Structural and Magnetic Properties of Ba2LuMoO6: A Valence Bond Glass
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We report here the synthesis of the site ordered double perovskite Ba2LuMoO6.  Rietveld refinement of room temperature powder X-ray diffraction measurements indicate that it crystallises in the cubic space group Fm3̅m, with a = 8.3265(1) Å.  Powder neutron diffraction data indicate that unusually, this cubic symmetry is maintained down to 2 K, with S = ½ Mo5+ ions situated on the frustrated face-centred cubic lattice.  Despite d.c.-susceptibility measurements showing Curie-Weiss behaviour with strong antiferromagnetic interactions at T ≥ 200 K, there is no evidence of long range magnetic ordering at 2 K.  At T ≤ 50 K, susceptibility measurements indicate a loss in moment to ~ 18 % of the expected value, and there is a corresponding loss in the magnitude of the magnetic exchange.  The structural and magnetic properties of this compound are compared with the related compound Ba2YMoO6, which is a valence bond glass.

1. Introduction

The search for insulating magnetic materials containing geometrically frustrated antiferromagnetic interactions has attracted a great deal of recent research interest.
 ADDIN EN.CITE 

[1-6]
  The combination of low  magnetic moment and competing magnetic interactions can lead to exotic non-classical ground states, such as the spin liquid ground state proposed by Anderson.[7]  Such a search has often focussed on lattices of low dimensionality or low connectivity.  One such lattice is the two-dimensional kagome lattice, consisting of corner sharing triangular plaquettes, physical realisations of which include herbertsmithite[8] and the jarosite family of minerals.
 ADDIN EN.CITE 

[9-10]
  The low connectivity of the three-dimensional pyrochlore lattice
 ADDIN EN.CITE 

[11]
 consisting of corner sharing tetrahedra has also attracted a great deal of attention and has provided fascinating behaviour, such as the spin ice Dy2Ti2O7,[12] the spin glass Y2Mo2O7,[13] the spin liquid Tb2Ti2O7
 ADDIN EN.CITE 

[14]
 and the long range ordered Gd2Ti2O7.[15]  The face-centred cubic lattice, consisting of edge-sharing tetrahedra has been the subject of significantly less attention, although there has been a recent resurgence in interest due to the discovery of an exotic ground state in Ba2YMoO6.
 ADDIN EN.CITE 

[2-3,5,16-18]
  The B-site cation ordered double perovskite structure with the general formula A2BB’O6, with magnetic ions situated on one of the two B sites is one such physical realisation of the face-centred cubic lattice as illustrated in figure 1.  As perovskites can exhibit a great degree of structural diversity due to octahedral tilting and distortion,[19] physical realisations of such cubic double perovskites are rare.
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Figure 1: (a) The cation ordered double perovskite structure and (b) the connectivity of the face-centred cubic lattice.
Previously work in our group has investigated molybdate double perovskites with lanthanide ions on the B-site and Mo on the B’-site, leading to a frustrated array of S = ½ Mo5+ ions,[20] showing that the structural distortions away from cubic symmetry, driven by the size constraints of the larger lanthanide cations and distortion of the crystal field around the molybdenum, can lead to long range magnetic order in the case of Ba2NdMoO6.  Conversely, Ba2YMoO6, maintains cubic symmetry down to the lowest temperatures and is found to exhibit exotic valence bond glass behaviour.
 ADDIN EN.CITE 

[16,20]
  In the pursuit of materials with exotic ground states we have therefore focussed our search on smaller lanthanides, as these allow the cubic perovskite symmetry and therefore the frustrated lattice to be maintained.  Lu3+ is diamagnetic due to its full shell f14 electronic configuration and with an ionic radius of 0.861 Å,[21] is even smaller than Y3+.  We have therefore synthesised Ba2LuMoO6, as we expect this to contain a network of S = ½ Mo5+ ions on a frustrated face-centred cubic lattice.

2. Experimental

Ba2LuMoO6 was prepared in a polycrystalline form using conventional solid state reaction techniques.  Stoichiometric quantities of BaCO3, Lu2O3 (stored at 800 °C to prevent CO2 uptake) and MoO3 were thoroughly ground together and pressed into pellets.  Initially the pellets were heated in air from 500 °C to 800 °C at 1 °C min-1 and held at 800 °C for 8 hours, in order to prevent volatilisation of the molybdenum.  After regrinding, the pellets were further heated at 1250 °C in a flow of 5 % H2 in N2 gas over a period of several days, with several intermediate regrindings.  The reaction progress was monitored by powder X-ray diffraction and yielded a black powder.

Powder X-ray diffraction data were collected using a PANalytical X’Pert Pro diffractometer with Cu K radiation.  Measurements over the range 5 ° ≤ 2θ ≤ 100 ° with a step size of 0.017 ° were performed in order to collect data suitable for Rietveld refinement.  Neutron diffraction measurements were performed on the high resolution powder diffractometer D2B at the Institut Laue-Langevin in Grenoble with a neutron wavelength of 1.594 Å.  Data were analysed by Rietveld refinement using the GSAS suite of programmes,[22-23] employing a pseudo-Voigt peak shape and a shifted Chebyshev function to model the background.

D.c.-susceptibility measurements were performed using a Quantum Design MPMS SQUID magnetometer.  Polycrystalline samples (~ 50 mg) were placed into a gelatine capsule and measured after cooling both in zero applied field (ZFC) and in an applied field (FC) of 1000 G.  Measurements were performed in an applied d.c.-field of 1000 G.

3. Results

Rietveld refinement against the room temperature X-ray diffraction data is displayed in figure 2 and shows that Ba2LuMoO6 forms a highly crystalline powder and crystallises in the double perovskite structure in the cubic space group Fm3̅m with a = 8.3265(1) Å.  The Lu and Mo ions are ordered on the double perovskite B site in a rock salt type arrangement.  We observed full oxygen occupancy and no discernible disorder of the Lu3+ and Mo5+ cations over the double perovskite B and B’ sites, as expected by their significantly different ionic radii.  The Mo-O coordination octahedra were found to be undistorted, with a Mo-O bond distance of 1.941(15) Å.
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Figure 2: Rietveld refinement of room temperature powder X-ray diffraction pattern of Ba2LuMoO6.  Tick marks indicate Bragg reflections allowed by the face-centred cubic space group.

Neutron powder diffraction measurements made at a temperature of 2 K are shown in figure 3 and indicate that there is no structural phase transition on cooling to this temperature, with the structure maintaining cubic symmetry.  Results of the Rietveld refinement against these data are presented in table 1 and show that, on cooling, the unit cell undergoes thermal contraction, resulting in a = 8.30948(8) Å at 2 K.  A small quantity (1.7(1) wt. %) of Lu2O3 impurity was found and included as a second phase in the refinement.  Allowing the occupancy of Lu in the primary phase to reduce to 0.986 to compensate for this resulted in a slight improvement in the quality of the fit.  There is no evidence of vacancies on the oxide sublattice.  Additionally, two regions where there was significant scattering from the sample environment (2θ ≈ 40° & 47°) were excluded from the refinement.  There was found to be no evidence of any additional scattering arising from long range magnetic order.
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Figure 3: Rietveld refinement of neutron powder diffraction pattern of Ba2LuMoO6 measured at 2 K.  The upper tickmarks indicate the position of the Bragg reflections from Ba2LuMoO6, and the lower tickmarks from Lu2O3.

Table 1: Rietveld refinement against neutron powder diffraction at 2 K of Ba2LuMoO6 in Fm3̅m:

a = 8.30948(8) Å, V = 573.75(2) Å3, 2 = 2.637, Rwp = 7.31, Rp = 5.76

	Atom
	x
	y
	z
	Fractional Occupancy
	100*Uiso / Å2
	100*U11 / Å2
	100*U22 / Å2
	100*U33 / Å2

	Ba
	0.25
	0.25
	0.25
	1
	0.05(3)
	
	
	

	Mo
	0.5
	0.5
	0.5
	1
	0.27(3)
	
	
	

	Lu
	0
	0
	0
	0.986
	0.27(3)
	
	
	

	O
	0.26239(14)
	0
	0
	1
	
	0.49(6)
	0.62(4)
	0.62(4)


Bond lengths:  Mo-O; 1.9744(12) Å × 6, Lu-O; 2.1803(12) Å × 6, Ba-O; 2.93965(4) Å × 6.

D.C.-susceptibility measurements show that there is no deviation between ZFC and FC measurements, and there are no observed sharp magnetic ordering transitions, as displayed in figure 4.  At temperatures, T ≥ 50 K, Curie-Weiss type behaviour is observed.  A fit to the Curie-Weiss law in the region 200 ≤ T ≤ 300 K, indicates a Curie constant, C = 0.2441(6) emu K mol-1, giving an effective moment of 1.397(2) B.  This is slightly lower than the spin only moment expected from a S = ½, Mo5+ ion of 1.732 B.  This is in line with that observed in Ba2YMoO6,[16] and attributed to strong quantum fluctuations.  The Weiss temperature in this region was found to be, θ = -128.5(10) K, indicative of strong antiferromagnetic exchange.  There is a deviation from the high temperature Curie-Weiss behaviour at T ≤ 50 K, leading to a second linear region in -1 below 30 K.  A Curie-Weiss fit within the region 5 ≤ T ≤ 25 K leads to C = 0.0452(7)emu K mol-1, corresponding to a value of ~18 % of the Mo5+ moments in the sample and θ = -2.8(2) K, showing a marked decrease in the strength of the  antiferromagnetic exchange.  Figure 5 shows a plot of the inverse of the d.c.-susceptibility (mol-1) from Ba2LuMoO6 with that from Ba2YMoO6[20] leading to almost perfect superimposition of the resulting curves in the low temperature region.
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Figure 4: D.c.-susceptibility of Ba2LuMoO6 measured in an applied field of 1000 G (black ○), and Curie-Weiss fit to data 200 ≤ T ≤ 300 K (black line).
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Figure 5: Inverse d.c.-susceptibility of Ba2LuMoO6 (black ∆) and Ba2YMoO6 (red ○).

4. Discussion

Ba2LuMoO6 crystallises in the cubic space group Fm3̅m, which remains undistorted on cooling to 2 K.  The cubic symmetry imposes an undistorted octahedral oxygen coordination environment about the Mo5+ ion, in apparent contravention of the Jahn-Teller theorem.  As the f14 configuration of the Lu3+ cation is diamagnetic, this leads to a frustrated face-centred cubic arrangement of S = ½ Mo5+ cations.  This lattice of cations is the same as that found in Ba2YMoO6, but with a smaller unit cell parameter of 8.3265(1) Å, although a similar Mo-O bond length of 1.9744(12) Å.  At high temperatures, the Curie-Weiss behaviour is indicative of an antiferromagnetic interaction between Mo5+ ions, which is of a similar magnitude to that observed in Ba2YMoO6, but an order of magnitude higher than the Weiss constant observed for the similar compound, Ba2ErMoO6.[20]  The smaller than expected moment arising from Mo5+ ions can be attributed to strong quantum fluctuations previously observed in low spin antiferromagnetic double perovskites.
 ADDIN EN.CITE 

[16,24]
  Although the strength of the antiferromagnetic coupling between neighbouring Mo ions is strong and antiferromagnetic, there is no evidence of a transition to a long range ordered state above 2 K in either the d.c.-susceptibility or the low temperature neutron diffraction, due to the geometric frustration of the magnetic interactions.  On cooling there is instead a reduction in the magnetic moment, to around a fifth of the expected value, with an associated weakening in the exchange interaction.  This is in agreement with the theoretical predictions for a valence bond glass phase.[25]  Figure 5 shows a comparison of the d.c.-susceptibility data measured on Ba2LuMoO6 with that measured on Ba2YMoO6 and shows that these two materials exhibit a strikingly similar loss of moment at low temperature.

5. Conclusions

We have prepared the double perovskite Ba2LuMoO6, which crystallises in the cubic space group Fm3̅m.  The S = ½ Mo5+ ions in this material are antiferromagnetically coupled and arranged on the frustrated face-centred cubic lattice.  On cooling there is no deviation from this cubic symmetry, and despite the strong antiferromagnetic interactions between the S = ½ spins, there is no onset of long-range magnetic order.  There is, however, a loss of moment below temperatures of ~ 50 K, and an associated weakening of the antiferromagnetic interactions.  This is similar to that observed in a related phase; the valence bond glass, Ba2YMoO6.
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