shows covalency-driven local modulation
of charge densities and development of ferroelectricity [4]
while keeping global paramagnetism intact. In this context
we probed the NasCojss5TegO36 [20,21] (hexagonal space
group P63/m) cobaltite system, where long-range interaction
between Co ions is interrupted due to sporadic intervention
by Na ions, as both the Na and Co ions share the same
crystallographic site [Na(3)/Co(3)] (see Fig. 1(c) and Table I).
NasCo;5.5TegO36 contains two types of local coordinations of
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single-valence Co (2+) (octahedra and trigonal prism), and
the superexchange interaction pathways within edge-shared
Co**t octahedra are around 90°, while corner-connected Co-
O-Co bond angles are around 120°, which signifies the
presence of two types of magnetic interactions. Co-based
compounds often offer interesting properties due to the pos-
sible existence of different Co-oxidation states (42, +3, and
+4), with several local coordinations (tetrahedra, octahedra,
trigonal prism, and so on) around Co and most importantly,
various spin states within the same Co valence [19,22,23].
Zhao et al. [21] has reported the magnetic ground-state and
field-induced transitions of an § = 1/2 Ising antiferromagnet
(AFM) with a stacked kagome geometry of NasCoss5TeOs¢
and two successive transitions below the long-range AFM
transition. But there is no direct evidence of spin structure for
long-range AFM transition as well as magnetic-field-induced
transitions. Furthermore, the magnetic properties and dielec-
tric properties above the long-range AFM transition were not
discussed. Therefore it would be interesting to know the exact
spin structure and dielectric properties of this system.

In this report we discuss the crystal structure, mag-
netic structure, and dielectric properties of NasCo;s.5TeO36.
A low-temperature magnetic structure study, using neutron
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(@) (b) TABLE I. The sample NCTO is refined within a single crys-
XRD 300K NPD at300 K tallographic phase using a hexagonal space group P63/m. Lattige
1=Cuk 1=2315A parameters of NCTO: ¢ = b = 9.3231(9) A, c = 9.0682(7) A,
) ‘ = a=p=90°y =120°. R,, = 14.51, R, = 8.16, x> = 3.16.
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FIG. 1. (a), (b) Rietveld refined XRD and NPD of NCTO at
room temperature, respectively. Black open circles represent the
experimental data, and red line represents the calculated pattern.
The blue line represents the difference between the observed and
calculated pattern, and green lines signify the position of Bragg
peaks. (c) Refined crystal structure of NCTO. White/pink sites are
partially occupied Na(1) and Na(2) sites.

powder diffraction (NPD), reveals the presence of canted an-
tiferromagnetic ordering. In addition to the antiferromagnetic
transition (7y), the dc magnetic susceptibility measurements
further suggest the presence of a short-range ferromagnetic
correlation above Ty, while an anomaly is observed at the
same temperature in temperature-dependent dielectric data
as well as in lattice parameter variation plots, indicating
the presence of a possible magnetoelectric coupling in the
system. Further electron-spin resonance and isothermal re-
manent magnetization measurement support the presence of
short-range magnetic correlation above the Néel temperature
(50 K). The system also exhibits a metamagnetic transition
in magnetic-field-dependent isothermal magnetization mea-
surement, inducing a magnetocaloric effect in the system,
which is suitable for applications in low-temperature refriger-
ation. The metamagnetic transition has been probed through
magnetic-field-dependent NPD, which confirms that rotations
of Co spins with applied magnetic field are responsible for this
transition.

II. METHODOLOGY

A. Experimental techniques

Polycrystalline NasCo;ss5TesO36 (NCTO) was prepared
using a conventional solid-state reaction technique. The
NCTO sample was synthesized by taking stoichiometric
amounts of high-purity Na,CO3; (Merck>99.5%), TeO,
(Sigma-Aldrich  99.9995%), and Co304 (Sigma-Aldrich

O(1) 12i 0.6904(4) 0.8883(8) 0.0908(6) 0.174(3) 1.0
O(2) 12i 0.6097(7) 0.1400(2) 0.1007(4) 0.174(3) 1.0
O@3) 6h 0.8805(1) 0.1732(6) 0.2500  0.174(3) 1.0
O@) 6h 0.4132(8) 0.8627(3) 0.2500  0.174(3) 1.0

99.99%). The mixture was initially calcined at 600°C in
air for 12 h. The resultant mixture was then reground and
finally annealed at 800 °C for 12 h in air. The phase purity
of the sample was checked through x-ray powder diffraction
(XRD) measured with a Bruker AXS: D8 Advanced x-ray
diffractometer equipped with Cu K« radiation. Temperature-
dependent XRD was carried out on a Rigaku Smartlab (9 kW)
XG equipped with Cu K« to probe the temperature-dependent
structural phase transitions. The obtained XRD data were
analyzed using the Rietveld technique, and refinements of
the crystal structure were performed by the FULLPROF pro-
gram [24]. The x-ray photoemission spectroscopy (XPS)
measurements were carried out using an Omicron electron
spectrometer equipped with a Scienta omicron Sphera an-
alyzer and Al Ko monochromatic source with an energy
resolution of 0.5 eV. XPS data were fitted using KOLXPD
software. Neutron powder diffraction measurements were car-
ried out on powder samples using the multiposition-sensitive
detector-based focusing crystal diffractometer set up by UGC-
DAE Consortium for Scientific Research Mumbai Centre at
the National Facility for Neutron Beam Research (NFNBR),
Dhruva reactor, Mumbai (India). NPD at room temperature
and 3 K have been taken using a wavelength of 2.315 A,
while field-dependent NPD at 10 K have been performed
using a wavelength of 1.48 A. The NPD data were analyzed
via refinement using the JANA2006 program [25]. Co K-edge
x-ray absorption fine-structure (XAFS) spectra were collected
at the XAFS beamline of the Elettra Synchrotron Centre,
Italy [26]. The dc magnetic measurements were carried out us-
ing a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design, USA) over a temperature
range of 2-300 K in magnetic fields up to £7 Tesla and
also in a vibrating-sample magnetometer (Cryogenic, UK).
For calculation of the magnetocaloric effect, virgin curves
of magnetic-field-dependent magnetization (M — H) up to
16 T have been taken using a vibrating-sample magnetometer
(VSM) in a cryogenic physical property measurement sys-
tem (PPMS). The heat capacity was measured by relaxation
method in a quantum design physical property measurement
system (PPMS). The permittivities were measured using a
Hewlett-Packard Precision LCR meter (HP4284A) at an ac
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TABLE II. Bond valence sum calculation.

Element Bond length (A) Valency

Co(1) 2%Co(1)-0(1) - 2.05 1.9
2%Co(1)-0(2) - 2.24
Co(1)-0(3) - 2.07
Co(1)-0(4) - 2.18
6%Co(2)-0(2) - 2.14 1.8
3%Co(3)-0(2) - 2.34 12
3%Co(3)-0(4) - 2.24
3%Na(3)-0(2) - 2.34 1.1
3#Na(3)-0(4) - 2.24
Te 2#Te-O(1) - 1.91 5.8
2#Te-0(2) - 1.97
Te-0(3) - 1.90
Te-O(4) - 1.95

Co(2)
Co(3)

Na(3)

level of 1 V. mm~'. A cryogenic temperature system (Niki
Glass LTS-250-TL-4W) was used to control the temperature
within the range of 4-350 K. The dielectric hysteresis loops
were measured using a ferroelectric measurement system
(Toyo Corporation FCE-3) equipped with an Iwatsu ST-3541
capacitive displacement meter having a linearity of 0.1% and a
resolution of 0.3 nm. X-band electron paramagnetic resonance
(EPR) measurements were performed on a Jeol JES-200 spec-
trometer.

III. RESULTS AND DISCUSSION

A. Structural and electronic characterization

Powder x-ray diffraction (XRD) data of NCTO at 300 K
confirms phase purity, and the structural refinement has been
performed by considering the earlier reported [20,21] hexag-
onal space group P63/m (space group no. 176), as shown in
Fig. 1(a) and Table I. Temperature-dependent x-ray diffrac-
tions of NCTO compound have been performed over a wide
temperature range of 5-300 K. The Rietveld refinements of
these collected XRD patterns have been done using the same
space group P63/m. Further, room-temperature neutron pow-
der diffraction experiments on the sample were performed
to get the exact position and occupancy of lighter oxygen
atoms, as shown in Fig. 1(b). Refinement of the NPD data
at room temperature revealed very similar parameters as ob-
tained from the analysis of the XRD pattern. The crystal
structure of NCTO contains one formula per unit-cell, de-
picted in Fig. 1(c). Here, both Te and Co are coordinated by
six oxygen ions, but the geometry of their polyhedra are dif-
ferent. Te and Co(1) form a slightly distorted octahedra, while
two Co [Co(2) and Co(3)] make distorted trigonal prisms.
Both room-temperature XRD and NPD reveal the presence
of a rare disorder between Co(3) and Na(3), where Co(3) and
Na(3) reside on the same site with partial occupancy as 0.37
and 0.63, respectively. The coordination polyhedra around the
Co(3)/Na(3) site is on average larger than those around the
Co(1,2) sites due to the larger Na* ionic radius (Table II). Two
nearest-neighbor Co(3)/Na(3) distorted trigonal prisms are
connected via common face sharing, while they are attached
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FIG. 2. (a) Normalized Co K-edge x-ray absorption near-edge
spectra of NCTO (red curve), CoO(OH) (blue curve), and CoO
(green curve). Inset shows the first-order derivative of normalized
data. XPS spectra of (b) Na 1s, (c)Te 3d, and (d) O 1s. Black open
circles and red lines are the experimental and fitted data. respectively.
Green and violet line are the two singlets for O 1s.

with a Co(1) octahedra and Co(2) trigonal prism via edge
sharing and common face sharing, respectively. On the other
hand, two Co(1) octahedra are connected via edge sharing and
one Co(1) octahedra is connected with Co(2) trigonal prism
via corner sharing.

In order to maintain the charge neutrality of the sample,
the oxidation states of Na, Co, and Te are expected to be
1+, 24, and 6+, respectively. However, to know the actual
valence states of the cation bond valence sum calculation
(BVS) the formula V = )" exp[(Ro-R;)/b] is used, where V
is the valence state of a cation, R; is the observed bond length,
Ry is the tabulated parameter expressing the ideal bond length
when the element i has exactly valence 1 and b is an empirical
constant, typically 0.37 A, shown in Table II. Te, Co(1), and
Co(2) show 5.8, 1.9, and 1.8 oxidation states, respectively, but
surprisingly, partially occupied Co(3) [with Na(3)] shows a
positive charge of only 1.2, which is much smaller than the
usual 2+, while a 1.1 valency for Na is shown. Therefore,
in order to accommodate Co(3) at the Na(3) site, the Co-O
bond length should be changed and consequently, a distortion
would be developed in the Co(3) containing trigonal prism
polyhedra.

As Co always has the tendency to be in a variety of charge
states as well as spin states in oxides [27-29], precise esti-
mation of the Co oxidation state in the present compound is
of central importance in the context of Co-mediated physical
properties. Therefore, to know the true valency of Co, Co
K-edge x-ray absorption near-edge spectroscopy (XANES)
was carried out and presented in Fig. 2(a). Consequently,
the first-order derivative of the normalized XANES spectrum
[see inset to Fig. 2(a)] identifies a pre-edge peak at 7708.9 eV
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(due to 1s to 3d transition caused by 3d-4p mixing [30,31])
and an absorption edge peak at 7717.6 eV (due to transition
Co 1s orbital to molecular orbital with Co 4p [30,31]). We
have compared the XANES of the experimental data (NCTO
sample) with those from CoO (being Co**) and CoO(OH)
(being completely Co®*t), as shown in Fig. 2(a). The raising
of the edge on the data perfectly matches with the Co®* state
[see Fig. 2(a)], which confirms the 2+ oxidation state of Co
in the sample [32-34].

Further XPS measurements were carried out to confirm the
oxidation states of the constituent elements of this compound.
The core-level Na 1s, Te 3d, and O 1s spectra, along with
the fitting curves shown in Figs. 2(b)-2(d), clearly indicate
the respective charge states. The energy position of the Na ls
(1072.1 eV) reveals the expected 1+ charge state [35], while
the peak positions of Te 3d doublets (576.8 eV, 587.2 eV)
along with their energy separation (10.4 eV) suggest a 6+
valence state of Te in NCTO [36]. The O 1s spectrum of
NCTO has been fitted by considering two singlets [see the
green and violet lines of Fig. 2(d)], which signifies the pres-
ence of multiple oxygen sites in this compound [37].

B. Magnetic, thermodynamic, and dielectric characterization

Thermal variations of magnetic susceptibility (x) have
been measured under the applied magnetic field of H = 100
and 500 Oe in the zero-field-cooled cooling (ZFC), field-cool
cooling (FCC), and field-cool heating (FCH) conditions. As
displayed in Figs. 3(a), 3(b) and Fig. S1 of the Supplemental
Material [38], three different types of magnetic transitions [a
clear antiferromagnetic (AFM) transition (7y) around 50 K,
a weak shoulderlike anomaly at around 45 K, and a bifurca-
tion between ZFC and FC below 40 K] are identified in the
ZFC and FC curves, which are consistent with the previous
study [20,21]. These features in magnetic susceptibility are
further characterized by the zero-field heat capacity measure-
ments (C, vs T). A sharp A-like anomaly at around 50 K is
an authentication mark of a thermodynamic phase transition
into a long-range magnetic ordering in the C, vs T data [see
Fig. S2(a) of Supplemental Material [38]]. The temperature-
dependent zero-field C, above 90 K has been fitted using
the Debye-Einstein model (see Fig. S2(b) of Supplemental
Material [38]) and gives the Debye temperature (6p = 300 K),
two Einstein temperatures, 6g; = 250 K and 0, = 824.8 K.
The magnetic specific heat is then extracted after subtracting
the lattice contribution from the total C,. The magnetic en-
tropy of the system was subsequently calculated by using the
formula S,,(T) = f Cmag/T dT, and the results are displayed
in Fig. S2(b) of the Supplemental Material [38]. The magnetic
entropy release is 8.5 J/mol Co K? above 75 K, which is
about 73.9% of the expected R*In(2S + 1), with § = 3/2 of
the d’ Co*" ion for a complete magnetic ordering. Therefore
the retention of magnetic entropy (26%) further supports the
high competition between ferromagnetic and antiferromag-
netic interactions and/or frustrated nature of the Co spins in
this system [39]. Further, the Curie-Weiss (C-W) fit [x =
xo + C/(T - Ocw), where g is the temperature-independent
paramagnetic susceptibility, C is the Curie constant related
to the effective moment, and Ocw is the Weiss temperature]
of the 100-Oe field-cooled heating susceptibility data in the

® ®
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FIG. 3. (a) ZFC and FCH of NCTO at H = 100 Oe. Inset shows
the first-order derivative of x (7"). (b) Expanded portion of ZFC and
FC curve at ZFC and FC, where one can clearly see shoulderlike
behavior and bifurcation between ZFC and FC. (c) Inverse suscepti-
bility data at 100 Oe. Open circle data and red line are experimental
and Curie-Weiss fitted data, respectively. Inset shows the first-order
derivative of x~'(T). (d) Rietveld refined NPD of NCTO at 3 K.
Black open circles represent the experimental data, and red line
represents the calculated pattern. The blue line represents the dif-
ference between the observed and calculated pattern, and green lines
signify the position of Bragg peaks. (e) Refined magnetic structure
of NCTO. All Co polyhedra connections with spin structure which
are responsible for long-range ordering. (f) Partially occupied Co
polyhedra and spin structure of fully occupied Co. Red squares are
the positions of partially occupied Co [Co(3)/Nal].

temperature range of 7= 180-350 K gives a negative Weiss
temperature (Ocw = —6.3 K), which indicates antiferromag-
netic interactions between the neighboring Co spins. The
effective paramagnetic moment e = 3.9 uz/Co, obtained
from the C-W analysis, correlates quite well with the theo-
retical value of 3.87 wg/Co for high spin Co**. Interestingly,
the C-W fit deviates from the experimental 1/x (T) versus
T curve in the form a sharp downturn from around much
higher temperature of 155 K [see Fig. 3(c)], which is fur-
ther supported by the respective first-order derivative curve
[see inset of Fig. 3(c)]. Such a signature is usually attributed
to the Griffiths phase singularity [40,41], where short-range
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FM clusters [42] appear upon cooling, or equivalently, finite
spin-canted clusters exist because of a strong basal-plane
anisotropy in microscopically phase-separated regions much
above the bulk Ty [43]. A prominent dip in the first tem-
perature derivative of magnetic susceptibility data [see inset
of Fig. 3(a)] also supports the presence of ferromagnetlike
interaction above Neel temperature.

In order to further clarify the magnetic ground state of
NCTO, we have conducted neutron powder diffraction (NPD)
experiments at room temperature and below long-range or-
dering temperature (at 3 K), which are shown in Figs. 1(b)
and 3(d), respectively. Low-temperature NPD pattern reveals
additional Bragg peaks (forbidden in the structural space
group) as well as an increase in the intensity of some of
the nuclear peaks [see the green shaded region of Fig. 3(d)].
The additional intensities are observed only at a lower 2-theta
region pointing to their magnetic origin. All the magnetic
reflections can be indexed using the k = (0.5, 0.5, 0) prop-
agation vector. The magnetic structure has been refined using
JANA2006 software considering the Shubnikov magnetic
space group P[B]21/m, with the origin shifted by (1/4, 0,
1/4). We have performed the magnetic structure refinement
without considering long-range ordering of the partially oc-
cupied Co(3) site (Co/Na = 0.37/0.63), because the Co(3)
moments share the same site with Na, and the random pres-
ence of Na at the Co(3) site would expect to hinder the
Co(3) ions from participating in the long-range magnetic in-
teractions with the other neighboring Co sites. Within this
assumption we get a reliable fitting, which shows a canted
AFM structure, where the spins of fully occupied Co(1-1),
Co(1-2), Co(1-3), and Co(2) are aligned along c¢ axis but
canted towards the a-b plane [see Fig. 3(e)]. Magnetic mo-
ment per Co site (esr = 3.7 ug/Co), obtained from neutron
refinement, is consistent with the spin-only moment of Co>*
for the high-spin configuration (3.87 uz/Co). Refinement of
3-K data shows that Co spins within the edge-shared Co
motifs (two orange and green octahedra) are directed along
the ¢ axis but canted within the a-b plane, as depicted in
Fig. 3(e). These connectivities satisfy the Co-O-Co bond
angle ~85° ~ 96° of the superexchange pathways. On the
other hand, spins belonging to the 1D zigzag chains of the
corner-shared CoOg octahedra [see orange and green octa-
hedra in Fig. 3(e)] with the Co-O-Co bond angle of 123.5°
cause mutually opposite canted spin alignment. The CoOg
triangular prisms [pink polyhedra in Fig. 3(e)] also share their
corners with the neighboring Co motifs, creating bond angles
of 106.1° and 155.7°. From the low-temperature zero-field
NPD we also confirm that canted spin structure is responsible
for the long-range AFM ordering at 50 K, and this canted spin
structure brings several short-range ferromagnetic and anti-
ferromagnetic correlations (see Fig. S3 of the Supplemental
Material [38]). However, another interesting feature appears
when partially occupied Co(3) is introduced in the spin struc-
ture, as shown in Fig. 3(e). Partial occupancy between Co(3)
and Na signifies that Co(3) is distributed inhomogeneously in
the unit cell. As a result, where Co(3) is present in the unit
cell, it is connected via face sharing with the Co(2) trigonal
prism, edge sharing with Co(1-1), Co(1-2), and Co(1-3), as
shown in Fig. 3(f). The downward deviation from C-W law
in the inverse susceptibility data, indicating the presence of

0 30 60 90 120 150
Time (min)

FIG. 4. Isothermal remanent magnetization at three different
temperatures: 30 K, 80 K, and 150 K.

short-range magnetic correlation, may therefore be attributed
to the magnetic interactions of partially occupied Co(3) with
other neighboring Co ions.

The downward deviation from C-W law in the inverse sus-
ceptibility data indicates the presence of short-range magnetic
correlation. Furthermore, to probe the existence of the short-
range magnetic correlations we have measured isothermal
remanent magnetization (IRM) at three different temperatures
(150 K, 80 K, and 30 K), as shown in Fig. 4. We noticed no
magnetic relaxation at 150 K, but there are clear relaxations at
80-K and 30-K IRM data. It is evident that the Mrm (M/M)
undergoes a slow decay with time, which is a signature of
magnetic materials having different magnetic interactions,
hysteretic magnetization, and/or glassy dynamics [44-47].
Our electron paramagnetic resonance (EPR) measurement at
300 K and liquid nitrogen temperature (illustrated in the Sup-
plemental Material [38], and see also Refs. [42,48-51], which
have been used in the Supplemental Material) confirmed the
existence of ferromagnetic clusters in the system.

Both cooling and heating cycles of the temperature de-
pendence of the dielectric constant (¢’/&y) and dielectric loss
(tan §) of NCTO at frequencies from 0.1 kHz—1000 kHz in
the temperature range of 2-300 K are shown in Figs. 5(a)
and 5(b), respectively. For the lowest frequency data we
can see that an anomaly in both temperature-dependent di-
electric constant and loss (tan §) data starts to develop from
72 K, which shifts to higher temperature with increasing fre-
quencies, implying a thermally activated relaxation process.
Observation of dielectric anomaly/property could be intrin-
sic or extrinsic in origin. In general, the colossal dielectric
constants are mostly based on Maxwell-Wagner-type extrinsic
effects (effect of grain boundaries). The natural explanation
of apparent colossal dielectric constant is contact effects,
and in ceramic samples the effects due to grain boundary
may play a similar role and hence cause further enhance-
ment of the dielectric constant. At these interfaces (metal
to-insulator contacts, intergrain boundaries) depletion layers
are generated, which yield Maxwell-Wagner-type relaxations
when measured by standard dielectric techniques with metal-
lic electrodes and two-point contact configurations. However,
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FIG. 5. (a), (b) Temperature dependence of real part of dielectric
constant &’/ey and tan § loss data of NCTO at different frequencies.
(c) Fitting of the activation energy corresponding to the dielectric
loss.

the dielectric properties of a material are often strongly influ-
enced by its crystal structure and the way in which the atoms
or ions are arranged. Any changes in the crystal structure can
lead to alterations in the electronic and/or ionic polarizability,
which in turn affects the dielectric behavior of the material.
In some cases, the dielectric anomaly itself can be a result of
a structural phase transition, which involves a change in the
symmetry of the crystal lattice. This type of transition is often
accompanied by a sudden change in the dielectric constant,
which can be detected as a sharp peak in the temperature or
frequency dependence of the dielectric response. On the other
hand, structural distortions can also arise due to the interaction
between the lattice and other degrees of freedom, such as
magnetic, electronic, or lattice vibrations. These distortions
can give rise to changes in the dielectric response, which
can manifest as anomalies in the dielectric constant or loss.
In case of the NCTO sample, as the peak position of the
dielectric anomaly changes with frequency, we identified the
fioss and corresponding temperature (7'), and plotted as In fjogs
versus 1000/T, where fis is the frequency corresponding
to the peak of the loss (tand) curves at the corresponding
temperature 7, as shown in Fig. 5(c). The relaxation shows
linear behavior which can be fitted to the Arrhenius law
f = foexp(E,/kpsT), where E, is the activation energy, fj is
the pre-exponential factor, and kg is the Boltzmann constant,
and the fitting reveals the thermal activation energy (E,) of
relaxation to be 208 meV. However, the dielectric anomaly
exists only in the range of 63—150 K (illustrated in the Supple-
mental Material [38]). Apart from the temperature-dependent
dielectric measurements, we have measured electric polariza-
tion with varying electric field (P — E loops) at three different
temperatures (300 K, 160 K, and liquid nitrogen temperature),
as shown in Fig. S6 of the Supplemental Material [38], which
shows that the P — E loop at 160 K and above is a bananalike
curve. The P — E loop at or above 160 K does not exhibit any
saturation, even at high electric fields, suggesting leaky-type
materials which do not possess perfect insulation properties

and exhibit a certain amount of electrical conductivity [52].
The P — E loop at liquid nitrogen temperature shows clear
saturation at around +100 kV/cm, indicating the presence of
spontaneous polarization that can be reversed by an external
electric field. In short, the extrapolation of the Arrhenius-fitted
data and the measured P — E loops at three different temper-
atures strongly affirm the dielectric anomaly and spontaneous
polarization in the 63-150 K range. Therefore, in our case
we can affirm that the appearance of the dielectric anomaly
within this temperature range is an intrinsic property of the
material, which is very common for the relaxor ferroelectric
materials [53,54]. Relaxor ferroelectrics are typically complex
solid solutions, where different ions occupy the same crys-
tallographic site and cause local disorder that gives rise to
the relaxor behavior. In our particular case, we hypothesize
the presence of relaxor ferroelectrics where some local dis-
tortion causes the development of spontaneous polarizations.
But above this temperature range, the increasing values of the
dielectric constant and loss could come due to contact effects,
which is common for ceramic samples [55].

Further, we measured temperature-dependent XRD (tem-
perature range 300-5 K), which has been shown in Fig. S7(a)
of the Supplemental Material [38]. An unusual behavior in
the Bragg peak positions with temperature in a certain tem-
perature range has been observed, as shown in Figs. S7(b)
and S7(d) of the Supplemental Material [38]. In addition,
we also observed a gradual decrease in the peak intensity
[at around 10.7°, see Fig. S7(c)] with decreasing temperature
until around 150 K, and below 150 K it remains constant.
Further, from the Rietveld refinement of all temperature-
dependent XRD data, we got different slopes in two different
temperature regions as well as small anomalies or scattered
data points at the junction point of two slopes in thermal
variations of refined lattice parameters a, b, ¢ and volume
of the unit cell (V), which coincide with temperature de-
pendence of the dielectric anomaly, as shown in Figs. 6(a)
and 6(c), signifying the correlation between structural dis-
tortion and dielectric anomaly. Due to rather tiny changes in
position coordinates across the phase transition, the present
Rietveld refinements could not conclusively determine the
true symmetry of the low-temperature phase. Such difficulties
are not unusual when the lattice distortions are weak [18,56].
Furthermore, we track the movement of the atomic position
of the Co(3) with temperature, as shown in Fig. S8 of the
Supplemental Material [38]. As the x and y coordinates are
fixed for the position of Co(3) atom (1/3, 2/3, z), we plot the
variation of the z coordinate with temperature (see Fig. S8),
which clearly shows a sudden drop below 150 K (~10%),
thus indicating that above 150 K there is almost negligible
shift of Co(3), while below 150 K there is a noticeable shift
in Co(3) atom towards the negative ¢ direction. Therefore
we can conclude that the relative movement of the mag-
netic element is responsible for the structural deformation and
consequently creating local dipole moments. However, it is
interesting to note that below 150 K the compound goes to an-
other structural symmetry, which matches with the dielectric
anomaly and a downturn deviation in the inverse suscepti-
bility temperature region [see Figs. 6(a)-6(c)]. Further, we
study the temperature-dependent dielectric constant under 9-
Tesla magnetic field and zero field and plot the difference
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([¢'(9T)-¢'(0T)]/€'(0T) vs T), as shown in Fig. 6(d). A sig-
nificant change is observed between the with-field (H = 9T)
and without-field data, as indicated in Fig. 6(d), signifying
the presence of magnetoelectric coupling in the system. As
a result, we can conclude that structural distortion is related
to the dielectric anomaly. Therefore we may comment that
short-range magnetic correlations develop among the Co(3)
spins above long-range AFM, which is simultaneously related
to Co(3) off-centering, dielectric anomaly, and development
of spontaneous electric polarization at the same temperature
range.

C. Field-induced changes in magnetic response

Further, we have measured isothermal magnetization data
M(H) at different temperatures (2, 10, 30, and 55 K), as
shown in Fig. 7(a). The M(H) curve at 2 K exhibits a high
coercive field (Hc = 25 kOe) nonsaturating behavior up to
7 Tesla, indicating the presence of high magnetocrystalline
anisotropy within the predominantly antiferromagnetic envi-
ronment. Surprisingly, a sudden jump at around 26.5 kOe
of applied field in the 10-K M (H) data signifies the pres-
ence of metamagnetic phase transition. The signature of
metamagnetism is also present at 30 K M(H) data but at
slightly lower magnetic field [see Fig. 7(a)]. Additionally, this

compound shows almost ~9% magnetocaloric effect (MCE)
at an applied magnetic field of 16 Tesla (detailed calculation
is given in the Supplemental Material [38]).

Furthermore, we have carried out the neutron powder
diffraction under magnetic fields poH = 0 Tesla and 3 Tesla
at 10 K to ascertain the modification in spin structure beyond
the metamagnetic phase transition. Neutron powder diffrac-
tion experiments at 3 K and 10 K have been performed using
wavelengths of 2.315 A and 1.48 A, respectively.

NPD at 10 K for zero and 3 Tesla applied magnetic field
collected at 1.48 A are presented in Figs. 7(b) and 7(c). Clear
differences are observed in the NPD diffraction pattern with
increasing magnetic field pointing towards distinct changes in
the magnetic unit cell as well as spin structure with applied
magnetic field. In order to unfold the origin of all the ob-
served field-induced subtle changes in the NPD data, we have
first fitted the zero-field data of 10 K using the propagation
vector [0.5, 0.5, 0] and the Shubnikov magnetic space group
P[B]21/m, with the origin shifted by (1/4, 0, 1/4), which gave
the similar kind of spin structure to the zero-field 3-K data.
Interestingly, attempts to fit the 3-T data using the same prop-
agation vector [0.5, 0.5, 0] as zero field failed to capture all the
extra peaks generated under the externally applied magnetic
fields. On the other hand, systematic changes in the recorded
magnetic peak intensities with increasing applied magnetic
field could quite well be captured by assuming the [0, 0, 0]
propagation vector. The magnetic structures of the 3-Tesla
data have been refined considering the Shubnikov magnetic
space group P6)/m, as shown in Fig. 7(c), and got quite
satisfactory fitting. Consequently, the magnetic unit cell and
the respective spin structures (obtained from the refinement)
for zero- and 3-Tesla applied magnetic field are illustrated in
Figs. 7(d) and 7(e). The depicted field-induced changes in the
spin structures [see Figs. 7(d) and 7(e)] clearly demonstrate
that the spin-flop transition mechanism upon applied magnetic
fields is responsible for the observed metamagnetic transition
observed in the M(H) curve [see Fig. 7(a)]. It should be
noted that the refined values of the Co magnetic moments
remain very similar and consistent at the zero field (3.8 ug)
and 3-Tesla field (3.9 u,), respectively.

IV. CONCLUSION

We have reported the results of detailed structural, mag-
netic, and dielectric studies of a complex oxide system,
NasCoys.5TegO36. XRD and NPD measurements revealed that
among the Co polyhedra, partially occupied Co(3) becomes
larger due to the greater ionic radius of Na™. According to
BVS calculation, this polyhedra does not satisfy the valency
of 2+. Therefore, to maintain the proper oxidation state of Co,
the local symmetry of the Co(3) polyhedra is modified. From
the zero-field neutron powder diffraction we also confirm that
canted spin structure is responsible for the long-range anti-
ferromagnetic ordering, and this canted spin structure brings
several short-range ferromagnetic and antiferromagnetic cor-
relations, and additionally, we can say that partially occupied
Co at the Co(3) site locally creates magnetic islands in the
system which help to change the polyhedra of that partic-
ular Co. Isothermal remanent magnetization and EPR data
also confirmed the presence of such short-range magnetic
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respectively.

correlation above the Néel temperature. The anomaly due to
short-range magnetic correlation coincides with slope change
in the temperature-dependent lattice parameter as well as
dielectric anomaly and development of spontaneous electric
polarization. Finally, a significant change between the with-
field (H = 9T) and without-field data above long-range AFM
ordering signifies the presence of a possible magnetoelectric
coupling in the system. As a result, we may state that the ap-
pearance of magnetoelectric coupling in this compound arises
from the local off-centering of Co(3) centers, caused due to
the short-range magnetic correlations among the Co(3) spins.
In addition, isothermal magnetization as well as magnetic-
field-dependent NPD, clearly affirm that spin-flop transition

with increasing magnetic field causes metamagnetic phase
transition. Hence, our results introduce another possible short-
range magnetic-correlation-driven multiferroic system as well
as a spin-flop metamagnetic candidate.
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