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ABSTRACT: The manganese orthophosphate, Mn3(PO4)2, is
characterized by the rich variety of polymorphous modifica-
tions, α-, β′-, and γ-phases, crystallized in monoclinic P21/c
(P21/n) space group type with unit cell volume ratios of 2:6:1.
The crystal structures of these phases are constituted by three-
dimensional framework of corner- and edge-sharing [MnO5]
and [MnO6] polyhedra strengthened by [PO4] tetrahedra. All
compounds experience long-range antiferromagnetic order at
Neel temperature TN = 21.9 K (α-phase), 12.3 K (β′-phase),
and 13.3 K (γ-phase). Additionally, second magnetic phase
transition takes place at T* = 10.3 K in β′-phase. The
magnetization curves of α- and β′-modifications evidence spin-
floplike features at B = 1.9 and 3.7 T, while the γ-Mn3(PO4)2
stands out for an extended one-third magnetization plateau stabilized in the range of magnetic field B = 7.5−23.5 T. The first-
principles calculations define the main paths of superexchange interaction between Mn spins in these polymorphs. The spin
model for α-phase is found to be characterized by collection of uniform and alternating chains, which are coupled in all three
directions. The strongest magnetic exchange interaction in γ-phase emphasizes the trimer units, which make chains that are in
turn weakly coupled to each other. The spin model of β′-phase turns out to be more complex compared to α- or γ-phase. It
shows complex chain structures involving exchange interactions between Mn2 (Mn2′, Mn2″) and Mn3 (Mn3′, Mn3″). These
chains interact through exchanges involving Mn1 (Mn1′, Mn1″) spins.

■ INTRODUCTION

The manganese(II) orthophosphate Mn3(PO4)2 belongs to the
anhydrous phosphates family of divalent metals M3(PO4)2 with
M = Mg, Ca, Cr−Zn. It stands out for diversity of the low-
symmetry crystal structures. The known polymorphic forms are
presented by α-phase, a variety of graftonite (Fe, Mn, Ca,
Mg)3(PO4)2 structure, β′-phase, which is a superstructure to β′-
Zn3(PO4)2 structure type,

1−3 and γ-phase,4 topologically close to
the mixed orthophosphate (Zn0.75Mn0.25)3(PO4)2 with farring-
tonite Mg3(PO4)2 structure. All the polymorphs adopt the same
monoclinic space group P21/c (P21/n, space group No. 14); the
formula volumes V/Z of three modifications being practically
identical. The Mn3(PO4)2 crystal structures are constituted by
three-dimensional (3D) framework built of corner- and/or edge-
sharing [MnO5] and [MnO6] polyhedra in a two-to-one ratio

and [PO4] tetrahedra. The difference between these three
structures consists in the arrangement of manganese octahedra
and five-vertex polyhedra.
The magnetic properties of all members of M3(PO4)2 family

excluding the manganese orthophosphate are well-studied.
Basically, the transition-metal orthophosphates M3(PO4)2 (M
= Fe, Co, Ni, Cu) order antiferromagnetically at low temper-
atures.5−10 Recently studied chromium orthophosphate
Cr3(PO4)2 is represented by two polymorphs. The P212121
orthorhombic phase α-Cr3(PO4)2 is a weak ferrimagnet with
the Curie temperature TC = 29 K. The leading exchange
interaction parameters in this phase are characterized by negative

pubs.acs.org/IC
http://dx.doi.org/10.1021/acs.inorgchem.6b01942


Weiss temperature Θ = −96 K, which results in modest
frustration ratio |Θ|/TC ≈ 3.11 In magnetically ordered state, α-
Cr3(PO4)2 shows multiple temperature-induced magnetization
reversals. Weak ferrimagnetism and magnetization reversal
observed in this polymorph are supposed to be due to the
distortion of partial spontaneous magnetization functions of
individual Cr2+ ions. The P21/n monoclinic phase β-Cr3(PO4)2
experiences long-range magnetic ordering at TC = 36 K, which is
preceded by short-range correlation maximum at T ≈ 60 K. The
paramagnetic Weiss temperature in β-Cr3(PO4)2 is negative,Θ =
−165 K, indicating strong predominance of antiferromagnetic
interactions.12

Here, we report the investigation of magnetization in both
static and pulsed magnetic field, specific heat, and electron-spin
resonance accompanied by first-principles calculations of
magnetic exchange interactions of all polymorphs of
Mn3(PO4)2. In addition, new data on α-Mn3(PO4)2 crystal
structure refinement based on single-crystal experiment are
presented.

■ EXPERIMENTAL SECTION
Various modifications of manganese(II) orthophosphate Mn3(PO4)2
could be obtained under different conditions of crystallization. Crystals
of γ-phase have been synthesized by hydrothermal method at 270 °C;4

both α- and β′-modification first have been obtained by fusing the
dehydrated Mn3(PO4)2·7H2O in a sealed evacuated silica tube.2 Later
on, it was reported that α-Mn3(PO4)2 modification can be obtained
under extremely high pressure (2.5 GPa) at 600 °C from β′-phase13 and
by the solid-state method at 700 °C in the Ar/H atmosphere.14

In our work the α-Mn3(PO4)2 single crystals were obtained by the
thermal decomposition and reaction of a stoichiometric mixture of
reagent-grade manganese(II) carbonate and ammonium hydrogen
phosphate. The mixture was ground, placed in an Al2O3 crucible, heated
in open air to 950 °C, then isothermed for 20 h and slowly cooled over
60 h to the room temperature. Transparent light yellow quasi-isometric
crystals of α-Mn3(PO4)2 up to 0.2 mm in size (Figure 1a) were isolated
mechanically.

A powder sample of β′-Mn3(PO4)2 was prepared by the heating of
stoichiometric amount of P2O5, Mn2O3, andMn in evacuated and sealed
silica tubes at 800 °C for one month. A few colorless transparent crystals
of flat needle shape (Figure 1b) were found on the surface of bulk
sample. These needles were confirmed as β′-modification of Mn3(PO4)2
by means of the unit cell parameters’ determination.
Single crystals of γ-Mn3(PO4)2 were synthesized under mild

hydrothermal condition. The Mn2O3 and (NH4)3PO4 were mixed in
distilled water (the weight ratio 3:4:30) and placed in a steel autoclave.
The reaction time at T = 270 °C and P = 10 MPa was 20 d. A small
amount of B2O3 (5%) was added to the starting material as a mineralizer.
Transparent pale rose crystals of distorted octahedral shape (Figure 1c)
up to 0.1× 0.08× 0.08mm3 in size were filtered off, washed, and dried in
air. The presence of Mn, P, and O in all samples was confirmed by
semiquantitative X-ray spectral analysis (Jeol JSM-6480LV, energy-
dispersive diffraction spectrometer INCA 350).
All samples obtained were analyzed by powder X-ray diffraction

(XRD; Ultima-IV Rigaku diffractometer, Cu Kα1 radiation, λ = 1.540 56

Å). The experimental and calculated patterns are shown in Figure 2. The
presence of small amount of β′-phase was revealed in the bulk α-phase

sample. A few weak unindexed reflections were also observed on the
experimental pattern of γ-phase, which could arise from small amount of
crust impurity phase on the crystal surface.

The X-ray structure analysis of α phase was performed using single-
crystal diffraction data collected for a full sphere of the reciprocal space.
The intensities were corrected for Lorentz, polarization, and absorption
effects (numerical absorption correction with optimized crystal shape).
The crystallographic characteristics and information on data collection
and structure refinement are compiled in Table 1. All calculations were
performed using WinGX32 software package.15 Atomic scattering
curves and anomalous dispersion corrections were taken from the
“International Tables for Crystallography”.16 The crystal structure
determination and refinement were performed with the SHELXL-2014
program.17 Tables S1 and S2 present the refined atomic coordinates
with equivalent isotropic displacement parameters and selected
interatomic distances and angles. A bond-valence calculation performed
using the algorithm and empirical parameters from Brown & Altermatt
(1985; Table S3).18 Principally, our results of the α-Mn3(PO4)2
structure refinement have confirmed the previous data based on X-ray
powder diffraction.14 However, we obtained more reliable interatomic
distances and angles with reduced standard deviations. The crystal
lattice parameters of α-, β′-, and γ-phases are collected in Table 2.

Thermodynamic properties of all Mn3(PO4)2 modifications were
studied using relevant options of “QuantumDesign” Physical Properties
Measurements System PPMS-9T in the range of 2−300 K. The
magnetization of the samples was measured up to 30 T in pulsed
magnetic field at 2 K.

Electron-spin resonance (ESR) studies were performed using an X-
band ESR spectrometer CMS 8400 (ADANI; f ≈ 9.4 GHz, B ≤ 0.7 T)
equipped with a low-temperature mount, operating in the range of T =
6−470 K. The effective g-factors of our samples were calculated with
respect to an external reference for the resonance field. We used a,g-
bisdiphenyline-b-phenylallyl, gref = 2.003 59, as a reference material.

■ RESULTS
Description of theMn3(PO4)2 Polymorphs.A comparison

of α-Mn3(PO4)2 and β′-Mn3(PO4)2 crystal architecture reveals
the topological similarities of their cationic substructures. The
Mn and P atoms occupy similar positions in the unit cells of both
structures. In accordance with the tripled c axis of the β′ phase
with a plate morphology (Figure 1b), the number of independent
Mn, P, and O positions in that structure is three times increased

Figure 1. SEM image of theMn3(PO4)2 polymorphs: α (a), β′ (b), γ (c),
showing the crystal morphology.

Figure 2. XRD patterns of α (a), β′ (b), and γ (c) modifications of
Mn3(PO4)2. The stars denote the unindexed reflections.
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as compared to the α-modification. Close a and b unit cell
parameters of both structures reflect their similar cationic
topologies. Since α-Mn3(PO4)2 and β′-Mn3(PO4)2 polymorphs
crystallize in the same space group P21/c, their crystal structures
can be presented as sequences of similar layered fragments
stacked along [010] direction and reproduced by the c glide plane
(Figures 3 and 4). The shortest Mn−P distances for Mn atoms in
different M1, M2, M3 positions (in the structure of α-phase) and
correspondingM1, M1′, M1″; M2, M2′, M2″; M3, M3′, M3″ (in
β′-phase) are shown by violet, pink, and orange colors,
respectively. Figure 4 demonstrates a redistribution of nearest
Mn−P distances in the cationic substructures of these phases. An

examination of nearest Mn−Mn interatomic contacts for both
polymorphs shows that a main difference lies in the mutual
arrangement of Mn3−Mn3 cations. In the α-phase with Mn3
octahedra sharing edges, correspondingMn3−Mn3 distances are
equal to 3.384 Å, while in the β′-Mn3(PO4)2 polymorph the
comparable distances between Mn octahedra sharing oxygen
vertices vary from 3.860 to 4.502 Å.
Thus, the crystal structures of α and β′ polymorphic

modifications are characterized by similar topologies of their
cationic substructures and by distinct distribution of the Mn−P
and Mn−Mn distances. Anionic substructures of both
polymorphs are not the same, and consequently we observe
various coordinations of manganese polyhedra and different
interconnections of the Mn- and P-centered polyhedra into the
framework.
In the α-Mn3(PO4)2 crystal structure dimers of edge-sharing

M1O8 polyhedra are further linked by oxygen vertices to form
sheets parallel to the bc plane (Figure 5a). Corrugated chains
built from Mn3O6 polyhedra sharing edges and Mn2O5 five-
vertex polyhedra are attached to these sheets with formation of a
3D framework (Figure 5a). Differently, the 3D framework of β′-
phase contains dimers of edge-sharing Mn1-octahedra, Mn2-
centered five-vertex polyhedra, and Mn3′O5−Mn3O6−Mn3″O5
trimers of five-vertex polyhedra and octahedra, parallel to the c-
axis (Figure 5b). The PO4 tetrahedra are linked with the cationic
framework only via oxygen vertices in the β′-modification,

Table 1. Crystallographic Data, Experimental Details, and
Results of Structure Refinement for α-Mn3(PO4)2

formula mass [g mol−1] 354.76
symmetry, space group, Z monoclinic, P21/c (No. 14), 4
cell parameters [Å] a = 8.7994(2)

b = 11.4461(2)
c = 6.2506(1)
β = 98.970(2)

cell volume [Å] 621.85(2)
Dx [g/sm

3] 3.789
radiation λ [Å] Mo Kα, 0.710 73 (graphite

monochromator)
μ [mm−1] 6.522
temperature [K] 293(2)
sample size [mm] 0.08 × 0.012 × 0.013
diffractometer Xcalibur-S-CCD
scan mode Ω
correction for absorption on the crystal shape
Tmax, Tmin 0.656, 0.512
Rint, Rσ 0.0522, 0.0331
θmax [deg] 30.0
h, k, l ranges −12 ≤ h ≤ 12

−16 ≤ k ≤ 16
−8 ≤ l ≤ 8

number of reflections; measured/
independend (N1)/with I > 2σ(I) (N2)

11 884/1817/1656

refinement method least-squares calculation on F2

number of refined parameters 119
weighting scheme 1/[s2(Fo

2) + (0.0212P)2 +
0.6997P], where
P = (Fo

2 + 2Fc
2)/3

R1/wR2 for N1 0.0300/0.0568
R1/wR2 for N2 0.0259/0.0551
S 1.053
Δρmax/Δρmin [e/Å3] 0.615, −0.505
extinction 0.0150(7)

Table 2. Crystal Structure Data for Three Polymorphic
Modifications of Mn3(PO4)2

compound

parameters α-Mn3(PO4)2 β′-Mn3(PO4)2 γ-Mn3(PO4)2

a 8.7994(2) 8.948(2) 5.2344(5)
b 11.4461(2) 10.050(2) 6.6739(7)
c, Å 6.2506(1) 24.084(2) 8.9688(1)
β 98.970(2) 120.5(1) 95.276(9)
SG P21/c P21/c P21/n
V, Å3 621.85 1866.1 312.0
Z 4 12 2
V/Z, Å3 155.5 156.0 156.0
ref our 3 4

Figure 3. Topological similarity of cationic substructures in α-
Mn3(PO4)2 (a) and β′-Mn3(PO4)2 (b) modifications.

Figure 4. Fragments of cationic substructures in α-Mn3(PO4)2 and β′-
Mn3(PO4)2 polymorphs.
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whereas in the crystal structure of α-phase, the PO4 tetrahedra
share vertices and edges with neighboring Mn polyhedra.
There are no evident topological relations between α- and β′-

polymorphs obtained by solid-state reaction, on one hand, and
the γ-phase synthesized hydrothermally, on the other. The unit
cell of γ-modification contains two symmetrically independent
Mn-, one P-, and four O positions. The cationic framework of γ-
Mn3(PO4)2 is built by corrugated chains ofMn polyhedra sharing
edges. Along the chain, dimers of two Mn1 trigonal bipyramids
alternate with centrosymmetric Mn2 octahedra. These chains are
parallel to the [110] and [−110] directions; in the [001]
direction they are joined in a 3D framework via oxygen vertices of
neighboring polyhedra. The [PO4] tetrahedra share all oxygen
vertices with Mn octahedra and five-vertex polyhedra, thus
strengthening the framework as shown in Figure 5c.
Thermodynamic Properties. The temperature depend-

ences of magnetic susceptibility χ in α-, β′-, and γ-modifications
of Mn3(PO4)2 are shown in Figure 6. At elevated temperatures
these dependences follow the Curie−Weiss law with addition of
temperature-independent term χ = χ0 + C/(T − Θ). All of them
deviate upward approaching the Neél temperature, which could
be ascribed to critical behavior in the vicinity of the phase
transition. The magnetic susceptibility of β′ phase drops at T ≤
TN, while the nonmonotonous behavior of magnetic suscepti-
bility below TN in α and γ phases can be ascribed to the influence
of small amounts of the defects/impurities. The Curie−Weiss
law fitting parameters obtained in the range of 100−300 K are
very similar for all modifications, as shown in Table 3. The

effective magnetic moment corresponds to the high-spin state of
Mn2+ (S = 5/2) ions with g-factors close to 2. The negativeWeiss
temperatures indicate the predominance of strong antiferro-
magnetic interactions. The dχ/dT dependence of β′-phase
demonstrates behavior in vicinity of phase transition as shown in
the inset to Figure 6, which relates to complex multistep
formation of magnetic ordering. The frustration ratio Θ/TN
varies from 3 in α-phase typical for 3D anti-ferromagnets to 5 and
6 for γ- and β′-phases indicating stronger competition between
various exchange interactions.
The field dependences of magnetization M in α-, β′-, and γ-

modifications of Mn3(PO4)2 taken at 2 K are shown in Figure 7.
All compounds demonstrate the increase of magnetization
reaching 6−7 μB at 30 T. The magnetization curves of α- and β′-
modifications evidence the kinks at BC = 1.9 and 3.7 T,
correspondingly. The magnetization curve of γ-phase is quite
different showing the extended magnetization plateau Mplateau ≈
5 μB in the range from 7.5 to 23.5 T. Themagnetic moment of∼5
μB equals 1/3 of total magnetization MS = ngSμB = 15 μB per
Mn3(PO4)2 formula unit constituting n = 3manganese ionsMn2+

with g = 2 and S = 5/2.
The temperature dependences of specific heat of α- and γ-

modifications of Mn3(PO4)2 demonstrate the λ-type anomalies
at temperatures of magnetic ordering found in magnetic
measurements, that is, at 21.9 and 13.3 K seen in Figure 8. In
variance with sharp singular peaks in Cp(T) dependences seen in
α- and γ-phases the anomaly in β′-phase is broad looking like
sharp anomalies superimposed at each other in the range
between 12.3 and 10.3 K. Additionally, small anomaly is seen at
∼13 K in the temperature dependence of specific heat of α-phase,
which can be tentatively attributed to slight admixture of β′-
phase in accordance with powder XRD data. As shown in the
inset to Figure 8, the entropy released at phase transitions in
various modifications of Mn3(PO4)2 is rather small as compared
to expected Smagn = 3Rn ln(2S + 1) = 134 J/mol K.

Electron-Spin Resonance Spectroscopy. The dynamic
magnetic properties corroborate quite well with static magnetic
ones. Figure 9 summarizes the main results of the ESR study of
α-, β′-, and γ-modifications of Mn3(PO4)2. For all polymorphic
modifications the ESR data in the paramagnetic phase (T > TN)
show a single exchange-narrowed absorption line ascribable to

Figure 5. Fragments of cationic 3D framework in the α-Mn3(PO4)2, (a),
β′-Mn3(PO4)2, (b) and γ-Mn3(PO4)2 (c) modifications in yz projection.

Figure 6. Temperature dependences of magnetic susceptibility of γ-, α-,
and β′-modifications of Mn3(PO4)2. The dash−dotted, dashed, and
solid lines show the Curie−Weiss fits obtained in the range of 100−300
K. The dependences are shifted upward consecutively by 0.1 emu/mol
with respect to each other for clarity. The inset represents enlarged low-
temperature magnetic susceptibility and its derivative for β′-
modification. The vertical dashed lines indicate the temperatures of
the anomalies seen in the specific heat data.
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Mn2+ ions. The main ESR parameters (effective g-factor, the ESR
line width, and the integral ESR intensity) were deduced by
fitting the experimental spectra with standard Lorentzian profile.
The representative examples of the line shape fitting are given on
the insets of Figure 9 (shown by red solid lines). The overall
temperature behavior of the ESR parameters is similar for all
three samples.
The integral ESR intensity χesr, which is proportional to the

number of magnetic spins, was estimated by double integration
of the experimental first derivative ESR spectrum dP/dB. As one
can see from lower panels of Figure 9 χesr follows the Curie−
Weiss relationship and agrees with the behavior of the static
magnetic susceptibility χ down to Neél temperature. At further
cooling, the ESR signal broadens essentially, weakens, and
eventually disappears indicating opening of an energy gap for the
resonance excitations, for example, onset of the long-range
magnetic order.

The effective g-factor was found to be nearly isotropic with
average values g = 1.99(5) for α-modification, g = 1.98(5) for β′-
modification, and g = 2.01(5) for γ-modification at room
temperature, which is typical for divalent manganese in the high-
spin (S = 5/2) state.19 It remains almost temperature-
independent in the paramagnetic phase down to ∼40−70 K,
then the visible shift of the resonance field begins upon
approaching the Neél temperature, indicating development of
fluctuating internal magnetic fields, and the range of these
correlations is wider for the γ-modification at temperatures
noticeably higher than TN, which is frequently characteristic of
the systems with a frustration and lower magnetic dimension-
ality.20

When cooled, the line width ΔB continuously increases for all
α-, β′-, and γ-modifications, which may be due to critical behavior
associated with the evolution of spin−spin correlations. The
results are hence consistent with the presence of high-
temperature antiferromagnetic correlations at T ≪ Θ. Such
type of the line broadening can be described in terms of a power
law of the reduced temperature, with the critical exponent β
being associated with the spin dimensionality and the magnetic
anisotropy of the system.21−24 In the vicinity of order−disorder
transition the temperature variation of ΔB can be described by

Δ = Δ * + ·
−

β⎡
⎣⎢

⎤
⎦⎥B T B A

T
T T

( ) N

N

ESR

ESR

where the first term ΔB* describes the high-temperature
exchange narrowed line width, which is temperature-independ-
ent, while the second term reflects the critical behavior with
TN

ESR being the temperature of the order−disorder transition.
Solid red lines shown in the middle panel of Figure 9 represent a
least-squares-fitting of the experimental data according to this
equation. Apparently, this formula remains valid for all samples
for a wide temperature range of 25−300 K. Estimated TN

ESR is in
reasonable agreement with Neél temperature obtained from
static magnetic susceptibility and specific heat. At the same time
the critical exponent takes rather different values for different
polymorphs: βα = 0.4, ββ′ = 0.5, and βγ = 1.2. Note that the
absolute value of the critical exponent can be expressed as β = [(7
+ η)ν/2 − 2(1 − ζ)] for 3D,21,22 (3 − 2η)ν for two-dimensional
(2D) and as (3.5 − 2η)ν for one-dimensional (1D) systems,25,26

where ν describes the divergence of correlation length, η is a
critical exponent for the divergence of static correlations, and ζ
reflects the divergence of the specific heat. In the framework of
the Heisenberg model using the values η = ζ = 0 and ν = 2/3 for
3D and ν = 1/2 for 2D/1D anti-ferromagnets, β becomes 1/3, 3/
2, and 7/4 for 3D, 2D, and 1D, respectively. Remarkably, our
experimental data values indicate reduction of the spin
correlations dimensionality in the row of α-, β′-, and γ-,
modifications of Mn3(PO4)2.

First-Principles Calculations. To gain microscopic under-
standing we performed the first-principles density functional
theory (DFT) calculations of α-, β′-, and γ-modifications of
Mn3(PO4)2.

27,28 Calculations were performed using plane-wave
basis as implemented within Vienna Ab initio Simulation

Table 3. Parameters of Magnetic Subsystem of Mn3(PO4)2

modification χ0 (emu/mol) μeff
2 (μB

2/f.u.) g-factor (the value from ESR) Θ (K) TN (K) Θ/TN

α −9.4 × 10−4 102.7 1.98 (1.99) −63 22.2 3
β′ −4.7 × 10−4 105.5 2.00 (1.98) −72 13.0 6
γ −4.6 × 10−4 103.5 1.99 (2.01) −63 13.7 5

Figure 7. Field dependences of magnetization of β′-, α-, and γ-
modifications ofMn3(PO4)2measured at 2 K. The dotted horizontal line
indicates the 1/3 magnetization plateau found for γ-phase at magnetic
fields between 7.5 and 23.5 T shown by arrows. Arrows also denote the
critical fields 1.9 and 3.7 T of spin-floplike transitions in α- and β′-
phases. (insets) The field dependences of magnetization derivatives.

Figure 8.Temperature dependences of specific heat and (inset) entropy
of α-, β′-, and γ-modifications of Mn3(PO4)2.

http://dx.doi.org/10.1021/acs.inorgchem.6b01942


Package (VASP)29 as well as muffin-tin orbital (MTO) based
Nth order MTO (NMTO)30 and linear MTO (LMTO)31

calculations implemented in Stuttgart code.
Nonspin-polarized self-consistent calculations were per-

formed for all three compounds. The nonspin-polarized density
of states, calculated within generalized gradient approximation
(GGA) of exchange-correlation, is presented in Figure 10. From
the plot, we find the states close to Fermi level are dominantly of
Mn-d character, with admixture of O-p character due to finite

Mn−O covalency. We thus conclude that Mn-d states are
primarily responsible for the electronic and magnetic behaviors
of the compounds.
The corresponding spin-polarized density of states, obtained

in self-consistent spin-polarized DFT calculations, projected
onto Mn-d, O-p, and P-p states, are shown in Figure 11. It is
found that Mn d-states are completely filled in the majority spin
channel and completely empty in the minority channel,
suggesting the nominal Mn2+ or d5 valence state of Mn. The

Figure 9. Temperature dependences of main ESR parameters for α- (a), β′- (b), and γ- (c) modifications of Mn3(PO4)2: effective g-factor (upper
panels), the ESR line width (middle panels), and the integral ESR intensity along with its inverse value (lower panels). Red solid curves on the middle
panels are results of fitting in the frame of critical broadening theory as described in the text. (insets) Representative ESR spectra measured at room
temperature: circles are experimental data, solid red curves are fits according to Lorentzian profile.

Figure 10. Electronic density of states calculated using DFT in α- (a), β′- (b), and γ- (c) modifications of Mn3(PO4)2. Energy axis is plotted with respect
to Fermi energy.

Figure 11. Spin-polarized density of states α (a), β′ (b), and γ (c) of Mn3(PO4)2. The up channel ofMn-d is completely filled, while the down channel of
Mn-d is completely empty.

http://dx.doi.org/10.1021/acs.inorgchem.6b01942


O-p state is found to be mostly occupied, suggesting the nominal
O2− valence state, and P-p state is found to be P5+ valence state.
As found in case of nonspin-polarized density of states, O-p states
show finite, nonzero hybridization with Mn-d states close to
Fermi energy, which contributes to the superexchange path of
magnetic interaction between two Mn sites. The calculated
magnetic moment at Mn site is found to be 4.6 and 4.57 μB for γ-
and α-/β′ modifications, correspondingly. The rest of the
moment is sitting at neighboring O site, with a total magnetic
moment of 15 μB per formula unit.
To estimate the various Mn−Mn magnetic exchange

interactions (tij) as well as crystal field splitting (Δij) of different
d-orbitals of Mn present in the compound, NMTO-based
downfolding technique was applied to construct Mn-d Wannier
functions by downfolding all the degrees of freedom associated
with O and P and keeping active the Mn-d degrees of freedoms.
This procedure provides renormalization of Mn-d orbitals due to
hybridization from O-p and P-p orbitals. The effective Mn-d−
Mn-d hopping interactions were obtained from the real space
representation of the Hamiltonian in the effective Mn-dWannier
function basis. The strengths of tij’s provide us the information on
dominant Mn−Mn magnetic interactions. In principle, the
magnetic interactions can be calculated from the knowledge of
hopping interactions and crystal field splitting, together with a
choice of Hubbard U parameter in the superexchange formula.
This procedure, however, only accounts for the antiferromag-
netic contributions. Thus, to obtain a more reliable estimate of
magnetic exchanges, we performed total energy calculation of
different spin configurations in GGA+U scheme and extracted
the dominant magnetic exchanges by mapping the DFT energies
to that of the Heisenberg model. The GGA+U calculations were
performed for a choice of U = 4 eV and JH = 0.8 eV.
The paths for dominant magnetic interactions for α-, β′-, and

γ-phases are shown in Figures 12, 13, and 14, respectively. The

calculated values of magnetic exchanges are listed in Tables 4, 5,
and 6, respectively. Our DFT-calculated magnetic exchanges
suggest the following. The α-phase is described by a collection of
chains, which are both uniform and alternating type. These
chains are connected to each other in all three directions by
couplings of varying strength. As anticipated from the structure,
the strongest magnetic exchange interaction in γ-phase is within
the trimer unit of Mn1−Mn2−Mn1. These trimers make chains
running along the crystallographic c-direction, which are weakly
coupled to each other. The spinmodel of β′-phase turns out to be
complex, as compared to α- or γ-phase. The model is described
by chains having periodicity of six, made by coupling between
Mn2 (Mn2′, Mn2″) and Mn3 (Mn3′, Mn3″). Interchain
interactions are found to proceed via exchanges involving further
Mn1 (Mn1′, Mn1″) spins.

■ DISCUSSION
It is convenient to describe the relations between structure and
properties in manganese orthophosphate family of compounds
starting from the simplest α-phase. The temperature of magnetic
ordering TN = 21.9 K determined from magnetic susceptibility
and specific heat measurements along with frustration ratio Θ/
TN = 3 and spin−floplike transition found in magnetization curve
at 1.9 T point to the formation of 3D antiferromagnetic state at
low temperatures. The first-principles calculations reveal equally
strong antiferromagnetic exchange interactions along both
Mn1−Mn2 and Mn3 chains as well as between them.
The β′-modification unit cell can be described as tripled unit

cell of α-phase along c direction. All positions of manganese ions
are tripled. The shortest distances are between Mn2 (Mn2′,
Mn2″) and Mn3 (Mn3′, Mn3″) ions, which form distorted
chains due to the strongest antiferromagnetic couplings. The
interactions between the chains path are via Mn1 (Mn1′, Mn1″)
ions. This justifies the low-dimensional behavior typical for
weakly coupled antiferromagnetic chains, which is manifested in
broad maxima in Cp(T) and χ(T) dependences at T > TN = 12.3
K and large frustration ratioΘ/TN = 5. Additional temperature of
magnetic ordering T* = 10.3 K tentatively points to
commensurate/incommensurate magnetic structure transforma-
tion similar to other low−dimensional compounds. The value of
magnetic field of spin−floplike transition BC = 3.7 T is two times
higher than that in α-phase. The BC is proportional to the square
root from the product of anisotropy field and magnetic exchange.
Because of the similarity of crystallographic environment of
manganese ions in these compounds the anisotropy fields should
be close to each other, which is confirmed indirectly by equal
values of g-factors 1.99 (α) and 1.98 (β′). Therefore, double
excess of BC field in β′-phase gives direct experimental evidence
for higher magnetic exchange interactions, which is in good
correspondence with theoretical estimations.
The γ-phase is not directly structurally related to the α- and β′-

compounds. It contains the chains of edge-shared Mn1O5 and
Mn2O6 polyhedra in the ab plane. However, strongest
antiferromagnetic exchange interaction in this system was
found between the chains within corner-sharing Mn1O5−
Mn2O6−Mn1O5 polyhedra. It creates magnetic trimers in the

Figure 12. Interaction pathways for dominant Mn−Mn exchange
interactions J1−J7 in α-Mn3(PO4)2. The superexchange paths via the O
atoms are shown in the right panel.

Figure 13. Interaction pathways for dominant Mn−Mn exchange
interactions J1−J13 in β′-Mn3(PO4)2. The superexchange paths via the
O atoms are shown in the bottom panel.
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structure. These trimers are connected by weak antiferromag-
netic exchange interactions so that long-range antiferromagnetic
state is formed below TN = 13.3 K. Application of moderate
magnetic field from 7.5 to 23.5 T breaks weak exchange
interactions and stabilizes ↑↑↓ structure within the trimers.

■ CONCLUSIONS
This study represents physical properties characterization of the
last uninvestigated member in the family of divalent metals
orthophosphates, that is, the manganese one. Because of low
oxidation state of manganese (Mn2+) and presence of non-
symmetric, that is, pyramidal oxygen environment of metal in the
structure, it can be promising for water oxidation catalysis in a
line with recently reported Mn3(PO4)2 × 3H2O.32 The
combination of low anisotropy Mn2+ ion with rigid tetrahedral
PO4 groups generates multiple polymorphous modifications of
this compound. The α-, β′-, and γ-phases are crystallized in
monoclinic P21/c (P21/n) space group type. These phases reach

the low-temperature antiferromagnetic ground state with
distinctly different properties.
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Figure 14. Interaction pathways for dominant Mn−Mn exchange interactions J1−J3 in γ-Mn3(PO4)2. The superexchange paths via the O atoms are
shown in the bottom panel.

Table 4. Paths and the Values of Magnetic Exchange
Interactions in α-Mn3(PO4)2

path/angle
exchange
interaction

value
(K)

intrachain −Mn1−
Mn2−Mn1−

Mn1−O−Mn2 107° J4 12.1

Mn1−O−Mn2 127° J5 7.6
intrachain −Mn3−
Mn3−Mn3−

Mn3−O−Mn3 101°
and 104°

J2 5.1

interchain Mn1−O−Mn1 100° J1 0.6
Mn2−O−Mn3 105° J3 12.6
Mn1−O−Mn2 119° J6 5.1
Mn1−O−Mn2 128° J7 6.0

Table 5. Paths and the Values of Magnetic Exchange Interactions in β′-Mn3(PO4)2

distance (Å) Mn−O−Mn bond angle (θ°) interaction type value (K)

intrachain Mn2(Mn2′Mn2″)−Mn3(Mn3′Mn3″)− 3.242 102.2 J1 30.4
3.540 112.7 J2 11.9
3.624 118.3 J3 10.8
3.243 100.7 and 96.0 J4 9.6
3.427 111.8 J5 9.5
3.889 124.1 J9 8.1
3.267 104.6 & 100.9 J11 7.8

interchain 3.819 122.3 J6 8.9
3.949 129.3 J7 8.7
3.877 130.8 J8 8.3
3.846 127.9 J10 7.9
3.789 122.1 J12 7.7
3.704 115.3 J13 7.5

Table 6. Paths and the Values of Magnetic Exchange
Interactions in γ-Modification of Mn3(PO4)2

path/angle
exchange
interaction

value
(K)

intrachain −Mn1−Mn1−
Mn2−Mn1−Mn1−Mn2−

Mn1−O−Mn1
101.2°

J1 1.7

Mn1−O−Mn2
94.2°& 95.7°

J2 4.7

interchain Mn1−O−Mn2
111.6°

J3 10.5

Mn1−O−P−O−
Mn2

J4
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