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ABSTRACT: (Lu1−xMnx)MnO3 solid solutions, having the perovskite-type structure
and Pnma space group, with 0 ≤ x ≤ 0.4 were synthesized by a high-pressure, high-
temperature method at 6 GPa and about 1670 K from Lu2O3 and Mn2O3. Their
crystal and magnetic structures were studied by neutron powder diffraction. The
degree of octahedral MnO6 tilting decreases in (Lu1−xMnx)MnO3 with increasing x.
Only the incommensurate (IC) spin structure with a propagation vector of k = (k0, 0,
0) and k0 ≈ 0.44 remains in (Lu0.9Mn0.1)MnO3 in the whole temperature range below
the Neel temperature TN = 36 K, and the commensurate noncollinear E-type structure
that has been reported in the literature for undoped o-LuMnO3 is not observed.
(Lu1−xMnx)MnO3 samples with 0.2 ≤ x ≤ 0.4 have a ferrimagnetic structure with a
propagation vector of k = (0, 0, 0) and ferromagnetic (FM) ordering of Mn3+ and
Mn4+ cations at the B site, which are antiferromagnetically coupled to a noncollinear
predominantly FM arrangement of Mn2+ at the A site. The ferrimagnetic Curie
temperature, TC, increases monotonically from 67 K for x = 0.2 to 118 K for x = 0.4.
Magnetic and dielectric properties of (Lu1−xMnx)MnO3 and a composition−temperature phase diagram are also reported.

1. INTRODUCTION

Perovskite-structure rare earth (R) manganites, o-RMnO3,
have been a playground for solid-state and materials chemists
and physicists for decades,1−13 where “o” stands for an
orthorhombic modification with space group Pnma. Undoped
o-RMnO3 manganites have only spin and orbital degrees of
freedom, and they exhibit orbital order (OO) transitions at
quite high temperatures (TOO = 750−1500 K) and spin order
transitions at much lower temperatures (with Neél temper-
atures TN = 40−140 K).7,8,11 Both TOO and TN are highly
sensitive to the size of R3+ cations, which determines the
magnitude of tilts of MnO6 octahedra.

7,8 The tilts in turn affect
the Mn−O−Mn bond angles and the strengths of nearest-
neighbor (J13 and J12)

3 and next-nearest-neighbor (J11 and J14)
3

exchange interactions between Mn atoms. The ground state
magnetic ordering of RMnO3 also changes from A-type
antiferromagnetic (AFM) ordering with spin canting for R =
La−Gd, to spin spirals for R = Tb and Dy,5,6 and to collinear
and noncollinear E-type AFM ordering without spin canting
for R = Ho−Lu.10,11,13 Spiral and E-type magnetic orderings
give rise to one of the largest spin-induced ferroelectric
polarizations reported for type II multiferroic materials.5,12,13

In doped R1−xAxMnO3 manganites, the charge degree of
freedom appears, and a large variety of new phenomena
emerges, such as colossal magnetoresistance, phase separation,
a wide range of different ground states (ferromagnetic (FM)
metals; charge- and orbital-ordered antiferromagnets of A-,
CE-, C-, and G-types; and stripe and spin-glass states), and so
on.14−21 The concepts of double exchange, small polarons,
electron−phonon, and Jahn−Teller couplings were widely
developed using R1−xAxMnO3 manganites as model sys-
tems.14−16 A large number of work was devoted to the
investigation of R1−xAxMnO3 with large R cations, such as R =
La, Pr, Nd, and Sm, and detailed composition−temperature
phase diagrams were constructed.14−18 Special regions on
phase diagrams related to charge ordering were often observed
near x = 0.5 (half doped) and x = 1/3 (one-third doped). On
the other hand, just a few papers have been published dealing
with small R cations, such as R = Tm−Lu,19−21 and no phase
diagrams have been reported.
In most of the reported cases of R1−xAxMnO3, A is a

nonmagnetic cation, such as A = Ca2+, Sr2+, and Ba2+, and solid
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solutions usually exist over the whole concentration ranges of 0
≤ x ≤ 1 (for A = Ca and Sr).14−18 There are some reports with
A being a magnetic cation (A = Mn2+).22−25 However, by an
ambient-pressure synthesis, high concentrations of Mn2+ at the
A site of ABO3 perovskites cannot be reached. On the other
hand, we have recently found that high concentrations of Mn2+

at the A site can be achieved by a high-pressure synthesis
method, and we prepared and investigated one-third-doped
(R0.667Mn0.333)MnO3 compositions with R = Er−Lu.26 The
presence of high concentrations of magnetic Mn2+ cations at
the A site results in different properties in comparison to
doping with nonmagnetic cations for the same R cation. For
example, magnetization reversal (or negative magnetization)
effects and first-order spin-reorientation transitions were
observed in (R0.667Mn0.333)MnO3;

26 on the other hand, no
evidence for charge-ordering phenomena was detected for
these one-third-doped compositions.
In this work, we report on detailed structural and magnetic

properties of (Lu1−xMnx)MnO3 solid solutions with 0 ≤ x ≤
0.5, and we built a composition−temperature phase diagram.
We touched an unexplored area in the field of the
R1−xAxMnO3 manganites.21 First, we selected the smallest R
cation (R = Lu), which is nonmagnetic, and therefore, the
behavior of such systems without the influence of rare-earth
magnetism can be understood. Second, we doped o-LuMnO3
with a magnetic cation at the A site. The aims of this work are
(1) to see the effects of A-site doping on multiferroic behavior
of o-LuMnO3 and (2) see the effects of A-site doping by a
magnetic 3d transition metal on an R1−xAxMnO3 phase
diagram and the nature of magnetic interactions at the B
site. An incommensurate (IC) spin ordering takes place in
(Lu0.9Mn0.1)MnO3 in the whole temperature range below TN =
36 K, while the IC phase locks into a commensurate
noncollinear E-type structure with a large ferroelectric
polarization in undoped o-LuMnO3.

13 A ferrimagnetic
structure is realized in (Lu1−xMnx)MnO3 with 0.2 ≤ x ≤ 0.4
with a FM ordering of Mn3+ and Mn4+ cations at the B site,
which are antiferromagnetically coupled with Mn2+ at the A
site, and the ferrimagnetic Curie temperature (TC) increases
sharply with increasing x. All phases remain insulators below
room temperature. We argued that the presence of Mn2+ at the
A site of the samples with 0.2 ≤ x ≤ 0.4 plays a crucial role in
determining their magnetic structure, while the presence of
Mn4+ at the B site of (Lu0.9Mn0.1)MnO3 keeps the IC structure.
The remaining part of the paper is organized as follows. We
first present details of the sample synthesis and experimental
techniques in section 2. Details of nuclear (paramagnetic)
structure and composition refinements and results are given in
section 3.1, followed by the magnetic structure analysis in
section 3.2. In section 3.3, we report and discuss magnetic and
dielectric properties in connection with the magnetic structures
determined. Finally, a composition−temperature phase dia-
gram is constructed and discussed in section 3.4, and
conclusions are drawn in section 4.

2. EXPERIMENTAL SECTION
(Lu1−xMnx)MnO3 samples with x = 0, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5
were prepared from stoichiometric mixtures of Mn2O3 and Lu2O3
(99.9%). Single-phase Mn2O3 was prepared from commercial MnO2
(99.99%) by heating in air at 923 K for 24 h. The mixtures were
placed in Pt capsules and treated at 6 GPa and about 1670 K for 2 h
(heating time to the synthesis temperature was 10 min) in a belt-type
high-pressure apparatus. After the heat treatments, the samples were

quenched to room temperature (RT), and the pressure was slowly
released. All the samples obtained were black pellets (quite friable in
some cases).

(Lu0.9Mn0.1)MnO3 (about 4.2 g) and (Lu0.6Mn0.4)MnO3 (about
3.0 g) samples for neutron diffraction were synthesized from
stoichiometric mixtures of Mn2O3 and hex-LuMnO3 using the same
synthesis conditions, where “hex” stands for a hexagonal modification
(space group P63cm) of LuMnO3. The use of hex-LuMnO3 allows
increasing the sample volume synthesized in one high-pressure, high-
temperature run. About eight batches of each sample were mixed for
neutron diffraction. Single-phase hex-LuMnO3 was synthesized from a
stoichiometric mixture of Mn2O3 and Lu2O3 by annealing in air at
ambient pressure at 1423 K for 80 h with several intermediate
grindings.

X-ray powder diffraction (XRPD) data were collected at RT on a
RIGAKU MiniFlex600 diffractometer using Cu Kα radiation (2θ
range of 8−140°, a step width of 0.02°, and scan speed of 1°/min).

Neutron powder diffraction experiments were conducted at the
Swiss Spallation Neutron Source (SINQ) at the Paul Scherrer
Institute (PSI). The (Lu0.9Mn0.1)MnO3 and (Lu0.6Mn0.4)MnO3
samples were measured at temperatures between 2 and 230 K using
the high resolution powder diffractometer HRPT27 and an incident
neutron wavelength of about 1.89 Å (2θ range of 3.55−164.50°, and a
step width of 0.05°). The diffraction patterns were analyzed by the
Rietveld method using the FullProf Suite.28 Possible models for the
magnetic structures were deducted based on a group theory analysis
using the program BasIreps, which is part of the FullProf Suite package
of programs.28

Magnetic measurements were performed on a SQUID magneto-
meter (Quantum Design, MPMS-XL-7T) between 2 and 400 K in
different applied fields under both zero-field-cooled (ZFC) and field-
cooled on cooling (FCC) conditions. Isothermal magnetization
measurements were performed between −70 and 70 kOe at T = 5
K. Frequency dependent ac susceptibility measurements were
performed with a Quantum Design MPMS-1T instrument at different
frequencies ( f) and different applied oscillating magnetic fields (Hac).
Specific heat, Cp, at magnetic fields of 0 and 90 kOe was recorded
between 2 and 300 K on cooling and heating by a pulse relaxation
method using a commercial calorimeter (Quantum Design PPMS).
Dielectric properties were measured using a NOVOCONTROL
Alpha-A High Performance Frequency Analyzer between 3 and 300 K
on cooling and heating in the frequency range of 100 Hz and 2 MHz
and at H = 0 and 90 kOe.

3. RESULTS AND DISCUSSION

3.1. Structural Properties of (Lu1−xMnx)MnO3. Compo-
sitional dependence of the lattice parameters of (Lu1−xMnx)-
MnO3 (0 ≤ x ≤ 0.5) is shown in Figure 1. The lattice
parameters and unit cell volume change monotonically for the
samples with 0 ≤ x ≤ 0.4, which were single phase, while the
saturation-like behavior is observed in (Lu0.5Mn0.5)MnO3,
which contained about 12 wt % of Mn2O3 impurity (the end
member of the quasi-binary Lu2O3−Mn2O3 system). These
results suggest that the (Lu1−xMnx)MnO3 solid solutions are
formed for 0 ≤ x ≤ 0.4 under the synthesis conditions used
(see also Figure S1). Figures 2 and 3 show the temperature
dependence of the orthorhombic lattice parameters (a, b, and
c) and the unit cell volume (V) for (Lu0.9Mn0.1)MnO3 below T
= 65 K and (Lu0.6Mn0.4)MnO3 below T = 230 K based on
powder neutron diffraction data. In both compounds, b
(interlayer direction) shows a more pronounced temperature
dependence than a and c (intralayer directions). In
(Lu0.9Mn0.1)MnO3, b monotonically decreases toward lower
temperature, whereas a and c remain almost constant. In
(Lu0.6Mn0.4)MnO3, a pronounced minimum at TC = 118 K is
observed for b. Below TC, decreasing intralayer distances (a
and c) compensate for the increasing interlayer distance (b).
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Both (Lu0.9Mn0.1)MnO3 and (Lu0.6Mn0.4)MnO3 samples
exhibited significant anisotropic broadening of some reflec-
tions. Strain broadening was modeled for (100) anisotropic
broadening in an orthorhombic lattice using quartic form in
reciprocal space.29,30 Orthorhombic symmetry allows six
independent anisotropic strain parameters SHKL.

30 Four of
them (e.g., S040, S004, S220, and S022) turned out to be zero
within experimental error, whereas the other two parameters,
S400 and S202, significantly deviated from zero and were refined.
The Rietveld refinements without strain corrections had
inferior quality as shown in Figure S2a. Obtained structural
parameters of o-LuMnO3 (given for comparison),
(Lu0.9Mn0.1)MnO3, and (Lu0.6Mn0.4)MnO3; strain parameters;
bond lengths; Mn−O−Mn bond angles; and bond-valence
sums (BVS)31 are summarized in Tables 1 and 2.
Experimental, calculated, and difference neutron diffraction
patterns measured in the paramagnetic state are shown for
(Lu0.9Mn0.1)MnO3 at T = 65 K in Figure 4a and for
(Lu0.6Mn0.4)MnO3 at T = 130 K in Figure 5a.
With the large contrast between the neutron scattering

lengths of Lu and Mn (bLu = 7.21 fm and bMn = −3.73 fm),
neutron data are sensitive to the occupation of Lu3+ and Mn2+

at the A site. The refinements gave the nominal composition

(within experimental accuracy) for (Lu0.9Mn0.1)MnO3 and a
slightly higher Lu3+ content (60.9%) for (Lu0.6Mn0.4)MnO3.
We emphasize that the refinements of the occupation factors of
the oxygen sites gave values equal to 1 within experimental
errors (for example, g(O1) = 0.995(9) and g(O2) = 1.009(9)
in (Lu0.6Mn0.4)MnO3). This fact shows that there is no oxygen
nonstoichiometry in our samples. Synchrotron X-ray data on
(Lu0.667Mn0.333)MnO3 detected a splitting of Lu3+ and Mn2+

(with different oxidation states and masses) at the A site.26

Neutron data have a lower instrumental resolution and are not
so sensitive to such a split-atom model; however, a split-atom
model was applied to have consistency with the results from
synchrotron X-ray data.26 For (Lu0.6Mn0.4)MnO3, our neutron
refinements with no splitting tend to give a negative value for
the Debye−Waller factor at the A site (B = −0.31(5) Å2, χ2 =
2.62). When allowing two different values for the Debye−
Waller factors of Lu3+ and Mn2+ at the A site, the negative
value for B was retained. However, when allowing a splitting
similar to the synchrotron X-ray results, we could obtain
neutron refinements of a similar quality and a positive value for
the Debye−Waller factor at the A site (B = 0.10 Å2, χ2 = 2.64).
In Table 1, we refined the splitting of Lu3+ and Mn2+ at the A

Figure 1. Compositional dependence of (a) the orthorhombic lattice
parameters (a, b, and c) and (b) unit cell volume and magnetic
transition temperatures in the (Lu1−xMnx)MnO3 solid solutions with
0 ≤ x ≤ 0.5. TN is the antiferromagnetic Neél temperature, and TC is
the ferrimagnetic Curie temperature. Note that there are two Neél
temperatures, TN1 (a filled square) and TN2 (an open square) in o-
LuMnO3.

Figure 2. Temperature dependence of the orthorhombic lattice
parameters (a, b, and c) and the unit cell volume (V) in
(Lu0.9Mn0.1)MnO3 refined from neutron diffraction data. The vertical
dashed line indicates TN = 36 K.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b01470
Inorg. Chem. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01470/suppl_file/ic8b01470_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b01470


site and the occupation factors using the Debye−Waller factor
fixed to B = 0.10 Å2 to prevent correlations between
occupation factors and the B parameter. For a refinement
without splitting and the fixed B = 0.10 Å2, the agreement
value of the fit increased to χ2 = 2.68. We emphasize that no
split-atom models were used in (Lu0.9Mn0.1)MnO3 because of
a small concentration of Mn2+ at the A site.
The BVS31 values of the Lu atoms are close to the expected

value of +3, while the BVS values of the Mn1 atoms at the A
site support the oxidation state of +2. The BVS values of the
Mn2 atoms at the B site (+3.20−3.24) of o-LuMnO3 and
(Lu0.9Mn0.1)MnO3 are noticeably higher than +3. The same
features are observed in many manganites with Mn3+ and
caused by strong Jahn−Teller distortions. The Mn2O6
octahedra have a noticeable elongated Jahn−Teller distortion
in o-LuMnO3 (seen as a large octahedral distortion parameter,
Δ(Mn2)), and a strong octahedral distortion survives in
(Lu0.9Mn0.1)MnO3 because of the presence of a large
concentration of Mn3+ at the B site. On the other hand, the
distortion parameter was significantly reduced in (Lu0.6Mn0.4)-

MnO3 because of the presence of a much smaller
concentration of Mn3+ at the B site. The BVS value of the
Mn2 atom in (Lu0.6Mn0.4)MnO3 (+3.46) was close to the
average oxidation state of +3.4. We note that the Mn−O−Mn
bond angles increase in the (Lu1−xMnx)MnO3 solid solutions
with increasing x.

3.2. Magnetic Structures of (Lu1−xMnx)MnO3.
3.2.1. Magnetic Structure of (Lu0.9Mn0.1)MnO3. On cooling
(Lu0.9Mn0.1)MnO3 to T = 2 K, additional magnetic reflections
are observed in the neutron diffraction pattern shown in Figure
4b with the strongest magnetic intensity at 2θ = 17.0°.
Magnetic reflections correspond to IC magnetic ordering of
Mn moments at the B site with a propagation vector of k = (k0,
0, 0), where k0 = 0.438(1) is the magnetic modulation along
the a axis. Possible models for the magnetic structures based
on group theory analysis28,32 are summarized in Table 3. For
Mn atoms at the B site, the decomposition into four irreducible
representations Γi is ΓMn (B site) = 3(Γ1 + Γ2 + Γ3 + Γ4).
Each representation is one-dimensional and appears three

times. Basis vectors are complex. The observed magnetic
structure belongs to Γ2. The Rietveld refinement confirmed
that (Lu0.9Mn0.1)MnO3 exhibits a similar IC structure as was
reported13 for o-LuMnO3 between TN1 = 39 K and TN2 = 36 K
(described in ref 13 by using the Pbnm setting of space group
Pnma). The magnetic structure of (Lu0.9Mn0.1)MnO3 at 2 K is
summarized in Table S1 and shown33 in Figures 6a, S3a, and
S4. The refinement gave no evidence for a contribution from
10% of magnetic Mn2+ ions at the A site to the observed
magnetic reflections. Therefore, the contribution could be
below the detection limit, or Mn2+ at the A site could remain
magnetically disordered. The magnetic structure is described
by a single order parameter with an average amplitude for the
90% Mn3+ and 10% Mn4+ ions at the B site given by mIC = √2
(u, v, w) = √2 (2.01(2), 0.0(2), 0.75(3))μB. Within the
experimental accuracy (v = 0.0(2)μB), the ordered Mn
moments lie inside the ac plane. For Mn21 (0, 0, 1/2), the
propagation of spin is given by

φ= + | | +k x w k xS e e(x) ucos( ) cos( )x z1 0 0

Our neutron diffraction experiment can determine the
amplitudes u (along x) and w (along z) but not the coupling
between them, which may be complex (phase φ). For arbitrary
values (φ ≠ 0 and φ ≠ π), the magnetic structure is a cycloid
(illustrated in Figure S4a for φ = π/2), where both direction
and size of the ordered Mn moments change. Such a magnetic
structure is noncentrosymmetric. In the special cases (φ = 0 or
φ = π), the magnetic structure is amplitude modulated
(illustrated in Figure S4b for φ = 0) with the ordered Mn
moments varying between ±3.04(3)μB (= ±√2 √(u2 + w2))
by forming an angle of about ±20° with the a axis inside the ac
plane. Such a magnetic structure is centrosymmetric. Both
structures shown in Figure S4 agree equally well with the
observed neutron diffraction data, and the phase φ could not
be determined. Depending on the value of φ, the magnetic
structure of (Lu0.9Mn0.1)MnO3 at T = 2 K is centrosymmetric
or noncentrosymmetric. We checked for the possibility of a
collinear amplitude modulated structure with all ordered Mn
moments parallel to the a axis (|w| = 0). The refinement favors
the noncollinear structure (|w| ≠ 0, χ2 = 2.29) over the collinear
structure (|w| = 0, χ2 = 2.37). Further, we checked for the
possibility of a magnetic structure with ordered Mn moments
of a constant size. Compared to the determined magnetic
structure (χ2 = 2.29), the agreement of the refinement

Figure 3. Temperature dependence of the orthorhombic lattice
parameters (a, b, and c) and the unit cell volume (V) in
(Lu0.6Mn0.4)MnO3 refined from neutron diffraction data. The vertical
dashed line indicates TC = 118 K.
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deteriorated to χ2 = 4.08 for a noncentrosymmetric cycloid
magnetic structure with ordered Mn moments of a constant
size lying inside the ac plane (u = |w|, φ = π/2), and even to χ2

= 6.75 for a noncentrosymmetric helix magnetic structure with
ordered Mn moments of a constant size lying inside the bc
plane. The temperature dependence of the magnetic structures

Table 1. Structure Parameters of o-LuMnO3 at T = 50 K,13 (Lu0.9Mn0.1)MnO3 at T = 65 K, and (Lu0.6Mn0.4)MnO3 at T = 130 K
Refined from Powder Neutron Diffraction Dataa−d

site WP g x y z B (Å2)

o-LuMnO3, T = 50 K
Lu 4c 1 0.0857(3) 0.25 0.9815(3) 0.81(4)
Mn2 4b 1 0 0 0.5 1.04(7)
O1 4c 1 0.4580(3) 0.25 0.1217(4) 0.77(4)
O2 8d 1 0.3313(3) 0.0567(2) 0.6987(3) 0.94(3)

(Lu0.9Mn0.1)MnO3, T = 65 K
Lu 4c 0.898(3) 0.0847(2) 0.25 0.9812(2) 0.11(3)
Mn1 4c 0.102(3) = x(Lu) 0.25 = z(Lu) = B(Lu)
Mn2 4b 1 0 0 0.5 0.20(3)
O1 4c 1 0.4573(2) 0.25 0.1179(2) 0.44(3)
O2 8d 1 0.3254(2) 0.0563(1) 0.6963(2) 0.46(2)

(Lu0.6Mn0.4)MnO3, T = 130 K
Lu 4c 0.609(1) 0.0818(8) 0.25 0.9701(9) 0.10
Mn1 4c 0.391(1) 0.0867(22) 0.25 0.9507(25) = B(Lu)
Mn2 4b 1 0 0 0.5 0.25(3)
O1 4c 1 0.4568(2) 0.25 0.1101(2) 0.56(2)
O2 8d 1 0.3120(1) 0.0549(1) 0.6918(1) 0.89(2)

aCrystal data: space group Pnma (No 62); Z = 4. WP = Wyckoff position. g is the occupation factor. The Mn2 notation is used in all compounds to
mark Mn at the B sites for the uniformity. ba = 5.7779(1) Å, b = 7.2998(1) Å, c = 5.1932(1) Å, and V = 219.034(6) Å3; χ2 = 5.11, Rwp = 6.43%, Rexp
= 2.84%, and RBragg = 3.74%; for o-LuMnO3 at T = 50 K. ca = 5.6994(1) Å, b = 7.3106(1) Å, c = 5.1896(1) Å, and V = 216.231(7) Å3; strain
parameters [in units of 10−4]: S400 = 0.85(2), S202 = 1.41(7); χ2 = 1.68, Rwp = 4.59%, Rexp = 3.54%, and RBragg = 1.92%; for (Lu0.9Mn0.1)MnO3 at T =
65 K. da = 5.4635(1) Å, b = 7.3593(1) Å, c = 5.1814(1) Å, and V = 208.329(7) Å3; strain parameters [in units of 10−4]: S400 = 0.61(2), S202 =
0.54(5); χ2 = 2.64, Rwp = 3.32%, Rexp = 2.05%, and RBragg = 2.92%; for (Lu0.6Mn0.4)MnO3 at T = 130. K.

Table 2. Selected Bond Lengths (Å), Bond Angles (deg),
Bond Valence Sums, BVS, and Distortion Parameters of
MnO6 (Δ(Mn)) of o-LuMnO3 at T = 50 K,13

(Lu0.9Mn0.1)MnO3 at T = 65 K, and (Lu0.6Mn0.4)MnO3 at T
= 130 Ka

o-LuMnO3
T = 50 K

(Lu0.9Mn0.1)MnO3
T = 65 K

(Lu0.6Mn0.4)MnO3
T = 130 K

Lu−O1 2.189(3) 2.2035(15) 2.174(5)
Lu−O2 (×2) 2.242(2) 2.2443(11) 2.222(3)
Lu−O1 2.271(2) 2.2391(15) 2.280(5)
Lu−O2 (×2) 2.482(2) 2.4642(12) 2.392(4)
Lu−O2 (×2) 2.5524(17) 2.5543(10) 2.587(2)
BVS(Lu3+) 2.88 2.91 3.05
Mn1−O1 2.2035(15) 2.182(12)
Mn1−O2 (×2) 2.2443(11) 2.206(9)
Mn1−O1 2.2391(15) 2.383(15)
Mn1−O2 (×2) 2.4642(12) 2.318(11)
Mn1−O2 (×2) 2.5543(10) 2.626(8)
BVS(Mn2+) 1.79 1.89
Mn2−O1 (×2) 1.9465(7) 1.9427(4) 1.9406(3)
Mn2−O2 (×2) 1.8894(16) 1.9090(8) 1.9413(7)
Mn2−O2 (×2) 2.2137(17) 2.1555(8) 2.0140(7)
BVS(Mn23+) 3.20 3.24 3.46
Δ(Mn2) 49.1 × 10−4 29.7 × 10−4 3.1 × 10−4

Mn2−O1−
Mn2 (×2)

139.29(3) 140.37(2) 142.90(1)

Mn2−O2−
Mn2 (×4)

142.30(7) 142.89(3) 144.30(3)

aBVS = ∑i=1
N νi, νi = exp[(R0 − li)/B], N is the coordination number,

B = 0.37, R0(Lu
3+) = 1.971, R0(Mn2+) = 1.79, and R0(Mn3+) = 1.76.31

Δ = (1/N)∑i=1
N [(li − lav)/lav]

2, where lav = (1/N)∑i=1
N li is the average

Mn−O distance and N is the coordination number.

Figure 4. Experimental (black crosses), calculated (red line), and
difference (blue line) neutron diffraction patterns of (Lu0.9Mn0.1)-
MnO3 (a) in the paramagnetic state at T = 65 K and (b) in the
magnetically ordered state at T = 2 K. The tick marks indicate
positions of Bragg reflection positions: the first row is for the nuclear
peaks, and the second row is for the magnetic peaks.
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of o-LuMnO3 and (Lu0.9Mn0.1)MnO3 are compared in Figure
7. In o-LuMnO3, the k0 component of the propagation vector
shows a strong temperature dependence starting with k0 = 0.47
at TN1 = 39 K and increasing toward the commensurate value
k0 = 0.50 at TN2 = 36 K (Figure 7b). At the same time, the
correlation length of the magnetic structure of o-LuMnO3
increases from ∼20 nm (at TN1 = 39 K) toward ∼180 nm at 2
K (Figure 7a). In contrast, for (Lu0.9Mn0.1)MnO3, the k0
component increases from k0 = 0.425(4) at T = 34 K (close
to TN = 36 K) toward a temperature independent value of k0 =
0.438(1) below a lock-in transition around T2 ≈ 24 K (Figures
7b, S5). Compared to o-LuMnO3, broad magnetic Bragg peaks
in (Lu0.9Mn0.1)MnO3 give rise to a much shorter correlation
length of the magnetic structure starting from ∼7 nm at 34 K

and reaching only ∼21 nm at low temperatures (Figure 7a).
The temperature dependence of correlation length and
magnetic propagation vector of (Lu0.9Mn0.1)MnO3 are shown
with expanded scale in Figure S5. The ordered Mn moments
⟨M⟩ of the incommensurate structures reach similar values at
saturation (T = 2 K) in (Lu0.9Mn0.1)MnO3 and at TN2 in o-
LuMnO3 (Figure 7c). Between 26 and 34 K, the intensities
⟨M⟩ for (Lu0.9Mn0.1)MnO3 in Figure 7c seem to be slightly too
large, because they may contain a contribution from diffuse
critical scattering around TN (short-range correlations with the
same local structure). Close to TN, our diffraction data
collected with thermal neutrons (λ = 1.89 Å) have limited
accuracy. For o-LuMnO3, the data between TN1 and TN2
shown in Figure 7c were measured with increased resolution
using cold neutrons (λ = 4.5 Å).
The IC structure of (Lu0.9Mn0.1)MnO3 is quite common in

undoped perovskites RMnO3 with heavy rare-earth elements
(R = Dy−Lu) and Y below the first magnetic ordering
temperature.8,11,34 The noncollinear structure (|w| ≠ 0) was
observed in LuMnO3,

13 whereas collinear structures (|w| = 0)
were reported for YMnO3,

4 HoMnO3,
2,3 ErMnO3,

35 and

Figure 5. Experimental (black crosses), calculated (red line), and
difference (blue line) neutron diffraction patterns of (Lu0.6Mn0.4)-
MnO3 (a) in the paramagnetic state at T = 130 K and (b) in the
magnetically ordered state at T = 2.2 K. The tick marks indicate
positions of Bragg reflection positions: the first row is for the nuclear
peaks, and the second row is for the magnetic peaks. The strongest
magnetic peaks are (1,0,1) at 2θ = 29.1° and (0,2,0) at 2θ = 29.7°.

Table 3. Magnetic Arrangement Allowed at the B Site (4b)
for Each of the Irreducible Representations (IR) Based on
Group Theory Analysis (Program BasIrep)28 for Space
Group Pnma (No. 62 in International Tables for
Crystallography)32 and Incommensurate Magnetic
Propagation Vector k = (k0, 0, 0)

a

IR
Mn21

(0, 0, 1/2)
Mn22

(1/2, 0, 0)
Mn23

(0, 1/2, 1/2)
Mn24

(1/2, 1/2, 0)

Γ1 (u, v, w) a* (−u, − v,
w)

(u, − v, w) a* (−u, v, w)

Γ2 (u, v, w) a* (u, v, − w) (−u, v, − w) a* (−u, v, w)
Γ3 (u, v, w) a* (−u, − v,

w)
(−u, v, − w) a* (u, − v, − w)

Γ4 (u, v, w) a* (u, v, − w) (u, − v, w) a* (u, − v, − w)
aa* = exp (−iπk0)

Figure 6. Illustration of the magnetic structures determined for (a)
(Lu0.9Mn0.1)MnO3 at T = 2 K and (b) (Lu0.6Mn0.4)MnO3 at T = 2.2
K. In (Lu0.9Mn0.1)MnO3, an incommensurate spin structure is
observed for Mn3+ and Mn4+ at the B site, and Mn2+ at the A site
is disordered. (Lu0.6Mn0.4)MnO3 adopts a commensurate ferrimag-
netic-type spin structure with all Mn ions ordered. The lengths of the
arrows are proportional to the magnetic moments per Mn. Additional
2D projections of the magnetic structures on the ac plane are shown
in Figures S3 and S4. This drawing was made using the program
VESTA.33
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TmMnO3.
10 The stability of the collinear sinusoidal magnetic

structure in RMnO3 perovskites was confirmed by theoretical
calculations using a replica-exchange Monte Carlo technique.12

As was shown for HoMnO3,
2,3 besides the exchange

parameters associated with the Mn−O−Mn interactions
(shorter super exchange paths), also those associated with
longer Mn−O−O−Mn exchange paths along the a direction

are required to stabilize the IC structure. The IC structure is
paraelectric (e.g., HoMnO3,

2,3 TmMnO3,
10 LuMnO3,

13 and
YMnO3

34) and changes to a ferroelectric commensurate E-type
AFM structure at lower temperatures.11 (Lu0.9Mn0.1)MnO3
(this work) belongs to a group of materials where the IC
structure remains stable down to low temperatures. Even at the
lowest temperature, the IC order has a correlation length of 1
order of magnitude smaller than in the case of a commensurate
E-type AFM order. Below the ordering temperature TN, the
magnetic propagation vector shows a weak temperature
dependence and then locks onto a temperature independent
fixed value at lower temperatures. It is interesting that an IC
structure similar to that of (Lu0.9Mn0.1)MnO3 was found to
remain stable down to low temperatures in some samples of o-
YMnO3

4 and o-ErMnO3.
35 The IC structures of (Lu0.9Mn0.1)-

MnO3, YMnO3, and ErMnO3 are compared in Table 4. In the

case of YMnO3,
4 the sample composition was determined to

be YMnO3.04(1). In other words, that sample contained about
8% Mn4+. Our (Lu0.9Mn0.1)MnO3 sample has 10% of Mn4+ at
the B site. We can assume that the presence of Mn4+, serving as
disordered elements, strongly suppresses the temperature
evolution of the propagation vector, prevents it from reaching
the 0.5 value, and prevents the appearance of the E-type
magnetic structure. Therefore, Mn4+ at the B site has a crucial
role in determining the magnetic behavior of (Lu0.9Mn0.1)-
MnO3, and Mn2+ at the A site plays a role of any divalent
dopant, magnetic or nonmagnetic.

3.2.2. Magnetic Structure of (Lu0.6Mn0.4)MnO3. The
neutron diffraction pattern measured in the magnetically
ordered state of (Lu0.6Mn0.4)MnO3 at T = 2.2 K is shown in
Figure 5b. All magnetic reflections can be indexed with a
commensurate propagation vector of k = (0, 0, 0). The
strongest intensities are observed for the magnetic peaks (1, 0,
1) at 2θ = 29.1° and (0, 2, 0) at 2θ = 29.7°. Possible models
for the magnetic structures based on group theory analysis28,36

are summarized in Table 5. For Mn atoms at the B site, four of
the eight irreducible representations Γi allow magnetic order:

Γ = Γ + Γ + Γ + Γ(B site) 3( )Mn 1 3 5 7

For Mn atoms at the A site, the decomposition is

Γ = Γ + Γ + Γ + Γ + Γ + Γ + Γ + Γ(A site) 2( )Mn 1 4 5 8 2 3 6 7

Figure 7. Temperature dependence of the magnetic structures of o-
LuMnO3 (from ref 13) with TN1 = 39 K and TN2 = 36 K and
(Lu0.9Mn0.1)MnO3 with TN = 36 K. (a) Correlation length, (b) the
magnetic propagation vector k = (k0, 0, 0), and (c) the magnitude
⟨M⟩ of the ordered Mn moment at the B site. Incommensurate
structures have an amplitude |mIC| = √2 ⟨M⟩ (notation used in ref
13). Vertical dashed lines indicate TN1, TN2, and TN. For
(Lu0.9Mn0.1)MnO3, the refinements between 26 and 34 K were
performed with a fixed value of |w|/|u| = 0.39 (which corresponds to
the average value of the data measured below 20 K). The temperature
dependence of correlation length and magnetic propagation vector of
(Lu0.9Mn0.1)MnO3 is shown with expanded scale in Figure S5.

Table 4. Comparison of Incommensurate Magnetic
Structures Found to be Stable Down to Low Temperature in
(Lu0.9Mn0.1)MnO3 (this work), YMnO3, and ErMnO3

compound
(reference)

(Lu0.9Mn0.1)MnO3
(this work)

YMnO3
(ref 4)

ErMnO3
(ref 35)

TN (K)a 36 42 42
k0 (near TN) 0.425(4) 0.420(4) ≈ 0.415
T2 (K)

a ≈ 24 ≈ 28 ≈ 28
k0 (below T2) 0.438(1) 0.435(2) 0.433
u (μB) 2.01(2) 2.75(4) not available
w (μB) 0.75(3) 0 not available
kind of magnetic structure:
-incommensurate, amplitude modulated or cycloid
ordered Mn moments at the B site:
-propagation vector: k = (k0, 0, 0)
-irreducible representation: Γ2

-amplitude of ordered Mn moments at low temperature: mIC =√2 (u, 0, w)
aTN: Neel temperature. T2: Lock-in temperature.
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The observed magnetic structure of (Lu0.6Mn0.4)MnO3 at T =
2.2 K belongs to the irreducible representation Γ7. The
structure is summarized in Table S2 and shown in Figures 6b
and S3b. Using the composition determined at T = 130 K
(Table 1), the B site is occupied by 60.9% Mn3+ and 39.1%
Mn4+. The refinement gives an average ordered moment of (Fx
= 3.23(2), Ay = 0.0(2), Cz = 0.0(1))μB per Mn atom. The A
site is occupied by 39.1% Mn2+ and 60.9% nonmagnetic Lu3+.
Here, the Mn2+ ions order with ( f x = −4.87(5), 0, cz =
1.42(8))μB per Mn atom. In (Lu0.6Mn0.4)MnO3, all ordered
Mn moments lie inside the ac plane and are dominated by FM
components along the a direction with the AFM coupling
between the B and A sites. Mn3+ and Mn4+ cations at the B site
show collinear FM ordering with an average moment of
3.23(2)μB along the a direction. Mn2+ cations at the A site
show a noncollinear arrangement consisting of an FM
component along a and an AFM component along c. The
ordered Mn2+ moments of 5.08(17)μB form an angle of about
±16° with the a direction (Figure S3b). The ferrimagnetic-
type structure of (Lu0.6Mn0.4)MnO3 contains a net macro-
scopic FM component along the a direction of 1.32(4)μB per
formula unit. We checked for the possibility of a collinear
ferrimagnetic structure (cz = 0) with all ordered Mn moments
parallel to the a direction. The refinement favors a noncollinear
structure (χ2 = 2.42) over a collinear structure (χ2 = 2.54). The
temperature dependence of the components of the ordered
moments at the B and A sites are shown in Figure 8b. The
correlation length of the commensurate magnetic structure of
(Lu0.6Mn0.4)MnO3 (Figure 8a) is much larger than that of the
IC structure of (Lu0.9Mn0.1)MnO3 (Figure 7a) and comparable
to that of o-LuMnO3 (Figure 7a). NdMn0.8Fe0.2O3 (repre-
sentation Γ5)

37 is an example of a mixed-cation perovskite with
magnetic ordering on the A and B sites similar to
(Lu0.6Mn0.4)MnO3 (representation Γ7).
FM arrangements of spins at the B site are realized in

R1−xAxMnO3 manganites with R = La, Pr, Nd, and Sm and A =
Ca and Sr in the compositional ranges of about 0.2 ≤ x ≤
0.4.14−18 The generally accepted mechanism of ferromagnet-
ism is the double-exchange interaction between Mn3+ and
Mn4+ that also leads to metallic conductivities and a noticeable
rise of magnetic transition temperatures. We also observed a
noticeable rise of magnetic transition temperatures in

(Lu1−xMnx)MnO3 (0.2 ≤ x ≤ 0.4) with increasing x (see
below and Figure 1), that is, with the increase of the
concentration of Mn4+, and the presence of FM interactions
between Mn3+ and Mn4+ at the B site. However, the samples
show insulating properties (see dielectric data below).
Therefore, a different mechanism could be responsible for
FM interactions between Mn3+ and Mn4+. We note that narrow
compositional ranges with FM insulating properties were also
observed in R1−xAxMnO3 manganites with R = La, Pr, and Nd
and A = Ca and Sr.14−18

When R cations are small (e.g., R = Y and Lu), spin-glass
magnetic behavior is observed in Y0.7Ca0.3MnO3 and
(Lu1−xCax)MnO3 (0.1 ≤ x ≤ 0.6).21,38 However, we
emphasize that no neutron diffraction experiments were
performed in refs 21 and 38 to support the absence of long-
range magnetic order. In ref 20, AFM long-range order was
found in (Lu0.5Ca0.5)MnO3 by neutron powder diffraction. Our
neutron diffraction experiments confirmed the presence of
long-range magnetic order in (Lu1−xMnx)MnO3 (0.0 ≤ x ≤
0.4).

3.3. Magnetic and Dielectric Properties of (Lu1−xMnx)-
MnO3. Figures 9−11 and S6 show dc χ vs T magnetic
susceptibilities of (Lu1−xMnx)MnO3. Isothermal magnetization

Table 5. Magnetic Arrangement Allowed at the B Site and A
Site for Each of the Irreducible Representations (IR) Based
on Group Theory Analysis (Program BasIrep)28 for Space
Group Pnma and Commensurate Magnetic Propagation
Vector k = (0, 0, 0)

IR Mn B site (4b) Mn A site (4c) magnetic space group36

Γ1 (Gx, Cy, Az) (−, cy, −) Pnma (No. 62.1.502)
Γ2 (gx, −, az) Pn′m′a′ (No. 62.9.510)
Γ3 (Cx, Gy, Fz) (cx, −, fz) Pn′m′a (No. 62.6.507)
Γ4 (−, gy, −) Pnma′ (No. 62.5.506)
Γ5 (Ax, Fy, Gz) (−, f y, −) Pn′ma′ (No. 62.8.509)
Γ6 (ax, −, gz) Pnm′a (No. 62.4.505)
Γ7 (Fx, Ay, Cz) ( f x, −, cz) Pnm′a′ (No. 62.7.508)
Γ8 (−, ay, −) Pn′ma (No. 62.3.504)
F = m1 + m2 + m3 + m4 C = m1 − m2 + m3 − m4

G = m1 − m2 − m3 + m4 A = m1 + m2 − m3 − m4

B site: Mn21 (0, 0, 1/2), Mn22 (1/2, 0, 0), Mn23 (0, 1/2, 1/2), Mn24 (1/2,
1/2, 0)
A site: Mn11 (x, 1/4, z), Mn12 (−x + 1/2, 3/4, z + 1/2), Mn13 (−x, 3/4,
−z), Mn14 (x + 1/2, 1/4, −z + 1/2)

Figure 8. Temperature dependence of the ferrimagnetic structure of
(Lu0.6Mn0.4)MnO3. (a) Correlation length and (b) ordered Mn
moments at A and B sites (per Mn) and net ferromagnetic moment
per formula unit of (Lu0.6Mn0.4)MnO3 (Fx (f.u.)). The vertical dashed
line indicates TC = 118 K. The determination of the correlation length
at 110 K is inaccurate. The refinement at 110 K was performed with
the peak shape parameter, Y, fixed at the value obtained from the
refinement at 80 K.
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curves (M vs H) are given in Figure 12. The χ vs T curves of o-
LuMnO3 were typical for purely AFM materials without any
difference between the ZFC and FCC curves even at low
magnetic fields. The M vs H curves of o-LuMnO3 were linear
without any hysteresis that is also typical for purely AFM
materials. A small difference between the ZFC and FCC curves
appeared in (Lu0.9Mn0.1)MnO3, and small hysteresis opened
on the M vs H curves indicating the appearance of a small
uncompensated moment. However, the hysteresis on the M vs
H curves of (Lu0.95Mn0.05)MnO3 and (Lu0.9Mn0.1)MnO3 was
very “smeared” and had an S-type shape. This behavior is
typical for materials with spin-glass-like magnetic properties.
Moreover, the propagation vector k = (k0, 0, 0) does not
support weak FM properties. The appearance of weak FM
properties could originate from the induced magnetic mo-
ments on Mn at the A site. For x = 0.05 and x = 0.10, the
concentration of Mn2+ is still too small to make a long-range
magnetic order (at least, detectable by neutron powder
diffraction). But an internal field from the B-site ordering
and an external magnetic field could align Mn2+ and produce
the observed weak spin-glass-like FM moment in the
magnetization. A large difference between the ZFC and FCC
curves appeared in (Lu1−xMnx)MnO3 with 0.2 ≤ x ≤ 0.4 at
small magnetic fields that is typical for ferrimagnetic materials
(and also canted AFM materials). The M vs H curves of
(Lu1−xMnx)MnO3 with x = 1/3 and 0.4 (with the
concentration of Mn2+ at the A site above the percolation
limit of 0.31 for a cubic net) showed the saturation behavior

that is more typical for ferrimagnetic materials. However, we
emphasize that the samples with x = 0.2 and 0.3 showed a
small increase of M with H at high magnetic fields (Figure S7).
Magnetic properties of (Lu1−xMnx)MnO3 with 0.2 ≤ x ≤ 0.4
are basically consistent with the ferrimagnetic-type structure
found by neutron diffraction in (Lu0.6Mn0.4)MnO3.

Figure 9. ZFC (filled symbols) and FCC (empty symbols) dc
magnetic susceptibility (χ = M/H) curves of (a) o-LuMnO3 and (b)
(Lu0.9Mn0.1)MnO3. Left-hand axes give the χ vs T curves at 100 Oe
(black) and 10 kOe (red); right-hand axes give the FCC χ−1 vs T
curves at 10 kOe with the Curie−Weiss fits.

Figure 10. ZFC (filled symbols) and FCC (empty symbols) dc
magnetic susceptibility (χ = M/H) curves of (a) (Lu0.8Mn0.2)MnO3
and (b) (Lu0.7Mn0.3)MnO3. Left-hand axes give the χ vs T curves at
100 Oe (black); right-hand axes give the χ vs T curves at 10 kOe
(red). The insets show the FCC χ−1 vs T curves at 10 kOe with the
Curie−Weiss fits.

Figure 11. ZFC (filled symbols) and FCC (empty symbols) dc
magnetic susceptibility (χ = M/H) curves of (Lu0.6Mn0.4)MnO3. Left-
hand axis gives the χ vs T curves at 100 Oe (black); right-hand axis
gives the χ vs T curves at 10 kOe (red). The inset shows the FCC χ−1

vs T curves at 10 kOe with the Curie−Weiss fits.
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The inverse magnetic susceptibilities follow the Curie−
Weiss law. The straight line was observed in o-LuMnO3 almost
down to TN1 (Figure 9a). However, deviations from the
Curie−Weiss law were detected in (Lu1−xMnx)MnO3 above
TN especially for 0.2 ≤ x ≤ 0.4 (Figures 10 and 11). Such
deviations are typical for ferrimagnetic materials,39 and this
behavior is also consistent with the determined magnetic
structures.
Between 300 and 395 K, the inverse magnetic susceptibilities

(measured at 10 kOe in the FCC mode) are fit by the Curie−
Weiss equation (Figure 9 and the insets of Figures 10 and 11)

χ μ θ= − −T N k T( ) (3 ( ))eff
2

B
1

where μeff is an effective magnetic moment, N is Avogadro’s
number, kB is Boltzmann’s constant, and θ is the Curie−Weiss
temperature. The fitting parameters are summarized in Table
6. The μeff values are in good agreement with the theoretical
values. The negative Curie−Weiss temperatures show that the
strongest exchange interactions are AFM in nature.
Figures 13 and S8 and S9 show the Cp/T vs T curves. The

specific heat anomalies at TN do not move, but they are
strongly suppressed in (Lu1−xMnx)MnO3 with increasing x for
0 ≤ x ≤ 0.1 (Figure 13a). On the other hand, the specific heat
anomalies move to higher temperatures with increasing x
corresponding to the rise of TC for 0.2 ≤ x ≤ 0.4 (Figures 1b
and 13b), and the specific heat anomalies are enhanced with

increasing x, suggesting that more magnetic entropy is released
at TN with increasing x. The magnetic field had minor effects

Figure 12. M vs H curves at T = 5 K for (a) LuMnO3,
(Lu0.95Mn0.05)MnO3, and (Lu0.9Mn0.1)MnO3 and (b) (Lu1−xMnx)-
MnO3 solid solutions with x = 0.2, 0.3, 0.333, 0.4, and 0.5. Insets
show details near the origin. f.u.: formula unit.

Table 6. Temperatures of Magnetic Anomalies and
Parameters of the Curie-Weiss Fits of (Lu1−xMnx)MnO3
Solid Solutionsa

x
TN or TC

(K)
μeff

(μB/f.u.)
μcalc

(μB/f.u.) θ (K)
MS

b

(μB/f.u.)

0 36, 39 4.946(2) 4.899 −67(3) 0.22
0.05 39 4.907(5) 5.030 −46.5(7) 0.45
0.1 36 5.210(3) 5.158 −50.9(5) 0.84
0.2 67 5.279(4) 5.404 −29.5(5) 1.65
0.3 99 5.468(7) 5.639 −26.0(10) 1.99
0.333c 110 5.488(7) 5.715 −26.7(9) 1.91
0.4 118 5.756(6) 5.865 −48.0(9) 1.55
0.5 118 5.754(11) 6.083 −43.1(2) 1.32

aThe Curie−Weiss fits are performed between 300 and 395 K for the
FCC data at 10 kOe. bMS is the magnetization value at 5 K and 70
kOe. cFrom ref 26.

Figure 13. Specific heat data of (a) LuMnO3, (Lu0.95Mn0.05)MnO3,
and (Lu0.9Mn0.1)MnO3 and (b) (Lu0.8Mn0.2)MnO3, (Lu0.7Mn0.3)-
MnO3, and (Lu0.6Mn0.4)MnO3 plotted as Cp/T vs T. Measurements
were performed on cooling at H = 0 Oe. The Cp/T vs T curve on
cooling at H = 90 kOe is shown for one sample, (Lu0.6Mn0.4)MnO3.
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on the specific heat anomalies for 0 ≤ x ≤ 0.1 (Figure S8),
while it significantly smeared the transitions for 0.2 ≤ x ≤ 0.4
(Figures 13b and S9). This behavior is consistent with different
magnetic structures in the corresponding compositional
ranges.
Figure 14 shows the temperature dependence of a dielectric

constant in o-LuMnO3, (Lu0.9Mn0.1)MnO3, and (Lu0.8Mn0.2)-

MnO3. Dielectric data of o-LuMnO3 are in very good
agreement with the literature results.13 Dielectric constant
starts increasing when approaching TN1 in the IC spin
structure, and then it shows a sharp peak at TN2, where the
IC phase locks into a commensurate noncollinear E-type
structure with a large ferroelectric polarization.13 In
(Lu0.9Mn0.1)MnO3, we also observed the increase of dielectric
constant when approaching TN (Figure 14a), but because the
magnetic structure does not change we found only a small
increase and a very broad maximum. According to the reported
phase diagrams, the IC-sinusoidal spin structure is not the
ground state of any oxygen-stoichiometric RMnO3.

8,11 There-
fore, (Lu0.9Mn0.1)MnO3 provides intrinsic dielectric behavior
of the IC-sinusoidal spin structure in the whole temperature
range of 3−40 K. Note that similar dielectric behavior was
observed in Bi0.1Y0.9MnO3 and Bi0.2Y0.8MnO3.

40 In
(Lu0.8Mn0.2)MnO3 with a different magnetic structure, no
dielectric anomalies were found at TC (Figure 14b), and similar
dielectric properties were observed in (Lu0.667Mn0.333)MnO3.

26

The magnetic field of 90 kOe had very minor effects on the

values of the dielectric constant in (Lu0.9Mn0.1)MnO3 and
(Lu0.8Mn0.2)MnO3, suggesting that the magnetodielectric
effect is very small. We emphasize that it is quite difficult to
correlate dielectric properties with nuclear crystal structures
even when clear sharp dielectric anomalies are observed. This
is because spin-induced structural polar distortions are so small
that they usually cannot be determined from powder
diffraction data,34 and nuclear structures are usually described
in centrosymmetric models even below spin-induced ferro-
electric transitions. For this reason, we refrain from any
discussion on correlations between dielectric properties and
atomic displacements.

3.4. Composition−Temperature Phase Diagram of
(Lu1−xMnx)MnO3. Figure 15 shows a composition−temper-

ature phase diagram of the (Lu1−xMnx)MnO3 system with 0 ≤
x ≤ 0.4, which can be constructed based on our magnetic
structure determination and physical property measurements.
The (Lu1−xMnx)MnO3 phase diagram is noticeably simpler
than any phase diagram of R1−xAxMnO3 manganites.14−18,41,42

We emphasize the absence of any FM metallic regions and
charge-order transitions and phases. On the other hand,
charge-order transitions and regions were found in (R0.5Ca0.5)-
MnO3 (R = Tb−Lu) near 200−300 K19,20,41,42 and many
other R1−xAxMnO3 phase diagrams. An FM ordering of Mn3+

and Mn4+ cations at the B site was found in (Lu1−xMnx)MnO3
for 0.2 ≤ x ≤ 0.4 and in other (R1−xMnx)MnO3 systems with R
= Ho−Yb for x ≥ 0.2 (these results will be published
elsewhere), while an AFM ordering was suggested in
(Lu0.5Ca0.5)MnO3.

20 Therefore, the presence of Mn2+ at the
A site makes the difference and promotes a different magnetic
structure. The ionic radius of Mn2+ (rVIII = 0.96 Å) is smaller
than that of Lu3+ (rVIII = 0.977 Å).43 Therefore, the degree of
distortion (or the degree of octahedral MnO6 tilting) should
increase with increasing x. However, we observed an opposite
effect when Mn−O−Mn bond angles became closer to 180°
with increasing x (Table 2). This effect is probably caused by
the appearance of smaller Mn4+ cations (rVI = 0.53 Å) at the B
site (cf., rVI = 0.645 Å for Mn3+)43 because the decrease of the
average ionic size at the B site overcomes the decrease of the
average ionic size at the A site. If only structural distortions
(Mn−O−Mn bond angles, which determine the strengths of
nearest neighbor and next-nearest neighbor Mn−Mn inter-

Figure 14. Temperature dependence of the dielectric constant in (a)
(Lu0.9Mn0.1)MnO3 and (b) (Lu0.8Mn0.2)MnO3. The inset shows
dielectric data for o-LuMnO3. Measurements were performed on
cooling and heating at H = 0 Oe and 90 kOe (the data at one
frequency of 665 kHz are shown).

Figure 15. A composition−temperature phase diagram of the
(Lu1−xMnx)MnO3 system for 0.0 ≤ x ≤ 0.4. FiM: ferrimagnetic.
TC: FiM Curie temperature. IC: incommensurate. Ins: insulator. E: E-
type antiferromagnetic structure. TN: Neél temperature.
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actions) are considered, the (Lu1−xMnx)MnO3 system should
move to the direction of the RMnO3 systems with larger R
cations (R = Er−Yb), where phase diagrams are well-
known,7,8,12 not to an unknown direction with A cations
smaller than Lu3+. This basically happened at small doping
levels. But the presence of small amounts of Mn4+ at the B site
could act as pinning centers and prevents the development of
the propagation vector to the commensurate value as discussed
in the end of section 3.2.1. An element of disordering
introduced by the presence of Mn4+ could also explain a very
short correlation length observed in (Lu0.9Mn0.1)MnO3. When
the doping level increases, Mn2+ at the A site becomes involved
in the long-range magnetic order. The primary role of magnetic
Mn2+ cations at the A site for such compositions can be seen
from the facts that FM ordering of Mn3+ and Mn4+ cations at
the B site does not depend on the Mn4+ concentration, Mn−
O−Mn bond angles, and the size and nature of R cations.

4. CONCLUSION

We prepared (Lu1−xMnx)MnO3 solid solutions for 0.0 ≤ x ≤
0.4 under high-pressure, high-temperature synthesis conditions
at 6 GPa and 1670 K and constructed a composition−
temperature phase diagram. The introduction of magnetic
Mn2+ cations into the A site with the formation of Mn4+ at the
B site suppresses the appearance of the E-type commensurate
magnetic structure, which is the ground state in o-LuMnO3
and freezes an incommensurate spin structure for x = 0.1 and
finally leads to a ferrimagnetic structure for x ≥ 0.2. Dielectric
properties of (Lu1−xMnx)MnO3 are strongly influenced by the
underlying magnetic structures. (Lu1−xMnx)MnO3 can serve as
a model and reference system for future understanding of the
behavior of (R1−xMnx)MnO3 solid solutions with magnetic
rare-earth elements.
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