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Rubidium tetramanganese tris(phosphate), RbMn4(PO4)3, has been synthesized

as single crystals under hydrothermal conditions. The crystal structure was

refined in the space group Pnnm (D2h
12). It is argued that the size factor RM/RA,

i.e. the ratio of the A+ ionic radius to the M2+ ionic radius, within the

morphotropic series AM4(TO4)3 corresponds to a specific type of crystal

structure. At low temperatures, the antiferromagnet superimposed on a buckled

kagomé network in RbMn4(PO4)3 experiences a transition into a long-range

ordered state with finite spontaneous magnetization. First principles calculations

provide the dominant magnetic exchange interactions both within and between

the kagomé layers. The analysis of these interactions allows us to suggest a

model of alternating ferromagnetic and antiferromagnetic arrangements within

chains of Mn3 atoms.

1. Introduction

Transition and alkaline metal phosphates represent an

extensively investigated group of compounds because of their

potential applications as superionic, ferroelectric, nonlinear

optical, catalytic and ion-exchange materials, to name but a

few. Three-dimensional rather dense framework structures

built of polyhedra centred by transition-metal cations often

show promising magnetic properties. In particular, the mor-

photropic series of manganese compounds AMn4(TO4)3 (A =

Rb, NH4 or K; T = P or As) has attracted attention with regard

to magneto- and electrochemistry. Antiferromagnetic beha-

viour has been observed for KMn4(PO4)3, RbMn4(AsO4)3 and

NH4Mn4(PO4)3 (López et al., 2008; MacKay et al., 1996; Neeraj

et al., 2002), and encouraging data for ionic conductivity in the

KMn4(PO4)3 and NaNi4(PO4)3 phases were obtained

(Daidouh, Pico & Veiga, 1999). The sequence of crystal

structures of phosphates and arsenates which comprise the

morphotropic series under discussion has been described

previously (Yakubovich et al., 1986; MacKay et al., 1996;

Neeraj et al., 2002) and the crystal structure of RbMn4(PO4)3

was solved on the basis of powder X-ray diffraction using the

atomic coordinates of isotypic phases as the starting point

(Daidouh, Martinez et al., 1999). As single crystals of

RbMn4(PO4)3 were obtained in the course of the synthesis of

new manganese phosphates by the hydrothermal method, we

found it worthwhile refining the structure anew in order to
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define its place within the morphotropic series and to establish

its magnetic properties.

2. Experimental

2.1. Synthesis and crystallization

The title compound was synthesized under hydrothermal

conditions at T = 553 K and P = 7 MPa in a 5 ml stainless steel

chamber protected by a fluoroplastic coating. A starting

mixture of MnO, (NH4)2HPO4 and Rb2CO3 in a 1:1:1 weight

ratio with distilled water filled 80% of the autoclave. The

duration of the experiment was 18 d. After cooling the

furnace, transparent prismatic crystals with a maximum length

of about 1 mm (Fig. 1a) were separated by filtration, washed

with water, dried and analyzed with a scanning electron

microscope (SEM). The JEOL SEM (JSM-6480 LV) was

equipped with an INCA Energy-350 energy dispersive (EDS)

detector and an INCA Wave-500 four-crystal wavelength

dispersive (WDS) spectrometer. The measurements were

made at 20 kV and 10 mA, for which the sample was stable;

the period of spectrum accumulation was 100 s. The SEM

image, displaying the crystal morphology of RbMn4(PO4)3, is

shown in Fig. 1(b). X-ray spectral analysis (performed at the

Laboratory of Local Methods for Studying Materials,

Department of Petrology, Faculty of Geology, M. V. Lomo-

nosov Moscow State University) revealed the presence of Rb,

Mn, P and O in the crystal composition.

2.2. Refinement

One of the synthesized crystals was investigated on an

Xcalibur-S CCD-based diffractometer for determination of

the unit-cell parameters and data collection. The intensities of

the reflections were corrected for Lorenz and polarization

effects, and a numerical absorption correction using the

measured size and shape of the crystal was applied. Table 1

reports the crystallographic characteristics of the title

compound and the experimental conditions of the data

collection and refinement. All calculations were performed

with SHELX programs (Sheldrick, 2015a,b) in the framework

of the WinGX software package (Farrugia, 2012). Atomic

scattering factors and anomalous dispersion corrections were

taken from International Tables for Crystallography (Prince,

2004). Bond-valence calculations were performed using the

algorithm and parameters of Brown & Altermatt (1985), and

bond-valence-sum data clearly confirmed the assumed oxida-

tion state of Mn2+ in the crystal structure of RbMn4(PO4)3.

The precision of the atomic coordinates, bond lengths and

angles derived from the single-crystal data is remarkably

improved with respect to the powder work, i.e. the precision is

two orders of magnitude better in the present study. The s.u.

values for the Mn—O bonds, for instance, are 0.002 Å,

whereas they range between 0.004 and 0.008 Å in the previous

work. In addition, the variation of the distances in the

manganese and phosphate polyhedra is significantly smaller in

the case of the single-crystal study compared to the data

obtained in the powder study.

2.3. Magnetic measurement and calculation details

The thermodynamic properties of RbMn4(PO4)3, i.e. both

ac- and dc-magnetic susceptibility �, magnetization M and

specific heat Cp in the temperature range 2–300 K up to 9 T,

were studied using various options of the ‘Quantum Design’

Physical Properties Measurements System (PPMS–9T). The

pulsed field magnetization measurements were performed

using a homemade set-up with a pulse duration of about 8 ms.

Figure 1
(a) Photograph of crystals of the title compound and (b) a SEM image
showing the crystal morphology.

Table 1
Experimental details.

Crystal data
Chemical formula RbMn4(PO3)4

Mr 590.13
Crystal system, space group Orthorhombic, Pnnm
Temperature (K) 293
a, b, c (Å) 16.746 (8), 9.877 (3), 6.4492 (10)
V (Å3) 1066.6 (6)
Z 4
Radiation type Mo K�
� (mm�1) 9.68
Crystal size (mm) 0.34 � 0.15 � 0.09

Data collection
Diffractometer Agilent Xcalibur Sapphire3
Absorption correction Gaussian (CrysAlis PRO; Agilent,

2012)
Tmin, Tmax 0.096, 0.522
No. of measured, independent and

observed [I > 2�(I)] reflections
19493, 1679, 1653

Rint 0.039
(sin �/�)max (Å�1) 0.703

Refinement
R[F 2 > 2�(F 2)], wR(F 2), S 0.024, 0.054, 1.16
No. of reflections 1679
No. of parameters 110
��max, ��min (e Å�3) 1.31, �1.45

Computer programs: CrysAlis PRO (Agilent, 2012), SHELXT (Sheldrick, 2015a),
SHELXL2016 (Sheldrick, 2015b) and DIAMOND (Brandenburg, 2006).



The sample was a pressed pellet of about 5 mg composed of

small single crystals.

To gain a microscopic understanding of RbMn4(PO4)3, first-

principles density functional theory (DFT) calculations (Kohn

& Sham, 1965) within the generalized gradient approximation

(GGA; Perdew et al., 1996) for the exchange correlation

functional were carried out, using a plane–wave basis, as

implemented within the Vienna Ab initio Simulation Package

VASP (Kresse & Furthmuller, 1996), together with muffin-tin

orbital (MTO)-based Nth order NMTO (Andersen & Saha-

Dasgupta, 2000) and linear muffin-tin orbital LMTO

(Andersen & Jepsen, 1984) calculations implemented in the

Stuttgart code.

3. Results and discussion

3.1. Crystal structure

The crystal structure of the title compound (Fig. 2) contains

three independent Mn-centred oxygen polyhedra, three PO4

tetrahedra and one Rb atom. There are three variants of the

Mn coordination in the structure. The Mn1 atom in a special

position in the m plane is surrounded by O atoms, forming a

five-vertex polyhedron, which resembles a trigonal pyramid,

with three Mn1—O distances in the range 2.0704 (17)–

2.115 (3) Å and two Mn1—O distances of 2.172 (3) and

2.226 (2) Å. Each of the Mn2 and Mn3 atoms has six nearest O

atoms in their first coordination spheres, but these octahedra

are characterized by diverse types of distortion. Thus, an Mn2-

centred polyhedron with Ch symmetry is formed by two pairs

of O atoms at 2.1686 (17) and 2.431 (2) Å. Two additional

oxygen ligands are at 2.029 (3) and 2.229 (2) Å from the Mn2

position. Five Mn3—O bond lengths vary from 2.1163 (15) to

2.2269 (16) Å, while the sixth bond in the strongly distorted

octahedron is 2.538 (2) Å (Table 2).

The unit of the structure also includes three P-atom sites in

special 4g positions with a tetrahedral environment of O

atoms. The P—O bond lengths in the distorted P2-centred

tetrahedron are between 1.510 (3) and 1.5445 (18) Å. Two

shortened P—O distances of 1.5241 (17) Å, one of 1.542 (2) Å

and one increased distance of 1.570 (2) Å characterize the

P1O4 tetrahedron. The most distorted tetrahedron is P3O4,

with two P—O bond lengths of 1.5137 (17) Å and two signif-

icantly longer P—O bonds of 1.557 (2) and 1.584 (2) Å. The

patterns of the polyhedral distortion are consistent with the

bond-valence-sum calculations (Table 3).

The Rb+ ions that also occupy the special 4g position are

surrounded by six O atoms, with Rb—O distances in the range

2.852 (2)–2.975 (2) Å and two longer distances of 3.2800 (7) Å

(Table 2).

Table 2
Selected geometric parameters (Å, �).

Rb—O8i 2.852 (2) Mn2—P2viii 2.9186 (12)
Rb—O8ii 2.852 (2) Mn3—O4x 2.1163 (16)
Rb—O7iii 2.8850 (18) Mn3—O2xi 2.1236 (16)
Rb—O6iii 2.975 (2) Mn3—O8 2.1353 (19)
Rb—O5i 3.2800 (7) Mn3—O3 2.1824 (15)
Rb—O5iv 3.2800 (7) Mn3—O1 2.2269 (16)
Mn1—O7v 2.0704 (17) P1—O6 1.5241 (17)
Mn1—O7vi 2.0704 (17) P1—O4 1.542 (2)
Mn1—O9 2.115 (3) P1—O3 1.570 (2)
Mn1—O9vii 2.172 (3) P2—O5 1.510 (3)
Mn1—O3 2.226 (2) P2—O9 1.536 (3)
Mn2—O5vii 2.029 (3) P2—O8 1.5445 (18)
Mn2—O6vi 2.1687 (17) P3—O7 1.5137 (17)
Mn2—O1viii 2.229 (2) P3—O2 1.557 (2)
Mn2—O8viii 2.431 (2) P3—O1 1.584 (2)
Mn2—O8ix 2.431 (2)

Mn3iii—O1—Mn3 93.93 (9) Mn3—O3—Mn1 118.85 (7)
Mn3—O1—Mn2xii 96.16 (7) Mn3v—O4—Mn3vi 97.98 (10)
Mn3xiii—O2—Mn3xiv 97.52 (10) Mn3—O8—Mn2xii 92.87 (7)
Mn3—O3—Mn3iii 96.46 (9) Mn1—O9—Mn1vii 101.27 (10)

Symmetry codes: (i) xþ 1
2;�yþ 1

2;�zþ 1
2; (ii) xþ 1

2;�yþ 1
2; z� 1

2; (iii) x; y;�z; (iv)
xþ 1

2;�yþ 1
2;�z� 1

2; (v) �xþ 1
2; yþ 1

2;�zþ 1
2; (vi) �xþ 1

2; yþ 1
2; z� 1

2; (vii) �x,
�yþ 1;�z; (viii) x; yþ 1; z; (ix) x; y þ 1;�z; (x) �xþ 1

2; y� 1
2; zþ 1

2; (xi)
�xþ 1

2; yþ 1
2; zþ 1

2; (xii) x; y� 1; z; (xiii) �xþ 1
2; y� 1

2; z� 1
2; (xiv) �xþ 1

2; y� 1
2,

�zþ 1
2.

Figure 2
The basic structural units with the atom-labelling scheme. Displacement
ellipsoids are presented at the 90% probability level. [Symmetry codes:
(xv) �x, �y + 1, z; (xvi) �x, �y, z; additional codes are given in the
footnote of Table 2.]

Table 3
Bond-valence data for RbMn4(PO4)3.

The symbols ‘#�2’ and ‘�2!’ indicate a multiplication of the corresponding
contribution in the columns or rows due to symmetry.

Rb Mn1 Mn2 Mn3 P1 P2 P3 �

O1 0.305 0.307�2! 1.087 2.01
O2 0.404�2! 1.170 1.98
O3 0.308 0.347�2! 1.129 2.13
O4 0.414�2! 1.218 2.05
O5 0.056�2# 0.524 1.328 1.96
O6 0.115�2# 0.359�2# 0.132 1.279�2# 1.89
O7 0.143�2# 0.469�2# 1.314�2# 1.93
O8 0.154�2# 0.177�2# 0.394 1.208�2# 1.93
O9 0.415, 0.356 1.238 2.01
� 0.94 2.02 1.90 2.00 4.91 4.98 4.89



Columns of Mn3O6 octahedra sharing edges are extended

along the c axis of the unit cell. Along the b axis, neighbouring

columns are linked through Mn2-centred octahedra; each

Mn2O6 polyhedron shares two edges with two Mn3O6 octa-

hedra (Fig. 3a) with the formation of distorted Kagomé-like

layers parallel to the yz plane (Fig. 3b). Along the a axis, these

layers are coupled through dimers of Mn1O5 bipyramids

sharing edges to form a three-dimensional framework. The

PO4 tetrahedra strengthen the framework; they share edges

and vertices with Mn-centred polyhedra. The large Rb+ ions

are located in the framework channels parallel to the [010]

direction (Fig. 3c).

3.2. Crystal chemistry of the morphotropic series AM4(TO4)3

The morphotropic series of compounds AM4(TO4)3, where

A = Na, K, NH4 or Rb and M = Mn, Fe, Co, Ni or Mg, contains

12 phosphates (T = P) and one arsenate (T = As) (Table 4).

The majority of the phases in this sequence have ortho-

rhombic symmetry, their crystal structures obey the space

group Pmnn (D2h
12), being isotypic with the title compound.

Obviously, all three unit-cell parameters (a, b and c) and

volumes are larger in the arsenate RbMn4(AsO4)3 compared

to the phosphate RbMn4(PO4)3, due to a significant enlarge-

ment of the TO4 tetrahedra. The data in Table 4 demonstrate

the correlation between the ionic radius of transition metal M

and the unit-cell parameters and volumes. For example, the

unit-cell dimensions decrease in the KFe4(PO4)3 !

KCo4(PO4)3! KNi4(PO4)3 series, as expected.

Two members of the morphotropic series AM4(PO4)3,

namely KMn4(PO4)3 and NaMg4(PO4)3, adopt the space

group Pmcn (D2h
16). In spite of a notable difference in the

ionic radii of K+ and Na+ on the one hand, and of Mn2+ and

Mg2+ on the other, these phases are isotypic. The pairs of

atoms K/Mn and Na/Mg in association with complex anions

often form the same type of crystal structures. A similar case

of the isotypic trivanadates KMn2V3O10 and NaMg2V3O10 has

been described recently (Yakubovich et al., 2018).

One can see from Table 4 that all the AM4(TO4)3

compounds, which crystallize with orthorhombic symmetry in

the Pmnn or Pmcn space group, have comparable unit-cell

dimensions. This similarity reflects a resemblance of their

crystal structures. In both cases, the unit cell includes three

symmetrically independent M2+, three T 5+ and one A+ cation,

together with nine O atoms. The main difference between the

two structure types stems from the distinct coordination of the

M2+ ions, which are surrounded by five O atoms in the Pmcn

structure, whereas they form two independent MO6 octahedra

and one five-vertex polyhedron in the Pmnn structure. As has

been shown (Yakubovich et al., 1986), both structural varieties

exhibit strong pseudosymmetry in the distribution of the

atoms, which is marked by a pseudotranslation of the C-

centred Bravais lattice. Two of the manganese phosphates that

participate in the morphotropic series of compounds under

discussion, i.e. the Rb and NH4 members, are characterized by

Pmnn symmetry, while KMn4(PO4)3 belongs to Pmcn

(Table 4). Adding a C-lattice shift to any of the above-

mentioned space groups leads to the same supergroup of

symmetry Cmcm (D2h
17). Both structure types comply with the

Cmcm space group, the only difference is that the origin of the

RbMn4(PO4)3 and NH4Mn4(PO4)3 unit cells coincides with

the standard origin of the Cmcm space group, while the origin

of the KMn4(PO4)3 crystal structure is moved to the 1
4,

1
4,0

symmetry centre.

Table 4
Crystal data for the morphotropic AM4(TO4)3 series of compounds (A = Rb, K, NH4 or Na; M = Mn, Fe, Co, Ni or Mg; T = P or As).

Unit-cell parameters correspond to nonstandard settings of the space groups D2h
12 and D2h

16. The space groups were converted in order to make the comparison of
the structures easier.

Compound Unit-cell parameters RM (Å) RA (Å) Radius ratio Reference
a, b, c (Å); V (Å3) RM/RA

Space group Pmnn (D2h
12)

1 RbMn4(AsO4)3
* 6.552, 17.408, 10.109; 1153.0 0.80 1.47 0.54 MacKay et al. (1996)

2 RbMn4(PO4)3
** 6.449, 16.746, 9.877; 1066.7 0.54 This work

3 NH4Mn4(PO4)3 6.464, 16.745, 9.886; 1070.1 1.40 0.57 Neeraj et al. (2002)
4 NH4Fe4(PO4)3 6.301, 16.622, 9.800; 1026.4 0.74 0.53 Sugiyama et al. (2009)
5 KFe4(PO4)3 6.273, 16.513, 9.808; 1016.0 1.33 0.56 Matvienko et al. (1981)
6 KCo4(PO4)3

*** 6.166,16.482, 9.629; 978.6 0.72 0.54 López et al. (2008)
7 RbNi4(PO4)3 6.185, 16.346, 9.484; 958.8 0.69 1.47 0.47 Im et al. (2014)
8 KNi4(PO4)3

** 6.155, 16.238, 9.491; 948.6 1.33 0.52 Im et al. (2014)
9 KMg4(PO4)3 6.171, 16.361, 9.562; 965.4 0.66 0.50 Tomaszewski et al. (2005)

Space group Pmcn (D2h
16)

10 KMn4(PO4)3 6.550, 16.028, 9.977; 1047.4 0.80 1.33 0.60 Yakubovich et al. (1986)
11 NaMg4(PO4)3 6.345, 15.240, 9.883; 955.7 0.66 0.97 0.68 Ben Amara et al. (1983)

Space group Cmcm (D2h
17)

12 NaNi4(PO4)3 6.357, 14.842, 9.892; 933.3 0.69 0.97 0.71 Anderson et al. (1985)

Space group P1121/n (C2h
5)

13 NaCo4(PO4)3 6.339, 15.301, 9.867; 956.8, 	 = 91.05� 0.72 0.97 0.74 Baies et al. (2006)

Notes: (*) T = 150 K; (**) also studied using powder diffraction; (***) powder data.



It has been conjectured (Yakubovich et al., 1986) that a

hypothetical AM4(TO4)3 crystal structure with Cmcm

symmetry may exist; we can confirm this statement

now by referring to the NaNi4(PO4)3 compound

(Anderson et al., 1985). An interconnection between

three orthorhombic structural modifications within

the AM4(TO4)3 morphotropic series is easily seen.

Thus, eight M1 (Ni2) atoms in the 8g Wyckoff site

with m symmetry in the Cmcm space group corre-

spond to eight M atoms in the 8h general position

(Mn3) of the Pmnn space group, or to eight M atoms

in the 8d general position (Mn1) of the Pmcn space

group. Similarly, eight M2 (Ni1) atoms in the special

8f site become divided into two special 4g positions

(Mn1 and Mn2) of the Pmnn space group, related by

the pseudo-plane c. In the Pmcn space group, two

analogous atoms (Mn2 and Mn3) in 4c sites are

linked by the pseudo-plane n (Table 5). Similar inter-

connections occur for other cations, for example, the

symmetry elements inherent in the Cmcm space group

become pseudo-elements in the primitive space groups Pmnn

and Pmcn. Thus, real n planes parallel to the [100] direction in

the RbMn4(PO4)3 structure alternate along [001] with the

pseudo-planes c. Alternatively, in the KMn4(PO4)3 crystal

structure, pseudo-planes n alternate in the same direction with

real c planes. Let us emphasize that the Cmcm space group

presents a supergroup for both primitive Pmnn and Pmcn

space groups.

An analysis of the data in Table 4 shows that the isotypism

limits of the crystal structures within the AM4(TO4)3

morphotropic series are controlled by the ratio of the radii of

the M2+ and A+ ions. The change in the structure type in the

framework of the orthorhombic compounds from the Pmnn to

the Pmcn space group occurs at an RM/RA ratio between 0.57

and 0.60, while for the structure with the Cmcm space group,

the corresponding ratio of the ionic radii should be greater

than 0.68. Based on the statistics revealed, one may definitely

conclude that the Pmnn space group is the most favourable for

the AM4(PO4)3 compounds (A = Na, K, NH4 or Rb; M = Mn,

Fe, Co, Ni or Mg). Note that the unique (at the moment)

NaNi4(PO4)3 phase with orthorhombic symmetry and a C-

centred Bravais lattice has a defect crystal structure, where

one P and one O atom are statistically distributed, each among

two sites, with prohibitively short P� � �P and O� � �O distances.

This means that the compound obtained by the flux method at

1373 K is less stable compared to the others in the series.

Another high-temperature phosphate obtained by solid-state

reaction at 1173 K, i.e. NaCo4(PO4)3, with similar unit-cell

parameters, volume and crystal structure, is monoclinic. It is

characterized by statistical disorder in the distribution of the

alkaline Na+ ions and their mobility along the tunnels (Baies et

al., 2006).

3.3. Thermodynamic properties

At elevated temperatures, the magnetic susceptibility �dc of

RbMn4(PO4)3 follows the Curie–Weiss law

� ¼ C=ðT ��Þ; ð1Þ

Table 5
Distribution of cations among the positions in four types of AM4(TO4)3 crystal
structures.

Space group Compound Characteristics Positions of cations

Cmcm NaNi4(PO4)3 Cation Ni1 Ni2 P1 P2 Na
Wyckoff site 8f 8g 8f 4c 4c
Site symmetry m m m mm mm

Pmnn RbMn4(PO4)3 Cation Mn1 Mn2 Mn3 P1 P2 P3 Rb
Wyckoff site 4g 4g 8h 4g 4g 4g 4g
Site symmetry m m 1 m m m m

Pmcn KMn4(PO4)3 Cation Mn1 Mn2 Mn3 P1 P2 P3 K
Wyckoff site 4c 4c 8d 4c 4c 4c 4c
Site symmetry m m 1 m m m m

P1121/n NaCo4(PO4)3 Cation Co1 Co2 Co3 Co4 P1 P2 P3 Na1 Na2
Wyckoff site 4e 4e 4e 4e 4e 4e 4e 4e 4e
Site symmetry 1 1 1 1 1 1 1 1 1

Figure 3
(a) The RbMn4(PO4)3 crystal structure displayed in a yz projection.
Columns of Mn3-centred octahedra sharing edges are parallel to the c
axis of the unit cell. (b) Perspective view along the [001] direction. (c) An
xz projection, showing large Rb+ ions displaced in open channels along
the direction parallel to the b axis.



with a Curie constant C = 15.9 emu mol�1 K and a Weiss

temperature � = �33 K. These values correspond to the

presence of four Mn2+ ions with a g factor of approximately 2

and spin S = 5/2 in the formula unit, and evidence the

predominance of antiferromagnetic exchange interactions.

Shown in Fig. 4(a), the downward deviation of the experi-

mental data from the extrapolation of the Curie–Weiss law

may indicate the reduced dimensionality of the magnetic

subsystem. The broad correlation-type maximum in the �(T)

curve inherent for low-dimensional spin systems is reached at

TM � 12 K. The compound orders into a canted anti-

ferromagnetic state at TN = 3.1 K. The transition is marked by

a sharp increase of the dc-susceptibility � and by a Hopkinson

maximum in the real part of the ac-susceptibility �0. The

appearance of a final imaginary part of the ac-susceptibility �00

could be associated with losses due to the motion of the

domains wall, as shown in the inset in Fig. 4(a).

At T > TN, the field dependence of magnetization, M(B), is

linear. The presence of a weak noncompensated moment is

evident in the M(B) curve taken at T < TN (see the inset in

Fig. 4b). The origin of the noncompensated moment in the

magnetically ordered state of RbMn4(PO4)3 is most probably

the Dzyaloshiskii–Moriya interaction, which is consistent with

the crystal structure motifs. The measurements of M(B)

dependence in a pulsed magnetic field are shown in Fig. 4(b).

The extrapolation of this dependence to the saturation value

MS of about 20 mB allows an estimation of the saturation field

BS as �40 T.

Specific heat measurements for RbMn4(PO4)3 are shown in

Fig. 4(c). The position of the broad maximum in the specific

heat Cp is close to the position of a correlation-type anomaly

in magnetization at TM. There is no clear anomaly at TN since

the magnetic entropy releases well above the ordering tem-

perature. The deviation from the polynomial inherent for

purely phonon contributions is evident at T >> TN, in accor-

dance with the high frustration ratio in RbMn4(PO4)3.

The basic parameters of the magnetic subsystem in

RbMn4(PO4)3 can be estimated using the values of the

exchange interaction parameters. Thus, Weiss temperature

�calc ¼ �
SðSþ 1Þ

3

X

i

ziJi; ð2Þ

where zi is the multiplicity of the ith exchange interaction Ji.

3.4. Electronic structure

For LMTO self-consistent electronic structure calculations,

the basis set consisted of Rb s, Mn spd, P sp and O sp orbitals.

Eighteen different classes of empty spheres were used to fill

the space of the system. Self-consistency was achieved using 16

k-points in the irreducible Brillouin zone. The NMTO method,

which relies on the self-consistent potential generated by the

LMTO method, has been used for deriving the low-energy

Hamiltonian defined in the basis of effective Mn-d Wannier

functions by integrating out the degrees of freedom related to

P, O and Rb. The real-space representation of the low-energy

Hamiltonian provides information on the crystal field splitting

at inequivalent Mn sites, as well as effective hopping inter-

actions between two Mn sites. Energetically accurate plane–

wave basis set calculations have been employed to calculate

the total energy of different spin configurations in order to

derive the magnetic exchanges from the total-energy method.

For the self-consistent field calculations in the plane–wave

basis, an energy cutoff of 450 eV and a 4 � 4 � 4 Monkhorst–

Pack k-points mesh were found to provide a good conver-

Figure 4
(a) The temperature dependence of dc-susceptibility � in RbMn4(PO4)3.
The dashed line represents the Curie–Weiss fit taken in the range 100–
300 K. The inset represents the temperature dependences of real �0 and
imaginary �0 0 parts of ac-susceptibility. (b) The field dependence of
magnetization M taken in a pulsed magnetic field at 2 K (line) and
calibrated in a static magnetic field (symbols). The inset represents
magnetization curves taken both above (4 K) and below (2 K) the Neel
temperature. (c) The temperature dependence of specific heat Cp.



gence of the total energy (E = 10�5 eV). The consistency

between the calculations in the MTO and plane–wave basis

sets has been checked in terms of band structure, density of

states (DOS) and magnetic moments, etc. The exchange

correlation functional for the self-consistent calculations was

chosen to be that of GGA implemented following the

Perdew–Burke–Ernzerhof prescription. In the total-energy

calculations, the missing correlation energy at the Mn site

beyond the GGA calculation with supplemented Hubbard

energy GGA+U (Sandvik, 1999) was performed for U = 4 eV

and JH = 0.8 eV. We considered a 1� 2� 2 supercell and a 4�

4 � 4 Monkhorst–Pack k-point mesh for the total-energy

calculations of various different spin configurations.

Nonspin-polarized self-consistent calculations were carried

out for RbMn4(PO4)3. The electronic DOS obtained within

GGA of the exchange correlation is shown in Fig. 5(a).

According to the plot, the states close to the Fermi level are

predominantly of Mn-d character, with an admixture of O-p

character due to finite Mn—O covalency. We thus conclude

that the Mn-d state at the Fermi level is primarily responsible

for the electronic and magnetic behaviour of the compound.

The corresponding spin-polarized DOS, obtained in a self-

consistent spin-polarized DFT calculation, projected onto the

Mn-d, O-p, P-d and Rb-s states, is shown in Fig. 5(b). We

found that the Mn-d state is completely filled in the majority

spin channel and completely empty in the minority channel,

suggesting the nominal Mn+2 or d5 valence state of Mn, while

the O-p state is found to be mostly occupied suggesting the

nominal O�2 valence states. The O-p state shows finite

nonzero hybridization with the Mn-d state close to the Fermi

energy, which contributes to the superexchange path of the

magnetic interaction between two Mn sites. The oxidation

state of the Rb and P ions are +1 and +5, respectively. The

calculated magnetic moment at the Mn site is found to be

4.63 mB, with the rest of the moment sitting at a neighbouring

O-atom site, with a total magnetic moment of 20 mB per

formula unit.

3.5. Magnetic interactions

In order to estimate the various Mn—Mn magnetic

exchange interactions, as well as the crystal field splitting of

the different d-orbitals of Mn present in the compound, an

NMTO-based downfolding technique was applied to construct

an Mn-d-only Wannier function by downfolding all the

degrees of freedom associated with O, P and Rb, keeping

Figure 6
Interaction pathways for the dominant magnetic exchange interactions J1–J8 in RbMn4(PO4)3.

Figure 5
(a) Electronic density of states (DOS) of RbMn4(PO4)3 calculated using density functional theory (DFT). The energy axis is plotted with respect to the
Fermi energy. (b) The spin-polarized DOS of RbMn4(PO4)3. The up channel of Mn-d is completely filled, while the down channel of Mn-d is completely
empty.



active only the Mn-d degrees of freedom. This procedure

provides a renormalization of the Mn-d orbital due to hybri-

dization from the O-p, P-d and Rb-s orbitals. The effective

Mn—Mn hopping interactions were obtained from the real-

space representation of the Hamiltonian in the effective Mn-d

Wannier function basis. The strengths of the hopping inter-

actions provide information on the dominant Mn—Mn

magnetic interactions. In principle, the magnetic interactions

can be calculated from a knowledge of the hopping inter-

actions and the crystal field splitting, together with a choice of

Hubbard U parameter in the superexchange formula. This

procedure, however, only accounts for the antiferromagnetic

contributions. Thus, to obtain a more reliable estimate of the

magnetic exchanges, we performed a total-energy calculation

of the different spin configurations in the GGA+U scheme

and extracted the dominant magnetic exchanges by mapping

the DFT energies to that of the Heisenberg model. The paths

for the dominant magnetic interactions of RbMn4(PO4)3 are

shown in Fig. 6. The calculated values of the magnetic

exchanges are listed in Table 6. A specific feature of this

compound is not only the intralayer frustration inherent for

kagomé-type systems but the frustration of interlayer inter-

actions as well.

3.6. Discussion

Some investigated manganese members of the morpho-

tropic AM4(PO4)3 series demonstrate a complex behaviour

due to the co-existence of ferromagnetic and antiferro-

magnetic interactions in their magnetic structures. The specific

feature of our compound is the high value of the frustration

parameter, i.e. |�|/TN � 10, while the other manganese

members are characterized by modest values of the |�|/TN

ratio, namely 2, 4 and 6 for KMn4(PO4)3, NH4Mn4(PO4)3 and

RbMn4(AsO4)3, respectively.

The high ratio of the Weiss and Neel temperatures in

RbMn4(PO4)3, |�|/TN > 10, suggests that this compound

represents the best realization of a frustrated kagomé network

among the numerous members of the morphotrophic series

AM4(TO4)3 (Daidouh, Pico & Veiga, 1999; López et al., 2004,

2008; Neeraj et al., 2002; MacKay et al., 1996). This assumption,

however, contradicts the significant spread of exchange

interaction parameters within kagomé layers, e.g. J6 is a few

times smaller than J1, J2 and J4. The calculation of the Weiss

temperature for the Mn3 atoms within the kagomé model in

accordance with equation (2) results in an unrealistically large

value of �kagomé � �53 K.

The deviation from an idealized kagomé pattern allows the

consideration of an alternative concept of magnetism in

RbMn4(PO4)3. Taking into account the leading interactions

only, one can construct the chain model with alternating

ferromagnetic and antiferromagnetic couplings. The origin of

the ferromagnetic arrangement of neighbouring spins within

the chain of Mn3 atoms is quite peculiar. This arrangement

stems from the competition of the J2 interaction with the J4

and J5 interactions (Fig. 6). According to the chain model,

exchange interaction J1 alternates with an effective exchange

interaction J0 = J1 � J4 � J5. The calculation of the Weiss

temperature for the Mn3 atoms results in �chain � �37 K,

which basically agrees with the experimental observations.

The frustration of the exchange interactions in RbMn4(PO4)3

may cause a noncollinear arrangement of the Mn2+ magnetic

moments. Evidently, the model of the ground state needs to be

checked via neutron scattering measurements.

4. Conclusion

The crystal structure refinement of RbMn4(PO4)3 defines its

place within the morphotropic series of similar compounds.

The distinct feature of rubidium tetramanganese phosphate is

the kagomé-type arrangement of the Mn2 and Mn3 ions, the

layers being coupled through dimers of Mn1 ions. The very

high value of the |�|/TN ratio distinguishes this compound

from its structural counterparts. The reduction of the magnetic

ordering temperature can be explained by the reduced

dimensionality of the magnetic subsystem. The basic magnetic

properties of RbMn4(PO4)3 appear to be consistent with the

chain model characterized by alternating ferromagnetic and

antiferromagnetic exchange interactions. The low-tempera-

ture phase of the title compound possesses finite magnetiza-

tion. This property cannot be ascribed to single-ion anisotropy

effects since these are negligible for Mn2+ (d5) ions. The source

of the net magnetization could be the Dzyaloshinskii–Moriya

interaction, which is compatible with the crystal structure. The

modest value of the magnetization saturation field in RbMn4-

(PO4)3 opens the way for further investigation.
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Hanuza, J. (2005). Solid State Sci. 7, 1201–1208.
Yakubovich, O. V., Evdokimova, O. A., Mel’nikov, O. K. & Simonov,

M. A. (1986). Sov. Phys. Crystallogr. 31, 151–154.
Yakubovich, O., Shvanskaya, L., Pchelkina, Z., Dimitrova, O.,

Volkov, A., Volkova, O. & Vasiliev, A. (2018). Acta Cryst. B74,
97–103.

http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB1
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB1
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB2
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB3
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB3
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB4
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB4
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB5
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB5
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB6
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB6
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB8
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB9
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB9
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB11
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB13
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB13
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB15
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB16
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB16
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB19
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB19
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB20
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB20
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB23
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB24
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB25
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB26
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB26
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB27
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB27
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB28
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB28
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB29
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB29
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=lf3074&bbid=BB29


supporting information

supporting information

Canted antiferromagnet superimposed on a buckled kagomé network in 

RbMn4(PO4)3

Olga Yakubovich, Galina Kiriukhina, Larisa Shvanskaya, Olga Maximova, Anatoliy Volkov, Olga 
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Computing details 

Data collection: CrysAlis PRO (Agilent, 2012); cell refinement: CrysAlis PRO (Agilent, 2012); data reduction: CrysAlis 

PRO (Agilent, 2012); program(s) used to solve structure: SHELXT (Sheldrick, 2015a); program(s) used to refine 

structure: SHELXL2016 (Sheldrick, 2015b); molecular graphics: DIAMOND (Brandenburg, 2006); software used to 

prepare material for publication: SHELXL2016 (Sheldrick, 2015b).

Rubidium tetramanganese orthophosphate 

Crystal data 

RbMn4(PO3)4

Mr = 590.13
Orthorhombic, Pnnm
a = 16.746 (8) Å
b = 9.877 (3) Å
c = 6.4492 (10) Å
V = 1066.6 (6) Å3

Z = 4
F(000) = 1112

Dx = 3.675 Mg m−3

Mo Kα radiation, λ = 0.71073 Å
Cell parameters from 9905 reflections
θ = 3.2–32.5°
µ = 9.68 mm−1

T = 293 K
Prism, colorless
0.34 × 0.15 × 0.09 mm

Data collection 

Agilent Xcalibur Sapphire3 
diffractometer

Radiation source: Enhance (Mo) X-ray Source
Detector resolution: 16.0630 pixels mm-1

ω scans
Absorption correction: gaussian 

(CrysAlis PRO; Agilent, 2012)
Tmin = 0.096, Tmax = 0.522

19493 measured reflections
1679 independent reflections
1653 reflections with I > 2σ(I)
Rint = 0.039
θmax = 30.0°, θmin = 3.2°
h = −23→23
k = −13→13
l = −9→9

Refinement 

Refinement on F2

Least-squares matrix: full
R[F2 > 2σ(F2)] = 0.024
wR(F2) = 0.054
S = 1.16
1679 reflections
110 parameters

0 restraints
Primary atom site location: structure-invariant 

direct methods
Secondary atom site location: difference Fourier 

map
w = 1/[σ2(Fo

2) + (0.019P)2 + 2.4P] 
where P = (Fo

2 + 2Fc
2)/3
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(Δ/σ)max < 0.001
Δρmax = 1.31 e Å−3

Δρmin = −1.45 e Å−3

Extinction correction: SHELXL2016 
(Sheldrick, 2015b), 
Fc*=kFc[1+0.001xFc2λ3/sin(2θ)]-1/4

Extinction coefficient: 0.0150 (4)

Special details 

Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance 
matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; 
correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate 
(isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) 

x y z Uiso*/Ueq

Rb 0.46839 (2) 0.29491 (4) 0.000000 0.02093 (11)
Mn1 0.09562 (3) 0.54336 (5) 0.000000 0.00788 (11)
Mn2 0.14050 (3) 0.97640 (5) 0.000000 0.00848 (11)
Mn3 0.20370 (2) 0.24846 (3) 0.25238 (6) 0.00975 (10)
P1 0.28193 (5) 0.45764 (8) 0.000000 0.00602 (15)
P2 0.03713 (5) 0.21432 (8) 0.000000 0.00721 (16)
P3 0.33131 (5) 0.04178 (8) 0.000000 0.00614 (15)
O1 0.24652 (13) 0.1128 (2) 0.000000 0.0088 (4)
O2 0.31545 (15) −0.1136 (2) 0.000000 0.0112 (5)
O3 0.19573 (13) 0.3950 (2) 0.000000 0.0086 (4)
O4 0.27374 (15) 0.6132 (2) 0.000000 0.0105 (4)
O5 −0.04417 (14) 0.1482 (3) 0.000000 0.0163 (5)
O6 0.32168 (10) 0.40572 (17) 0.1972 (3) 0.0123 (3)
O7 0.37533 (10) 0.08437 (17) 0.1943 (3) 0.0121 (3)
O8 0.08752 (10) 0.16968 (19) 0.1886 (3) 0.0151 (4)
O9 0.02312 (14) 0.3680 (2) 0.000000 0.0150 (5)

Atomic displacement parameters (Å2) 

U11 U22 U33 U12 U13 U23

Rb 0.01467 (17) 0.0315 (2) 0.01658 (18) −0.00685 (14) 0.000 0.000
Mn1 0.0069 (2) 0.0092 (2) 0.0075 (2) 0.00049 (16) 0.000 0.000
Mn2 0.0073 (2) 0.0086 (2) 0.0096 (2) −0.00197 (16) 0.000 0.000
Mn3 0.01430 (18) 0.00802 (16) 0.00694 (16) 0.00027 (12) −0.00095 (12) 0.00030 (12)
P1 0.0067 (3) 0.0053 (3) 0.0061 (3) −0.0007 (3) 0.000 0.000
P2 0.0047 (3) 0.0064 (3) 0.0105 (4) −0.0003 (3) 0.000 0.000
P3 0.0065 (3) 0.0061 (3) 0.0058 (3) 0.0000 (3) 0.000 0.000
O1 0.0077 (10) 0.0077 (10) 0.0110 (10) 0.0033 (8) 0.000 0.000
O2 0.0196 (12) 0.0047 (10) 0.0093 (11) −0.0003 (9) 0.000 0.000
O3 0.0068 (10) 0.0063 (10) 0.0127 (11) −0.0006 (8) 0.000 0.000
O4 0.0166 (11) 0.0063 (10) 0.0085 (10) −0.0022 (8) 0.000 0.000
O5 0.0079 (11) 0.0150 (12) 0.0261 (14) −0.0064 (9) 0.000 0.000
O6 0.0144 (8) 0.0139 (8) 0.0087 (7) 0.0026 (6) −0.0034 (6) −0.0002 (6)
O7 0.0139 (8) 0.0139 (8) 0.0083 (7) −0.0038 (6) −0.0033 (6) 0.0004 (6)
O8 0.0102 (8) 0.0206 (9) 0.0145 (8) −0.0001 (6) −0.0024 (6) 0.0068 (7)
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O9 0.0087 (11) 0.0075 (10) 0.0288 (14) 0.0009 (8) 0.000 0.000

Geometric parameters (Å, º) 

Rb—O8i 2.852 (2) Mn2—O8ix 2.431 (2)
Rb—O8ii 2.852 (2) Mn2—P2viii 2.9186 (12)
Rb—O7iii 2.8850 (18) Mn3—O4x 2.1163 (16)
Rb—O7 2.8850 (18) Mn3—O2xi 2.1236 (16)
Rb—O6iii 2.975 (2) Mn3—O8 2.1353 (19)
Rb—O6 2.975 (2) Mn3—O3 2.1824 (15)
Rb—O5i 3.2800 (7) Mn3—O1 2.2269 (16)
Rb—O5iv 3.2800 (7) Mn3—P1 2.9383 (9)
Rb—P3 3.3940 (13) Mn3—Mn3xii 3.1938 (9)
Rb—P2i 3.4251 (6) P1—O6iii 1.5241 (17)
Rb—P2iv 3.4251 (6) P1—O6 1.5241 (17)
Rb—P1 3.5117 (16) P1—O4 1.542 (2)
Mn1—O7v 2.0704 (17) P1—O3 1.570 (2)
Mn1—O7vi 2.0704 (17) P2—O5 1.510 (3)
Mn1—O9 2.115 (3) P2—O9 1.536 (3)
Mn1—O9vii 2.172 (3) P2—O8iii 1.5445 (18)
Mn1—O3 2.226 (2) P2—O8 1.5445 (18)
Mn2—O5vii 2.029 (3) P3—O7 1.5137 (17)
Mn2—O6vi 2.1687 (17) P3—O7iii 1.5137 (17)
Mn2—O6v 2.1687 (17) P3—O2 1.557 (2)
Mn2—O1viii 2.229 (2) P3—O1 1.584 (2)
Mn2—O8viii 2.431 (2)

O8i—Rb—O8ii 89.52 (8) P2viii—Mn2—Rbxi 95.04 (2)
O8i—Rb—O7iii 140.54 (5) Rbvi—Mn2—Rbxi 103.18 (2)
O8ii—Rb—O7iii 99.22 (5) O4x—Mn3—O2xi 82.22 (7)
O8i—Rb—O7 99.22 (5) O4x—Mn3—O8 94.47 (8)
O8ii—Rb—O7 140.54 (5) O2xi—Mn3—O8 103.96 (9)
O7iii—Rb—O7 51.50 (7) O4x—Mn3—O3 173.01 (9)
O8i—Rb—O6iii 146.46 (5) O2xi—Mn3—O3 97.24 (7)
O8ii—Rb—O6iii 103.39 (5) O8—Mn3—O3 92.42 (8)
O7iii—Rb—O6iii 68.50 (5) O4x—Mn3—O1 96.55 (7)
O7—Rb—O6iii 90.27 (6) O2xi—Mn3—O1 169.86 (9)
O8i—Rb—O6 103.39 (5) O8—Mn3—O1 86.17 (8)
O8ii—Rb—O6 146.46 (5) O3—Mn3—O1 82.74 (7)
O7iii—Rb—O6 90.28 (6) O4x—Mn3—P1 141.49 (7)
O7—Rb—O6 68.49 (5) O2xi—Mn3—P1 91.87 (6)
O6iii—Rb—O6 50.61 (7) O8—Mn3—P1 123.75 (5)
O8i—Rb—O5i 48.06 (6) O3—Mn3—P1 31.54 (6)
O8ii—Rb—O5i 135.73 (6) O1—Mn3—P1 82.80 (6)
O7iii—Rb—O5i 121.07 (6) O4x—Mn3—Mn3xii 41.01 (5)
O7—Rb—O5i 70.23 (6) O2xi—Mn3—Mn3xii 41.24 (5)
O6iii—Rb—O5i 107.71 (5) O8—Mn3—Mn3xii 101.11 (5)
O6—Rb—O5i 57.57 (5) O3—Mn3—Mn3xii 138.23 (5)



supporting information

O8i—Rb—O5iv 135.73 (6) O1—Mn3—Mn3xii 136.96 (4)
O8ii—Rb—O5iv 48.06 (6) P1—Mn3—Mn3xii 123.639 (13)
O7iii—Rb—O5iv 70.23 (6) O4x—Mn3—Rbxiii 79.59 (7)
O7—Rb—O5iv 121.07 (6) O2xi—Mn3—Rbxiii 69.15 (7)
O6iii—Rb—O5iv 57.57 (5) O8—Mn3—Rbxiii 36.42 (5)
O6—Rb—O5iv 107.71 (5) O3—Mn3—Rbxiii 106.78 (6)
O5i—Rb—O5iv 158.91 (9) O1—Mn3—Rbxiii 120.64 (6)
O8i—Rb—P3 124.29 (4) P1—Mn3—Rbxiii 133.52 (2)
O8ii—Rb—P3 124.29 (4) Mn3xii—Mn3—Rbxiii 68.057 (11)
O7iii—Rb—P3 26.33 (3) O6iii—P1—O6 113.08 (14)
O7—Rb—P3 26.33 (3) O6iii—P1—O4 111.96 (8)
O6iii—Rb—P3 73.29 (4) O6—P1—O4 111.96 (8)
O6—Rb—P3 73.29 (5) O6iii—P1—O3 105.60 (9)
O5i—Rb—P3 94.75 (5) O6—P1—O3 105.60 (9)
O5iv—Rb—P3 94.75 (5) O4—P1—O3 108.09 (13)
O8i—Rb—P2i 26.53 (4) O6iii—P1—Mn3iii 59.73 (7)
O8ii—Rb—P2i 115.54 (5) O6—P1—Mn3iii 114.85 (8)
O7iii—Rb—P2i 124.84 (4) O4—P1—Mn3iii 131.36 (7)
O7—Rb—P2i 75.72 (4) O3—P1—Mn3iii 46.64 (6)
O6iii—Rb—P2i 133.61 (4) O6iii—P1—Mn3 114.85 (8)
O6—Rb—P2i 83.39 (4) O6—P1—Mn3 59.73 (7)
O5i—Rb—P2i 25.92 (4) O4—P1—Mn3 131.36 (7)
O5iv—Rb—P2i 162.11 (5) O3—P1—Mn3 46.63 (6)
P3—Rb—P2i 101.987 (18) Mn3iii—P1—Mn3 67.28 (3)
O8i—Rb—P2iv 115.54 (5) O6iii—P1—Rb 57.16 (7)
O8ii—Rb—P2iv 26.53 (4) O6—P1—Rb 57.16 (7)
O7iii—Rb—P2iv 75.72 (4) O4—P1—Rb 122.33 (10)
O7—Rb—P2iv 124.84 (4) O3—P1—Rb 129.58 (9)
O6iii—Rb—P2iv 83.39 (4) Mn3iii—P1—Rb 94.28 (3)
O6—Rb—P2iv 133.61 (4) Mn3—P1—Rb 94.28 (3)
O5i—Rb—P2iv 162.11 (5) O5—P2—O9 106.85 (14)
O5iv—Rb—P2iv 25.92 (4) O5—P2—O8iii 111.66 (9)
P3—Rb—P2iv 101.987 (18) O9—P2—O8iii 111.44 (9)
P2i—Rb—P2iv 140.59 (3) O5—P2—O8 111.66 (9)
O8i—Rb—P1 124.46 (4) O9—P2—O8 111.44 (9)
O8ii—Rb—P1 124.46 (4) O8iii—P2—O8 103.89 (15)
O7iii—Rb—P1 81.35 (5) O5—P2—Mn2xiv 100.73 (11)
O7—Rb—P1 81.35 (5) O9—P2—Mn2xiv 152.41 (10)
O6iii—Rb—P1 25.49 (3) O8iii—P2—Mn2xiv 56.37 (8)
O6—Rb—P1 25.50 (3) O8—P2—Mn2xiv 56.37 (8)
O5i—Rb—P1 82.21 (4) O5—P2—Rbxv 71.67 (2)
O5iv—Rb—P1 82.21 (4) O9—P2—Rbxv 88.57 (3)
P3—Rb—P1 74.68 (4) O8iii—P2—Rbxv 55.58 (7)
P2i—Rb—P1 108.121 (17) O8—P2—Rbxv 156.54 (8)
P2iv—Rb—P1 108.121 (17) Mn2xiv—P2—Rbxv 100.246 (18)
O7v—Mn1—O7vi 144.40 (10) O5—P2—Rbxiii 71.67 (2)
O7v—Mn1—O9 107.16 (5) O9—P2—Rbxiii 88.57 (3)
O7vi—Mn1—O9 107.16 (5) O8iii—P2—Rbxiii 156.54 (8)
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O7v—Mn1—O9vii 97.83 (5) O8—P2—Rbxiii 55.58 (7)
O7vi—Mn1—O9vii 97.83 (5) Mn2xiv—P2—Rbxiii 100.246 (18)
O9—Mn1—O9vii 78.73 (10) Rbxv—P2—Rbxiii 140.59 (3)
O7v—Mn1—O3 87.24 (5) O7—P3—O7iii 111.79 (14)
O7vi—Mn1—O3 87.24 (5) O7—P3—O2 110.91 (8)
O9—Mn1—O3 83.88 (9) O7iii—P3—O2 110.91 (8)
O9vii—Mn1—O3 162.61 (9) O7—P3—O1 108.28 (9)
O7v—Mn1—Rbxi 38.28 (5) O7iii—P3—O1 108.28 (9)
O7vi—Mn1—Rbxi 132.35 (5) O2—P3—O1 106.46 (13)
O9—Mn1—Rbxi 109.70 (4) O7—P3—Rb 57.72 (7)
O9vii—Mn1—Rbxi 61.91 (3) O7iii—P3—Rb 57.72 (7)
O3—Mn1—Rbxi 125.46 (2) O2—P3—Rb 147.26 (10)
O7v—Mn1—Rbvi 132.35 (5) O1—P3—Rb 106.27 (10)
O7vi—Mn1—Rbvi 38.28 (5) P3—O1—Mn3iii 123.72 (7)
O9—Mn1—Rbvi 109.70 (4) P3—O1—Mn3 123.72 (7)
O9vii—Mn1—Rbvi 61.91 (3) Mn3iii—O1—Mn3 93.93 (9)
O3—Mn1—Rbvi 125.46 (2) P3—O1—Mn2xiv 116.53 (13)
Rbxi—Mn1—Rbvi 100.00 (2) Mn3iii—O1—Mn2xiv 96.16 (7)
O5vii—Mn2—O6vi 92.12 (6) Mn3—O1—Mn2xiv 96.16 (7)
O5vii—Mn2—O6v 92.12 (6) P3—O2—Mn3xvi 131.15 (5)
O6vi—Mn2—O6v 128.47 (10) P3—O2—Mn3xvii 131.15 (5)
O5vii—Mn2—O1viii 179.86 (10) Mn3xvi—O2—Mn3xvii 97.52 (10)
O6vi—Mn2—O1viii 87.82 (5) P1—O3—Mn3 101.83 (9)
O6v—Mn2—O1viii 87.82 (5) P1—O3—Mn3iii 101.82 (8)
O5vii—Mn2—O8viii 100.73 (8) Mn3—O3—Mn3iii 96.46 (9)
O6vi—Mn2—O8viii 144.08 (7) P1—O3—Mn1 115.66 (12)
O6v—Mn2—O8viii 84.77 (6) Mn3—O3—Mn1 118.85 (7)
O1viii—Mn2—O8viii 79.40 (7) Mn3iii—O3—Mn1 118.85 (7)
O5vii—Mn2—O8ix 100.73 (8) P1—O4—Mn3v 127.82 (7)
O6vi—Mn2—O8ix 84.77 (6) P1—O4—Mn3vi 127.82 (7)
O6v—Mn2—O8ix 144.08 (7) Mn3v—O4—Mn3vi 97.98 (10)
O1viii—Mn2—O8ix 79.40 (7) P2—O5—Mn2vii 168.31 (18)
O8viii—Mn2—O8ix 60.03 (9) P2—O5—Rbxiii 82.42 (4)
O5vii—Mn2—P2viii 90.96 (8) Mn2vii—O5—Rbxiii 98.91 (4)
O6vi—Mn2—P2viii 115.62 (5) P2—O5—Rbxv 82.42 (4)
O6v—Mn2—P2viii 115.62 (5) Mn2vii—O5—Rbxv 98.91 (4)
O1viii—Mn2—P2viii 89.19 (7) Rbxiii—O5—Rbxv 158.91 (9)
O8viii—Mn2—P2viii 31.94 (4) P1—O6—Mn2x 140.41 (11)
O8ix—Mn2—P2viii 31.94 (4) P1—O6—Rb 97.35 (8)
O5vii—Mn2—Rbvi 51.945 (14) Mn2x—O6—Rb 105.20 (6)
O6vi—Mn2—Rbvi 44.23 (5) P3—O7—Mn1x 148.04 (11)
O6v—Mn2—Rbvi 134.02 (5) P3—O7—Rb 95.95 (8)
O1viii—Mn2—Rbvi 128.041 (13) Mn1x—O7—Rb 115.33 (7)
O8viii—Mn2—Rbvi 124.91 (5) P2—O8—Mn3 123.06 (11)
O8ix—Mn2—Rbvi 77.78 (5) P2—O8—Mn2xiv 91.70 (9)
P2viii—Mn2—Rbvi 95.04 (2) Mn3—O8—Mn2xiv 92.87 (7)
O5vii—Mn2—Rbxi 51.945 (14) P2—O8—Rbxiii 97.89 (8)
O6vi—Mn2—Rbxi 134.02 (5) Mn3—O8—Rbxiii 117.19 (8)
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O6v—Mn2—Rbxi 44.23 (5) Mn2xiv—O8—Rbxiii 134.72 (7)
O1viii—Mn2—Rbxi 128.041 (13) P2—O9—Mn1 136.18 (15)
O8viii—Mn2—Rbxi 77.78 (5) P2—O9—Mn1vii 122.54 (14)
O8ix—Mn2—Rbxi 124.91 (5) Mn1—O9—Mn1vii 101.27 (10)

Symmetry codes: (i) x+1/2, −y+1/2, −z+1/2; (ii) x+1/2, −y+1/2, z−1/2; (iii) x, y, −z; (iv) x+1/2, −y+1/2, −z−1/2; (v) −x+1/2, y+1/2, −z+1/2; (vi) −x+1/2, 
y+1/2, z−1/2; (vii) −x, −y+1, −z; (viii) x, y+1, z; (ix) x, y+1, −z; (x) −x+1/2, y−1/2, z+1/2; (xi) −x+1/2, y+1/2, z+1/2; (xii) x, y, −z+1; (xiii) x−1/2, −y+1/2, 
−z+1/2; (xiv) x, y−1, z; (xv) x−1/2, −y+1/2, −z−1/2; (xvi) −x+1/2, y−1/2, z−1/2; (xvii) −x+1/2, y−1/2, −z+1/2.


