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Magnetic and Neutron Diraction Studies of the
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This paper reports on investigations of magnetic properties, crystal and magnetic structures on TbMnO3
prepared in various ways, namely, as conventional polycrystalline sample and two nano particle specimens
(synthesized with a solgel method at temperatures of 800 and 850 ◦C). The X-ray and neutron diraction data
conrm the orthorhombic crystal structure (space group P bnm, No. 62) without noticeable dierences of the lattice
parameters for poly- and nanocompounds. For the polycrystalline sample, a subsequent ordering of the Mn and Tb
sublattices with decreasing temperature was observed. Namely, the Mn sublattice exhibits a modulated magnetic
structure with the propagation vector k = (0, kx , 0) in between 415 K. Below T = 21 K, a change from a collinear
(Ay mode) into non-collinear (Ay Gz mode) structure was evidenced. Further decreasing of temperature below
10 K results in magnetic ordering of the Tb sublattice (modulated Gx Ay Fz mode). For nanoparticle compounds,
magnetic ordering in the Mn and Tb sublattices is described by propagation vector k = (0, ky , 0), with ky components higher than observed for polycrystalline sample. The magnetic ordering in the Mn sublattice is described by
a collinear Ay mode down to 1.6 K where the Tb moment becomes ordered (Gx Ay mode). The observed broadening of the Bragg peaks connected to the Tb sublattice suggests the cluster-like character of its magnetic structure.
PACS: 75.40.Cx, 75.47.Lx, 75.25.j, 75.50.Ee
1. Introduction

RMnO3 manganites, where R is the rare-earth element,
have been recently a subject of intensive studies. The interest of researchers was aimed at their intriguing physical properties such as colossal magnetoresistivity, ferroelastic, and complex magnetic properties.
At room temperature, TbMnO3 compound exhibits
the orthorhombically distorted perovskite structure
(space group P bnm). Magnetic susceptibility of the powdered sample obeys the CurieWeiss law down to low
temperatures with the small anomaly near 40 K and
broad maximum at about 7 K [1]. Below 40 K, neutron diraction (ND) data indicate a modulated magnetic structure of the Mn sublattice described by the
propagation vector kMn = (0, 0.28, 0). The Mn moments were found to form a collinear structure of A-type
along the b-axis. Below 21 K, the transition into a noncollinear structure described by the A- and G-type modes
was evidenced. Below T = 7 K, the additional peaks connected with magnetic ordering of the Tb-sublattice with
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propagation vector kTb = (0, 0.415, 0) were observed.
Analysis of the patterns yields the complex structure (existence of satellites of A, G and C -types) and short-range
character of this ordering [1].
The new neutron diraction data [2, 3] for the single
crystal indicate the complex magnetic structure. Below
Tt = 28 K, the additional weak satellite reections of C and F -types and third connected with the Mn sublattice
were observed. The existence of the third harmonics was
also reported in paper [4]. The new ND data for polycrystalline sample presented by Blasco et al. [5] give the
model of the magnetic ordering similar to the previous
model reported by Quezel et al. [1].
The low temperature ND data for the Tb-sublattice
indicate the existence of the additional peaks with the
propagation vector 2ky [2]. The results obtained in papers [3, 4] conrm the model presented in Ref. [1]. Detailed investigations of magnetic and electric properties
related to the phase transitions were reported in Refs.
[6, 7], in which the (T , H ) magnetic phase diagram was
also presented. It should be mentioned that below 28 K
the electric polarization connected with the occurrence
of ferroelectric phase was observed [6].
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It is well established that physical properties of manganites are heavily dependent on doping as well as on
various intrinsic inhomogeneities, among which the nanostructure deserves the special attention. Due to nanosize
crystallites, the nanoparticle compounds exhibit properties, which are dierent from those observed for the bulk
materials. An important factor is increasing surface-to-volume ratio of the grains as the particle size is reduced
to the nanoscale. As a result, the size eects and the surface eects perturb the properties of nanoparticle samples. In such samples, the magnetic behavior is additionally modied by the inter-particle interactions, which can
be both of the exchange and magnetostatic origin.
In this paper, we discuss an inuence of grain's size induced eects on the magnetic properties as well as on the
crystal and magnetic structures of TbMnO3 . Therefore,
detailed investigations in terms of magnetic and neutron
diraction have been carried out in order to answer to the
above addressed issue. Our data collected for two nanosized specimens as well as a reference conventional powder sample (micro-sized) give apparent evidence of above
mentioned inuence of size-eects on magnetic properties
of TbMnO3 .
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50 K were indexed within the orthorhombic structure of
P bnm space group. Tb and O1 atoms occupy two 4(c)
sites (x, y , 1/4); Mn atoms  4(b) site (1/2, 0, 0) and
O2 atoms  8(d) site (x, y , z ). The presence of minor
impurity phases was detected (see peak for 2θ = 40.4◦
on the diagrams in Fig. 2). The above ndings were conrmed by X-ray diraction data. The obtained results
for reference sample have conrmed that its structure is
stable at 5260 K.

2. Experimental details

The preparation of the TbMnO3 nanospecimens is described in Ref. [8]. The nanospecimens obtained by
annealing at 800 and 850 ◦C possess the average crystallite size of 45 and 60 nm, respectively, and in the
manuscript will be referenced as nano-800 and nano-850.
The grain size was estimated with both the Brunauer
EmmettTeller (BET) method and X-ray diraction
measurements [8]. Analysis of the powder X-ray diraction data suggests that all the samples have the orthorhombic crystal structure described by the P bnm
space group. The dc magnetic measurements were carried out using a commercial MPMS SQUID magnetometer in the magnetic elds up to 50 kOe in the temperature range 2300 K. Powder diraction patterns were
collected using the E 2 for polycrystalline sample and E 6
for nanosamples diractometers installed at the BERII
reactor (Helmholtz-Zentrum Berlin) within the temperature range from 1.6 to 260 K. The incident neutron wavelengths were equal to 2.40 Å for E 2 and 2.447 Å for
E 6. The neutron diraction data were analyzed using
the Rietveld-type program FullProf [9].

Fig. 1. Neutron diraction patterns of polycrystalline
TbMnO3 at T = 5, 16, 31 and 51 K. The symbols represent the experimental data while the solid line denotes
the calculated prole. The dierence between the observed and calculated intensities is shown at the bottom
of each diagram. The vertical bars indicate the positions
of the Bragg peaks, rst row nuclear, second and third
magnetic connected with the Mn- and Tb-sublattices.

3. Results

3.1. Crystal structure
The parameters of crystal structure of the studied samples were determined by neutron diraction experiment
performed in their paramagnetic state (51 K for polycrystalline sample and 50 K for nanosized specimens).
Figures 1 and 2 present neutron diraction patterns of
TbMnO3 for polycrystalline and nano-800 samples measured at dierent temperatures. The patterns at 51 and

The lattice constants and atomic positional parameters of Tb, O1 and O2 atoms rened at 51 and 50 K are
gathered in Table I. The parameters for polycrystalline
sample are in good agreement with the data obtained
by Blasco et al. (see Table 1 in Ref. [5]). The reliability factors are less than 5% yielding good accuracy of
the performed analysis. Any signicant dierence in the
structural parameters of poly- and nanosamples was no
found except xTb parameters.
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Table II shows the MnO distances and MnOMn
bond angles obtained from the rened atomic positions together with the MnO6 octahedron
dis∑
tortion dened as Doct = 10 ×
(|(MnO)i −
⟨MnO⟩average |)/⟨MnO⟩average for each sample. The
data for polycrystalline sample are in good agreement
with those reported in Ref. [5]. It is worth noting that
for nanosamples the octahedron's distortion is lowered in
comparison to reference sample.
TABLE II
Interatomic MnO distances [Å], octahedron distortion
Doct and angles (deg) within the MnO6 octahedral for
TbMnO3 poly- and nanosamples.
No.
MnO1 :2
MnO2 :2
2
⟨MnO⟩average
Doct
MnO2 Mn:4
MnO1 Mn:2
⟨MnOMn⟩av

Poly
1.955
2.239
1.886
2.027
2.10
146.24
143.93
145.47

Nano-800 ◦C
1.951
2.210
1.917
2.026
1.82
145.78
144.66
145.41

Nano-850 ◦C
1.952
2.205
1.924
2.027
1.76
145.61
144.88
145.37

3.2. Magnetic properties

Fig. 2. Neutron diraction pattern of nano-800 sample
measured at 1.6, 15, 32 and 50 K. Description similar
as in Fig. 1.

TABLE I
Crystal structure parameters of polycrystalline and nanosized TbMnO3 compounds rened on the basis of neutron
diraction patterns collected at 51 and 50 K. Standard deviations are given in parentheses. The atoms occupy following positions: Tb at 4c (xTb , yTb , 1/4); Mn at 4b (1/2, 0, 0);
O1 at 4c (x01 , y01 , 1/4) and O2 at 8d (x02 , y02 , z02 ).
Parameters
a [Å]
b [Å]
c [Å]
V [Å3 ]
xTb
yTb
x01
y01
x02
y02
z02
RBragg [%]
Rprof. [%]

Polycrystalline
5.3170(11)
5.8348(13)
7.4202(20)
230.20(16)
0.9973(13)
0.0772(10)
0.1108(14)
0.4685(10)
0.7086(11)
0.3272(8)
0.0504(6)
4.93
4.91

Nano-800
5.3209(7)
5.8205(7)
7.4351(10)
230.27(9)
0.9843(7)
0.0785(5)
0.1061(7)
0.4687(5)
0.7047(6)
0.3235(5)
0.0523(4)
3.75
2.70

Nano-850
5.3257(7)
5.8237(6)
7.4454(11)
230.92(9)
0.9837(7)
0.0794(5)
0.1056(7)
0.4699(6)
0.7038(6)
0.3229(5)
0.0520(4)
4.66
3.48

Magnetic susceptibilities as a function of temperature
are shown in Fig. 3. Figure 3a presents this dependence
at low temperatures. The maximum at 9 K for polycrystalline sample and at 6.7 K for both nanosamples are
observed. The maxima for nanosamples have the broad
character. The increase of magnetic susceptibilities is
observed below 4.4 and 4.0 K for poly- and nanosamples, respectively. In the temperature range 50300 K
the reciprocal magnetic susceptibilities obey the Curie
Weiss law with the negative values of the paramagnetic
Curie temperature equal to −26.5 K for polycrystal and
−29 and −30 K for nanoparticle samples. The eective magnetic moment for polycrystalline sample equal
to 10.98 µB is in
√agreement with value calculated from

Mn 2
2
relation µeﬀ = (µTb
eﬀ ) + (µeﬀ ) for the free ions and
equal to 10.88 µB . For nanosamples the µeﬀ values are
equal to 10.7 µB and 10.6 µB for nano-850 ◦C and nano800 ◦C, respectively. The evidenced lowering of the eective magnetic moment resemble behavior of other nano
sized perovskites. Namely, for LaMnO3+δ this was attributed to enhancement of the Mn4+ contribution [10].
Isothermal magnetization curves in magnetic elds up
to 50 kOe are shown in Fig. 4. The character of M (H)
isotherms for all the samples at 2 K indicate the metamagnetic character of magnetization with the critical
dµ
, equal
eld determined from the eld dependence of dH
to Hcr = 17.4 kOe. The metamagnetic character of the
magnetization curves was observed only in low temperatures, thus it may be attributed to the Tb magnetic sublattice. As apparent from Fig. 4, the magnetization does
not achieve saturation in magnetic eld up to 50 kOe and
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Tb6 (x̄, ȳ , 3/4), Tb7 (1/2 + x, 1/2 − y , 3/4) and Tb8 (1/2 −
x, 1/2 + y , 1/4). Similarly to the Mn sublattice, four
magnetic modes can be dened: F = m5 + m6 + m7 + m8
and three antiferromagnetic arrangements: A = m5 −
m6 − m7 + m8 , C = m5 + m6 − m7 − m8 , and G =
m5 − m6 + m7 − m8 [11].

3.3.1. Microsized reference sample

Fig. 3. Temperature dependence of (a) magnetic susceptibility at low temperatures and (b) reciprocal
magnetic susceptibility for the polycrystalline (1) and
nanoparticles (2 and 3) samples from 800 and 850 ◦C.

Figure 5a shows the parts of the neutron diraction
patterns containing the magnetic reections. For polycrystalline sample at 41 K and below the additional peaks
for 2θ equal to 19.7◦ , 36.4◦ and 45.0◦ are observed. These
peaks are indexed as the reections 001± , 111− and 111+
connected with the propagation vector k = (0, ky , 0),
where ky is equal to 0.296(3) at 41 K and decreases down
to 0.280(2) at 5 K. Magnetic order in the Mn sublattice is
collinear of Ay -type in the temperature range 2141 K.
The Mn moments are parallel to the b-axis (Fig. 6a).
Temperature dependence of the intensity of 001± peaks
gives the Nèel temperature equal to 43 K. At 16 K,
the additional 011− peak at 2θ = 25.2◦ connected with
G-type is observed. This is due to rise of a noncollinear
magnetic structure described by Ay Gz -mode with the Mn
moment deviated from b-axis (Fig. 6b).

Fig. 4. Magnetization isotherms for the polycrystalline
(a) and nanoparticle (b and c) samples from 800 and
850 ◦C measured at dierent temperatures.

decreases with decreasing sintering temperature. The
magnetic moments per formula at 2 K in magnetic eld of
50 kOe are equal to 4.14 µB for polycrystalline sample,
3.65 µB and 3.50 µB for nano 850 ◦C and nano 800 ◦C,
respectively.

Fig. 5. The low angle neutron diraction patterns for
(a) poly (λ = 2.4 Å) and (b) and (c) for nanosamples
(λ = 2.447 Å) of TbMnO3 measured at dierent temperatures.

3.3. Magnetic structure
In TbMnO3 (space group P bnm) the Mn3+ ions in the
4b site can be described by four Bravais lattices labeled
as: Mn1 (1/2, 0, 0); Mn2 (1/2, 0, 1/2); Mn3 (0, 1/2, 1/2);
Mn4 (0, 1/2, 0). Therefore, four modes are possible,
namely, one ferromagnetic arrangement: F = m1 +
m2 +m3 +m4 and three antiferromagnetic arrangements:
A = m1 − m2 − m3 + m4 , C = m1 + m2 − m3 − m4 and
G = m1 − m2 + m3 − m4 can be distinguished [11].
The Tb atoms with the magnetic moments occupy the
following position in crystal unit cell: Tb5 (x, y , 1/4),

Fig. 6. Magnetic structure of polycrystalline TbMnO3
for Mn-sublattice at (a) 31 K, (b) at 16 K and (c) for
Mn and Tb sublattice at low temperatures.
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At 5 K in the neutron diraction patterns a number
of additional peaks at 2θ = 9.9◦ , 21.1◦ , 23.0◦ , 42.5◦ ,
47.1◦ and broad peak near 35.0◦ appear. These peaks
are indexed by the propagation vector k = (0, ky , 0) with
ky = 0.432(1) as 000± , 001± , 011− , 011+ , 111− , 101± ,
021− and 102± . These peaks correspond to the dierent
modes: 000±  F , 001± , 021± and 111−  A and 011−
and 021−  G. The numerical analysis of intensities
gives the magnetic structure described by the Gx Ay Fz -modes (see Fig. 6c) with the following components of
the magnetic moment: µx = 6.47(3) µB , µy = 1.50(8) µB
and µz = 1.0(1) µB and a total value of 6.7(1) µB . The
reliability factors are equal to 4.7% for the Mn sublattice
and 7.07% for the Tb sublattice.
It should be mentioned that the pattern measured at
10 K exhibits some diused-like scattering originating
from the Tb magnetic moments (at 2θ = 22◦ 36◦ ). This
may indicate an existence of short-range correlations of
the Tb magnetic moments. Apart from that, the rened
FWHM parameters of the Tb sublattice are about a rank
greater than for the Mn sublattice. This suggests that the
domain-size related to the Tb magnetic ordering is signicantly smaller than in case of the Mn sublattice. The
Tb moments form the cluster structure. This is in good
agreement with the results presented in Ref. [1].

3.3.2. Nanosized samples

The neutron diraction patterns for both nanosamples
are shown in Figs. 2, 5b and 5c. In the patterns collected at 15 and 32 K the additional peaks at 19.9◦ and
45.0◦ are observed. The results obtained suggest that
at these temperatures the Mn magnetic moments form
a noncollinear structure described by Ay -mode with the
propagation vector k = (0, ky , 0) (Fig. 7a). The determined values of the Mn-moments and the ky component
of the propagation vector are listed in Table III.

Fig. 7. Magnetic structure of nano-800 specimen: (a)
Mn sublattice at 15 K and (b) Mn and Tb sublattice
at 1.6 K.

TABLE III
Parameters of the magnetic structure for nano 800 and nano 850 samples of TbMnO3 .
T [K]

32
15
1.6
µ∗Tb (µB )
∗

µMn [µB ]
1.60(12)
2.29(8)
2.94(2)
3.68(11)

Nano-800
ky
0.326(4)
0.312(2)
0.321(2)
0.443(5)

Rm [%]
19.2
11.5
10.9
9.2

µMn [µB ]
1.35(15)
2.08(10)
3.03(4)
4.43(7)

Nano-850
ky
0.326(5)
0.315(2)
0.328(2)
0.451(3)

Rm [%]
20.9
19.1
13.1
9.3

data from 1.6 K

At 1.6 K, the additional broad maxima at 2θ ≈ 22◦ ,
33 and 43◦ are observed. These maxima contain information on the magnetic ordering in the Tb sublattice.
Absence of the 000± peaks at 2θ ≈ 10◦ indicates the absence of the ferro-F component. The performed numerical analysis reveals a noncollinear magnetic structure of
Tb moments described by Gx Ay mode and propagation
vector k = (0, ky , 0) (Fig. 7b). The obtained values of
the Tb magnetic moment and ky component are listed in
Table III. The calculation was performed on assumption
of the dierent parameters U , V , W for Tb magnetic reection than for other peaks (nuclear and Mn magnetic).
◦

Apart from lack of the G (Mn sublattice) and F (Tb
sublattice) modes, the ky components evidenced for the
nanospecimens are larger than in the conventional polycrystalline sample (both for Tb and Mn sublattices).

4. Discussion

In the paper, comparison of the magnetic properties,
crystal and magnetic structures in poly- and nanosamples
of TbMnO3 is presented. X-ray and neutron diraction
data indicate that all the samples have the orthorhombic
crystal structure described by P bnm space group with
the small dierence of the structural parameters, which
inuence the Mn-distance in the ab plane.
Temperature dependence of the magnetic susceptibility for nanosamples shows the broad maximum at low
temperatures (Fig. 3), which according to the neutron
diraction data is connected with the magnetic ordering
of the Tb moments. Comparison of the data for nanoand poly-samples suggests that the ordering in the Tb
sublattice is similar to the cluster type ordering. The
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critical temperature for the Mn sublattice was not determined from the magnetic data because the large Tb moment strongly inuences the temperature dependence of
the magnetic susceptibility. Only some deviations from
the CurieWeiss law, observed below 50 K for all the
samples are a manifestation of ordering of the magnetic
moment in the Mn sublattice. Above this temperature,
the reciprocal magnetic susceptibility obeys the Curie
Weiss law with the negative value of the paramagnetic
Curie temperature indicating antiferromagnetic interactions. The eective magnetic moment is equal to the sum
of the magnetic moments of the free Tb3+ and Mn3+
ions for polycrystalline and is smaller for nanosamples.
Neutron diraction data conrmed magnetic ordering of
the Mn sublattice in all investigated specimens below
43 K, however some signicant dierences in the observed
structures were noticed. Namely, for the reference sample
Mn sublattice exhibits two magnetic phases: in between
4316 K (A-mode) and below 16 K (GA-mode), while
for nanospecimens only A-mode was recognized. For Tb
sublattice a lack of the ferromagnetic component in case
of nanospecimens must be underlined. Moreover, reections related to the Tb sublattice in both nanosamples
are signicantly broader than for the reference hinting at
cluster-like ordering.
For nanosamples, the observed decrease of the eective
magnetic moments seems to be connected to rise of the
Mn4+ concentration [10]. On the other hand, lowering of
the saturation magnetic moments under external magnetic elds can be explained by spin disorder in a surface
shell of nanogranular systems as proposed in Ref. [12].
The interactions between Mn moments based on the
exchange integrals were discussed by Bertaut [11] and
applied to the case of o-YMnO3 [13]. According to the
authors of Ref. [13] the eigenvalue corresponding to the
A mode, along the direction k = ky b∗ , can be written as

λA (0, ky , 0) = 2(J11a − J12 ) + 2J11b cos(2πky )
− 4(2J13 − J14 ) cos(πky ).
The derivative of λA with respect to ky :
∂λA /∂ky = 4π sin(πky )
× [−2J11b cos(πky ) + 2J13 − J14 ] = 0.
This condition is fullled only when ky = 0 (simple antiferromagnetic mode) or cos(πky ) = (2J13 − J14 )/2J11b
(modulated structure). For (2J13 − J14 ) < 0 the A mode
is energetically preferable. According to Ref. [14] increase of ky means that (2J13 − J14 )/2J11b decreases.
This could be due to decreasing J14 caused by a change
of Mn1 O2 Mn4 angle or increase of the J11b exchange
integral by supersuperexchange mechanism along the
b-axis. The data in Table I suggest that the decrease
of the b-axis, evidenced for nanosamples, is an origin of
increase of J11b exchange integral. Moreover, a small decrease of the Mn1 O2 Mn4 angle is observed in nanosamples leading to a lowering of J14 (see Table II).
The inelastic neutron scattering for TbMnO3 yields
the positive value of the exchange interaction in the
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basal plane (J14 ≈ 0.15(1) meV) and negative value
(J13 ≈ −0.31(2) meV) along c-axis [15]. It means that
(2J13 − J14 ) is negative in case of TbMnO3 . Therefore, the A-mode, observed for all specimens, was expected. For ky = 0.296 obtained just below TN , for
poly-sample, the condition cos(πky ) = (2J13 −J14 )/2J11b
gives J14 ≈ 2(J13 − 0.6J11b ) which is positive. The assumption of negative superexchange J13 and J11b interactions raises a condition: 0.6|J11b | > |J13 |. In the case
of nanosample ky equal to 0.328 gives cos(πky ) = 0.51
and similar condition: 0.51|J11b | > |J13 |.
The utmost importance of surface-to-bulk ratio on concerns magnetic properties of RMnO3 was issued in Refs.
[1618] where thin lms of TbMnO3 and YbMnO3 were
investigated. The general conclusion was that magnetic
properties change dramatically when dimensionality is
restricted. For example, in thin lms of TbMnO3 purely
ferromagnetic behavior was observed [17]. In the case of
YbMnO3 a critical layer thickness of 30 nm was claimed
to be a border between bulk and reduced dimensionality
magnetic behavior [18].
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