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ABSTRACT 

 

The effects of chemical pressure on the structural and magnetic properties of the triple 

perovskite Ba3NiSb2O9 are investigated by substituting Sr2+ ions for Ba2+ ions. Two Ba3-

xSrxNiSb2O9 phases could be stabilized via a solid-state reaction at ambient pressure (AP) in 

air. The 6H with Sb2O9 pairs (x = 0)  6H with NiSbO9 pairs (x = 0.5)  3C (cubic with 

corner-sharing octahedral, x = 1.25) sequence of structural phases occurs with increasing Sr 

content, i.e. chemical pressure, which is similar to that previously reported for pure samples of 

Ba3NiSb2O9 obtained under increasing high physical pressure (HP). For the 6H 

Ba2.5Sr0.5NiSb2O9 (x = 0.5) phase, using combined Rietveld refinements of powder X-ray and 

neutron diffraction patterns, precession electron diffraction tomography (PEDT) data collected 

on thin crystals, aberration corrected high-angle annular dark field scanning transmission 

electron microscopy (HAADF-STEM) coupled to energy dispersive X-ray spectroscopy (EDX) 

mapping, we reach the conclusion that the structure features corner-sharing SbO6 octahedra and 

NiSbO9 pairs of face-shared octahedra (or Ni-Sb “dumbbells”) with either a random orientation 

of the Ni-Sb dumbbells or nanosized chemical correlations for the dumbbell arrangement. As 

observed in HP Ba3NiSb2O9 produced through synthesis at 9 GPa, AP Ba1.75Sr1.25NiSb2O9 (x = 

1.25) crystallizes in a 3C double perovskite A2BB’O6 cubic structure where A, B and B’ sites 

are occupied by (Ba+Sr), Sb and (2/3Ni + 1/3Sb) atoms, respectively. The B’ sites, which are 

randomly occupied by spin-1 Ni2+ and diamagnetic Sb5+, form a face-centered-cubic (FCC) 

sublattice where the Ni2+ amount stays above the site percolation threshold. Weiss temperatures 

( -65 K and  -213 K for Ba2.5Sr0.5NiSb2O9 and Ba1.75Sr1.25NiSb2O9, respectively) indicate that 

dominant magnetic interactions between Ni2+ spins are antiferromagnetic with magnitudes 

similar to those observed in the corresponding HP phases of pure Ba3NiSb2O9. As for the 6H 

HP Ba3NiSb2O9 compound, in 6H Ba2.5Sr0.5NiSb2O9, muon spin relaxation (µSR) 

measurements identify a dynamic magnetic state down to the base temperature (95 mK), 

consistent with a previously published inelastic neutron scattering (INS) study. For 3C 

Ba1.75Sr1.25NiSb2O9, µSR and 121Sb NMR measurements both indicate the presence of a 

transition to a static magnetic state below 11(1) K with a significant amount of disorder in this 

frozen state, in contrast to the spin-liquid state previously suggested for the 3C HP phase of 

Ba3NiSb2O9. Consistently, a broad maximum is observed in the specific heat at the same 

temperature. Building on the structural data, the magnetic properties of HP 6H Ba3NiSb2O9 and 

AP 6H Ba2.5Sr0.5NiSb2O9 are discussed in the light of recent works on triangular and J1-J2 
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honeycomb systems with or without quenched disorder. We are led to the conclusion that the 

driving force towards a spin-liquid like state is quenched disorder which needs to be 

incorporated in J1-J2 honeycomb models. Our evidence of a magnetic transition to a frozen 

magnetic ground state for the AP Sr-doped 3C phase is in line with models for geometrically 

frustrated FCC antiferromagnets. This calls for a better experimental and possibly theoretical 

understanding of the HP 3C phase.  
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I. INTRODUCTION 

 

Over the last decades, the study of frustrated spin models and frustrated magnetic 

materials has opened new avenues in the field of magnetism. It has indeed produced a wealth 

of novel magnetic phases whose stabilization depends on the nature of frustration originating 

from the crystal structure. This spans a wide variety from exotic quantum spin liquids (QSL) or 

valence bond solid (VBS) phases to finely frustration-tuned long range ordered states where 

quantum fluctuations survive. They can be stabilized on a variety of 2D or 3D spin lattices, e.g., 

triangular, kagome, J1-J2 honeycomb, pyrochlore, face-centered-cubic (FCC) which can be 

realized in some transition metal or rare earth solid-state compounds. Yet, identifying the spin 

Hamiltonian parameters and the associated various energy scales for real systems proves in 

many cases to be difficult even when average crystal structures are known accurately. In a 

context where frustration generates many possible and close-by in energy competing states, this 

constitutes a bottleneck in the comparison to ideal models still under study.  

Within the past few years, the realm of materials has also led to consideration of the impact of 

disorder on ground state selection. For instance, the recently discovered triangular-lattice-based 

material YbMgGaO4 [1–3], which harbors an unexpected spin liquid-like ground state, has been 

the subject of significant discussions. The main issues are the determination of its exchange 

parameters and the role of intrinsic structural disorder associated with the random occupation 

of the same crystallographic position by non-magnetic Mg2+ and Ga3+ ions  [4,5]. This in turn 

triggered new conceptual approaches encompassing disorder [6] which might shed new light 

on the physics of numerous frustrated materials. 

The family of triple-perovskite materials Ba3MSb2O9 (M = Co, Ni, Cu) has recently received a 

good deal of attention since some of these insulating oxides were identified as realizations of 

triangular lattice antiferromagnets or as candidates for quantum spin-liquid (QSL) states  [7–

12]. These materials exhibit an even richer variety of structural and magnetic properties. The 

6H perovskite Ba3CoSb2O9, for instance, comprises a long-sought triangular lattice of Seff-½ 

Co2+ which exhibits a field-induced up-up-down phase and quantum fluctuations effects in its 

magnon spectrum [13–15]. The S=1/2 Cu2+ compound shows considerable deviation from this 

archetypal triangular antiferromagnetic lattice because of differences in crystal structures.  

Indeed, in the 6H structure of Ba3CuSb2O9, B sites of the B2O9 face-sharing bi-octahedra are 

occupied by Sb5+ and Cu2+ ions leading to the formation of asymmetric Cu-Sb “dumbbells” 
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exclusively (instead of Sb-Sb dumbbells as for 6H Ba3CoSb2O9)  [10]. An experimental and 

theoretical consensus has emerged from numerous studies showing that, at the local structural 

level, these dumbbells arrange in a very short-range honeycomb lattice with strong 

disorder  [10,16–19]. The resulting state does not show any magnetic ordering, but does display 

strong orbital correlations, and its ground state is referred to as a quantum spin-orbital entangled 

liquid [20].  

As for the Ni2+ (S=1) nickel-based perovskites, which are the focus of this paper, a QSL state 

was suggested in the so-called “6HB” high-pressure (HP) phase of Ba3NiSb2O9 [12]. This 6HB 

compound is prepared in polycrystalline form by treating the so-called “6HA” ambient pressure 

(AP) polytype of Ba3NiSb2O9 under a pressure of a few GPa [12,21]. The HP 6HB form differs 

from the AP 6HA phase in that its crystal structure consists of NiSbO9 pair of face-sharing 

octahedral, or Ni-Sb dumbbell (instead of Sb2O9 bi-octahedra as for the 6HA form), connected 

by their vertices to single corner-sharing SbO6 octahedra (instead of NiO6 octahedra as for the 

6HA phase)  [12,21,22]. In the P63mc hexagonal crystal structure of 6HB Ba3NiSb2O9 as 

described by Cheng et al. on the basis of X-ray diffraction data [12], the Ni-Sb dumbbells all 

have the same vertical orientation (‘all-up’ arrangement) so that the Ni2+ ions form a spin-1 - 

less studied than S=1/2 - triangular lattice within each triangular layer of NiSbO9 bi-octahedra 

(Fig. 1(a)). The magnetic triangular lattices are stacked along the hexagonal c-axis and are 

separated from each other by two nonmagnetic layers of SbO6 octahedra. A more recent 

structural investigation of independently prepared samples of HP 6HB Ba3NiSb2O9 revealed a 

different crystal structure [23]. Combined Rietveld refinements of powder X-ray and neutron 

diffraction patterns were obtained with the distinct hexagonal centrosymmetric S.G. P63/mmc. 

Furthermore, precession electron diffraction on thin crystals indicated that the actual symmetry 

is at most trigonal. Nonetheless, the HP phase was still termed 6HB in subsequent works on its 

magnetic properties. To reconcile differences between powder diffraction and electron 

diffraction results, it was suggested that crystallites contain domains of small dimensions (1-10 

nm) in which the orientations of the Ni-Sb dumbbells alternate between adjacent (NiSbO9)∞ 

bilayers; in each domain, an ’up-down” or “down-up’ stacking is observed along the c-axis, as 

shown in Fig. 1(b). The Ni triangular layers are therefore separated from each other alternately 

by one and three layers of nonmagnetic SbO6 octahedra (instead of two for the P63mc structure 

in ref. [12]). Because two adjacent Ni ions that are separated by only one nonmagnetic SbO6 

layer along the c axis are likely to interact via Ni-O-O-Ni superexchange, Quilliam et al. [24] 

suggested that the structure contains magnetic bilayers described by a J1-J2 buckled honeycomb 
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model at the local level (Fig. 1(b)). The bulk magnetic susceptibility was very similar to that 

reported earlier [12], showing a Weiss temperature of - 76 K [24]. Muon spin rotation (µSR) 

and 121Sb NMR measurements showed that it exhibits a gapless QSL-like ground state [24]. No 

static magnetism was indeed observed down to temperature as low as 20 mK. NMR results 

further suggested some structural disorder of unknown origin. Upon applying pressure up to 9 

GPa, 6HA Ba3NiSb2O9 transforms into a cubic 3C phase with total elimination of face-sharing 

octahedra [12], as observed in HP Ba3ZnSb2O9 [21]. This 3C phase can be described as a 

Ba2BB’O6 double cubic perovskite where BO6 and B’O6 corner-sharing octahedra are occupied 

by Sb and (2/3Ni + 1/3Sb) atoms, respectively (Fig. 2) [12]. The B’ sites form a face-centered-

cubic (FCC) sublattice. This 3C HP phase of Ba3NiSb2O9 was also identified as candidate spin-

liquid compounds with a Weiss temperature of -180 K [12].   

 In this work, we explore a different route to obtain 6H and 3C phases by replacing Ba2+ 

with Sr2+ in Ba3NiSb2O9.  The Sr2+ ion, which is smaller in size than Ba2+ (ionic radii 1.44 versus 

1.61 Å in 12-coordinate [25]), can be used as a chemical substituent for generating chemical 

pressure and thus for tuning the structural and magnetic properties of Ba-containing 

perovskites [26–28]. Here, our goal is to prepare and characterize thermodynamically stable 

phases that may host quantum paramagnetic states including QSL. Polycrystalline samples of 

Ba3-xSrxNiSb2O9 with nominal x  1.25 have been prepared at ambient pressure conditions. The 

structural and magnetic properties of two particular single-phased Sr-substituted samples, 

namely 6H Ba2.5Sr0.5NiSb2O9 (x = 0.5) and 3C Ba1.75Sr1.25NiSb2O9 (x = 1.25) have been studied 

using diffraction techniques, electron microscopy, bulk susceptibility, 121Sb NMR, and µSR 

experiments in order to identify unambiguously their magnetic ground states. Results obtained 

for these two AP Sr-substituted compounds have been compared to published works related to 

the corresponding HP phases of pure Ba3NiSb2O9. A previously published inelastic neutron 

scattering (INS) study of a polycrystalline sample of 6H Ba2.5Sr0.5NiSb2O9 obtained via the 

same AP synthesis method evidenced the absence of long-range magnetic order down to 0.05 

K and suggested that the magnetic excitation spectrum is characteristic of a spin liquid [29]. 

Our paper ends with a discussion of these results in the framework of existing models with 

respect to the possible schemes of magnetic interactions, which for both the 6H and 3C phases, 

should certainly encompass a strong disorder component. 
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Figure 1. Reported room temperature crystal structures the so-called 6HB high-pressure form 

of Ba3NiSb2O9. These structures contain NiSbO9 pairs of face-sharing octahedra (Ni-Sb 

dumbbells), connected by their vertices to single SbO6 octahedra. SbO6 and NiO6 octahedra are 

shaded pink and blue, respectively. Red spheres represent Ba2+ ions. Thin solid lines depict unit 

cells. (a) P63mc hexagonal structure (a=5.7925(2) Å; c=14.2918(6) Å) with ‘all-up’ 

arrangement of Ni-Sb dumbbells [12], viewed along the b axis. Ni2+ ions form AB-stacked 

triangular lattices in the ab plane (right). (b) One of the two possible domains with trigonal 

symmetry, S.G. P3, and ’down-up’ stacking of Ni-Sb dumbbells along the c axis [23]. The other 

type of domain (not shown) has a reversed ’up-down’ stacking of Ni-Sb dumbbells, so that the 

average structure over many domains is described in the centrosymmetric S.G. P63/mmc 

(a=5.7926(2) Å; c=14.2841(6) Å). In each domain, two adjacent Ni layers (visualized with 

horizontal lines at z = 0.34 and 0.66), which are separated from each other by only one layer of 

nonmagnetic Sb, forms a J1-J2 honeycomb bilayer (right) [24]. J1 and J2 are the inter-plane and 

in-plane couplings, respectively.  
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Figure 2. Room-temperature 𝐹m3m structure adopted by 3C phase of Ba3NiSb2O9 produced 

at 9 GPa [12]. This phase has a Ba2BB’O6 double cubic perovskite structure with the BO6 

octahedra occupied by Sb and the B’ octahedral sites in a random manner by (2/3Ni + 1/3Sb) 

atoms. The B’ octahedral sites form an undistorted face-centered-cubic (FCC) sublattice. J1 and 

J2 are the nearest-neighbor and next-nearest neighbor interaction between Ni2+ ions. 

 

 

 

II. EXPERIMENTAL METHODS 

 Two independent series of powder samples of Ba3-xSrxNiSb2O9 with targeted 

compositions x = 0, 0.1, 0.25, 0.5, 0.75, 1, and 1.25 were prepared by using a conventional 

solid-state reaction route at AP [30]. Samples were furnace cooled at the end of the final heat 

treatment to avoid quenching high-temperature disordered structural arrangements. The 

samples were characterized using several techniques, including laboratory powder X-ray 

diffraction (XRD), Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 

spectroscopy (EDS), Inductive Coupled Plasma (ICP) analysis, and volumetric mass density 

measurements [30]. For both series, single-phased samples were obtained for x = 0, 0.1, 0.5, 

and 1.25, whereas mixtures of two different crystallized phases were observed for other nominal 

compositions. Initial analyses of XRD patterns suggested that the two single-phased x = 0 and 

0.1 samples crystallize with the P63/mmc crystal symmetry expected for the AP 6HA phase of 

Ba3NiSb2O9 [22]. These initial analyses also suggested that the x = 0.5 and 1.25 samples 
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crystallize with the crystal symmetries initially reported for the 6HB (S.G. P63mc) and 3C (S.G. 

𝐹m3m) HP phases of Ba3NiSb2O9, respectively [12]. Judging from XRD, the 6HA  6HB  

3C sequence of structural phases can therefore be stabilized in the case of chemical pressure, 

similarly as for physical pressure. The refined lattice parameters of the x = 0.5 and x = 1.25 

samples were found to be slightly smaller than those observed for the 6HB and 3C phases of 

HP Ba3NiSb2O9 produced during syntheses at 3 and 9 GPa, respectively [30]. This finding 

suggests that the substitution-induced chemical pressures are a bit higher than the relaxed 

external pressure in the corresponding HP samples. 

 Neutron powder diffraction (NPD) data were collected at 300 K on Ba2.5Sr0.5NiSb2O9 

(x = 0.5) and of Ba1.75Sr1.25NiSb2O9 (x = 1.25) powder samples using the 3T2 instrument 

(incoming wavelength of  1.2247 Å) at Laboratoire Léon Brillouin (CEA Saclay-CNRS). 

Rietveld analyses of the XRD and NPD data were performed using JANA 2006 [31]. Crystal 

structures were drawn using VESTA software [32]. As the scattering lengths of Ba, Sr, Ni, Sb 

and O depend on the diffraction technique employed (X-ray or neutron), combined Rietveld 

refinements of XRD and NPD patterns were performed to provide more meaningful 

descriptions of the average structures of the samples. Neutrons scattering lengths b are 5.07, 

7.02, 10.3, 5.57, and 5.803 fm for Ba(Z=56), Sr(Z=38), Ni(Z=28), Sb(Z=51) and O(Z=8) atoms, 

respectively. The Ni-Sb contrasts obtained with X-rays and neutrons are opposite; Z(Ni)/Z(Sb) 

= 0.549 and bNi/bSb = 1.849. As the neutron wavelength is known with less accuracy than that 

of X-ray, its value was also refined during the procedure. Cell metrics were therefore 

determined from XRD patterns [30]. The large samples used for the NPD contained a trace 

amount of Ba3SrSb2O9 impurity phase. 

 Precession electron diffraction tomography (PEDT), was performed with a Jeol 2010 

electron microscope (operating at 200 kV with a LaB6 cathode) equipped with a Nanomegas 

DigiStar precession module and an upper-mounted Gatan ORIUS 200D CCD camera. PEDT 

data sets of non-oriented patterns were recorded on several different thin crystals of 

Ba2.5Sr0.5NiSb2O9. For data collections the precession angle was set to 1.4° with a goniometer 

tilt step 1°. PEDT data sets were analyzed using the computer programs PETS [33] and JANA 

2006 [31]. 

 High-angle annular dark field scanning transmission electron microscopy (HAADF-

STEM) was performed on the sample Ba2.5Sr0.5NiSb2O9 (x = 0.5) with a Themis Z G3 (Thermo 

Fisher Scientific) operated at 300 kV. This microscope is equipped with a Cs probe corrector 

(point resolution better than 60 pm) and a Super-X system (4 EDX detectors) allowing to 
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acquire elemental maps with atomic resolution.  The powder was dispersed in ethanol (10 min 

in ultrasonic bath). A drop of this solution was deposited on a copper grid covered with a thin 

holey carbon film.  

 Commercial SQUID magnetometers (Quantum Design, MPMS) were used to collect dc 

magnetization data. Heat capacity measurements were performed in a multi-purpose device 

(Quantum Design, PPMS), using a semi-adiabatic relaxation technique coupled with a 2 

analysis. To evaluate the lattice contribution in 3C Ba1.75Sr1.25NiSb2O9, the nonmagnetic 

isostructural compound 3C Ba1.75Sr1.25ZnSb2O9 was also investigated. This latter compound 

was synthesized in ceramic form by a solid-state reaction route similar to that used for preparing 

3C Ba1.75Sr1.25NiSb2O9. 

 Muon spin relaxation (µSR) measurements were performed on the GPS and LTF 

instruments at the Paul Scherrer Institut and on the EMU spectrometer at the ISIS muon facility, 

in zero field (ZF) and longitudinal applied field (LF) geometries, down to 20 mK for 6H 

Ba2.5Sr0.5NiSb2O9 and 3C Ba1.75Sr1.25NiSb2O9. 
121Sb NMR experiments were performed for the 

3C Ba1.75Sr1.25NiSb2O9 phase only, in the 1.2 – 60 K T-range, by sweeping the magnetic field 

in the H = 5-7 Teslas range at a 61.148 MHz fixed frequency and using a standard spin-echo 

technique. 

 

III. RESULTS 

 

A. Crystal Structures 

 

6H Ba2.5Sr0.5NiSb2O9 (x = 0.5) 

 

The published P63mc or P63/mmc crystal structures of 6HB Ba3NiSb2O9 produced 

during HP experiments [12,23] were used as starting models for combined refinements of our 

XRD and NPD data. Positions of the Bragg reflections are the same for both models. We first 

performed attempts with the non-centrosymmetric P63mc model that was used for refining a 

powder XRD diffraction pattern of HP 6HB Ba3NiSb2O9 [12]. Within this model, the NiSbO9 

pairs all have the same orientation (Fig. 1(a)). This P63mc model failed to reproduce the 

observed intensities. Clear discrepancy between observed and calculated structure factors was 

obtained for several reflections. This result prompted us to test the alternating centrosymmetric 

P63/mmc model with only one crystallographic Wyckoff 4f position and mixed Ni/Sb 
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occupancy for the two octahedral sites of a face-sharing bi-octahedra. A mirror plane at z = 1/4, 

which is absent in space group P63mc, passes through the common triangular face of the bi-

octahedra. This causes a difference in structure factors and thus in reflection intensities between 

P63mc and P63/mmc models.  For our powder sample of Ba2.5Sr0.5NiSb2O9, the P63/mmc model 

led to a satisfactory level of agreement between observed and calculated patterns. Fig. 3 

presents the final Rietveld plots. Table I shows the refined structural parameters and final 

agreement factors. Selected bond distances are listed in Table II. Maximum and minimum 

electron densities in the difference Fourier map were 0.88 electron/A3 and -1.1 electron/A3, 

respectively. Atomic coordinates and ADP were kept identical for Ba1 and Sr1, for Ba2 and 

Sr2, and for Sb1 and Ni1 atoms. Anisotropic ADP for Ba/Sr sites and isotropic ADP for the 

other sites were refined with full occupancies of all sites. Sr is located at both 2b and 4f Ba 

positions. There was no detectable Sb2/Ni1 site mixing. The two central sites of the pair of 

face-shared octahedra (Wykoff 4f positions) are almost equally occupied by Ni and Sb atoms. 

The Ni-Sb distance of 2.66 Å in the NiSbO9 unit is close to the Ni-Sb distance that was 

determined for HP 6HB Ba3NiSb2O9 from EXAFS data (2.68 Å) [21]. Furthermore, the O1-O1 

distance within the common triangular face of the bi-octahedra (2.72 Å) is quite different from 

that observed for the Sb2O9 dimers in the AP 6HA form of Ba3NiSb2O9 (2.59 Å) [22]. Another 

important result is that atomic coordinates, equivalent isotropic ADP and mean bond distances 

compare well with those previously obtained from a satisfactory combined refinement of 

powder XRD and NPD data for the HP 6HB-like trigonal phase of Ba3NiSb2O9 using the same 

centrosymmetric P63/mmc starting model [23].  
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Figure 3. Final combined Rietveld refinement plots of the (a) XRD and (b) NPD data for 

Ba2.5Sr0.5NiSb2O9. Solid black curves are the best fits obtained with space group P63/mmc. The 

very weak Bragg reflections at 2 ≈ 29.5° (XRD) and 33° (NPD) were attributed to Ba3SrSb2O9 

impurity phase. Both portions of the observed diffraction profiles are shown for the same d-

spacing range in order to illustrate that XRD and NPD data complement one another. Full 

patterns are shown in the Supplemental Material [30]. 

 

 

TABLE I.  Refined structural parameters and final agreement factors for Ba2.5Sr0.5NiSb2O9 

derived from X-ray and neutron diffraction data collected at 300 Ka. Combined refinements of 

X-ray and neutron diffraction data were performed with centrosymmetric space group 

P63/mmc. 

 

Atom Site x y z Uiso (Ǻ2) Occupancy 

Ba1/Sr1 2b 0 0 1/4 0.0043(7) Ba : 0.776(14) 

      Sr : 0.224(14) 

Ba2/Sr2 4f 1/3 2/3 0.09988(6) 0.0122(4) Ba : 0.823(10) 

      Sr : 0.177(10) 

Sb2 2a 0 0 0 0.0044(1) 1 

Sb1/Ni1 4f 1/3 2/3 0.65666(8) 0.0058(5) Sb : 0.485(6) 

      Ni : 0.515(6) 

O1 6h 0.5094(4) 0.0189(8) 1/4 0.0148(7) 1 

O2 12k 0.1630(4) 0.3259(7) 0.5797(1) 0.0129(5) 1 
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a Space Group P63/mmc (no. 194). Cell parameters: a = 5.77206(2),  c = 14.24275(5). XRD: 

GOF = 1.54, Rp = 9.51,  wRp = 13.52. NPD: GOF = 1.64,  Rp =  2.30,  wRp = 2.89. Over all: 

GOF = 1.56, Rp = 5.74, wRp = 6.16. 

 

 

TABLE II.  Principal bond lengths (Å) in Ba2.5Sr0.5NiSb2O9 derived from the joint refinement 

of X-ray and neutron diffraction data with space group P63/mmc. Mean bond distances reported 

for 6HB HP Ba3NiSb2O9 in ref. [23] are given in parentheses. 

 

Ba1/Sr1-O1 x4 2.888(3) Sb2-O2 x4 1.986(3) 

Ba1/Sr1-O1 x2 2.888(5) Sb2-O2 x2 1.986(4) 

Ba1/Sr1-O2 x6 

Mean Ba1/Sr1-O 

2.922(3) 

2.905 

(2.915) 

 

Mean Sb2-O2  

 

 

Sb1/Ni1-O1 x2 

1.986 

(1.985) 

 

2.059(3) 

Ba2/Sr2-O1 x3 2.770(3) Sb1/Ni1-O1 x1 2.059(4) 

Ba2/Sr2-O2 x3 

Ba2/Sr2-O2 x2 

Ba2/Sr2-O2 x1 

2.901(3) 

2.901(5) 

2.901(2) 

Sb1/Ni1-O2 x2 

Sb1/Ni1-O2 x1 

Mean Sb1/Ni1-O 

2.025(3) 

2.025(4) 

2.042 

Ba2/Sr2-O2 x3 

Mean Ba2/Sr2-O 

 

3.073(3) 

2.911 

(2.922) 

 

 

Sb1/Ni1- Sb1/Ni1 

 

(2.049) 

 

2.659(3) 

(2.72) 

 

 

In order to get information with a different spatial resolution, we investigated the 

structure of Ba2.5Sr0.5NiSb2O9 using precession electron diffraction tomography (PEDT) on 

three different thin crystals harvested from the polycrystalline batch. The area probed by PEDT 

was about 200 x 200 nm2, as shown in Fig. 4. A detailed examination of PEDT patterns 

indicated a systematic absence of the odd-numbered 00l reflections. Although 00l odd 

reflections were observed on the [010] PEDT pattern because of multiple diffraction, they 

disappeared by slightly tilting the crystals (Fig. 4(b)), indicating that the actual symmetry of 

these crystals of AP Ba2.5Sr0.5NiSb2O9 cannot be trigonal P3m1 or P3 as it was suggested for 
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HP 6HB Ba3NiSb2O9 [23]. Our PEDT result stands in contrast to an earlier electron diffraction 

study of HP 6HB Ba3NiSb2O9 which showed that its crystal structure cannot have hexagonal 

symmetry, although powder XRD and NPD patterns could be well refined in the hexagonal 

P63/mmc triple-perovskite structure [23]. For Ba2.5Sr0.5NiSb2O9, refinements of the single-

crystal PEDT intensities were conducted using the published P63mc or P63/mmc average 

structures of HP 6HB Ba3NiSb2O9 as starting models [12,23]. Refined structural parameters 

and final agreement factors are given in the Supplemental Material [30] (see Tables 4, 5, and 6 

in part A). While both refinements yielded reasonable and comparable agreement factors, the 

low ADP value of Ni1 (2b site) obtained with the non-centrosymmetric S.G. P63mc suggests a 

mixed Ni/Sb occupation of each of the two octahedral sites of the dumbbell. Structural 

parameters obtained using the centrosymmetric P63/mmc model are in good agreement with 

those derived from XRD and NPD data (Table I).  
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Figure 4. (a) [010] PEDT pattern for Ba2.5Sr0.5NiSb2O9. 00l-odd reflections are observed 

because multiple diffraction. Probed area is shown as an inset. (b) Tilted PEDT pattern (10° 

around c*). Odd-numbered 00l reflections are missing. 

 

Finally, Ba2.5Sr0.5NiSb2O9 was investigated by HAADF-STEM and EDX mapping (Fig. 

5). An HAADF image viewed along the [010] axis is shown in Fig. 5(a). The intensity of 

HAADF images is a function of both the atomic number Z, approaching a Z² Rutherford-like 

relationship, and the projected thickness. Considering that the thickness does not vary 
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significantly at such a scale, projections of the columns with the heavier atoms will appear 

brighter. This allowed us to superimpose the projection of the P63/mmc structure derived from 

the joint refinement of X-ray and neutron diffraction data. In order to confirm the identification 

of the columns, EDX mapping was acquired for ~ 40 min. Elemental maps of Ba, Ni and Sb 

are presented in Fig. 5(b), (c) and (d). It is clear that columns containing Ni atoms also contain 

Sb atoms (see orange ovals), and that intensity of columns containing only Sb atoms is much 

higher than those with both Sb and Ni. A net intensity profile performed in a direction 

perpendicular to three adjacent columns containing Sb atoms evidenced that brighter columns 

are twice as intense as the other ones (Fig. 5(e)). This is consistent with site occupancies 

obtained from the P63/mmc refinement of X-ray and neutron powder diffraction data (Table I): 

1 for Sb on 2a site, 48/52 for Sb/Ni on 4f site of the NiSbO9 bi-octahedra. In other words, each 

column of 4f sites along the b-axis contains roughly the same number of Ni and Sb atoms. As 

a consequence, we did not observe a fully ordered “all-up” arrangement for the Ni-Sb 

dumbbells at the length scale of the crystal thickness along the [010] direction. For this direction 

of projection, it is however not possible to distinguish between complete disorder with random 

orientation of the dumbbells and a superimposition of several nanosized domains with 

nanoscale order in the orientation of the Ni-Sb dumbbells.  
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Figure 5. HAADF-STEM and EDX mapping for Ba2.5Sr0.5NiSb2O9 along the b-axis with 

projections of the P63/mmc structure derived from powder XRD and NPD. (a) HAADF-STEM 

image (20 mrad convergence angle, 91 mm camera length, 63-200 mrad collection angle range). 

(b, c, d) EDX maps of Ba, Ni, and Sb, respectively. Maps were obtained after Gaussian blur pre 

filtering and Radial Wiener post-filtering with Velox software, Thermo Scientific. (e) Net 

intensity profile along the green arrow shown on the Sb map. 

 

Several conclusions can be drawn from all these results. Judging from powder XRD and 

NPD, AP Ba2.5Sr0.5NiSb2O9 and HP 6HB Ba3NiSb2O9 have very similar average structures that 

are typical of a hexagonal triple-perovskite containing NiSbO9 face-sharing bi-octahedra (6HB 

phase). Their actual structures could however differ in terms of Ni-Sb dumbbell arrangement, 

which is different from the “all up” long range order depicted in Fig. 1(a) in both cases. 

Successful refinements of both our powder diffraction patterns and our PEDT data with the 
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centrosymmetric P63/mmc model strongly suggest the absence of long-range order for the Ni-

Sb dumbbell arrangement. We note in passing that the same P63/mmc structural model also 

provided description of the average room temperature crystal structures of AP Ba3CuSb2O9 

based on single crystal X-ray diffraction data with Cu/Sb ratio at the 4f position equal to 

unity [10]. For this latter compound, which contains Jahn-Teller active Cu2+ ions, further 

investigations indicated nanoscale Cu-Sb dumbbell honeycomblike ordering [10,20]. In HP 

6HB Ba3NiSb2O9, it was suggested that polycrystalline samples contain ordered domains of 

small dimensions (1-10 nm) having a trigonal structure like the one shown in Fig. 1(b) without 

the 63 axis and the c glide plane of the P63/mmc hexagonal unit cell [23]. In this scenario, 

Rietveld refinements of XRD and NPD patterns gives a centrosymmetric P63/mmc average 

structure over many domains. These domains were not observed in the HAADF-STEM image 

obtained along the b-axis for HP 6HB Ba3NiSb2O9 and it was therefore assumed that this image 

was obtained from a crystallite that contain several domains throughout its thickness [23]. Even 

if we did not observe neither the trigonal symmetry in thin crystals nor regions with co-aligned 

dumbbells on our HAADF-STEM images projected along the b-axis, chemical correlations for 

the Ni-Sb dumbbell arrangement may exist in our samples of Ba2.5Sr0.5NiSb2O9, too. Such 

chemical correlations would however be different in nature from those suggested for HP 6HB 

Ba3NiSb2O9 because the trigonal symmetry, which is compatible with up-down-up-down 

correlations for the dumbbell arrangement along the stacking c axis, was not observed in thin 

crystals of Ba2.5Sr0.5NiSb2O9.  

 

 3C Ba1.75Sr1.25NiSb2O9 (x = 1.25) 

 

Table III shows the refined structural parameters and final reliability factors obtained 

for Ba1.75Sr1.25NiSb2O9. Our starting point for the structure refinement was the published 𝐹m3m 

crystal structure of the 3C HP phase of Ba3NiSb2O9 [12]. Within this model, a Ba3-xSrxNiSb2O9 

structure is described as a (Ba,Sr)2BB’O6 double perovskite (Ba(6-2x)/3Sr2x/3Ni2/3Sb4/3O6) where 

B and B’ octahedral sites are occupied by Sb and (2/3Ni + 1/3Sb) atoms, respectively (Fig. 2). 

Ni and Sb atoms are randomly distributed at the B’ site [12]. Rock salt ordering of B/B’ cations 

is actually a common occurrence in A2BB’O6 double perovskite [34,35]. Using this starting 

model, a satisfactory combined refinement of our XRD and NPD data was obtained. Maximum 

and minimum electron densities in the difference Fourier map were 0.74 and -0.38 electron Å-

3, respectively. Fig. 6 shows the final Rietveld plots. There was no sign of additional structural 
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periodicities. Atomic coordinates and isotropic ADP were kept identical for Ba and Sr atoms at 

Wyckoff 8c site, and for Ni and Sb atoms at Wyckoff 4b site. Crystallographic sites were all 

assumed to be fully occupied and site occupancies were refined for the Ba/Sr(8c) and Ni/Sb(4b) 

sites. It yielded cationic ratios close to the nominal ones; Sr/Ba  0.66(2) (versus nominal 0.71) 

and Ni/Sb  1.92(3) at 4b site (versus nominal 2.0). The only refined atomic coordinate, namely 

x = 0.2533(1) for O atom at Wyckoff 24e position, is close to the one determined from powder 

XRD data for HP 3C Ba3NiSb2O9, x = 0.2409(8) [12]. The mean Sb-O bond length around the 

4a site, 1.9928(9) Å, is close to the values reported for the SbO6 octahedron in the double 

perovskite structure of Sr3NiSb2O9 (1.99-2.01 Å) [36,37]. The latter compound (x = 3) is 

prepared at AP using a high-temperature solid state reaction method similar to that used for 

Ba1.75Sr1.25NiSb2O9. The mean Ni/Sb-O bond distance around the 4b site is 2.0454(9) Å, which 

is similar to the values of 2.03 Å found for the (Ni2/3Sb1/3)O6 octahedron in Sr3NiSb2O9 [37]. 

The mean Ba/Sr-O bond length of 2.85556(2) Å compares well with both the mean Sr-O 

distance of 2.82 Å observed in Sr3NiSb2O9 [37] and the Ba-O distance calculated from ionic 

radii (3.01 Å). 
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TABLE III.  Refined structural parameters and final agreement factors for 3C 

Ba1.75Sr1.25NiSb2O9 derived from X-ray and neutron diffraction data collected at 300 K.a 

Refinements were performed using a 𝐹m3m double perovskite in a A2BB’O6 model with A(8c) 

= Ba0.583Sr0.417, B(4a) = Sb and  B’(4b) = Ni2/3Sb1/3 as a starting model. 

 

Atom Site x y z Uiso (Å2) Occupancy 

Ba/Sr 8c 1/4 1/4 1/4 0.0104(1) Ba: 0.601(5) 

      Sr: 0.399(5) 

Sb 4a 1/2 1/2 1/2 0.0032(2) 1 

Ni/Sb 4b 0 0 0 0.0031(2) Ni: 0.658(3) 

      Sb: 0.342(3) 

O 24e 0.2533(1) 0 0 0.01262(7) 1 

 

aSpace Group: 𝐹m3m (no. 225). Cell parameter: a = 8.07640(3). XRD: GOF = 1.42,  Rp =  

9.12,  wRp = 14.14. NPD: GOF = 3.76, Rp = 3.39, wRp = 4.57. Over all: GOF = 1.99, Rp = 

4.86, wRp = 5.82. 
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Figure 6. Final combined Rietveld refinement plots of the (a) XRD ( = 1.540598 Å) and (b) 

NPD data ( = 1.2247 Å) for 3C Ba1.75Sr1.25NiSb2O9. Both portions of the observed diffraction 

profiles are shown for the same d-spacing range in order to illustrate that XRD and NPD data 

complement one another. Full patterns are shown in the Supplementary Material. 

 

 

B. Magnetization and Heat Capacity 

 

Fig. 7 shows the temperature dependent magnetic susceptibility,, of 6H 

Ba2.5Sr0.5NiSb2O9 and of 3C Ba1.75Sr1.25NiSb2O9. These two phases will be hereafter referred to 

as 6H-Sr and 3C-Sr, respectively. Previously obtained data for 6HB and 3C phases of pure 

Ba3NiSb2O9 [12,24] synthetized under HP, termed 6HB-HP and 3C-HP below, are also shown 

in Fig. 7(a) for comparison. The Weiss temperatures and effective moments as extracted from 

the high-T plot of versus are listed in Table IV. The Weiss temperatures of the 6H-Sr 

(Weiss  - 65 K) and of 3C-Sr (Weiss  -213 K) phases reflect dominant antiferromagnetic spin-
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spin interactions whose magnitudes are similar to those observed in the HP phases of pure 

Ba3NiSb2O9.   

 

 

Figure 7. (a) Inverse magnetic susceptibility  versus temperature T for our samples of 

Ba2.5Sr0.5NiSb2O9 (“6H-Sr”) and of  Ba1.75Sr1.25NiSb2O9 (“3C-Sr”), compared to 6HB and 3C 

phases of Ba3NiSb2O9 synthesized under high pressure (“6HB-HP” and “3C-HP”) [12,24]. (b) 

Low-T susceptibility of 6H-Sr and 3C-Sr samples. 
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TABLE IV. Values of the effective Ni moments and Weiss temperatures for 6H 

Ba2.5Sr0.5NiSb2O9 (“6H-Sr”) and 3C Ba1.75Sr1.25NiSb2O9 (“3C-Sr”), compared to existing data 

for the phases of pure Ba3NiSb2O9 obtained under high pressure (“6HB-HP” and “3C-HP”). 

 

Phase Synthesis µeff (µB/Ni) Weiss (K) Reference 

6H 

6HB-HP ~3.54 

3.29(2) 

-75.6(6) 

- 73(2) 

 [12] 

 [24] 

6H-Sr 3.43(2) - 65(1) This work 

3C 
3C-HP ~3.54 -182.5(3)  [12] 

3C-Sr 3.55 (2) - 213(2) This work 

 

 

For the 6HB-HP phase of Ba3NiSb2O9, no FC-ZFC splitting was observed for the susceptibility 

measured under a field of 5 kG down to 2 K [12]. We know of no ZFC-FC data acquired under 

a lower field value for 6HB-HP. A spin liquid behavior was confirmed through µSR and NMR 

experiments, with a levelling off of the local susceptibility below 50 K as measured through the 

shift of the 121Sb NMR line [24]. The upturn in ZFC- measured at 5 kG or 1 kG was 

analyzed by introducing an additional Curie component corresponding to a ~ 2% of S = 1 

orphan spins [12,24]. The variable-temperature ZFC magnetic susceptibility measured at 5 kG 

for 6H-Sr Ba2.5Sr0.5NiSb2O9 is comparable to the published data for 6HB-HP, showing a similar 

Curie tail at low temperature. For an applied field of 100 G, the 6H-Sr compound displays a 

clear opening between the ZFC and FC branches at 0.95(15) K and a maximum in the ZFC 

trace (Fig. 7(b)). µSR experiments described in the next section show, however, that this 

opening does not arise from a bulk magnetic transition, e.g., a spin-glass transition. As can be 

seen in Fig. 8, magnetization measurements performed at 0.450 K can be analyzed using a 

combination of a non-saturated linear term and a term corresponding to ~2% orphan spins, 

similarly as in the 6HB-HP phase. 
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Figure 8. Magnetization M plotted as M/Msat versus applied field at 450 mK for 

Ba2.5Sr0.5NiSb2O9 (“6H-Sr”). The saturation magnetization Msat   g S µB was calculated using 

S = 1 and g = 2.4. The fit (red line) is the combination of a linear term and a Brillouin function 

for a spin 1 (“Orphan” contribution). 

 

For the 3C phases, our susceptibility results for 3C-Sr Ba1.75Sr1.25NiSb2O9 show a low-T 

behavior which differs notably from that reported in ref. [12] for 3C-HP Ba3NiSb2O9. The zero-

field-cooled susceptibility curve measured under a field of 5 kG displays two changes of 

slope at about 10 and 6 K (Fig. 7(b)), which were absent in 3C-HP Ba3NiSb2O9. Furthermore, 

a FC-ZFC bifurcation occurs in the susceptibility data below 9 K for applied fields up to 10 kG, 

combined with a sample dependent small Curie upturn of the susceptibility. To provide further 

insight, the magnetic specific heat, CM(T), of 3C-Sr Ba1.75Sr1.25NiSb2O9 was also measured. It 

features a broad maximum at 12 K as shown in Fig. 9, slightly higher than both the FC-ZFC 

splitting and the changes of slope in the susceptibility curves. Our CM/T data substantially 

differs from the data for 3C-HP Ba3NiSb2O9 from ref. [12], for which a broad maximum was 

also reported but at a lower temperature of ~ 8 K. The magnetic total entropy is also found 

larger here, 40% instead of 22% of Rln(3) per S = 1 spin. At low-T, between 2 and 7 K, a 

quadratic behavior of the specific heat is found, CM ~ 1.7 10-2 T2 J/mol K. A similar quadratic 

behavior of CM(T) was observed for 3C-HP Ba3NiSb2O9 between 0.35 and 5 K but with a larger 

slope. 
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Figure 9. Magnetic specific heat plotted as CM/T versus temperature T for Ba1.75Sr1.25NiSb2O9 

(“3C-Sr”). The straight dashed line is the fit CM =  T2 with  ~ 1.7 10-2 J/mol K3. The dashed 

curve represents the results from [12] for the 3C-HP phase of Ba3NiSb2O9 synthesized under 

high pressure.  

 

 

C. Muon Spin Relaxation (µSR) and 121Sb NMR 

 

In order to reveal the intrinsic properties of the two new 6H-Sr and 3C-Sr phases, we have 

further performed local probe µSR and NMR experiments. 

 

3C Ba1.75Sr1.25NiSb2O9 (“3C-Sr”) 

 

We performed both µSR and NMR measurements on the very same sample of the 3C-Sr phase, 

and they gave a consistent picture as detailed below. Fig. 10 shows the muon decay asymmetry 

in zero field for different temperatures down to 1.6 K. The dramatic increase of the early time 

relaxation rate around 11 K, together with the larger weight of the long-time tail at low 

temperature, are typical signatures of a magnetic transition from paramagnetism to static 

magnetism in the ground state. Accordingly, 
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Figure 10. Muon decay asymmetry in zero applied field in 3C Ba1.75Sr1.25NiSb2O9 (3C-Sr).  

Lines are fits described in the text. 

 

the asymmetry at long time t > 0.1µs could be fitted on the whole T range to  

𝑎(𝑡) = (𝑎0 − 𝑎𝑝) ((1 − 𝑓)𝑒−(𝜎𝑡)2
𝑒−(𝜆𝑡)𝛽

+
𝑓

3
𝑒−(𝜆𝑓𝑡)1/2

)+𝑎𝑝𝑒−(𝜎𝑡)2
𝑒−𝜆𝑝𝑡 

where a0 = 0.21 is the initial asymmetry, ap/a0 = 0.2 is a fraction of the muon sites which do not 

sense any frozen field, e.g. surrounded by Sb’s only and is kept unchanged at all temperatures. 

The fraction f stands for the volume fraction of the 3C-Sr phase that undergoes the magnetic 

transition. Above 12.4 K f is set to 0 and the relaxation is both due to static nuclear moments, 

yielding the gaussian decay term (σ = 0.11 μs-1), and fluctuations of the electronic moments, 

yielding the roughly exponential decay term 𝑒−(𝜆𝑡)𝛽
 (0.7 < β < 1). The relaxation rate λ 

increases gradually as shown in Fig. 11 upon cooling towards the magnetic transition 

temperature. Below 10.2 K f could be set to 1, i.e. static magnetism has developed in the whole 

sample volume except for the ap fraction. In the t > 0.1µs time window shown, only the slow 

relaxation of the expected 1/3rd tail, corresponding to muon spins aligned with the internal 

fields, is detected while the fast relaxing 2/3rd component of the frozen signal is missing (this 

component is discussed further below). The exponent ½ of the stretched exponential relaxation 

𝑒−(𝜆𝑓𝑡)1/2
in this regime points to a wide distribution of relaxation rates and the possibility of a 

disordered ground state.  Close to the transition, for T = 11.3 K, both static and dynamical 

fractions contribute and the best fit to the data gives f = 0.30(1). The relaxation rate shows a 

well-defined but rather broad peak around 8.5(5) K, substantially below the magnetic transition 

11(1) K temperature, suggesting unusual magnetic excitations.  
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Figure 11. Temperature evolution of the relaxation rate in 3C Ba1.75Sr1.25NiSb2O9. The plotted 

rate is λ above 12.4 K, λf below 10.2 K and a weighted average fλf +(1-f)λ at T = 11.3K. 

 

The early time relaxation (t < 0.25 µs) is presented at various temperatures below the transition 

on Fig. 12. A strongly damped spontaneous oscillation in zero applied field is clearly visible at 

low temperature which discards a spin-glass scenario where only one dip in the asymmetry 

would be expected. It gives evidence for a magnetically long range ordered ground state albeit 

with substantial disorder in line with the square root exponential relaxation discussed above in 

the same T range. The early time relaxation was fitted to  

𝑎(𝑡) = 𝑎𝑠 (
1

3
+

2

3
cos(2𝜋𝜈𝑠𝑡 + 𝜑) 𝑒−(𝜎𝑠𝑡)2

) 𝑒−𝜆𝑜𝑠𝑐𝑡 + 𝑎𝑏 (
1

3
+

2

3
𝑒−(𝜎𝑏𝑡)2

) 𝑒−𝜆𝑏𝑡+𝑎𝑝 

with the constraint 𝑎𝑠 + 𝑎𝑏 + 𝑎𝑝 = 𝑎0. The second term accounts for the initial gaussian like 

relaxation, likely arising from too fast and too damped oscillations to be detected. The first 

oscillating term gives the frequency 𝜈𝑠 of the spontaneous oscillation which is plotted in the 

right panel of Fig. 12. The precession of the muon spin in zero field is a direct signature of the 

presence of an internal field 𝐵𝑖𝑛𝑡 = 2𝜋𝜈𝑠/𝛾 at the muon stopping where 
𝛾

2𝜋
= 135.5 MHz/T is 

the muon gyromagnetic ratio. Therefore 𝜈𝑠(T) represents the order parameter in the magnetic 

phase.   
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Figure 12. Left: Early time muon decay asymmetry in zero field in 3C Ba1.75Sr1.25NiSb2O9 (3C-

Sr) at selected temperatures below the transition. For clarity, the spectra are shifted vertically 

by Δa = 0.1 from each other. Lines are fits described in the text. Right: temperature evolution 

of the damped oscillation frequency extracted from the fits in the left panel. The line is a plot 

of   𝐴√1 − 𝑇/𝑇𝑁 with A = 30.8 MHz and TN = 10.9 K.  

 

We now detail our 121Sb NMR measurements which confirm the presence of a static ordering 

below 11(1) K. In Fig. 13(c), some typical spectra taken in the 1.2 – 60 K range are displayed 

for the 3C-Sr sample. A progressive broadening occurs as reported in Fig. 13(b) with decreasing 

temperatures in the T-range 60-12 K. It is the hallmark of a distribution of local fields which 

can be either assigned to a distribution of Ni susceptibilities or a distribution of hyperfine 

couplings of the 121Sb nuclei to the surrounding Ni’s. Most strikingly, the intensity of our signal 

dramatically decreases around 10 K where a marked kink occurs in the susceptibility data (Fig. 

13(a)) taken under a 5 kG field. The loss of intensity results from a distribution of relaxation 

times, a large part of which becomes shorter than the 10 µs lower limit of the NMR time 

window  [38,39]. This increase of the transverse relaxation rate can be safely assigned to a 

slowing down of the fluctuations in the context of a phase transition, also evident through the 

1/T1 divergence (Fig. 13(d)). 
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Figure 13. 121Sb NMR data for 3C Ba1.75Sr1.25NiSb2O9: (a) Integrated spectral intensity 

corrected by T2 relaxation effects: it represents the normalized number of detected nuclei. The 

grey area signals the T-range where only a weak intensity is detected, therefore the NMR spectra 

reflect only a minority of sites harboring the longest T2’s. (b) Full width measured at half 

maximum for all spectra from 60 to 1.2 K (c) Plot of typical 121Sb NMR spectra obtained by 

sweeping the field at a fixed frequency of 61.148 MHz. The signal is hardly observable around 

10 K. (d) Divergence of the longitudinal relaxation rate 1/T1 signaling a magnetic transition. 
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From the scaling of the shift with the susceptibility between 80 and 300 K (not shown), we 

could extract a hyperfine constant of 3.43 (10) kOe/µB. In the case of a perfect ordering with a 

well-defined value of the internal field in a powder sample, one expects a rectangular lineshape, 

with a full width equal to twice the internal field at the Sb site. On the contrary, the lineshape 

observed here has a Lorentzian shape, reflecting a distribution of internal fields and thus a 

substantial amount of disorder in the frozen phase. The half width at half maximum of 0.3 T 

indicates a subsequent freezing with a moment value of 0.87(3) µB. This is also in line with the 

low value of 1/T1 found in our relaxation measurements at 1.2 K showing that there is no or 

very little persistent fluctuations as expected for conventional magnetic phases. All these results 

perfectly match the µSR results. 

 

6H Ba2.5Sr0.5NiSb2O9 (6H-Sr) 

 

For the 6H-Sr phase, the NMR transverse relaxation times T2’s are extremely short, which 

prohibits the drawing of firm conclusions as discussed in ref.  [24] for the 6HB-HP phase of 

Ba3SrNiSb2O9, especially at low-T, which is our main focus here.  

The µSR relaxation measured in a powder sample of the 6H-Sr compound is in marked contrast 

to the 3C-Sr case described above. Although an increase of the relaxation rate is similarly 

observed upon cooling the sample, it remains moderate and nearly T-independent below 1 K. 

Note also that, at variance with the 3C-Sr case, there is no crossing of the asymmetry curves, 

thus no development of a 1/3rd tail at low temperature, which would be characteristic of the 

presence of static internal fields. This discards a spin-glass ground state and suggests a 

dynamical behaviour of the 6H-Sr phase across the whole temperature range, down to 95 mK, 

the lowest temperature of this study. This was also the case in the 6HB-HP pure 

compound  [24]. Therefore, the absence of static magnetism at T→ 0 K, a first hint at a spin 

liquid ground state, seems to be a robust feature of the 6H phases having Ni-Sb dumbbells, 

whatever the synthesis route used to stabilize it. There are nonetheless interesting differences 

in muon spin relaxation between the 6HB-HP and 6H-Sr materials that we investigate below in 

details. 

At variance with the 6HB-HP counterpart where the relaxation remains exponential at all 

temperatures, there is a clear evolution in the form of the µSR signal in the 6H-Sr sample from 

exponential at high temperatures to Gaussian at low T (see Fig. 14, left). In the usual Dynamical 
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Kubo-Toyabe (DKT) model  [40], the Gaussian shape at low T implies very slow fluctuations 

at the verge of static magnetism. To quantify this effect, we fitted the relaxations to 

𝑎(𝑡) = 𝑎0𝐺(𝑡, 𝜈, Δ, 𝐵𝐿) + 𝑎𝑏𝑘𝑔 

where 𝐺(𝑡, 𝜈, Δ, 𝐵𝐿) is the function introduced in [41] to approximate the DKT model in the 

fluctuating regime, i.e. as long as the fluctuation frequency 𝜈 is larger than the width of the 

distribution of fluctuating internal fields, Δ. We could get reasonable fits of the data at all 

temperature with this model function with no applied field and with 𝜈 as the only variable 

parameter. The temperature evolution of 𝜈 is shown in the inset of Fig. 15. As expected from 

the shape of the relaxation, the fluctuations slow down drastically, by about 2 orders of 

magnitude, from high to low T. At base T, 𝜈/𝛥 ∼ 1.6  which is indeed close to static magnetism 

(𝜈/𝛥 = 1). For such slow fluctuations, we expect that a longitudinal field  𝐵𝐿 ≫ Δ/𝛾 = 9.2(1) 

G applied along the initial muon spin direction should dominate the total field probed by the 

muons and suppress the relaxation as shown by the simulations in the right panel of Fig. 14 for 

 𝐵𝐿 = 0.05 T and 0.4 T respectively. However, for such applied fields, the experimental 

relaxation remains surprisingly large, pointing to much stronger spin fluctuations than 

anticipated from the Gaussian relaxation shape. Such an ‘undecouplable’ Gaussian shape, 

observed previously in some highly frustrated magnets [42–44] remains mysterious to date but 

certainly suggests exotic spin dynamics in this S = 1 triangular compound.   

To compare with the zero field relaxation rate obtained in the 6HB-HP pure counterpart from 

exponential fits [24], we used the fast fluctuation approximation  𝐺(𝑡, 𝜈, Δ, 𝐵𝐿 = 0) ≃ 𝑒−2Δ2𝑡/𝜈 

and we plotted 𝜆 = 2Δ2/𝜈 for the 6H-Sr case in Figure 15. The slowing down of the spin 

fluctuations in the 6H-Sr compound shifted to a significantly lower temperature (typically 2.4 

times lower) than in the 6HB-HP pure one. We note that this difference cannot be explained by 

the much smaller change in the magnetic interactions in the two variants. Indeed, both 

compounds show similar Curie-Weiss temperatures (see table IV).  
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Figure 14. Left: Muon decay asymmetry in a small 0.002 T field applied parallel to muon beam 

polarization to decouple small nuclear fields in 6H-Sr Ba2.5Sr0.5NiSb2O9 at various 

temperatures. Lines are fits described in the text. Right: Muon decay asymmetry with an applied 

longitudinal magnetic field. The nearly flat orange and brown lines show the expected 

relaxation at 0.05 T and 0.4 T from the model used to fit the zero field data (black line). 

 

 

 

Figure 15. Inset: temperature dependence of the fluctuation rate ν obtained from the fits of the 

zero field relaxation shown in figure 14 (left panel). Main panel: comparison of the temperature 

dependence of the relaxation rates 𝜆 ∝ 1/𝜈 in the 6HB-HP Ba3SrNiSb2O9 (from [24]) and 6H-

Sr Ba2.5Sr0.5NiSb2O9 (this study) phases.  

 

 

 

IV. DISCUSSION 
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 We first explain why both Ba/Sr substitution and physical pressures lead to the same 6H 

with Sb2O9 pairs  6H with NiSbO9 pairs  3C sequence of structural phases in Ba3NiSb2O9. 

The substitution of Sr2+ for Ba2+ in Ba3NiSb2O9 causes the Goldschmidt tolerance factor to 

decrease. In a perovskite-like ABO3 oxide, the tolerance factor can be written as  𝑡 =  
(𝑟𝐴+𝑟𝑂)

√2(𝑟𝐵+𝑟𝑂)
  

where rA and rB are the average radii of the  A and  B sites, respectively, and rO is the radius of 

oxide ion [45]. Hexagonal 6H structures, which can accommodate large A cations and short B-

B distances in pairs of face-sharing octahedra, are observed when t > 1. For t equal or close to 

1, 3C structures with cubic symmetry occur. Distortions to lower symmetries are expected when 

the A-site cation becomes too small for the cubo-octahedral cavities, i.e. when t decreases 

further [46]. For Ba3-xSrxNiSb2O9, also written as [Ba(3-x)/3Srx/3][Ni1/3Sb2/3]O3, the tolerance 

factor calculated using Shannon’s ionic radii [25] decreases from t = 1.048 in AP 6HA 

Ba3NiSb2O9 (x = 0) to t = 0.989 in the double perovskite Sr3NiSb2O9 (x = 3) and is equal to 

1.039 and 1.024 for 6H-Sr Ba2.5Sr0.5NiSb2O9 and 3C-Sr Ba1.75Sr1.25NiSb2O9, respectively. In 

the 3C-type region, the crystal structure evolves from cubic (S.G. 𝐹m3m) for x = 1.25 to 

monoclinic (S.G. P21/n) for x = 3. Other perovskite-related oxides experience similar structural 

changes as the tolerance factor decreases. For instance, partial substitution of Sr for Ba in 

Ba3ZnTiWO9 (t = 1.039) destabilizes the 6H crystal structure, and the Sr substituted compound 

with t = 1.027 forms in the 3C cubic structure [47]. Also, a sequence of phases 𝐹m3m  I4/m 

 I2/m  P21/n, which are associated with the introduction of cooperative tilting of the corner-

sharing octahedra, has been reported for double perovskite systems with increasing Ba/Sr 

substitution rates [26,28].  Similar trends are observed as the physical pressure increases 

because pressure tends to decrease the tolerance factor if the A-site cations are more 

compressible than the B-site ions in the ABO3 oxide [48]. This explains why both chemical and 

physical pressures lead to the same sequence of structural phases in Ba3NiSb2O9 which contains 

large and compressible Ba2+ on the A-site. 

 Although the average structures of 6H-Sr Ba2.5Sr0.5NiSb2O9 and 6HB-HP Ba3NiSb2O9 

are described using the same P63/mmc model, electron diffraction results (this work and ref. 

[23]) suggest that their actual crystal symmetries are different. This difference, which cannot 

be explained on the basis of the t factor alone, is probably associated with different Ni-Sb 

dumbbells arrangements, and indicates that the substitution-induced chemical pressure is not 

equivalent to the HP-HT treatment with relaxed physical pressure. In this respect, we note that 
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the 6H-Sr phase prepared at AP conditions is expected to be thermodynamically stable while 

perovskite oxides produced at HP can be metastable at AP and room temperature [48].  

 We now turn to the magnetic properties of the 6H-Sr phase Ba2.5Sr0.5NiSb2O9. 

Thermodynamic and µSR results obtained earlier for pure 6HB-HP [12,24] and presented here 

for the AP 6H-Sr phase display qualitatively similar behaviors, albeit with some small 

differences. The absolute value of the Weiss temperature is slightly smaller; the effective 

moment is comparable to those previously found for the HP 6HB phase. Although still poorly 

understood, the µSR relaxation plateau attributed to persistent dynamics has been taken for long 

as a hallmark of spin-liquid behavior. We notice that the latter occurs at lower temperature for 

the AP 6H-Sr sample. It is reasonable to think that these small differences result from some Sr-

induced additional disorder and a slightly modified and perhaps more complex scheme of 

interactions, as commented on below. We note that a previous neutron study [29] did not find - 

within the accuracy of the 6HB-HP data - any difference between the two 6H phases and gave 

evidence for shallow maxima in the structure factor S(q) at arbitrary positions in the Brillouin 

zone for a triangular lattice. The results approached the predictions for a U(1) gapless QSL state 

for S = 1 on the triangular lattice but failed to reproduce the position of the maxima at the K-

points of the Brillouin zone. From the study by Cheng et al. [12], the observed T-linear specific 

heat as T → 0 is also an important result which altogether with the NMR study of the 6HB-HP 

phase, also led to the conclusion of a gapless spin liquid ground state [24]. Several 

interpretations of the NMR data were discussed within (i) the triangular model incorporating 

bi-quadratic, next nearest neighbor and interlayer exchanges as well as single ion anisotropy 

which did not reproduce the gapless 1/T1 and the lineshapes from the experiments or (ii) a J1-

J2 honeycomb buckled model which will be discussed below in light of theoretical progress 

accomplished since then. The microscopic origin of this QSL state was therefore not fully 

understood and magnetic dilution or bond randomness were not considered  in the 

corresponding paper [24]. 

In the 6H-Sr phase, the structural disorder suggested by our diffraction data and HAAF-STEM 

images is essentially associated with the Ni-Sb dumbbell arrangement in a well-crystallized 

6H-type triple-perovskite material. As explained in section III.A, our results are consistent with 

either a random orientation of the dumbbells over a crystallite or nanosized chemical 

correlations for the dumbbell arrangement within the a,b planes. In the latter case, one could 

deal with a nano-sized triangular lattice of Ni2+. In the former case, a random up or down 

vertical orientation of the dumbbells within a (NiSbO9)∞ bilayer would imply that 50% of 
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flipped Ni-Sb dumbbells dilute the triangular lattice of magnetic S = 1 cations originally 

reported in ref. [12] (shown in Fig. 1(a)) and that the flipped dumbbells insert Ni2+ into the 

adjacent parallel triangular layer of Sb within the same (NiSbO9)∞ bilayer. The possible nearest-

neighbor super-exchange pathways in 6HB-HP and 6H-Sr phases are depicted in Fig. 16. More 

details on the super-exchange angles and distances can be found in the Supplemental Material 

[30]. Because the main super-super exchange couplings in the c-direction occur across the 

nonmagnetic layers of SbO6 octahedra, the structure would contain a diluted J1-J2 buckled 

honeycomb lattice consisting of two half-depleted triangular lattices sandwiching a layer of 

SbO6 octahedra. The intralayer exchange J2 in a triangular layer can be viewed as the next-

nearest neighbor interaction on the buckled honeycomb, and the interlayer exchange J1 

corresponds to the nearest neighbour interaction for the buckled honeycomb. It is likely that the 

situation might be intermediate, interpolating between a diluted triangular lattice and a diluted 

J1-J2 honeycomb model. On a general footing, this points towards the need to consider the 

introduction of disorder in the physical interpretation of the observed properties.  

 

 

Figure 16. Nearest-neighbor Ni2+-Ni2+ interactions in the P63/mmc crystal structures of 6HB-

HP Ba3NiSb2O9 [23] or 6H-Sr Ba2.5Sr0.5NiSb2O9 (this work) assuming disorder for the Ni-Sb 

dumbbell arrangement. SbO6 and NiSbO9 bi-octahedra (Ni-Sb dumbbells) are colored brown 

and blue, respectively. (a) View along the b axis. (b) In-plane J2 interaction in one of the 

triangular plane of (Ni/Sb)O6 octahedra which are connected by their vertices to single SbO6 

octahedra. (c) Inter-plane J1 interaction across a layer of nonmagnetic SbO6 octahedra. (d)   The 

J1-J2 buckled honeycomb lattice formed by two adjacent triangular planes of (Ni/Sb)O6 
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octahedra. Here nonmagnetic SbO6 octahedra are omitted for clarity. Distances and angles for 

J1 and J2 superexchange pathways are given in Supplemental Material [30]. 

 

 

We first come back to the initial proposal by Cheng et al. [12] of an undiluted triangular lattice, 

which was also considered in ref. [29]. Studies of the triangular lattice have been much revived 

after the discovery of a spin liquid-like state at low temperatures in the rare-earth compound 

YbMgGaO4 [1–3]. We note that in the absence of disorder, stabilizing a spin-liquid state 

requires a large exchange anisotropy [49]. In contrast with that case, working with a 3d 

transition-metal ion such as Ni2+ in a weak octahedral crystal field makes such a scenario 

unrealistic as supported by our ESR data obtained for 6HB-HP Ba3NiSb2O9. These ESR data 

and their analyses are presented in the Supplemental Material [30]. 

With its even lower coordination, z = 3 versus 6 in the triangular case, the honeycomb lattice is 

more prone to a spin liquid ground state under isotropic antiferromagnetic interactions provided 

that frustration is introduced. This is realized in the J1-J2 honeycomb model which has been 

extensively studied for S = 1/2 by many theoretical techniques. Although not firmly established, 

a consensus has emerged that in a narrow range above J2/J1 ≈ 0.23, a gapless QSL phase could 

be more favorable than a well-established gapped plaquette valence bond order found to occur 

for ratios of J2/J1 up to ≈ 0.36 [50–53]  [54]. While less is known for the S = 1 case, it seems 

that in the competition between the QSL and the gapped plaquette phase, the latter might be 

favored which is contrary to our experimental results [50,53].   Of course, in order to proceed 

with a detailed comparison with these numerical results, one should get first some estimate of 

this ratio through ab-initio calculations of the exchange parameters which are beyond the scope 

of this paper. Yet, we note that the small difference in the exchange paths for J1 and J2 described 

in the Supplemental Material [30], does not support the idea of a fine tuning of the J2/J1 ratio 

required for that allegated QSL phase. 

Disorder could also be an important player in the interpretation of the absence of magnetic order 

as was also heavily debated in the context of the YbMgGaO4 triangular compound [4,5,55]. 

The scenario of a J1-J2 disordered honeycomb lattice in 6HB-HP was first discussed at length 

in ref. [56] with a proposal for a gapless random singlet phase with orphan spins under the 

combined effect of frustration and disorder. This proposal seems consistent with published 

results for 6HB-HP:  an upper bound of the disorder parameter Δ = ΔJ/J = 0.25 was estimated 

from the 121Sb NMR linewidth [24] and could be just enough to stabilize such a phase as 
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predicted by Uematsu and Kawamura [56] in a revised version from ref. [57,58] earlier 

considered in ref.  [24]. Several experimental findings conspire in favor of such a scenario, a 

linear specific heat was reported [12], peaks of the INS structure factor [29] are smeared out 

and found at locations different from usual peaks at Γ or K points in the Brillouin zone for the 

ordered or plaquette phases.  

In a more general context where frustration promotes the formation of local singlets, e.g. for a 

valence bond solid phase, Kimchi et al. [6] have shown how even weak disorder can nucleate 

S=1/2 topological defects and lead to a random spin network with gapless low energy 

excitations. Starting for example from a honeycomb lattice and the case where the ratio J2/J1 

does not lead to a QSL or a valence bond scenario in the absence of disorder, we may speculate 

that disorder could then be the driving force towards a QSL state. This  scenario has been 

involved in the well-studied case of YbMgGaO4 where a power law behavior of the specific 

heat is found and the calculated structure factor displays a shallow maximum when second 

neighbor interactions are included [6]. The similarity with our data shows that structural 

disorder model might be then the right track to explain the spin-liquid like behavior in the 6HB-

HP and 6H-Sr phases. 

The cubic crystal structure of 3C-Sr Ba1.75Sr1.25NiSb2O9 is very similar to that of 3C-HP 

Ba3NiSb2O9 obtained at 9 GPa [12] so that these compounds should share common features. 

The Curie-Weiss temperatures  are indeed comparable and the higher absolute value of  in 

3C-Sr phase correlates with its smaller cell volume. For both compounds, magnetic specific 

heats indicated significant magnetic entropy and quadratic behaviors CM =  T2 at low 

temperatures whereas no sign of magnetic transition down to the base temperatures (0.35 K or 

2 K) was found in the specific heat data. However, our µSR and 131Sb NMR investigation 

clearly revealed the occurrence of a transition to a magnetic ordered structure below Tm ≈ 11 K 

in 3C-Sr with a substantial disorder. In the context of what should be a 3D interaction scheme 

for a face-centered cubic (FCC) lattice, the T2 behavior of the specific heat instead of a T3 

behavior expected for standard 3D spin waves remains to be explained. In 3C-Sr and 3C-HP, 

the (Ba,Sr)2BB’O6 double perovskite structure is made of two B and B’ interpenetrating FCC 

lattices where B and B’ sites are occupied by Sb and (Ni2/3Sb1/3) atoms, respectively. Therefore, 

both 3C-Sr and 3C-HP compounds contain a site-diluted FCC sublattice of spin-1 Ni2+ cations 

with 67% site occupancy, which is much higher than the site percolation threshold for a FCC 

(pc
site ≈ 20%). Thus, either a J1 or a J1-J2 model on the 1/3-depleted FCC lattice, where J1 and 

J2 are the nearest neighbor (NN) and next-nearest neighbor (NNN) interactions (displayed in 
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Fig. 2), respectively, are likely to be relevant for explaining the magnetic behaviors. The 

possible NN and NNN super-super-exchange pathways for J1 and J2 are described in the 

Supplemental Material [30]. J1 interactions occur along Ni-O-O-Ni and 90° Ni-O-Sb-O-Ni 

pathways with a Ni-Ni distance of 5.71 or 5.77 Å. The former path, which is the shortest, is 

commonly found to be AF and dominant over the second one [59,60].   J2 corresponds to a 

linear Ni–O–Sb–O–Ni pathway with a Ni–Ni distance of 8.08 - 8.15 Å. The magnetic behaviors 

of perovskite oxides that contain octahedral Ni2+ and diamagnetic Sb5+, such as Sr3NiSb2O9, 

SrLaNiSbO6, and La3Ni2SbO9, indicate that J1 and J2 are AF and that J2 is weak due to the 

completely filled Sb5+ 4d orbitals [37,61]. For a Heisenberg J1-J2 model on a FCC lattice with 

J2/J1 close to zero, theoretical and experimental work for classical spins clearly point to the 

stabilization of AF ordering with a stacking of AF planes which depends on the J2/J1 ratio and 

which can be classified as type-I, type-II or type-III [62–64]. Little change is found when one 

goes from the classical to the quantum case, see e.g. [64]. We note that the case J2 ≈ 0 leads to 

a remarkable depression of TN with respect to larger values of J2/J1 [64]. All of this is clearly 

consistent with our findings of ordering at low temperatures and a sizeable frustration ratio. 

Moreover, the dilution of the FCC magnetic lattice is clearly in line with the signatures of a 

substantial disorder of the magnetic structure revealed by the distribution of µSR relaxation 

rates, the NMR line broadening above Tm and the absence of long-lived oscillation of the µ+ 

asymmetry and correspondingly the NMR lineshape below Tm. Finally, a broad maximum of 

the relaxation rate occurring only around 0.8 Tm is also seen in the case of triangular 

chromates [38,39]  where a similar observation is clearly established and argued to be a 

signature of frustration through the persistence of fluctuations well below Tm. Our experimental 

results are similar to 5d B-site ordered double perovskites containing only one magnetic S = 1 

cation, namely La2LiReO6 and Ba2YReO6 [65], although the spin-orbit coupling might play a 

major role there in the selection of the ground state. While weak local lattice distortions and 

possible associated spin Hamiltonian randomness induced by Ba/Sr substitution in 3C-Sr might 

support the idea of a physical difference between the two 3C compounds, as reflected in the 

susceptibility and specific heat data, it is very surprising not to find any hint of a transition in 

3C-HP Ba3NiSb2O9 in the context of the present discussion. A larger low-T Curie term from 

orphan spins could provide a naïve explanation for the lack of signature in the FC-ZFC 

susceptibility data of ref. [12]. This certainly calls for a more systematic study of the 

susceptibility at lower fields and a deeper investigation through µSR, NMR or low-temperature 

neutron diffraction. 
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V. CONCLUDING REMARKS 

 

As in other perovskite oxides, the commonly observed 6H-3C transformation under 

physical pressure occurs when the crystal structure of Ba3NiSb2O9 is gradually compressed by 

Sr/Ba chemical substitution. Generally speaking, chemical pressure can provide a simple tool 

for elaborating perovskite materials with unexplored or modulated electronic properties.  

By combining several diffraction techniques, high-resolution Z-contrast imaging and 

atomic resolution elemental mapping, we have shown that the crystal structures of the 6HB-HP 

Ba3NiSb2O9 and 6H-Sr phase feature undistorted triangular lattices of NiSbO9 dumbbells. 

However, the lack of long-range order in the orientation of the dumbbells and the fact that it is 

not possible to identify short-range chemical correlations make it difficult to analyze the spin-

liquid like magnetic behavior. The dumbbell disorders certainly lead to complex frustrated 

magnetic networks and therefore to deviations from clean antiferromagnetic models such as the 

triangular or the frustrated J1-J2 honeycomb. We discussed how this disorder might be the seed 

for the spin liquid-like behavior which seems to be relevant in a broader context. The situation 

regarding the 3C phases appears simpler because they can be considered as realizations of a 

diluted FCC lattice of real S = 1 spins. Further, our results for the 3C-Sr indicate clear 

differences relative to the pure HP 3C system and therefore call for further investigations of 

these 3C phases.   
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