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Oxide double perovskites wherein octahedra formed by both 3d elements and sp-based heavy
elements give rise to unconventional magnetic ordering and correlated quantum phenomena crucial
for futuristic applications. Here, by carrying out experimental and first principles investigations, we
present the electronic structure and magnetic phases of BazMnTeOg, where Mn?" ions with § =
5/2 spins constitute a perfect triangular lattice. The magnetic susceptibility reveals a large Curie-
Weiss temperature Ocw = —152 K suggesting the presence of strong antiferromagnetic interactions
between Mn?* moments in the spin lattice. A phase transition at 20 K is revealed by magnetic sus-
ceptibility and specific heat which is attributed to the presence of a sizeable inter-plane interactions.
Below the transition temperature, the specific heat data show antiferromagnetic magnon excitations
with a gap A/kp ~ 1.4 K. Furthermore, muon spin-relaxation reveals the presence of static internal
fields in the ordered state and provides strong evidence of short-range spin correlations for 7' > Ty .
The DFT+ U calculations and spin-dimer analysis infer that Heisenberg interactions govern the inter
and intra-layer spin-frustrations in this perovskite. The inter and intra-layer exchange interactions
are of comparable strengths (J1 = 4.6 K, J» = 0.92 J1). However, a weak third nearest-neighbour
ferromagnetic inter-layer interaction exists (J3 = — 0.04 J1) due to double-exchange interaction via
the linear path Mn-O-Te-O-Mn. The combined effect of J2 and Js interactions stabilizes a three

dimensional (3D) long-range magnetic ordering in this compound.

I. INTRODUCTION

Incompatibility of magnetic interactions with a spin
lattice leads to spin frustration and strong quantum fluc-
tuations yielding novel states in quantum materials [1-
4]. Triangular lattice antiferromagnet offers the simplest
prototype to realize frustration induced ground states.
In this antiferromagnets, the complex interplay between
several degrees of freedom and strong quantum fluctu-
ations lead to various types of intriguing physical phe-
nomena such as quantum spin liquids [5, 6], field in-
duced magnetization plateaus [7-9], non-colinear 120°
magnetic ordered states [10], spin-driven ferroelectricity
[11, 12], etc. Experimentally it has been shown that
the triangular lattice with low spin is ideal to realize
exotic spin-liquid ground state due to enhanced zero-
point spin fluctuations as observed, e.g., in k-(BEDT-
TTF)QCUQ(CN)g [137 14], EtMegsb[Pd(dmit)g]Q [15, 16}
and 1T-TaS; [17]. On the other hand, for classical
Heisenberg spins on triangular lattices, inter-planar inter-
action, next-nearest-neighbor interaction and anisotropic
interaction suppress low dimensional magnetism result-
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ing in 3D magnetic ordered state as observed in various
compounds, e.g., RbFe(MoOy)s (Fe?T, S = 5/2) [18],
NaBagMn;;Fn (MH2+, S = 5/2) [19], LICI'OQ ( CI'3+, S
= 3/2) [20], RbyMn(MoOy4)3 (Mn?*, S = 5/2) [21, 22],
BagMnNbgOoy (Mn?+, S = 5/2) [23], etc. In such classi-
cal spin systems strong thermal fluctuations lead to mag-
netically ordered ground state via “order by disorder”
mechanism [24]. The physics of frustrated triangular lat-
tice is rich and diverse [1, 25, 26], however, in many cases
anti-site disorder, anisotropy and inter-plane interactions
put a strong constraint on the ground state spin dynamics
and challenge theoretical paradigms [27-29]. The current
challenge is to explore disorder-free frustrated triangu-
lar lattice antiferromagnets with exactly solvable ground
state potential to host exotic magnetism and spin dy-
namics.

In this context, B site ordered double perovskites of gen-
eral formula A>BB ‘Og, where A represents a divalent
cations, B is a 3d transition metal ions and B~ = Teft,
MoS* or WO+ offer an alternate route to realization of
novel magnetism and spin dynamics as a result of intri-
cate interplay between spin, lattice and charge degrees
of freedom. It has been observed that many unconven-
tional magnetic ground states are governed by planar
structure of B-site ions. For example, BasCoTeOg is a
unique case of B-site ordered double perovskite, where
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Co?T (S = 1/2) ions form two (triangular and hon-
eycomb) subsystems. The spins on the triangular lat-
tice behave as Heisenberg spins, while the spins on the
honeycomb lattice show Ising like antiferromagnetic in-
teractions [30, 31]. Electron-spin resonance (ESR) and
magnetization measurements show that applied magnetic
field perpendicular to the easy-axis induces magnetiza-
tion plateaus for both sub-lattices due to strong quan-
tum effects of S = 1/2 spins [30-32]. Another interesting
example is SroCuTeOg, a quasi-two dimensional Heisen-
berg antiferromagnet, where Cu?* (S = 1/2) ions form
a planar square lattice and develop Néel order below 29
K [33]. Recently, magnetic susceptibility, specific heat
and pSR studies on SroCuTe;_,W,Og demonstrated a
quantum disordered ground state for z = 0.5 [34]. This
is a promising candidate to tune electron correlation by
quenched disorder in the J;-J5 Heisenberg model on a
square lattice.

Recently, a new B site ordered double perovskite
BaoMnTeOg (henceforth BMTO), where Mn?* ions with
spin S = 5/2 constitute a perfect spin lattice without
anti-site disorder, has been reported [35-37]. While one
of the study proposed a cubic space group (Fm3m), the
other suggested a trigonal space group R3m for describ-
ing the structure of BMTO [35, 36]. The same trigonal
space group has been proposed for the BMTO in an ear-
lier study[37]. The high-temperature magnetic suscepti-
bility data follow the Curie-Weiss law with large Curie-
Weiss temperature, which suggests the presence of strong
antiferromagnetic interaction between Mn2* spins. An
anomaly is observed in the magnetic susceptibility and
specific heat data at Ty = 20 K, which is an indication
of a symmetry breaking phase transition in BMTO. How-
ever, a clear picture of the crystal structure and exchange
interactions of BMTO is missing. Also, the presence of
static internal fields, the development of the order pa-
rameter and spin dynamics above and below the Néel
temperature of this novel antiferromagnet have not been
yet explored.

In this work, we report our results based on XRD, mag-
netization, specific heat, and muon spin relaxation (uSR)
studies as well as density functional theory calculations
in order to shed new insight into the crystal structure,
magnetism, anisotropy and spin correlations in this novel
frustrated triangular lattice antiferromagnet. We have
found that the trigonal and cubic structures can both
index the observed XRD peaks in BMTO, as also con-
cluded previously [36]. All structural data thus indicate
that the two structures are only marginally different, so
that the exact structure likely has no significant effect on
magnetism and spin dynamics. Indeed, it is suggested
that the two structures are very close if one converts one
space group to the other. As the trigonal space group
offers an additional degree of freedom for the positions
of Ba and O sites along the c-axis, this suggests that the
trigonal space group may be advantageous over the cu-
bic one as reported recently [32, 36, 38, 39]. The Néel
ordering at Ty = 20K is confirmed by local-probe uSR

measurements revealing the appearance of static inter-
nal fields below T. These measurements show that the
whole sample enters a long-range magnetically ordered
state below this temperature, while short-range correla-
tions are observed all the way up to 35 K. Moreover,
uSR reveals critical slowing-down of spin dynamics at
Tn and its persistence to the lowest temperatures, as
well as tracks the development of the order parameter.
Furthermore, we find that a broad maximum at 10 K
in the magnetic specific heat data can be associated with
the magnon gap due to magnetic anisotropy. Namely, the
magnetic specific heat data below Ty reveals magnon ex-
citations with a gap of ~ 1.4 K. The origin of magnetic
ordering in BMTO is studied within the frame work of
density functional theory (DFT) calculations for the trig-
onal space group. Our DFT results reveal that the Mn2"
spins favor a dominant Heisenberg antiferromagnetic or-
dering consistent with the experimental results. Our cal-
culations using the DFT + U formalism yield intra-layer
exchange energy J; = 4.6 K and a comparable inter-
layer exchange coupling Jo, = 0.92 J;. In addition, a
weaker ferromagnetic inter-layer interaction exists with
third nearest neighbor (J;3 = — 0.04 J;) due to double-
exchange interaction via the linear path Mn-O-Te-O-Mn.
Though the strength of this indirect interaction (J3) is
one order of magnitude smaller than the leading AFM
interaction, the combined effect of J, and Js contributes
towards stabilizing the long-range magnetic order in this
frustrated magnet.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of BMTO were prepared by a
conventional solid state method. Prior to use, we pre-
heated BaCOj3 (Alfa Aesar, 99.997 %), MnO, (Alfa Ae-
sar, 99.996 %) and TeO, (Alfa Aesar, 99.9995 %) to re-
move any moisture. The appropriate stoichiometric mix-
tures were pelletized and sintered at 1200°C for 30 hours
with several intermittent grindings. The phase purity
was confirmed by the Rietveld refinement of XRD taken
employing a smartLAB Rigaku X-ray diffractometer with
Cu Ka radiation (A = 1.54 A). Magnetization measure-
ments were carried out using a Quantum Design, SQUID
VSM in the temperature range 5 K < T' < 340 K under
magnetic fields 0 T < pgH < 7 T. Specific heat measure-
ments were performed on a Quantum Design Physical
Properties Measurement System (QD, PPMS) by ther-
mal relaxation method, in the temperature range 2 K
< T < 240 K. puSR measurements were performed us-
ing the GPS spectrometer at the Paul Scherrer Institute,
Villigen, Switzerland, on a 1-gm powder sample in the
temperature range 1.6 K < T < 50 K. The sample was
put on a “fork” sample holder and the veto mode was em-
ployed, which ensured minimal background signal. The
transverse muon-polarization was used in zero applied
field (ZF) and in a weak transverse field (TF) of 5 mT.



TABLE I. Rietveld refinement results at room temperature
for BMTO with space group R3m and unit cell parameters a
=b=58l4A, ¢=14.243 A and a = 90°, 8 = 90°, v =
120°. The goodness of Rietveld refinement was confirmed by
the following factors: x* = 4.8; Ruwp = 6 %; Rewp= 2.72 %
and R, = 4 %.

Atom Wyckoff position x y z  Occ.
Mn 3a 0 0 0 1
Te 3b 0 0 05 1
Ba 6c 0 0 025 1
(0) 18h 0.489 0.51 0.245 1

III. RESULTS
A. XRD and structural details

To check the phase purity, we first measured the XRD
pattern of polycrystalline BMTO samples. Fig. 1 (c) de-
picts the powder XRD pattern at room temperature. Ri-
etveld refinement of XRD data using GSAS software [41]
reveals that BMTO crystallizes in trigonal crystal struc-
ture with the space group R3m (No.166) and gives lat-
tice parameters (Table I) that are consistent with those
previously reported [36, 37]. Our analysis reveals the ab-
sence of any site disorder between constituent atoms in
BMTO. In the BMTO crystal structure shown in Fig. 1
(a) Mn2?T (3d%; S = 5/2) and Te®* (4d'°; S = 0) ions
form MnOg and TeOg octahedra with nearest-neighbor
oxygen ions, respectively. The Mn-O bond length within
the MnOg octahedra is 2.179 A and the Te-O bond length
within the TeOg is 1.932 A. In the a-b plane, the nearest-
neighbor (5.81 A) Mn?* ions form equilateral triangular
planes stacked along ¢ axis (see Fig. 1 (b)). The con-
secutive Mn2t triangular planes are separated by non-
magnetic triangular planes of TeS* (Fig. 1 (b)). The ad-
jacent inter-layer Mn-Mn distance is 5.81 A. The nearest-
neighbor Mn?* ions of MnOg octahedra are connected
via TeOg octahedra. The inter-planar Mn?* ions are con-
nected through the linear path Mn?*(1)-02?~-Te®*+-02-
Mn?*(2), here Mn2* (1) and Mn?*(2) refer to Mn?* ions
in two adjacent planes. We found a similarity between
the structure of BMTO with rare-earth based spin-liquid
candidate YbMgGaQy, though the latter is composed of
4f magnetic ions [42]. YbMgGaO, crystallizes in the
same space group R3m with lattice parameters a = b
=3.41 A and ¢ = 25.14 A [42]. In YbMgGaOy, a sin-
gle crystallographic site (3a) of Yb atoms and atomic
coordinate (0, 0, 0) matches with coordinate of Mn?*
in BMTO. Although both systems belong to the same
crystal class, the spin orbit coupling plays an important
role to host an exotic ground state in YbMgGaOy4 [43],
whereas in BMTO the inherent physics of high-spin-state
of the magnetic ions is expected to be different due to
much smaller spin-orbit coupling and the presence of fi-

nite inter-plane interactions.

B. Magnetic susceptibility

Fig. 2 (a) depicts the temperature dependence of the
magnetic susceptibility (x(7")) of BMTO in a magnetic
field ppH = 1 T. In order to estimate the effective mag-
netic moment p.r; and the Curie-Weiss temperature
(Ocw ), the inverse magnetic susceptibility, 1/x(T") was
fitted (see right y-axis of Fig. 2 (a)) with the Curie-Weiss
model

X = Xo+ (1)

T*GCW,

where xg is the temperature independent contribution
due to core diamagnetism and van Vleck paramag-
netism, C is the Curie-constant and Ocyws is the Curie-
Weiss temperature. The Curie-Weiss fitting in the high-
temperature range 150 K < T < 340 K yields C' = 4.45
em?® K/mol, xo = 4.5 x 1075 cm? /mol and Ocy = — 152
K. The relatively large and negative value of 0oy reveals
the presence of strong antiferromagnetic exchange inter-
action between Mn?* spins. The calculated effective mo-
ment fiofr = V8C = 5.97up per Mn atom, which is very
close to the expected moment prr = g/S(S+1)up =
5.92u5 for the high-spin state (S = 5/2) of Mn?* assum-
ing the g factor g = 2 [44]. The high spin state is further
confirmed from the DFT calculations. The correspond-
ing effective moment gives the Landé g factor g = 2.018,
a similar g value was also determined in the triangular
lattice BasMnSboOg by ESR [45]. With decreasing tem-
perature the x(7") data start deviating from the Curie-
Weiss law and show an anomaly at 20 K which suggests
an antiferromagnetic long-range order at this tempera-
ture. Similar behavior was also seen in several other
frustrated triangular lattice systems [46]. Indeed, other
compounds in this series of double perovskites also show
a common feature of long-range antiferromagnetic order-
ing around 20 K including SroCuTeOg and PbaMnTeOgq
[33, 47]. The strength of frustration in the present an-
tiferromagnet is quantified by the frustration parameter
f= chﬂixvl ~ 7, which suggests the existence of moder-
ate frustration in the host magnetic lattice. As shown in
Fig. 2 (b), x(T') data for all fields up to 7 T are very sim-
ilar in magnitude and we observed no shift in anomaly
with the applied field up to 7 T. Absence of any hystere-
sis in magnetization curve at 5 K (Fig. 2 (¢)) excludes
any ferromagnetic component, either being intrinsic or
due to a tiny amount of impurity phase of MnzO4 [48].
The reduced magnetic moment compared to saturation
moment 5.92 pp (Mn?*, § = 5/2) at 7 T is consistent
with the presence of strong antiferromagnetic exchange
interactions between Mn2* spins.



@
° Mn2t

o Tes*
° Balt
0O o

Intensity (arb. units)

10 20 30 40

50 60 70 80

20 (degrees)

FIG. 1. (a) The arrangement of MnOg (purple) and TeOg (dark yellow) octahedra in the unit cell of BMTO. (b) Schematic of
consecutive triangular layers of Mn?" ions (red) separated by triangular layer of Te®" ions (green) along ¢ axis. The VESTA
software [40] was used for visualization of the crystal structure. (c) Rietveld refinement profile of X-ray diffraction data with
the solid line (I.q;) through the experimental points (Ios) calculated for trigonal crystal structure of BMTO. The olive vertical
bars indicate the position of the Bragg reflections and the residual data are denoted by the blue solid line.

C. Specific heat

In order to provide further evidence of long-range mag-
netic order, we have measured the temperature depen-
dence of specific heat (C,(T")) of BMTO in zero field in
the temperature range 2 K < T < 250 K. A lambda-
like anomaly appears at Ty = 20 K, which is the same
temperature at which we observed an anomaly in x(T).
This confirms the occurrence of an antiferromagnetic
long-range order in BMTO at this temperature. The
absence of any anomaly at 42 K, which is the tran-
sition temperature of Mn3zQy, indicates BMTO is free
from minor impurity phase of Mn3zO4 [49]. An esti-

mate of the associated magnetic contribution to the spe-
cific heat data of BMTO is obtained after subtraction
of lattice contribution from the total specific heat data,
ie., Crag(T) = Cp(T) — Ciaut(T), where Cppoq(T) and
Clat+(T) are the magnetic and lattice specific heat, re-
spectively. In the absence of a suitable non-magnetic
analog of BMTO, we model the lattice contribution as
[50]

T 3 GD/T 1'4€$
Clatt(T) = C’D[QkB (%) /0 (e“ _ 1)2 dm]
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FIG. 2. (a) The temperature dependence of dc magnetic susceptibility (x(7')); left axis) and inverse magnetic susceptibility
(1/x(T); right axis ) with the Curie-Weiss fit. (b) The temperature dependence of x(T") for different magnetic fields in the
temperature range 5 K < T' < 100 K. (¢) Magnetization vs. field of BMTO at several temperatures.
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which includes a Debye term and three Einstein terms. In
Eq.(2) 0p is the Debye temperature, 6; are the Einstein
temperatures of the three modes, R and kp are the molar
gas constant and Boltzmann constant, respectively. As
depicted in Fig. 3 (a), the experimental data show good
agreement with the model for temperatures above 40 K
for GD = 324 K, 9E1 = 128 K, 9}32 =194 K, and 9E3 =
645 K. In the fit the coefficients were fixed in the ratio
Cp:Cg,:Cg,:Cg, = 1:1:3:5 as in BMTO the number of
acoustic and optical modes of lattice vibration has the
ratio of 1:9 [51]. The one Debye term corresponds to
the acoustic mode and three Einstein terms approximate
all optical modes. After subtracting the lattice contribu-
tion, the magnetic contribution to specific heat Cyaq(T")
is obtained and shown in Fig. 3 (b). There is a clear

anomaly in Cpee(T)/T at Tn ~ 20 K, which suggests
that Mn-Mn exchange interaction connectivity in BMTO
is essentially 3D. Next, we have calculated the entropy
change (AS(T)) by integrating C,q4(T") /T over the tem-
perature range from 2 K to 50 K as shown in Fig. 3 (b).
It is noticed that the rise of entropy change with increas-
ing temperature saturated to a value of 12.34 J/mol-K
at 50 K, which is somewhat lower than the theoretical
value of the total entropy 14.9 J/mol.K (R In(2S+ 1))
for the high-spin S = 5/2 state of Mn?" ions. Thus,
we recovered 82 % of the expected total entropy and the
missing 18 % is most likely due to over-estimation of the
lattice contribution to total specific heat and thus un-
derestimation of short-range spin correlations above Ty .
Below the transition temperature, the lattice contribu-
tion to the specific heat becomes practically negligible
so the measured specific heat is of magnetic origin. At
low temperatures up to Ty, approximately 50 % of the
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FIG. 3. (a) The temperature dependence of specific heat Cp,(T") of polycrystalline samples of BMTO in the temperature range
2 K < T <250 K at zero applied field. The solid line is the fit of Cp(T") data to Debye + Einstein model accounting for the
lattice contribution to specific heat. (b) The temperature dependence of magnetic specific heat (Crag(T)/T) of BMTO in the
temperature range 2 K < T < 50 K (left y-axis) and the calculated entropy change with temperature (right y-axis).

entropy is recovered, suggesting that the other 50 % is
due to short-range spin correlations that develop already
above Th.

In order to investigate the nature of magnetic excita-
tions in the ground state, the low temperature (~Ty/3)
magnetic specific heat data are fitted with a phenomeno-
logical model [52—-54]

Crag(T) = oT"exp(—A/T), (3)

where o and n are constants and A is the gap between
lower band and upper band of closely spaced energy lev-
els. A similar empirical formula was employed to describe
the gapped magnon excitations of a-RuClj in the ground
state [54, 55]. The fit yields a gap A/kp ~ 1.4 £ 0.1 K in
the magnetic excitation spectrum. The presence of small
gap is attributed to an easy axis anisotropy term in the
spin Hamiltonian [53, 56].

D. Muon spin relaxation (uSR)

TF pSR measurements are a very efficient probe of
magnetic ordering and spin correlations. In the absence
of static internal magnetic fields of electronic origin, the
muon asymmetry precesses in a weak external trans-
verse field Brp with the frequency ~y,Brr/(27), where
Yu = 2m x 135.5 MHz/T is the muon gyromagnetic ra-
tio. Muons experiencing additional static internal fields,
which are in insulators usually in the range between a few
tens and a few hundreds of mT [57], oscillate much faster
and lead to a strongly damped signal that is observable
only at very short times. Except from these short times,
muon asymmetry follows the general form

Arp (t) = Agcos ('Y/JBWTt) e_ATt + Ay, (4)

where the amplitude Ag describes the volume fraction of
the sample that experiences zero static internal fields and
A1 > 0 arises from the ordered part of the sample with
the internal field being parallel to Bry.

The temperature dependence of the TF SR asymme-
try in BMTO with corresponding fits of the model (4)
is shown in Fig. 4 (a). The relative amplitude of the
signal oscillating with the frequency ~,Brr/(27), i.e.,
the volume fraction of the muons not experiencing size-
able static internal magnetic fields, starts decreasing from
unity already below 35 K~ 2T and quickly drops to-
wards zero when the temperature approaches T (Fig. 4
(b)). Ao(T)/Ao(50K) < 1 indicates the presence of static
internal fields, which we attribute to short-range ordering
for T > T and long-range ordering for T' < Tx. Also
in BMTO diffuse neutron scattering originating from the
same () positions as spin waves below Ty is found at
temperatures far above T [35], therefore our confirma-
tion of the short-range order nicely complements these
results. We note that the transverse muon spin relax-
ation rate Ar (inset in Fig. 4 (b)), which measures the
width of the distribution of static fields for the compo-
nent with no net internal field, increases when tempera-
ture approaches Ty .

Next, we determine the static internal magnetic fields
B, in BMTO below Ty more precisely from ZF pSR
measurements, where the frequency of oscillations in
muon asymmetry is directly given by these fields, v, =
YuBy/(27). Indeed, high-frequency oscillations develop
in the muon asymmetry below T due to magnetic order-
ing (Fig. 5 (a)). The corresponding experimental curves
can be fit at short times with a model including two dis-
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FIG. 4. (a) The time dependence of the muon asymmetry in BMTO in a transverse field Brr = 5mT at various temperatures
(symbols). The solid lines are fits with the model (4) for ¢ > 0.3 us. (b) The relative amplitude of the signal oscillating with
the frequency 7, Brr/(27) corresponding to the fraction of muons not detecting static internal fields of electronic origin in
BMTO. The inset shows the temperature dependence of the transverse muon relaxation rate of the oscillating signal. The
vertical dashed line shows the position of Tx.
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FIG. 5. (a) Zero-field muon asymmetry in BMTO at short times above and below Ty = 20 K (symbols). The solid lines are
fits with the model (5). (b) The temperature dependence of the internal fields at the two muon stopping sites. The banded
arrows are a guide to the eye and the vertical dashed line shows the position of T .

tinct muon stopping sites, the perpendicular component [57]. The internal fields
9 1 at the two muons stopping sites at 1.6 K amount to
or(t) =Aof {3 cos (Y, Byat) e 1t 4 3} B,1 = 0.63T and B,z = 0.38T, while large relaxation

rates A1 =~ Are ~ 60(10) us~! indicate relatively broad

2 gt 1 distributions of internal fields. The temperature depen-

+Ao(1 - 1) { 00 (Y Byat) €= + 3] - (5) dence of the average internal fields (Fig. 5 (b)) corre-
sponds to the evolution of the order parameter and the
same ratio B,1/B,2 = 1.7(1) is maintained up to Ty.
At Ty the static internal fields vanish, contrary to the
refined magnetic moment deduced from neutron diffrac-

Here, the constant “1/3-tail” for each site corresponds
to the projection of the initial polarization in a pow-
der sample on the internal magnetic field and, which
does not precess, while the oscillating part is due to
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FIG. 6. (a) Zero-field muon asymmetry in BMTO at various temperatures (symbols). The inset shown the initial asymmetry
of the non-oscillating signal. The solid lines are fits with the model (6). (b) The temperature dependence of the longitudinal
muon spin relaxation rates at the two muon stopping sites in BMTO. The vertical dashed line shows the position of T .

tion, which exhibits a smooth evolution across the transi-
tion temperature [35]. The fraction of the muon stopping
site with the higher internal field value is f = 0.32(5)
and is temperature independent. On a longer time scale,
the fast oscillations due to static internal magnetic fields
below Ty are averaged out, so that only the “1/3-tail”
is seen in ZF muon asymmetry (Fig. 6 (a)). This tail
exhibits pronounced relaxation even at the lowest tem-
perature of 1.6 K, i.e., well below Ty, which is due to the
dynamics of the local fields. In fact, the ZF muon asym-
metry on the long time scale can be fit with the same
model

Al p(t) = Agfe 1 + Ag(1 — fe 2t (6)

at all temperatures, where the two terms again corre-
spond to the two muon stopping sites. The initial asym-
metry falls from the high-temperature value of Ag =
0.245 to about Ap/3 (inset in Fig. 6 (a)), as expected.
The decrease of this parameter is due to ordering ef-
fects. It is again observed already below 35K and be-
comes very pronounced in close vicinity of Ty, mimicking
the change of the amplitude of the TF signal shown in
Fig. 4 (b). The longitudinal muon relaxation rates Ap;
and Apo exhibit divergent behavior at T (Fig. 6 (b)),
which is a typical fingerprint of critical slowing down of
spin fluctuations. Above T the ratio of the relaxation
rates of the two components scales with the ratio of the
squares of the internal fields in the long-range ordered
phase, Ap1/Ap2 = (Bul/Bu2)2 = 2.8 (Fig. 6 (b)). As the
muon spin relaxation rate is proportional to the square
of the fluctuating fields in the fast-fluctuation regime
corresponding to the paramagnetic phase [57], this ex-
perimental scaling firmly validates our analysis with two
muon stopping sites in BMTO. Below T the longitudi-
nal muon spin relaxation is due to collective excitations

and the ratio Ap1/Apa increases to about 10. Impor-
tantly, we find that the dynamics of local fields persists
down to the lowest temperatures, as observed in various
different frustrated spin systems [58-60].

IV. DENSITY FUNCTIONAL STUDIES
A. Computational Methods

To further understand the magnetic interactions in
BMTO, DFT calculations have been performed using the
plane-wave-pseudopotential approach as implemented in
Quantum ESPRESSO [61]. The experimentally ob-
tained structure has been considered for the calculations.
The ultra-soft pseudopotentials are used to describe the
electron-ion interactions [62], in which the valence states
of Mn include 15 electrons from 3s, 3p, 4s and 3d; Ba in-
cludes 10 electrons in 5s, 5p, and 6s; Te includes 10 elec-
trons in 5s and 5p orbitals; and O includes 6 electrons
from 2s and 2p shells. The exchange-correlation func-
tional is approximated through PBE-GGA functional
[63]. The convergence criterion for self-consistent energy
is taken to be 107¢ Ry. A k-mesh of 4 x 4 x 2 is used
for the Brillouin zone integration of the supercell of size
2 x 2 x 2. The kinetic energy cut-off for the electron
wave functions is set at 30 Ry and the augmented charge
density cut-off is set to be 300 Ry. We have also per-
formed test calculations with a higher energy cut-off of
40 Ry and charge density cutoff at 400 Ry as well as
with a higher k-mesh of 8 x 8 x 4. As the results re-
main the same below the tolerance level, we have used
the lower cut-off and lower k-mesh to reduce the compu-
tational time. The strong correlation effect is examined



through Hubbard U formalism [64]. The magnetic cou-
pling strengths are evaluated as a function of U in this
strongly correlated system.

B. Electronic Structure

The crystal structure of BMTO can be described as
alternate stacking of layers of TeOg and MnOg octahe-
dra, and the neighboring layers are connected through
corner sharing oxygen as shown in Fig. 1 (a). However,
the electronic structure, presented in Fig. 7 through to-
tal and partial densities of states (DOS), shows that the
Te-p state is almost completely occupied and lie around
7 €V below the Fermi energy (Ep). Therefore, from the
electronic and magnetic structure point of view this com-
pound can be treated as an open spaced structure in the
sense that the minimum Mn-Mn separation, both inter-
layer and intra-layer, is ~ 5.8 A which is roughly dou-
ble than that of the closed packed transition metal per-
ovskites. Here, the electronic structure of the system is
supposed to be nearly a sum of the electronic structure
of the individual MnOg octahedra [65]. To verify this we
first examine the DOS within the independent electron
approximation (U = 0) which are shown in Fig. 7 (a).
Here, we observe that due to crystal-field splitting, the
Mn-d states split into triply degenerate t, and doubly
degenerate e4 states. Due to stronger axial interactions,
the e4 states have reasonable overlapping with the O-p
states, which dominate the energy window —5 to —2 eV
with respect to Er. Due to 2+ charge state for Mn, the
d-orbitals are half-occupied and stabilize in a high-spin
states (S = 5/2) where the d-orbitals in the spin minority
channel are completely unoccupied. The S = 5/2 state is
also confirmed from the magnetization measurement dis-
cussed earlier. For such a spin-state, the spin splitting is
strong enough to create a band gap even for U = 0 [65].
With inclusion of strong correlation effect (finite U), the
Mn-d states are pushed to lower energies in the valence
band and to higher energies in the conduction band to
widen the bandgap (see Fig. 7 (a-c)). The O-p states
now dominate the valence band near Er which implies
that BMTO is a charge transfer insulator [66] which fa-
vors antiferromagnetic (AFM) ordering. The total and
Mn-d DOS for the stable AFM ordering (see Fig. 7 (e))
are shown in the lower panel of Fig. 7 (d-f). As both FM
and AFM ordering makes the system insulating, we in-
fer that this is primarily a weakly coupled classical spin
system. The strength of the coupling is discussed next.

C. Magnetic Interactions in BMTO

The experimental results presented in this work imply
dominant antiferromagnetic interactions through 6oy .
There are three dominant exchange interaction paths (Ji,
Ja, J3) in this compound which demonstrates a hexag-
onal ABC stacking pattern as shown in Fig. 8 (a). The

Ji represents the intra-plane nearest-neighbor interac-
tion for which the Mn-Mn distance is 5.81 A, whereas
Jo represents the inter-plane nearest-neighbor interaction
(dyn—pn = 5.81 A). The 3rd nearest-neighbor interac-
tion (8.22 A) is considered by the Js term. Here, we shall
examine the strengths of these J;’s through a spin-dimer
analysis using Noodlemann’s broken-symmetry method
[67, 68]. According to this method, the energy difference
between the high spin (HS) and low spin (LS) states for
a spin dimer is given by

1

5 (Sma1)2 J, (7)

Epgs — Ers = 5

where J is related to the spin-dimer Hamiltonian, H= .J
5’1 . 5'2, with Syqz being the maximum spin of the dimer.
As we have a Mn-Mn spin dimer, both sites of the dimer
have five unpaired electrons. Therefore, Eq.(7) reduces
to

25
Epys— Ers = 5 J (8)

where, Fggs and Erg can be estimated from the DFT
calculations as discussed below.

To evaluate exchange constants in the framework of DF'T,
one needs to design several possible magnetic configura-
tions, and calculate the total energies. The relative en-
ergy differences among them are expressed in terms of
J;’s leading to a set of linear equations. The magnetic
configurations (FM, AFM1, AFM2, and AFM3), consid-
ered here are designed on a 2 x 2 x 2 supercell as shown
in Fig. 8 (b-e). The total energies of each configuration
is estimated with the sum of all exchange paths which
yield the following set of equations:

Epy = (25/4)(36.J1 + 36.J5 + 36.J3) — —(9a)
Earnn = (25/4)(20J7 + 12J5 + 12J3) — —(9b)
Earnvz = (25/4)(24J1 + 24J5 + 24J3) — —(9c¢)
Earnz = (25/4)(—12J7 — 12J5 + 36J3) — —(9d)

Hence, by solving the above equations, we have esti-
mated the J;’s as a function of U and plotted them in
Fig. 9. While the dominant interactions J; and Jy are
antiferromagnetic, Js corresponds to a weakly ferromag-
netic coupling. This is due to the fact that Js is formed
by a linear Mn-O-Te-O-Mn path, where the axial e,-O-
p-Te-p-O-p-e4 covalent interaction is formed leading to
a double-exchange ferromagnetic interaction. However,
since Te-p states form a nearly closed shell configuration,
the interaction is very weak. Although the exact values
of the exchange constants .J; depend on the Hubbard re-
pulsion parameter U, we can evaluate their strength by
comparing with the experimentally obtained Curie-Weiss
temperature, as recently demonstrated for another frus-
trated lattice [69]. The Curie-Weiss temperature is given
by Ocw = —S(%?) >; ZiJ;, where Z; represents the co-
ordination numbers of Mn atom. By plotting oy as a
function of U (see Fig. 9) we find a match with the ex-
perimental value of —152 K for U = 5.75 eV for which
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FIG. 7. (a) The total and partial densities of states (DOS) for the ferromagnetic and the energetically most stable AFM
configuration (AFM3, see Fig. 8 (e)) as a function of the Hubbard U. For clarity, in the AFM configuration, the Mn-d states
of only one spin-sublattice is shown. For the opposite spin-sublattice, the corresponding DOS is simply a mirror image.
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FIG. 8. (a) The dominant exchange interaction paths Ji, J2 and Js for the Mn spins in the layered compound BMTO. J;
represents the in-plane nearest neighbor (5.81 A) exchange interaction, while J2 and J3 correspond to out-of-plane nearest and
next-nearest interactions with Mn-Mn separations at 5.81 A and 8.22 A, respectively. The J; forms a triangular lattice in the
plane. To estimate the strengths of the J;’s, several total energy calculations are carried out on four spin arrangements, defined
as FM, AFM1, AFM2, and AFM3 (b-e).
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FIG. 9. The magnetic exchange-coupling constants of Mn
atoms for intra-layer Ji, and inter-layer J2 and Js as well as
Ocw as a function of Hubbard U. The experimental Ocw value
(—152 K) is shown as dashed line, which matches exactly for
U =5.75¢eV.

Jl = 4.6 K, J2 =4.2 K and Jg = — 0.2 K with J1ZJ22J3
=1:0.92: —0.04. These values are slightly larger than
those (J; = Jo = 3.1 K and J3 = — 0.6 K) found from
the fit of spin waves detected by inelastic neutron scat-
tering [36]. The latter values however underestimate the
Curie-Weiss temperature by yielding a bit smaller values
of exchange couplings.

V. DISCUSSION

A conventional 3D antiferromagnet exhibits a symme-
try breaking phase transition at a temperature close to
the Curie-Weiss temperature, but the titled compound
BMTO shows long-range order only at Ty = 20 K despite
much larger cw ~ — 152 K. This suggests that BMTO is
a moderately frustrated antiferromagnet with frustration
index f = 7. In this system, two structural reasons could
explain the observed long-range order: (i) Magnetic ions
are in the high-spin state (S = 5/2) and quantum fluc-
tuations are less pronounced even though the Mn2* ions
are arranged in 2D triangular plane; (ii) The intra-plane
and the inter-plane nearest-neighbor distances are the
same which allows for sizeable inter-plane interactions
that forces the system to undergo a long-range magnetic
ordering. The origin of the magnetic ordering in this
strongly correlated system is examined within the frame-
work of DFT. Our calculations of exchange interaction
reveal dominant antiferromagnetic intra-layer exchange
coupling J; = 4.6 K and a comparable inter-layer Jo =
0.92 J;. Furthermore, a very weak ferromagnetic inter-
layer interaction exists with third nearest neighbor (J3
= — 0.04 J;) due to double-exchange interaction via the
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linear path Mn-O-Te-O-Mn. The magnetic specific heat
data below the AFM transition are well reproduced with
Eq.(3) suggesting the presence of magnon excitations. A
broad maximum at 10 K in magnetic specific heat data
suggests the presence of gapped magnon excitation in
the ground state. Similar types of broad maxima were
also observed in BiMnVOs; and MnWQO, which indicates
Mn2t ions are subjected to anisotropic magnetic interac-
tions [53, 70]. In BMTO, the estimated magnon excita-
tion gap is 1.4 K, a similar value of magnon excitation gap
is also observed in MuWOy [56]. The missing of entropy
which is estimated as ~ 18% of the expected entropy
for S = 5/2 system is due to the presence of spin frustra-
tion and significant short-range spin correlations between
Mn2t spins already above Th, which are however under-
estimated by our crude modeling of the lattice contribu-
tion to the specific heat. In fact, the evolution of uSR
spectra in weak transverse field show that short-range or-
dering effects become apparent already at 35 K ~ 2T,
and gradually increase as the temperature approaches to
Tn. The ratio of the SR amplitudes Ay(T)/Ap(50 K)
< 1 in the temperature range 20 K < T < 35 K suggests
the presence of short-range spin correlation above the an-
tiferromagnetic transition temperature. If there are no
significant short-range spin correlations above the tran-
sition temperature, volume fraction of the sample does
not change above Ty as observed in weak transverse field
1SR spectra of LiCrOq [71]. The short-range spin corre-
lations reflect the presence of moderate spin frustration in
the magnetic lattice of BMTO. The zero-field uSR spec-
tra show that below 35 K the spin lattice relaxation rate
gradually increases, which is commonly observed in the
vicinity of magnetic phase transition temperature. At T'
> 35 K, the temperature independent initial asymmetry
can be associated with the paramagnetic nature of Mn2*
spin. The position of sharp maximum in the muon relax-
ation rate and the reduction of initial asymmetry (Ap)
to Ap/3 both occurs at T = 20 K, which confirms a
phase transition at this temperatures. Finally, static in-
ternal fields are directly observed through the oscillations
of muon asymmetry below T and the evolution of the
order parameter is reflected in the temperature depen-
dence of these fields.

VI. CONCLUSION

The double perovskite BMTO crystallizes in the trigo-
nal crystal symmetry R3m, wherein Mn?* ions form two
dimensional triangular layers with sizeable inter-layer ex-
change coupling. Our comprehensive results, well sup-
ported by first principle calculations reveal the presence
of antiferromagnetic long-range magnetic order below Ty
= 20 K. Below T, magnetic specific heat data suggest
the presence of magnon excitations with a gap of approx-
imately 1.4 K, which indicates the presence of magnetic
anisotropy as commonly observed in classical Heisenberg



systems. Our zero-field and weak transverse field uSR re-
sults provide a concrete evidence of static internal fields
in the long-range ordered state below T and short-range
spin correlations above T. This frustrated triangular
lattice antiferromagnet is also potentially interesting to
uncover exotic ground state associated with quenched
disorder in triangular lattice by substitution of less elec-
tronegative cations at the tellurium site. Further studies
on single crystals are required to shed more insight into
the low energy excitations of this double perovskite based
frustrated magnet.
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