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Recently, RMn2O5 (R = rare earth, Bi, Y ) type multiferroics have drawn considerable attention,
because of magnetically induced ferroelectricity along with an extremely large magnetoelectric cou-
pling. Here we present a detailed study on NdMn2O5 which is a crucial composition between the
non-ferroelectric PrMn2O5 and ferroelectric SmMn2O5. We report the results of heat capacity, ma-
gnetization, dielectric permittivity and electric polarization measurements along with the accurate
description of the structural and microscopic magnetic properties obtained from the high resolution
X-ray and neutron diffraction studies. We show for the first time that NdMn2O5 is ferroelectric
although the magnitude of polarization is much weaker than that of the other multiferroic members.
The direction of the polarization is along the crystallographic b-axis and its magnitude can be tuned
with the application of magnetic field. Moreover, unlike the other multiferroic members of this series,
ferroelectricity in NdMn2O5 emerges in an incommensurate magnetic state. The present study also
provides evidence in support of the influence of the rare earth size on the magnetoelectric phase
diagram.

PACS numbers: 75.25.-j, 75.85.+t, 75.30.Et, 61.05.F-, 61.05.cp

INTRODUCTION

Magnetoelectric multiferroic compounds, characteri-
zed by the simultaneous presence of magnetic and electric
ferroic/antiferroic coupled orders, are exceptional multi-
functional materials opening a new horizon for the next
generation electronic devices. They respond to both ap-
plied electric and magnetic fields and thus can provide
a much better degree of control than systems with only
one ferroic order (ferro/antiferromagnetism or ferroelec-
tricity) [1]. However, the actual challenge in the field of
such multiferroics is to maximize the cross-coupling bet-
ween ferroelectricity and magnetism. Very strong cross-
coupling is expected in a system, when the ferroelectri-
city is magnetically induced. This type of spin-induced
ferroelectricity is commonly observed in materials with
complex magnetic orders generally arising from the ma-
gnetic frustration. The microscopic mechanism, usually
proposed to account for such spin-induced ferroelectri-
city, is the antisymmetric Dzyaloshinskii-Moriya (DM)
interaction between non collinearly ordered spins, which
favors the displacement of the negatively charged ligands
that induces electric polarization in the system by brea-
king the inversion symmetry [2, 3].

Recently, a different kind of spin induced ferroelec-
tricity has been observed in the magnetically frustra-
ted RMn2O5 (R = lanthanide, Bi, Y ) family of oxides.
In this series, ferroelectricity has been found to be in-
duced by nearly collinear magnetic ordering. Thus, the
origin cannot be explained by the standard DM mo-

del. The mean structure of the RMn2O5 compounds
crystallizes in the centrosymmetric orthorhombic Pbam
space group [4, 5]. However, slight deviation from the
mean structure has recently been detected in single crys-
tals for all the members of the series [6]. In the mean
structure, there are two distinct crystallographic sites for
Mn4+ (site 4f) and Mn3+ (site 4h) forming Mn3+O5
square pyramids and corner sharing Mn4+O6 octahe-
dra (see Fig. 1). In the (a,b) plane, loops of five Mn
ions (three Mn3+ and two Mn4+) are formed. In each
loop, three inequivalent nearest neighbor antiferromagne-
tic (AF) super-exchange interactions are present between
Mn ions (see Fig. 1). J3 and J4 between Mn3+ and
Mn4+ spins, and J5 between two Mn3+ spins which is
also expected to be the dominant integral [7]. Since all
of them are AF, this induces a magnetic frustration in
the system [3]. Along the c direction,Mn4+O6 octahedra
share edges to form ribbons (see Fig. 1). In between two
adjacent layers of Mn4+ ions, layers of Mn3+ and R3+

appear alternatively. Due to such specific kind of ato-
mic arrangement, two types of Mn4+-Mn4+ exchange
interactions viz. J2 (through the Mn3+ layers) and J1
(through the R3+ layers) (Fig. 1 (b)) become relevant
along c. The main contribution to J2 is theMn4+-Mn3+

super-exchange coupling and it is always ferromagnetic
(F) [7, 8].

The members of the series with small R3+ ions (from
Tb to Lu) have been intensively studied and ferroe-
lectricity has been evidenced in all of them. Moreo-
ver, an extremely large and reversible magnetoelectric
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coupling has been observed in TbMn2O5 [9–11]. These
multiferroic members of the RMn2O5 series are well
known for showing multiple phase transitions. In these
compositions, the first magnetic transition (ICM1 at
TC1 ≈ 42− 45 K) is generally associated with an in-
commensurate propagation vector qM = (0.5− δ, 0, τ) (
δ ≈ 0.01 and 0.25 ≤ τ ≤ 0.35) and a quasi-collinear spin
arrangement. Below TC2 ≈ 38− 41 K, the propagation
vector of the magnetic order becomes commensurate
(CM) with qM = (0.5, 0, 0.25) and an electric polarization
concurrently sets in generally along the b-axis [3]. Near
TC3 ≈ 20− 25 K, the magnetic propagation vector reco-
vers its incommensurate character (ICM2) and finally the
R3+ spins generally undergo a magnetic ordering below
10 K.

As mentioned, the spin-induced ferroelectricity, obser-
ved in these materials with nearly collinear spin align-
ments, cannot be described by the standard DM model
suitable for non-collinear magnetic orderings. Instead, an
exchange striction based mechanism is proposed to ex-
plain the origin of ferroelectricity in this series. It is ar-
gued that due to the exchange-striction effect, all the
Mn3+ ions slightly move from their centrosymmetric po-
sitions to release the magnetic frustration. In this way,
the inversion symmetry is broken (in particular the a
glide plane symmetry), which induces the ferroelectricity
along the b direction [3, 8, 9]. This polarization is ex-
pected to be proportional to the scalar product of the
adjacent Mn spins and thus it becomes strong when the
magnetic structure is collinear. In this multiferroic se-
ries, the magnetic structure is strongly influenced by the
nature of the R3+ ions and the magnitude of the ferroe-
lectric (FE) polarization strongly depends on the exact
magnetic structure. For instance, in DyMn2O5 the spins
lie along the b axis in the phase of highest electric po-
larization while for the other compounds of the series,
the magnetic easy axis is mostly along the a direction.
A key issue is thus to understand the influence of the
rare earth on the magnetic ordering or more generally, on
the magnetoelectric properties of the system. However,
to acquire in depth understanding on this issue, detailed
investigations on the compositions with large R3+ ions
(R=Pr, Nd, Sm) are essential. Due to the synthesis diffi-
culties, the possible multiferroic properties of these com-
pounds have never been studied. Fortunately, we have
recently succeeded in synthesizing high quality powders
and small single crystals of such compositions.

We have already reported our results on PrMn2O5
and have shown that this compound strongly differs from
the members with small R3+. It has been observed that
PrMn2O5 is paraelectric and undergoes two commen-
surate magnetic transitions at 25 K and 20 K [12, 13].
On the other hand, SmMn2O5 is known to be FE. With
this scenario, the composition NdMn2O5 can be regar-
ded as a threshold case as it lies in between paraelec-
tric PrMn2O5 and ferroelectric SmMn2O5. Therefore,

Figure 1: (color online) (a) A perspective view of the
crystal structure of RMn2O5. Magnetic exchange

interactions (Ji) (b) in the (a,b) plane and (c) along the c
direction. (d) A magnified representation of Mn4+O6

octahedron and Mn3+O5 square pyramid.

investigation of this composition is essential to unders-
tand the series in a better way. It is to be noted that the
issue of multiferroicity in NdMn2O5 has not been well
adressed until now. Moreover, regarding the magnetism
of the system, only the ground state magnetic structure
has been determined [14] but using low resolution powder
neutron diffraction data. Recently, the magnetic phase
diagram has been investigated [15, 16] with a determi-
nation of the magnetic propagation wave vector in the
different phases. However, the magnetic structure in the
different magnetic phases is still missing. In this work,
we have thus studied not only the multiferroic behaviors,
but we have also revisited the magnetic structure of this
composition in the ferroelectric state with a high resolu-
tion neutron spectrometer and in the light of the recent
results obtained for the magnetic structures of the other
members of the series [9].

SYNTHESIS & ROOM TEMPERATURE
STRUCTURAL CHARACTERIZATION

Polycrystalline NdMn2O5 was synthesized following
the methodology as described in references [12] and [16].
Single crystals were synthesized following the method of
reference [17]. Highly pure Na2MoO4, MoO3, MnCO3
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and Nd2O3 were mixed in a molar ratio of 3.5 : 1.5 : 0.5 :
0.6. This mixture was electrolyzed for 16 h at 990 ◦C
using platinum electrodes and an Al2O3 crucible. The as
grown crystals were finally washed with warm solutions of
5% K2CO3 and 2.5% disodium ethylenediaminetetraace-
tate. The black and shining single crystals obtained from
this synthesis have two kinds of morphology. Most of the
crystals are plate-like (0.5 mm2) similar to PrMn2O5.
However, few of them have a needle like shape (0.1 mm2)
similar to TbMn2O5 crystals and the crystals obtained
by Euzen et al. [18]. We have characterized both of these
two types of crystals.

High resolution powder X-ray measurement was per-
formed with synchrotron radiation on the high purity
NdMn2O5 powder. The measurement was carried out at
the CRISTAL beamline of the Soleil synchrotron light
source in France. The X-ray wave length used was 0.62
Å. The experiment was carried out between 2θ = 0◦ and
50◦ at 300 K. Rietveld refinement of the integrated inten-
sities was performed using GSAS software package [19].
It is in good agreement with the 300 K crystallographic
structure and the Pbam centrosymmetric space group re-
ported previously [4, 5] (see Table I). In addition, we did
not observe any impurity phase in this sample.

We carried out structural measurements on the two
types of single crystals in a laboratory based four-circles
diffractometer working with Mo-kα wave length. The
structural refinement was performed with SHELX soft-
ware [20]. The results obtained from the refinement are
given in Table I. We can notice that the unit cell parame-
ter along the a direction is strongly smaller (∼10−1 Å)
for the needle-like crystals than that of the plate-like and
powder samples (see Table I). This value of a also differs
from the value reported earlier in literature [5]. In addi-
tion, we have observed that in the case of the needles,
the Mn3+−O3 distance (see Fig. 1(d)) is always shorter
(2.0720 Å, 2.0544 Å and 2.0380 Å for the powder, plate-
like and needle-like samples respectively). This may lead
to an enhanced J4 exchange interaction. Thus, the struc-
tural anomalies of the needle-like crystal should have a
strong influence on its magnetic orderings and also on
other physical properties.

We have checked the stoichiometry and chemical pu-
rity of the various samples using an energy dispersive
X-ray spectroscopy technique (EDS) and X-ray diffrac-
tion. The oxygen stoichiometry has been checked via the
refinement of the X-ray data. The refinements for all the
samples have shown a roughly nominal oxygen stoichio-
metry (the sensitivity of X-rays to oxygen cannot give
very accurate values). From EDS measurements, we have
observed that the single crystals present a small amount
of nonmagnetic Al contamination (few atomic percents)
probably due to the alumina crucible used at high tempe-
rature during the electrolysis. The Al contaminant does
not form any agregate because no impurity has been de-
tected as a second phase in the X-ray measurements. It

Table I: Atomic positions and unit cell parameters (Å) of the
powder, needle-like and plate-like samples obtained from the

X-ray scattering experiment at 300 K.

Powder a b c
7.5123(1) 8.6236(2) 5.7045(1)

Atom x y z
Nd 0.1429(1) 0.1730(1) 0

Mn4+ 0 0.5 0.2592(1)
Mn3+ 0.4100(2) 0.3514(1) 0.5
O1 0 0 0.2773(1)
O2 0.1602(5) 0.4530(5) 0
O3 0.1518(50) 0.4359(37) 0.5
O4 0.4001(3) 0.2047(3) 0.2488(4)

Needle a b c
7.4146 8.5776 5.6784

Atom x y z
Nd 0.14171(1) 0.17260(2) 0

Mn4+ 0 0.5 0.25741(3)
Mn3+ 0.40982(1) 0.35157(1) 0.5
O1 0 0 0.27540(2)
O2 0.15835(6) 0.44717(7) 0
O3 0.15232(15) 0.43469(17) 0.5
O4 0.40009(6) 0.20726(7) 0.24704(6)

Plate a b c
7.4907 8.622 5.7010

Atom x y z
Nd 0.14223(2) 0.17265(2) 0

Mn4+ 0 0.5 0.25816(3)
Mn3+ 0.41010(1) 0.35210(2) 0.5
O1 0 0 0.27727(5)
O2 0.15759(7) 0.447964(5) 0
O3 0.15351(12) 0.43623(18) 0.5
O4 0.40223(9) 0.206385(8) 0.250328(9)

rather forms a solid solution mainly at the surface of
the crystals. The Nd : Mn molar ratio has been found
to be as per the chemical formula unit for both powder
and plate like single crystal. However, the EDS analysis
shows that the needle-like single crystals have a strong
Nd deficiency (66 at% for Mn and 28 at% for Nd). If
the oxygen is stoichiometric, this Nd deficiency must be
compensated by the presence of excess Mn3+ replacing
some Mn4+ ions to maintain the electroneutrality. This
could be the possible reason for the anomalous unit cell
parameter observed in the needle-like crystal.

RESULTS

Calorimetric & Bulk Magnetic Properties

Heat capacity (Cp) measurements were performed on
the two types of single crystals with a Physical Property
Measurement System (PPMS) from Quantum Design.
For each type of samples, the reproducibility of the data
was verified by repeated measurements. The results are
presented in Fig. 2. Cp(T ) measurement performed on
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Figure 2: (color online). Thermal variation of the heat
capacity (Cp) over temperature (T ) for the plate-like and

(inset) needle-like crystals.

the plate-like single crystal produces similar behavior as
the powder sample published in reference [16] but with a
shift of the high temperature anomaly. A broad peak can
be seen around T1SC = 25± 2 K in the Cp/T vs. T data.
With cooling, another weak anomaly at T3SC = 17 ± 2
K is observed. When the temperature is decreased fur-
ther, a sharp feature appears around T4SC = 4 ± 1 K. As
reported recently [16], the powder sample shows four ano-
malies at T1P = 30± 2 K, T2P = 26± 2 K , T3P = 17± 2
K and T4P = 4± 2 K.

In comparison, heat capacity data of the needle sha-
ped crystals show only one transition at T4N = 5 ± 1
K as depicted in the inset of Fig. 2. This strong diffe-
rence is certainly related to the structural dissimilarities
among the needle shaped crystal and the other samples.
Such significant discrepancies, as observed in the struc-
tural parameters as well as in the heat capacity data,
lead us to focus only on the plate-like crystals and the
powder samples for the rest of our study. It is to be no-
ted that for the powder and the plate-like samples, the
overall behavior of the heat capacity data including the
multiple phase transitions, is very similar to other mul-
tiferroic members of RMn2O5 series [21].
In order to verify, whether the phase transitions ob-

served in the heat capacity measurements have magnetic
origins, we performed magnetization (M) measurement
with a commercial SQUID magnetometer (Quantum De-
sign). The magnetization data are found to be in line with
the heat capacity result. As reported recently by us [16],
the zero field cooled heating (ZFCH) data of the powder
sample measured under a magetic field (H) of 100 Oe
(Fig. 3(a)) shows anomaly around T ∗ = 36 ± 2 K, which
is close to T1P . This feature is followed by two other ano-
malies near 15 ± 1 K (∼T3P ) and 4 ± 1 K (T4P ). From
the Curie-Weiss type fitting of the ZFCH data above 120

K, we found the Curie-Weiss temperature (θ) to be -161
K signifying the presence of AF correlation in the system.
The ratio |θ/T1P | turned out to be 5.4 reflecting that this
system is moderately frustrated [22]. The thermomagne-
tic irreversibility, that appears below 120 K between the
ZFC and the field cooled curves [16], is presumably re-
lated to a small ferromagnetic component present in the
system since, we have observed hysteresis loop in the low
magnetic field regime of theM(H) data measured at 45 K
and 32 K (Fig. 3). The origin of this small ferromagnetic
component is possibly related to the canting of the spins.
As will be discussed later, the magnetic structure at low
temperature shows presence of highly non-collinear spin
orientations. So, it is likely that this low field hysteresis
could be connected to the onset of a short range ma-
gnetic correlation with spin canting even well above the
true magnetic ordering. Such short range orderings are of-
ten observed in the magnetically frustrated systems well
above the long range ordering. From the field cooled co-
oling (FCC) and field cooled heating (FCH) curves, one
can observe the presence of two thermal hysteresis span-
ning over δT ≈ 10 K. The first one appears below T ∗ and
includes the T2P transition whereas, the second hystere-
sis is present around the T4P transition. This result is an
indication of the first order character of the correspon-
ding phase transitions. Such multiple thermal hysteresis
has also been observed in DyMn2O5 [23].
Magnetization measurements were also performed on

the plate-like single crystal following ZFCH protocol. Fig.
3 (d) depicts the thermal variation of M along three dif-
ferent crystallographic axes between 2 K and 45 K. In
the entire temperature range, the magnetization measu-
red along c is much smaller than the one measured along
the remaining two directions. There is practically no ani-
sotropy present between the a and b directions. Thus, the
easy plane for the spins should be the (a, b) plane. In ad-
dition, the high temperature magnetic phase transition
is also evidenced by this single crystal measurement. It is
characterized by a weak anomaly near 26±1 K (∼ T1SC)
in the M(T ) curve measured along the a direction (Fig.
3 (e)). This feature seems to signify that the spins rela-
ted to this ordering have components mostly along a. A
closer look at the M(T ) data along b reveals a hump-like
feature (indicated with an arrow in Fig. 3 (d)) with its
maximum at T4SC . This is a possible signature of the
AF character of the low temperature phase transition si-
milar to many other compositions from this series. The
fact that the transition at T4SC is only visible along b
indicates that the b component of the spins are predomi-
nantly involved in this transition.

For the crystal, |θ/T1SC | ratio turns out to be ∼9.2,
where the θ value was estimated from the Curie-Weiss
fitting of the high temperature susceptibility data along
the c direction. Clearly, the magnetic frustration is much
weaker in the powder than in the crystal. Such a reduc-
tion in the strength of the frustration is related to the
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Figure 3: (color online). (a) Temperature (T ) dependence of magnetization (M) for the powder sample measured in zero
field cooled heating (ZFCH), field cooled cooling (FCC), and field cooled heating (FCH) protocols with an applied magnetic
field of 100 Oe. INSET : Curie-Weiss fitting of the inverse susceptibility data as function of temperature. (b) ZFCH M(T )

data of the powder sample emphasizing the anomaly at T3P . INSET : M(H) curves measured at 32 K and 45 K. (c) Low field
region of the M(H) curves to show the hysteresis effect. (d) Zero field cooled M(T ) data of the plate-like crystal measured
along three different crystallographic axes with a field of 1 kOe. (e) M(T ) data along a direction for the same type of crystal
emphasizing the magnetic transition. INSET : Curie-Weiss fitting of the inverse susceptibility data as function of temperature.

enhancement of surface over volume ratio in the pow-
der sample. Similar behavior has also been observed pre-
viously in strongly frustrated ZnCr2O4 [24]. The role of
magnetic frustration is to prevent the long range magne-
tic ordering. Therefore in the plate-like crystal, the lowe-
ring of the magnetic ordering temperature as compared
to the powder sample is possibly related to this enhan-
ced magnetic frustration. Moreover, the surface impuri-
ties can also have some role in this issue.

Electric Properties

Temperature dependence of the complex dielectric per-
mittivity (ε) was measured between 40 K and 10 K with
varied frequencies using an RLC bridge (HIOKI 5322)
and a laboratory-made shielded sample holder. Experi-
ments were performed both on a pellet and a single crys-
tal. For the single crystal experiment, the signal to noise
ratio was improved by averaging the measurements and

by slowing down the temperature sweep rate in order
to have both ε′ and ε′′. However, their absolute values
are not known very precisely as the contribution of the
cables (of the order of 1 pF for the capacitance) and their
frequency dependence was difficult to evaluate. The ther-
mal dependence of ε′ measured on a pellet of NdMn2O5
powder (Fig. 4(a)) shows a peak around 26 ± 2 K, a tem-
perature very close to T2P . Since, there is practically no
frequency dependence on the peak position and as it also
looks similar to the one observed in other FE members of
RMn2O5, this peak could be a fingerprint of a ferroelec-
tric transition. It is important to mention that the first
order nature of the ferroelectric-like transition (similar
to the other FE members) was confirmed by performing
the heating-cooling thermal cycle measurement of ε′(T ).
As depicted in the inset of Fig. 4(a), a prominent ther-
mal hysteresis is present in the ε′(T ) data. This feature is
also in line with the high temperature thermal hysteresis
observed in the M(T ) data. Near T3P , ε′(T ) curve shows
a weak anomaly. The possible origin of this anomaly, in
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Figure 4: (color online). Temperature dependence of the real part of dielectric permittivity (ε′) for both (a) powder and (b)
plate-like crystal (along b). Inset of (a) shows the presence of thermal hysteresis in ε′ of the powder sample. Thermal variation

of the imaginary part of the dielectric permittivity (ε′′) for the plate-like crystal measured at 100 kHz along the b-axis is
depicted in the inset of (b). The background is unknown and has not been subtracted from the measured dielectric data.
Thermal variations of the pyroelectric current are shown for the (c) powder and (d) plate-like crystal (along b). For the

crystal, data have been shown for measurements performed in zero magnetic field as well as with a field of 90 kOe. Electric
polarization (P ) of the powder sample as a function of T measured in zero magnetic field is shown in (e) whereas, (f) depicts
the temperature variation of P along the b direction for the plate-like crystal measured in zero magnetic field as well as with a

field of 90 kOe.

connection with the famous electromagnon excitation, is
discussed in the reference [16]. In Fig. 4(b), the ε′(T )
measurement performed on one plate-like single crystal
along the b axis, is presented for three different frequen-
cies. These curves show a very similar behavior as for the
powder sample, which indicates that the electric polari-
zation is mostly along the b direction as in the other FE
members of the series. For crystals, the peak in the ε′(T )
curve is observed around T2SC = 20 ± 2 K, a temperature
shifted by about 5 K with respect to the T2P transition of
powders. For the single crystal, the thermal evolution of
the dielectric loss ε′′(T ) (inset of Fig. 4(b)) confirms the
presence of an anomaly at the same temperature as for
ε′(T ). All these results indicate that the second transition
has an impact on the electric properties.

In order to have direct evidence of the ferroelectric-
like transition observed in ε′(T ), pyroelectric current

(Ipyro) measurement was carried out as a function of
T . The sample was initially cooled down to 10 K un-
der a constant poling electric field (Epole) (delivered by
a Keithley 6487 picoammeter/voltage source). After co-
oling, the poling field was switched off and the sample
electrodes were short-circuited for 1 h to maintain the
zero charge condition. Then the sample was warmed at a
rate of 5 K/min to measure the temperature variation of
Ipyro with the picoammeter (Fig. 4 (c)). The electric po-
larization (P ) was estimated as a function of temperature
by integrating this Ipyro data. During the first measure-
ment performed on a pellet of the powder sample, a weak
peak in the Ipyro (T ) was observed around T2P . This fea-
ture became stronger with increasing Epole and finally the
magnitude of Ipyro got saturated for Epole=7 kVcm−1.
By applying Epole=-7 kVcm−1, we observed exactly the
same behavior of Ipyro (T ) but with a reversed sign. The
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Figure 5: (color online). Powder X-ray diffraction patterns
recorded at 35 K (represented along with Rietveld

refinement) and 3 K using synchrotron based radiation at
the CRISTAL beam line (SOLEIL, France).

temperature variation of P , as estimated by integrating
Ipyro(T ) for Epole=7 kVcm−1, is depicted in Fig. 4 (e). It
confirms that below T2P , a spontaneous electric polariza-
tion sets in and it increases sharply to reach a maximum
value of 0.3 µC/m2 at 20 ± 1 K. Interestingly, the polari-
zation decreases sharply below 20 K and finally changes
its sign with further lowering of temperature. Pyroelec-
tric current measurement following the same protocol was
performed on the plate-like crystals as well (Fig. 4(d)).
Due to the small size of these crystals, we used a com-
bination of six coaligned crystals to enhance the signal.
Each of the crystals used had a thickness of ∼200 µm.
This coalignement helped to obtain a total surface area of
∼3 mm2. We applied a poling electric field of 18 kVcm−1

along the b direction. This value of Epole is well above
the magnitude required to saturate Ipyro (here Ipyro sa-
turates for Epole = 15 kVcm−1). Fig. 4 (f) represents the
thermal variation of the electric polarization. The beha-
vior is very similar to the one observed in the powder
sample. However, the maximum value of polarization is
∼10 times larger in the crystal. In addition, the critical
temperature of the FE phase (TSC2) is decreased by ∼ 7
K in the crystal. We also measured the thermal variation
of P in the presence of magnetic field in order to verify
the existence of magnetoelectric effect (Fig. 4 (f)). By
applying a field of 90 kOe along the b axis, one can have
∼12% decrease on the maximum of P along with a shift
of the peak position towards the lower temperature. Such
an effect is also observed in other compounds of the series
such as DyMn2O5 [25, 26] and could be due to the pro-
gressive suppression of the AF-like magnetic order under
magnetic field which induces the electric polarization.

From these measurements, it can be argued that simi-
lar to the other members of the series with small R3+ size
and in contrast with the members with large R3+ size (Pr
and La), NdMn2O5 is FE below T2P (or T2SC for crys-
tal). We can also see that the direction of the polarization
is along b, as expected. On the other hand, the thermal
variation of the electric polarization is not very typical.
The sudden decrease of P below 20 K (for the crystal it is

16 K) is the fingerprint of a more complex phase. Howe-
ver, this type of behavior is not unusual in the RMn2O5
series and a similar feature has been observed in compo-
sitions with R = Tb and Dy. It can be either due to the
variation of the magnetic structure with T which induces
a thermal variation of the spin-induced polarization [3],
or due to the presence of multiple electric sublattices si-
milar to DyMn2O5 producing a ferrielectric state [26].
In case of NdMn2O5, we can interpret that this unusual
thermal behavior results from a complex variation of the
magnetic structure as will be discussed later (Fig. 6).

Thermal Evolution of the Crystal Structure

Between 3 K and 50 K, we performed the same high
resolution powder X-ray measurement as that at 300
K using identical wave length of the synchrotron radia-
tion. The Rietveld refinement of the 50 K diffractogram
using FullProf software [27] is in agreement with the 300
K crystallographic structure. Even at 3 K, we did not
observe any significant variation of the intensity of the
Bragg reflections. No additional reflections were detected
(Fig. 5) as well. In the limit of our X-ray powder diffrac-
tion sensitivity (∼10−2 of the intensity of the mean Bragg
reflections), this result signifies that the successive tran-
sitions of NdMn2O5 do not involve the lattice directly.
Rather, they presumably have a magnetic origin without
significant exchange-striction effect. With the plate-like
crystal also, we did not find any signature of exchange-
striction effect below T2SC , even after achieving a noise
over mean Bragg intensity ratio of ∼10−4 in a laboratory
based three circles diffractometer. The accurate refine-
ment of the powder diffractograms is difficult, due to the
strong assymmetry in the profiles of the reflections. Such
assymmetry is attributed to the grain size and the strain
effects which gets emphasized by the high resolution of
the synchrotron beam.

Thermal Evolution of the Magnetic Order

To investigate the magnetic properties of NdMn2O5
with microscopic detail, neutron powder diffraction (
NPD) measurement was carried out in the G41 diffrac-
tometer installed on the cold source at the Orphée-LLB
reactor (France). The measurement was performed using
the same powder sample with a neutron wavelength of
2.42 Å in order to improve the low angle accuracy. The
diffractograms were recorded for 2θ = 6◦-86◦ in the tem-
perature range between 2 K and 30 K with an increment
of 2.5 K. The Rietveld refinement, performed on the 30
K data with the FullProf software, is in agreement with
the X-ray results. It shows that the structure at 30 K is
similar to the one at room temperature.
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Figure 6: (color online). Color mapping of the NPD
patterns collected between 30 K and 2 K. The white, red,

and green arrows indicate the magnetic reflections
corresponding to q1 (also q2), qCM , and 3q1 propagation

vectors respectively.

Below T1P = 30 K, a set of around seven new reflec-
tions can be detected (Fig. 6). The magnetic origin of
these reflections is obvious since no additional reflections
have been detected in the X-ray measurement at this
temperature. The width of these reflections (except two
of them at low angle) is found to be similar to those of
the nuclear reflections. This is a prominent signature of
long range magnetic order. These reflections can be in-
dexed with an incommensurate propagation vector of the
type q1 = ( 1

2 ,0,0.4-δ) with δ decreasing with decreasing
temperature. The components of this propagation wave
vector are similar to the ones found in the other composi-
tions of the RMn2O5 series. However, the c∗ component
is slightly larger than what is generally observed in these
compounds. It is interesting to notice that a very weak
reflection, which can be indexed with 3q1, can also be
seen. This might be a fingerprint of the presence of hi-
gher harmonics of the spin modulation associated with
the magnetic ordering. Presence of such higher harmo-
nics of the spin modulation has already been observed in
TbMn2O5 [28].
Interestingly two reflections viz. (0.5,0,0.4-δ) and

(0.5,1,0.4-δ), present in the low angle region of our mea-
surement, are very broad and cannot be well indexed with
a unique propagation wave vector. Recent works on the
NdMn2O5 system [15, 16] have proposed the possibility
of the presence of two slightly different propagation wave
vectors. The two propagation wave vectors (we will be
denoting them as q1 and q2 following the convention of
reference [16]) have the same a∗ component (0.5a∗) but
they slightly differ in their c∗ components (close to 0.4c∗).
The c∗ component of q1 evolves with temperature simi-
larly to some other RMn2O5 compounds [29, 30] while
q2 is nearly constant with temperature. Finally at 15 K
(i.e. near T3P ), the two magnetic propagation wave vec-

tors merge together with a c∗ component very close to
0.4. The magnetic phase between 30 K (T1P ) and 15 K
(∼T3P ) will be denoted as ICM1.
To verify the presence of two different propagation

wave vectors in the ICM1 phase, we also performed neu-
tron diffraction measurements with one of the plate-like
single crystals in spite of its very small size. This expe-
riment confirms the presence of two propagation wave
vectors with slightly different c∗ components (see Fig.
7(a)). These c∗ components are slightly greater than 0.4c∗
and thus slightly different than the ones observed in the
powder sample and reported in reference [15]. This very
slight discrepancy is however considered to be insignifi-
cant compared to the main common features observed
such as the presence of a double q and its incommensu-
rate character in the entire range of temperature. Our
measurement also indicates a slight broadening of the a∗
component. This feature can be attributed either to a
short range magnetic order or to the splitting of the re-
flection due to a slightly incommensurate character of the
propagation vectors along the a∗ direction. The stabili-
zation of a magnetic order characterized by two nearly
equal propagation wave vectors is not unusual in this se-
ries of compounds. Indeed for DyMn2O5, such behavior
has been reported previously [23]. It can be attributed to
the presence of several quasi-degenerate magnetic states
due to the underlying magnetic frustration in the system.
The fact that the two propagation wave vectors merge at
low temperature is a lock-in effect and it reflects that the
system finally stabilizes in the most favorable magnetic
structure.

By further cooling below 15 K, some more new reflec-
tions emerge in the diffractograms. They are found to
be associated with the same magnetic propagation wave
vector. As a consequence, they seem to be connected with
a spin reorientation effect, rather than to a new magne-
tic transition. The magnetic phase in the region of 5 K
(∼T4P ) ≤ T ≤ 15 K (T3P ) can be described with only
one incommensurate magnetic propagation vector q2 and
it will be denoted as the ICM2 phase afterwards.
Finally below T4P , one unique additional reflection

appears and coexists with the previous ones (CM +
ICM2 phase). This new reflection can be indexed with
a commensurate qCM = (0.5,0,0) propagation wave vec-
tor (CM). The appearance of an additional magnetic or-
der at low temperature is very common in this series of
compounds. It is generally attributed to the ordering of
the rare earth spins following the same propagation wave
vector as that of the Mn spins. The unusual feature in
the present case is that, the propagation wave vector as-
sociated with the rare earth ordering is different than the
one associated with theMn spins. However, such a beha-
vior is present inDyMn2O5 and PrMn2O5 compositions
as well [13, 23]. Particularly in DyMn2O5, one can ob-
serve exactly the same AF qCM propagation wave vector
(0.5,0,0) below 8 K, which is associated with the orde-
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Figure 7: (color online). (a) Single crystal neutron
diffraction at 15 K by scanning along the c∗ direction to

show the presence of magnetic reflection associated with two
close but different propagation wave vectors q1 and q2. Solid
lines are fit to the peaks with two Gaussian functions along

with a background term. (b) Thermal variation of the
integrated intensities of various magnetic reflections

obtained from NPD. Here, solid lines have been used as a
guide to the eye.

ring of Dy3+ spin [31]. The magnetic and electric phase
digram of the NdMn2O5 powder have been depicted in
Fig. 8 for the sake of clarity.

The thermal evolution of the integrated intensities cor-
responding to different reflections associated with the in-
commensurate q1 propagation wave vector is represen-
ted in Fig. 7(b). This parameter is proportional to the
square of the magnetic order parameter. We can observe
different types of behaviors based upon the nature of the
(h, k, l) indices of the reflections. For the first set of re-
flections (reflections at (±0.5, 1, 0.4-δ) and (±0.5, 1, 2-
(0.4-δ)), the intensity increases monotonically when the
system is cooled below T1P . The second set of reflections
(for example (±0.5, 0, 1-(0.4-δ))) starts to appear around
T3P±2 K. There is a third set of reflections (Example :
(1.5, 1, ∼0.4)) that emerges in between T1P and T2P .
Unfortunately, due to the scattered nature of these re-
flections around this region it is difficult to precisely de-

Figure 8: (color online). Magnetic and electric phase
diagram of NdMn2O5 powder. Here, PM, ICM, CM, PE,

and FE are abbreviated forms used to denote paramagnetic,
incommensurate magnetic, commensurate magnetic,
paraelectric, and ferroelectric states respectively. The

magnetic wave vectors (q1, q2, and qCM ) corresponding to
each magnetic phase have been mentioned in parentheses.

termine their onset temperature. Within the error bars,
no anomaly can be detected near the T4P transition.

Determination of the Magnetic Structure in the
ICM2 Phase

For NdMn2O5, determination of the magnetic struc-
ture from the NPD data is very complicated owing to the
following facts : i) weak magnetic reflections often over-
lapping with the nuclear contributions, ii) incommensu-
rate nature of the propagation wave vector, iii) coexis-
tence of two slightly dissimilar propagation wave vectors
q1 and q2, and iv) the presence of eight 3d magnetic ions
(four from each type) distributed in two different magne-
tic sub-lattices (Mn4+ andMn3+) and the four R3+ ions
whose contributions in the successive magnetic orderings
cannot be easily established.
In order to avoid the complexity related to the mul-

tiple q phase, we chose to study the magnetic structure
in the ICM2 phase at 15 K. Also at this temperature the
magnetic ordering only concerns the Mn spins. To reduce
the number of free parameters, we carried out symmetry
analysis using the BasIrreps program included in the Full-
Prof Suite package. We also imposed several constraints
on the magnetic structure refinement of NdMn2O5 ba-
sed on some general features of the RMn2O5 family and
physical arguments. These constraints are as follows :
(i) The magnitude of the moments for the identical ions
were set to be equal. (ii) We followed spin density wave
(SDW) description of the Mn-spins which seems to be
physically more acceptable in this family than any kind
of spiral configuration due to spin anisotropy. Such SDW
structure has also been found in many other members of
this family. (iii) Magnetic moments should mainly lie in
the (a, b) plane, as previously proposed for many other
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RMn2O5 compositions [31]. The last constraint is also
consistent with our magnetization measurements on the
plate-like crystal, which clearly indicated the (a, b) plane
as the easy plane.

The symmetry analysis of the RMn2O5 compounds of
the Pbam space group with magnetic propagation vector
( 1

2 ,0,kz) was described in reference [31] in details. It has
been shown that the kz 6= 0 symmetry analysis does little
to reduce the number of independent variables in the pro-
blem, since the positions of Mn4+ cation are split into
two orbits, which considerably decreases the symmetry
constraints. It was noted as well that a "toy model" [31]
using Shubnikov formalism with exact magnetic space
group symmetry P2ab

′21m
′ can be used in this case to

reduce the number of free parameters. We have found
that, in spite of its oversimplification, the "toy model"
with exact magnetic space group symmetry P2ab

′21m
′,

compatible with the predicted space group for the fer-
roelectric phases Pb21m, allows to fit both our powder
and single crystal data.

Using the "toy model", we performed several refine-
ments starting from a random spin configuration resul-
ting in the same magnetic structure after convergence.
The difference between the experimental and the calcu-
lated NPD intensities (magnetic RBragg = 14.5%), as
obtained from the refinement, is depicted in Fig. 9. As
seen from the Table II and the inset of Fig. 9, Mn3+

spins lie close to the a direction and carry a moment of
3.50 µB ,whereas, Mn4+ carries a smaller moment (2.67
µB) lying in the ab plane. The fact that the Mn3+ spins
are nearly parallel to the a axis is in agreement with our
single crystal magnetization data showing a weak AF like
behavior near 26 K only for the field applied in the a di-
rection. Starting from the spin configuration above we
attempted to improve the fit by relaxing the constrains
of the "toy model" and replacing them by various FM
(or AFM) coupling constrains of Mn moment by pairs.
However, no significant improvement of the agreement
factor was found in these cases.

To validate the magnetic structure determined from
the NPD data at 15 K, we performed a single-crystal
neutron diffraction experiment. This measurement was
carried out with a wavelength of 2.345 Å on the 6T2
diffractometer [32] at the Orphée-LLB reactor (France).
Due to the very small size of the plate-like crystal (< 0.2
mm3) only a limited number of magnetic reflections was
observed. However, nearly forty magnetic reflections with
intensities greater than 3σ were recorded at 10 K . With
the help of the FullProf software, we carried out a rigo-
rous refinement following the step by step methodology
used to refine the NPD data and achieved a RF factor
of 15.4% for the magnetic structure. We found that the
magnetic structure as obtained after the final refinement
is extremely close to that obtained from the NPD data
(Table II).

Figure 9: (color online). (a) Rietveld refinement
(experimental data : red squares, calculated profile : black
solid line, allowed nuclear reflections : blue vertical marks,
allowed magnetic reflections : green vertical marks) of the

NPD data recorded at 15 K in the ICM2 phase. The
difference between the experimental and the calculated

profiles is depicted at the bottom of the graph. Inset depicts
the magnetic structure as obtained from the refinement of

the NPD data.

DISCUSSION & CONCLUSION

To understand the characteristics of the magnetic
states in NdMn2O5 is an intricate issue. Concerning the
nature of the propagation wave vectors in the entire tem-
perature range, it can be observed that at least one of
the components remains incommensurate. Another im-
portant point is that, the c∗ components of the propaga-
tion vectors q1 and q2 are close to 0.5, the value observed
in Pr, La and Bi based RMn2O5 compositions [12, 33].
Such a c∗ component indicates that the exchange interac-
tion J1 between twoMn4+ spins through the Nd3+ layer
is always AF-like. It probably originates from the fact
that the Mn4+-Nd3+-Mn4+ exchange path is weak due
to the large size of the Nd ions and thus the main contri-
bution to J1 comes from the AF Mn4+-Mn4+ super-
exchange interaction through a shared oxygen. This re-
sult is supporting a strong R3+ size-effect controlling the
magnetic phase diagram of the RMn2O5 series [13, 34].
Regarding the magnetic structure at 15 K,Mn3+ spins

are found to lie nearly along the a direction. This feature
is similar to some other RMn2O5 (R = Tb,Ho, Y ) mem-
bers as found earlier. Another interesting aspect in the
magnetic structure of NdMn2O5 is the relatively large
non-collinearity between the Mn3+ and Mn4+ sublat-
tices in contrast to the other multiferroic members of this
family. However, compared to the structure of PrMn2O5,
where these two sublattices are nearly orthogonal, the
non-collinearity is much less in NdMn2O5 (∼30◦). The
degree of such non-collinearity could be connected with
the strength of underlying magnetic frustation that va-
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Table II: Rietveld refinement results for the magnetic
structure of the powder and the single crystal sample in the

ICM2 phase at 15 K and 10 K respectively. Spherical
description has been used to describe the components of the

moment at the (x, y, z) positions. For the powder
refinement, Magnetic RBragg agreement factor = 14.07%
and q2 = (0.5,0,0.399). For the single crystal refinement,

magnetic RF factor = 15.36%

POWDER :

Atom M (µB) φ◦ θ◦ Phase (2π)

Mn3+

(0.4099, 0.3528, 0.5) 3.53(4) 356(5) 90 0
(0.5901, 0.6472, 0.5) 3.53(4) 176(5) 90 0
(0.0901, 0.8528, 0.5) 3.53(4) 4(5) 90 0
(0.9099, 0.1472, 0.5) 3.53(4) 4(5) 90 0

Mn4+

(0, 0.5, 0.2567) 2.51(9) 145(10) 90 -0.08(1)
(0, 0.5, 0.7433) 2.51(9) 145(10) 90 0.08(1)
(0.5, 0, 0.2567) 2.51(9) 215(10) 90 -0.08(1)
(0.5, 0, 0.7433) 2.51(9) 215(10) 90 0.08(1)

CRYSTAL :

Atom M (µB) φ◦ θ◦ Phase (2π)

Mn3+

(0.4114, 0.3505, 0.5) 3.52(6) 350(4) 90 0
(0.5886, 0.6495, 0.5) 3.52(6) 170(4) 90 0
(0.0886, 0.8505, 0.5) 3.52(6) 10(4) 90 0
(0.9114, 0.1495, 0.5) 3.52(6) 10(4) 90 0

Mn4+

(0, 0.5, 0.2557) 2.67(7) 135(9) 90 -0.07(2)
(0, 0.5, 0.7443) 2.67(7) 135(9) 90 0.07(2)
(0.5, 0, 0.2557) 2.67(7) 225(9) 90 -0.07(2)
(0.5, 0, 0.7443) 2.67(7) 225(9) 90 0.07(2)

ries with the composition. It is interesting to notice that
the Nd ions are not involved in the magnetic ordering
at 15 K unlike the scenario observed in TbMn2O5 and
HoMn2O5 where the Tb and Ho spins are partially or-
dered even at 27 K and 26 K respectively [31].

Concerning the multiferroic properties, our work un-
veils that NdMn2O5 is ferroelectric with a weak electric
polarization of maximum ∼2.5 µC/m2 (about 10 times
smaller than the one measured in TbMn2O5), which also
changes its sign at low temperature. Such a small P va-
lue indicates that the magnetoelectric coupling, respon-
sible for the emergence of the electric polarization, is very
small in the present case. On the other hand, the sign re-
versal of P is presumably related to the thermal evolution
of the magnetic structure. This kind of magnetic struc-
ture dependence on the polarization is not very uncom-
mon in this series. In TbMn2O5, it has been observed

that a sufficiently strong magnetic field can drastically
modify the magnetic structure, which in effect results the
reversal of the polarization [3]. We also show for the first
time in this series of compounds, that the emergence and
the existence of the FE transition is not associated with
the commensurate character of the propagation wave vec-
tor. This result also supports the fact that the commen-
surate character is not mandatory for the stabilization of
the ferroelectricity. However, the very small magnitude
of polarization could be related either to the incommen-
surate nature of the magnetic propagation vector or to
the non-collinearity of the spins involved in the exchange
striction effect since the polarization is proportional to
the scalar product of the adjacent spins.
In conclusion, our study shows that NdMn2O5 is

multiferroic, although its magnetic and electric proper-
ties differ from the other multiferroic RMn2O5 compo-
sitions with small R3+ size. The results establish the
strong influence of rare-earth size on the magnetoelec-
tric phase diagram [34]. The study also confirms that a
threshold R3+ size-effect is dominant in PrMn2O5 and
NdMn2O5 [13]. Our investigation thus paves the way for
further theoretical works to understand the strong R3+

size-effect in the multiferroic properties of this series.
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