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Abstract 

Single crystals of the ternary manganese vanadate AgMnVO4, were grown using 

AgVO3 flux. The structure was determined from single crystal X-ray diffraction data. 

The magnetic structure and properties of AgMnVO4 were characterized by magnetic 

susceptibility, specific heat, and low-temperature neutron powder diffraction 

measurements. AgMnVO4 crystallizes in the maricite-type structure with space group 

Pnma, a = 9.5393(12), b = 6.8132(9), c = 5.3315(7) Å and Z = 4. AgMnVO4 contains 

MnO4 chains made up of edge-sharing MnO6 octahedra, and these chains are interlinked 

by the VO4 and AgO4 tetrahedra. The specific heat measurements indicate a 3D-

antiferromagnetic ordering at ~12.1 K and the neutron powder diffraction measurements 

at 5 K show that the Mn+2 magnetic moments are antiferromagnetically coupled within 

the chains which are antiferromagnetically coupled to each other. 
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1. Introduction 

Phosphates with the general formula ABPO4 (A = K, Rb and Cs; B = transition 

metal) crystallize mainly in two different structural types, i.e., stuffed-tridymite and 

zeolite-ABW. Members of these families are characterized by a BPO4- tetrahedral 

framework, which can show four-, six-, or eight membered rings. Sometimes, the 

transition metal is found at a trigonal bipyramidal site. In the more condensed phases 

ABPO4 (A = Li, Na; B = transition metal) with olivine and maricite-type structures, the 

transition metal is located at octahedral sites.  

It is of interest to compare the structural evolution between homologous 

phosphates and vanadates, AMnPO4 and AMnVO4, respectively. In the AMnPO4 

phosphates series, LiMnPO4 [1] NaMnPO4 [2] KMnPO4 [3] and CsMnPO4 [4] have 

been studied and their structures determined. Recently, we reported the structural and 

magnetic properties of RbMnPO4 [5, 6] and AgMnPO4 [7]. In the homologous AMnVO4 

vanadates, LiMnVO4 [8] is known to crystallize in the Na2CrO4-type structure. 

Recently, the AMnVO4 vanadate series has been extended by the addition of AgMnVO4 

[9], CuMnVO4 [10], NaMnVO4 [11], KMnVO4 [12], and RbMnVO4 [9]. AgMnVO4 and 

NaMnVO4 crystallize in the maricite-type structure and contains MnO4 chains made up 

of edge-sharing MnO6 octahedra. CuMnVO4 crystallizes in the Na2CrO4-type structure 

and also contains MnO4 chains made up of edge-sharing MnO6 octahedra. Surprisingly, 

KMnVO4 crystallizes in a new type of oxygen-deficient perovskite, and RbMnVO4 is 

the first vanadate crystallizing in the stuffed tridymite-type structure [9].  

All the crystal structures of the AMnVO4 vanadate series have been solved from 

single crystal data, except AgMnVO4. Its structure had so far only been characterized on 

the basis of powder X-ray diffraction data, since this compound has an incongruent 

melting point and decomposes above 750°C [9]. Herein we report on crystal growth 
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studies and a precise single crystal structure refinement for AgMnVO4. Furthermore, we 

have solved the magnetic structure from low temperature neutron powder diffraction 

(NPD) data. Results of our studies are described in the following. 

2. Experimental  

2.1. Synthesis  

AgMnVO4 was prepared by solid state reaction from a stoichiometric mixture of 

Ag2O, MnO and V2O5 powders as previously reported [9]. AgMnVO4 was then mixed 

with an excess of an equimolar amount of Ag2O and V2O5, pelletized, and fired at 

700°C for 8 h under argon flow. During this step Ag2O reacts with V2O5 forming 

AgVO3 which melts at 476 °C [13] and therefore plays the role of flux for the crystal 

growth of AgMnVO4. By a relatively fast decrease of the temperature, at the rate of 

15 °C h-1 to room temperature, red, black, and white single crystals were obtained. They 

have been identified, using EDX and single crystal diffraction analyses, as AgMnVO4, 

Mn2V2O7, and AgVO3, respectively.  

2.2. Electron microprobe analysis  

Semiquantitative EDX analyses of different single crystals including the ones 

investigated on the diffractometer were carried out with a JSM-500LV (JEOL) scanning 

electron microscope (SEM). The experimentally observed compositions were close to 

the ideal one AgMnVO4 (Fig. 1). Some crystals showed compositions close to Mn2V2O7 

and AgVO3.  
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Fig. 1. Image and EDX analyses of the AgMnVO4 single crystal used for the data 

collection. 

2.3. Single crystal X-ray diffraction measurements 

Table 1. Crystallographic data and structure refinement for AgMnVO4. 
Chemical formula AgMnVO4 
Crystal color red 
Crystal size mm 0.100×0.090×0.045 
M, g mol-1 277.7 
Crystal system orthorhombic 
Space group Pnma 
a, Å 9.5393(12) 
b, Å 6.8132(9) 
c , Å 5.3315(7) 
V, Å3 346.51(8) 
Z 4 
Density calcd., g cm-3 5.32 
Temperature, K 293(1) 
F(000), e 508 
Diffractometer SMART APEX 
Monochromator graphite 
Radiation Å MoKα , 0.71069  
Scan mode multi-scan 
h k l range ±12, -8≤ k ≤7, -7≤ l ≤6 
θmin, θmax, ° 4.27, 28 
Linear absorption coeff., mm-1 11.67 
Absorption correction Gaussian 
Tmin/Tmax 0.3573/0.6248 
No. of reflections 2304 
No. of independent reflections 387 
Reflections used [I ≥ 0 s(I) ] 387 
Rint 0.024 
Refinement F2 
No. of refined parameters 41 
R factors R(F) / wR(F2)  0.0307/0.0790 
g. o. f. 1.33 
Weighting scheme w = 1/(s2(I) + 0.0016I2) 
Diff. Fourier residues, e- Å-3 -0.82/ +0.61 
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AgMnVO4 single crystals suitable for single crystal X-ray diffraction were 

selected on the basis of the size and the sharpness of the diffraction spots. The data 

collections were carried out on a Smart Apex diffractometer using MoKa radiation. 

Data processing and all refinements were performed with the Jana2000 program 

package [14]. A Gaussian-type absorption correction was applied, and the shape was 

determined with the video microscope of the diffractometer. For the AgMnVO4 data 

collection details, see Table 1.  

2.4. Magnetic susceptibility and specific heat capacity measurements 

DC magnetic susceptibility data for AgMnVO4 were collected in the zero field cooled 

(ZFC) and field cooled (FC) modes on a Physical Property Measurement System 

(PPMS, Quantum Designs) in magnetic field of 5 kOe over the temperature range of 

2−300 K. Isothermal magnetization was measured in the field of up to 10 kOe. Heat 

capacity measurements were performed on AgMnVO4 pellet using a PPMS Quantum 

Design in a temperature range from 4 to 30 K. 

2.5. Neutron powder diffraction  

Neutron powder diffraction (NPD) data were collected on the high-resolution 

diffractometer Echidna at the OPAL facility (Lucas Height, Australia) using neutrons of 

wavelength 2.4395 Å. For the measurements the sample in the form of ~1 g of powder 

was loaded in a 6 mm diameter cylindrical vanadium can and the data were collected at 

3 K and 30 K using a closed-cycle refrigerator. The Rietveld analysis of the data was 

performed using the Fullprof Suite with the default neutron scattering lengths and Mn+2 

magnetic form-factors.  

 

3. Results and discussion 

3.1. Structure refinement  
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The extinction conditions observed for single crystal AgMnVO4 agree with the 

Pnma and Pn21a space groups. The refinement was performed taking into account the 

centrosymmetric space group Pnma. Most of the atomic positions were found by 

superflip program implemented in Jana2000 program package. With anisotropic atomic 

displacement parameters, the final residual factors converged to the value R(F) = 0.0307 

and wR(F2) = 0.0790 for 41 refined parameters, 387 independent reflections and 

difference-Fourier residues in the range between -0.82 and +0.61 eÅ-3. The refined 

atomic positions and anisotropic displacement parameters (ADPs) are given in Table 2 

and Table 3, respectively.  

Table 2. Fractional atomic coordinates and isotopic atomic displacement parameters 

(Å2) for AgMnVO4. 

Atom Wyck. Symm. x y z Ueq (Å2) 
Ag 4c .m. 0.35033(7) 1/4 0.00305(7)  0.0208(2) 
Mn 4a -1 1/2 1/2 1/2  0.0106(3) 
V 4c .m. 0.67960(11) 1/4 0.02069(14)  0.0050(3) 
O1 4c .m. 0.8636(4) 1/4 0.0587(8)  0.0096(10) 
O2 4c .m. 0.6198(4) 1/4 -0.2881(6)  0.0106(10) 
O3 8d 1 0.6159(3) 0.4465(4) 0.1725(5)  0.0121(7) 
 
Table 3. Anisotropic atomic displacement parameters (Å2) for AgMnVO4. The 
anisotropic displacement factor exponent takes the form: –
2p2[(ha*)2U11+...+2hka*b*U12]. 
Atom U11 U22 U33 U12 U13 U23 
Ag  0.0245(5)  0.0223(4)  0.0156(4)  0 -0.00118(14)  0 
Mn  0.0095(5)  0.0126(6)  0.0097(6) -0.0041(3)  0.0049(2) -0.0034(2) 
V  0.0040(5)  0.0058(5)  0.0051(5)  0  0.0009(3)  0 
O1  0.0037(19)  0.0099(18)  0.0151(16)  0  0.0015(14)  0 
O2  0.0125(19)  0.0130(18)  0.0063(16)  0 -0.0006(13)  0 
O3  0.0115(13)  0.0130(12)  0.0116(12)  0.0030(10)  0.0038(9) -0.0017(9) 
 
3.2. Crystal structure of AgMnVO4 

AgMnVO4 is isostructural with maricite-type NaMnPO4. The structure consists 

of edge-sharing chains of MnO6 octahedra running along the b axis. The MnO6 

octahedra are cross-connected by the VO4 and AgO4 tetrahedra (Fig. 2). No significant 

differences were observed compared to the structure solved from powder diffraction 
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data [9]. The interatomic distances and the bond valence sums (BVS) [15,16] are given 

in Table 4.  

 

Fig. 2. Projection view of the structure of AgMnVO4. 

Table 4. Interatomic distances (in Å) and corresponding bond valences (BV) for 
AgMnVO4. Mean distances are given in brackets. 
 distance  B.V. 
Ag-O3 (×2) 2.293(3) 0.296 
Ag-O1 2.340(4) 0.260 
Ag-O2 2.479(4) 0.179 
 <2.351> 1.031a 
Mn-O3 (×2) 2.099(2) 0.434 
Mn-O1 (×2) 2.166(2) 0.362 
Mn-O2 (×2) 2.342(2) 0.225 
 <2.202> 2.042 a 
V-O1 1.767(4) 1.102 
V-O2 1.742(4) 1.179 
V-O3 (×2) 1.678(3) 1.402 
 <1.716> 5.085 a 
O3-V-O3 105.82(13)  
O1-V-O3 (×2) 107.70(12)  
O2-V-O3 (×2) 109.73(11)  
O1-V-O2 115.68(19)  
 <109.39>  
O2-Ag-O3 (×2) 86.32(7)  
O1-Ag-O3 (×2) 113.58(6)  
O1-Ag-O2 120.63(12)  
O3-Ag-O3 128.84(9)  
 <108.21>  
a bond valence, BV = e(r0–r)/b with the 
following parameters: b = 0.37, r0 (AgI–
O) = 1.843, r0 (MnII–O) = 1.790 and r0 
(VV–O) = 1.803 Å [15,16].  
 
 

 



 9 

The Mn-O distances range from 2.099 Å to 2.342 Å with a mean distance of 

2.202 Å. This is very similar to the results found for NaMnPO4 and NaMnVO4, in 

which the Mn-O distances range from 2.077 Å to 2.397 Å and from 2.099 Å to 2.368 Å 

with mean distances of 2.229 Å and 2.216 Å, respectively. The BVS of 2.042 is in good 

agreement with the expected value of +2 for high-spin Mn+2 (d5) [17]. 

The vanadium tetrahedra are quite regular with distances ranging from 1.678 Å 

to 1.767 Å and a mean value of 1.716 Å. The O-V-O angles range from 105.82(13) ° to 

115.68(19) ° with a mean value of 109.39 °. The BVS of 5.085 is in agreement with the 

expected value of +5 for V+5.  

The Ag+ ion is bonded to four O atoms belonging to four different MnO6 groups 

to form an irregular tetrahedron. The Ag-O distances range from 2.293 Å to 2.479 Å 

with a mean value of 2.351 Å. The O-Ag-O angles range from 86.32(7) ° to 128.84(9) ° 

with a mean value of 108.21 °. The BVS is calculated to be 1.031 for the four-

coordinate silver atom.  

3.3. Magnetic susceptibility and specific heat measurements of AgMnVO4 

Based on the previously reported magnetic property measurements, a long-range 

antiferromagnetic (AFM) ordering transition was expected at 12.3 K [9]. Our magnetic 

susceptibility data also revealed the presence of a ferromagnetic impurity with a 

transition around 45 K (Fig. S1). However, the field used for the measurements was 

apparently sufficiently high to suppress its contribution as analysis of the data in the 

range above 200 K with the Curie-Weiss law yielded the results in close agreement with 

those previously reported: µeff = 5.74µB and q = -55 K compared to 5.96 µB and q = -62 

K [9]. In addition, our heat capacity data showed a clear lambda-type (Fig. S1, inset) 

anomaly at 12.1 K signalling a long-range magnetic ordering transition in excellent 

agreement with the previously reported measurements [9]. 
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3.4. Crystal and magnetic structure from Neutron powder diffraction 

measurements  

Neutron powder diffraction (NPD) data collected for AgMnVO4 at 30 K (i.e., 

above the transition expected based on our heat capacity measurements) were 

successfully analysed using the structure model determined from the X-ray single 

crystal diffraction data. Since NPD is unable to precisely determine vanadium atom 

positions due to its very low scattering length, the coordinates were fixed to those from 

Table 2. The final Rietveld fit and crystallographic information for AgMnVO4 at 30 K 

are presented in Fig. S2 and Table S1, respectively. 

 

Fig. 3. The Rietveld plot for AgMnVO4 refined against NPD data collected at 5 K. The 

red crosses and black and green solid lines indicate the observed and calculated patterns 

and their difference, respectively. The tick marks from top to bottom indicate the 

position of the diffraction peaks of the nuclear and magnetic structure, respectively. Rp 

= 4.23%, Rwp = 5.58%, χ2 = 2.34, Rmag = 9.24%. The blue curve in the inset shows the 

magnetic contribution only. 
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Fig. 4. Left: general view of the crystal and magnetic structure of AgMnVO4. Right: 

view of antiferromagnetic rutile-type octahedral chains running along the b-axis. 

 

Examination of the NPD data collected at 5 K revealed additional intensity due 

to long-range magnetic ordering (Fig. 3). All the diffraction peaks with magnetic 

contributions could be indexed to a unit cell with doubled a- and c-parameters, i.e., with 

the propagation vector k = (1/2, 0, 1/2). Results of representational analysis for the 4a 

(0,0,0) Wyckoff site of the Pnma space group, yielding such a propagation vector, were 

previously reported in Ref. 18 [18]. Although by symmetry the four manganese sites 

split into two pairs, which are allowed to carry different magnetic moments, we 

assumed equal moment values on all Mn atoms. The best agreement between 

experimental and calculated NPD patterns was obtained for the combination of G1 + G5 

irreducible representations [18]. Examination of the data showed no evidence for 

scattering due to a magnetic moment component along the b-axis, therefore, only the 

parameters defining the moment in the ac-plane were refined. The final Rietveld plot 

and crystallographic information are presented in Fig. 3 and Table S2. The resulting 

magnetic structure, which can also be described by the P2a21/m group (Opechowski-

Guccione #11.6.64) is illustrated in Fig. 4. The components of the magnetic moment 

along the a- and c-axes are 2.73(8) and 2.93(8) μB, respectively, yielding the total 

moment of 4.01(8) μB. The moment value reduction compared to the theoretical value 
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of 5 μB for high-spin d5 (S = 5/2) Mn+2 is likely due to the quasi-one-dimensional 

magnetic topology of AgMnVO4 (Fig. 4) in which exchange along the edge-sharing 

octahedral chains can be easily disrupted by local chemical disorder.  

Examination of the magnetic structure reveals that the orientation of Mn+2 

magnetic moments is almost identical to that of Fe+2 in isostructural maricite-type 

NaFePO4 [18]. However, while in NaFePO4 the edge-sharing octahedral chains are 

ferromagnetic, in AgMnVO4 they are antiferromagnetic. This suggests that direct Mn+2-

Mn+2 exchange plays a more significant role compared to the weak ferromagnetic 

coupling promoted by superexchange via shared oxygen atoms with Mn-O-Mn angles 

of ~93 - 103 º [19]. 

 

4. Concluding remarks 

The crystal structure of AgMnVO4 was determined using single crystal X-ray 

diffraction data for the first time. In agreement with previous results based on powder 

diffraction data, the structure was found to crystallize with the maricite type. Low-

temperature physical property measurements and neutron powder diffraction 

experiments showed that the compound undergoes long-range antiferromagnetic 

ordering transition at 12.1 K. Although AgMnVO4 and NaFePO4 crystallize in the 

maricite-type structure, the magnetic structures of the two compounds are significantly 

different in that the spins are antiferromagnetically- and ferromagnetically-coupled 

within the chains of AgMnVO4 and NaFePO4, respectively. This difference is explained 

by the influence of direct Mn+2 - Mn+2 exchange in the former.  
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