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Abstract

The structural, electronic and magnetic properties of phase pure and stoichiometric samples of the double perovskite
Nd,NiMnOg have been investigated with a combination of X-ray and neutron diffraction, X-ray photoelectron spectroscopy
and magnetometry. It is found that the monoclinic space group P2, /n best describes the crystal structure of Nd,NiMnO.
Photoectron spectroscopy revels a mixed valence of the transition metal sites where Ni has 3+/2+ oxidation states and Mn has
3+4/4+. The compound orders ferromagnetically at ~195 K. The magnetic structure was determined from the refinement of the
neutron diffraction data. The results suggests that the B-site magnetic moments align along the crystallographic a-direction.

1 Introduction

Rare-earth double perovskite-type materials with gen-
eral formula Ln,B’B" O, (Ln—lanthanide, B’ and B”"—3d
transition metal ions) exhibit a variety of multifunctional
properties. Recently research on this class of materials has
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increased due to the observation of numerous application-
oriented phenomena, such as: magnetocaloric effect [1],
magnetoelectric coupling [2], magnetocapacitance and mag-
netoresistance [3]. These perovskites are rare examples of
single material platforms with multiple functions, in which
the spins, electric charges, and dipoles can be tuned by mag-
netic and/or electric fields [2, 3]. Among the ternary transi-
tion-metal oxides, La perovskite ferromagnets with mixed-
valency of Mn** and Mn** has received most attention due
to ferromagnetic interaction causing a relatively high Curie
temperatures (T) reaching 290 K [1-3]. The existence of
interesting magnetic properties has stimulated research on
other Ln ferromagnetic oxides with Mn in a mixed valency
state. The properties of these double perovskites change
considerably when La®* is replaced by a rare-earth element
with smaller ionic radius (e.g. Nd**) owing to the change
in (Mn—O-Ni) bond angles, which causes a decrease of the
superexchange interaction strength. As a result, the mag-
netic transition temperature monotonically decreases with
decreasing lanthanide ionic radius [4].

Two magnetic transitions have been reported to occur
in Nd,NiMnO, (NNMO) [5, 6]. A high temperature fer-
romagnetic transition and a magnetic anomaly at lower
temperatures interpreted to indicate a magnetic phase tran-
sition. The low-temperature transition has been discussed
to originate from Ni** — O — Mn>* super-exchange inter-
actions, where low-spin Ni** and high-spin Mn** are both
Jahn-Teller ions [7]. However, super-exchange interactions
between ordered Ni*™ and Mn*" cations are the likely origin
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of the high-temperature ferromagnetic transition at about
195 K [2, 7]. The degree of the B'/B” cationic ordering
strongly affects the magnetic properties of these perovs-
kites [8]. In the perfectly ordered monoclinic structure (s.g.
P2, /n), the B’ and B” cations are arranged alternately in the
2c¢ and 2d Wyckoff positions. However, experimentally it has
been found that, for many perovskites, the B’ and B” atoms
get interchanged resulting in the formation of anti-site dis-
order [8]. The presence of anti-site disorder results in anti-
ferromagnetic coupling due to super-exchange interactions
between NiZ*—0*—Ni** and Mn**—O?*—Mn** ions, which
causes magnetic frustration [2]. Another possible disorder
can arise when the material crystallizes in the orthorhombic
Pnma structure, where, B’ and B” ions arrange randomly
at the 4b site. In this case both Ni and Mn ions are pre-
sent in 3+ valence states and nearest neighbour Ni**(Mn>")
—O — Ni**(Mn?*) antiferromagnetic interactions occur along
with Ni**~O-Mn>* ferromagnetic interactions.

The degree of anti-site disorder depends on various fac-
tors like cationic mismatch, the nature of B’ and B" ions and
the synthesis conditions. The synthesis and annealing tem-
perature, and time, are crucial for the degree of ordering [9,
10]. It is found that the anti-site disorder could originate
from insufficient annealing time and local variation of con-
centration of B and B” cations. The aim of this investigation
is to determine the crystallographic and magnetic structure
of NNMO with definite Ni/Mn content in wide temperature
ranges including 7 and investigate possible relationships
between its structure and the physical properties.

2 Experimental
2.1 Sample preparation

The samples Nd,NiMnOg were obtained by a solid-phase
reaction method from the oxides Nd, 05, NiO and Mn, O, all
with purities greater than 99.95%. Stoichiometric mixtures
of reagent-grade precursor materials were first weighted,
thoroughly mixed and ball milled with a zirconia media for
4 h, then pressed under the pressure of 295 MPa, and sinter-
ing in air at 1223, 1373, 1523 and 1623 K for 12 h at each
temperature with intermediate grinding after each heating
step. This was followed by a series of grinding and sintering
procedures until a pure diffraction pattern was obtained. This
method yielded samples with a minimal quantity of NiO
impurities. Presence of NiO or MnO are often found in the
double perovskites A, NiMnOg synthesized at high tempera-
tures [5, 11, 12]. Upon the final annealing, the ceramic spec-
imens were cooled inside the furnace to room temperature.

Additional post-synthesis annealing was also performed
at 1273 K for 12 h in vacuum to study any change in the
oxygen stoichiometry.

@ Springer

Several ceramic samples were synthesized using the
above procedure. Phase pure, cation and oxygen stoichio-
metric (see below for chemical analysis) were selected
for the studies subsequently described. However, as large
amounts of materials were required for NPD studies (about
3 g of material), it was necessary to mix several samples;
some with minor amounts of NiO. As a result, as seen in
Fig. 5, it was necessary to consider few percents (< 3% of
a secondary phase of NiO, in the refinements of the neu-
tron data. A similar parasitic phase could be detected by
XRPD on the sample used in the NPD studies.

2.2 Chemical composition

Phase purity and compositions of the obtained ceramics
was analysed by X-ray powder diffraction (Bruker D8 with
CuKa, radiation) and energy-dispersive X-ray spectros-
copy (EDS). A PANalytical Epsilon 3XLE EDXREF spec-
trometer was used to perform the measurements of cation
composition of powder samples. Each powder sample
was transferred into a sample cup assembled with a high
transmission Prolene (4 pm) supporting foil. All analyses
were conducted in a helium/air environment. The oxygen
content in all samples was checked by iodometric titration.

2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was conducted
using an Ulvac-Phi Quantera II spectrometer, which
employs monochromatic AlKe radiation (1486.7 eV).
For the present experiments the analysis spot was set to
a diameter of 100 ym, and an electron take-off angle of
45° was used. The energy scale was calibrated against
reference samples of Au, Ag and Cu, according to ISO
15472 standard [13]. Measurements were conducted on
powdered samples of the perovskite, as well as on binary
NiO (Baker, 99.9%), MnO, (Highways Ind. 99.9%) and
Nd,O; (Aldrich, 99.9%) reference samples. Powders
were fastened on small pieces of carbon tape, attached
to microscope slides, thus electrically floating the sam-
ples. Measurements were conducted under constant charge
neutralization with an electron food gun and low energy
(10 eV) Ar* ions, as described in reference [2]. This pro-
cedure guarantees stable measurement conditions, but not
an exact binding energy. Adventitious carbon was used as
charge reference, and the position of the C 1s peak set to
284.8 eV. To remove some adsorbed surface contaminants
(but not affect the sample), and increase the sample sig-
nal, a presputter step was employed using a 200 eV Ar*
ionbeam for 12 s. Survey and core level spectra for all
elements in the samples were collected.
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2.4 Diffraction

The phase identification and purity of powder samples at
295 K was characterised from X-ray powder diffraction
(XRPD) patterns obtained on a Bruker D8 Advance dif-
fractometer (Lynx-Eye position-sensitive detector, CuKa
radiation) in the 26 range 10°-152° with a step size of 0.02°.
Diffraction patterns were also recorded at low temperatures
using a Bruker D8 (Lynx-Eye position-sensitive detector,
CuKa, radiation) from 20 K to room temperature. Additional
temperature and magnetic-field dependent X-ray powder dif-
fraction measurements were performed on a custom-built
diffractometer in transmission geometry (MoKe radiation,
26 range from 7° to 67° with a step size of 0.009°), which has
been described in detail in [14]. NNMO powder was mixed
with a NIST640d standard reference silicon for correction
of geometric errors. Temperature in the range from 11 to
300 K was controlled by means of a custom SHI closed-
cycle Helium cryofurnace. The cooling rate between the
measurements was 2 K/min and the sample temperature was
stabilized for 15 min before data collection. Measurements
were performed for zero field cooling protocol and isother-
mally under fixed magnetic fields between 1 and 5 T.

To gain more information of the cation ordering and the
oxygen position and occupancies neutron powder diffrac-
tion (NPD) was performed. The different neutron scattering
lengths for Nd (7.69 fm), Ni (10.3 fm) and Mn (—3.73 fm)
makes it possible to separate the cations with good precision.
Furthermore, the scattering power of oxygen (5.803 fm) is
comparable to the cations which also gives more structural
information. For this, and the possibility of getting informa-
tion of the magnetic structure, neutron diffraction patterns
were collected at temperatures between 8 and 290 K at the
MEREDIT diffractometer at the Nuclear Physics Institure,
ASCR (Rez outside Prague, Czech Republic). The wave-
length was set to 1.46 A by a copper mosaic monochromator.
Several grams of the powdered samples were inserted in a
cylindrical vanadium container and the data were collected
between 4° and 144° in 26 with a step length of 0.08°.

2.5 Refinement of the crystal and magnetic
structure

XRPD and NPD patterns were analyzed with the Rietveld
method [15] implemented in the software FullProf [16]. The
diffraction peaks were described by a pseudo-Voigt profile
function. Peak asymmetry corrections were made for angles
below 35° (26). Background intensities were estimated by
interpolating between up to 40 selected points or described
by a polynomial with six coefficients. During the refinements
the metal cations (Nd, Ni and Mn) were allowed to vary their
occupation on the possible metal sites. Refinement of the site
occupancy was performed in monoclinic space group P2, /n,

assuming as starting values at the 2¢- and 2d-sites, a random
distribution of the mixed transition metals, 50% Mn and 50%
Ni. The occupancies obtained for the room-temperature pat-
terns were kept constant while refining the magnetic data at
low temperature. The IVTON software [17] was employed
to characterize the coordination spheres of the A and B-site
cations and to obtain bond lengths, volumes of coordination
polyhedral and displacements of cations from the centers
of the coordination polyhedra. The magnetic structure was
refined as an independent phase in which only Ni/Mn cations
were included. The magnetic propagation vector was deter-
mined from the peak positions of the magnetic diffraction
peaks. Representational analysis to determine the symme-
try allowed magnetic structures was performed using the
softwares Baslreps (implemented in the FullProf Suite) and
SARAh [18].

2.6 Magnetic measurements

The magnetic response as a function of temperature, M(T),
was measured using the zero-field cooling (M~(T)) and
field cooling (M(T)) protocols in the temperature range
10 K to 300 K using a small magnetic field, H = 0.8 kA/m
(10 Oe). To investigate the high-field response and to esti-
mate the magnetic entropy change a M(T) measurement
using an applied magnetic field of H = 800 kA/m (10 kOe)
was also performed. The magnetic response as a function of
applied magnetic field, M(H), was investigated at 10 K in
the field interval of H = +4000 kA/m (+50 kOe). All mag-
netometry measurements were performed using a Quantum
Design MPMS SQUID magnetometer.

3 Results and discussion

The XRD patterns of Nd,NiMnOg, Fig. 1, may be indexed
using either a monoclinic P2, /n or an orthorhombic Pnma
space group. To find the space group that best represents the
NNMO phase, fits to both models are shown in Fig. 1. It was
observed that the superstructure reflection at Q ~ 1.4 A-lis
better described from the monoclinic space group (Fig. S1
in the Supplementary Material), in agreement with previous
reports; see References in Table 1. Unit cell parameters are
also included for comparison. The variation of the lattice
parameters and monoclinic angle in Table 1 is likely to stem
from differences in the synthesis conditions (times, tempera-
tures, atmospheres, etc). The structure has tilted NiO4 and
MnOg-octahedra that are corner-sharing and stacked along
the ¢ direction in the monoclinic structure. Figure 1 shows
a polyhedral linkage of the monoclinic double perovskite
structure. The rare earth ions, Nd3+, are located between
two consecutive layers. The structure is a typical rock salt
arrangement for the octahedral sites. The cooperating tilting
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of the NiOg and MnOg-octahedra with apparent distorted
crystal structure can also be seen when compared to the
cubic Fm3m-model. Although Rietveld refinement of the
XRD patterns suggests a disordered alignment of Ni*™ /Mn**
in NNMO. However, a definite answer is not possible to
obtain from from XRD due to the similar scattering power
of Ni and Mn.

Polyhedral analysis of the structure, characterizing the
coordination spheres of the A and B cations including bond
lengths and displacements of the cations from the centers of
the coordination polyhedra were performed. The results of
polyhedral analysis for Nd, Ni and Mn for NNMO are listed
in Table 2. A quantitative estimate of the valence states of

Fig. 1 Refined XRD patterns of
Nd,NiMnOg using the models a

—_
Q
~

the cations was obtained by calculating the bond valence
sums (BVS). The results suggest a mixed (2+/3+) valence
state of Ni, and 4+ for Mn. Nd** cation has a reduced coor-
dination number, 9 instead of 12, which is a result of the
movement of the anions due to octahedral tilting. Further-
more, the A-site Nd cations have shifted away significantly
from the centre of its coordination polyhedra. Significant
variation of the Nd-O distances, polyhedral volume and dis-
tortions were observed. The B-site cations are positioned in
octahedral centers but variation in B—O distances is quite
evident (Table 2 in Supporting Information).

EDS measurements establishes a nominal cation ratio
rather close to Nd:Ni:Mn = 2:1:1. The Nd, Ni and Mn

P2 nand b Pnma. To visualise P2./n 2 o & o cY,, Pnma Y s
the similarities and differences E a8 > — .. :-g\ — v,
between the two models insets c R AL — Y Y, = v
are show for both models > A& 94 | | Bragg reflections|| ‘ Bcalc obs o
o] N 5 o ragg reflections
—_ —
s A s
2 | 2
c c
2 2
< [ CUEE TERERT o en IIIIIIIIIIIIIIIIIIII-H i
.} i % i a I
1T T TT 71
1 2 3 4 ) 5 6 7
Q (A"
Table 1 Unit cell parameters a(A) b (A) c(A) 20 Method  (To) (K) References
¢
for monoclinic (s.g. P2, /n)
Nd,NiMnOg at ZOfom ) 5.4097(1) 5.4844(1) 7.6691(2) 90.018(7) XRPD 195 This work
femperature, and [SMOMAgnetic 5 1o993)  54798(3)  7.66354)  90.116(4) NPD This work
transition temperature (T)
5.4150(5) 5.4882(4) 7.6770(6) 90.136(7) XRPD 193 [19]
5.4160(2) 5.4706(3) 7.6701(4) 90.04 XRPD 196* [20]
5.4194(1) 5.5004(1) 7.6825(1) 90.01 XRPD 193* [5]
5.4024(9) 5.4768(9) 7.660(1) 90.00 NPD 200 [7]
5.514(1) 5.478(1) 7.777(2) 90.01 NPD Not reported [21]
5.4154(2) 5.4684(3) 7.6723(3) 90.06 XRPD 194 [22]
5.4162(2) 5.4963(5) 7.6718(1) 90.04 XRPD 192* [6]
5.4142(1) 5.4633(1) 7.6690(1) 90.0207(1) XRPD 200 [23]
*Indicates a significant anomaly in the magnetic data near 100 K. Standard deviations are given in the
parenthesis
Table 2 Polyhedral analysis of Cati S(A A 3 A Val
Nd,NiMnO, at 295 K aton e ®) 5A) MG aence
Nd 9 0.35 2.581 +0.242 30.94(3) 0.097 2.97
Ni 6 0 2.003 £ 0.154 10.62(2) 0.009 2.71
Mn 6 0 1.943 + 0.145 9.65(2) 0.014 4.15

(6—Cation shift from centroid, {—Average bond distance and bond length limits, V—Polyhedral volume,

A—Polyhedral volume distortion
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compositions have been renormalized independently of oxy-
gen. For a nominal Nd,NiMnOg4 composition, the expected
fraction of total cations are 0.5, 0.25 and 0.25 for Nd, Ni
and Mn, respectively. In the as-synthesised sample the sto-
chiometry was determined to Nd = 0.501(3), Ni = 0.249(3)
and Mn = 0.250(3), whereas for the annealed sample
Nd = 0.498(3), Ni = 0.249(3) and Mn = 0.253(3). This is
an indication that the additional annealing does not effect
the oxygen composition in the compound. Scanning electron
micrographs showed a uniform distribution of grains of sizes
between 1.6 and 1.8 ym. The oxygen content was measured
using iodometric titration and the measured value of oxygen
was 5.986(13), consistent with thermogravimetric analysis
(TGA). Additional characterization of the NNMO sample
after annealing indicates no detectable change in composi-
tion or structure.

XPS survey spectra of the powder samples (not shown)
show no other contaminations than adventitious carbon on
the surface. XPS spectra of the Ni 2p, Mn 2p and Nd 3d core
levels (top spectra in respective panel) are shown in Fig. 2,
together with binary reference samples (bottom spectra in
respective panel). The XPS Nd 3d core level spectrum from
the NNMO sample exhibit the same peak shape and position
as the Nd, O, reference sample and matches literature for the
same [24], thus showing that Nd is present in the 3+ state
in NNMO. The NNMO sample shows distinct differences
compared to the binary reference oxides, thus indicating that
other oxidations states are present in the NNMO perovskite.
There are, however, factors that contribute to uncertainties in
the XPS measurements. Firstly, overlaps with Auger bands
in the spectra from NNMO (Ni 2p and Mn LMM, as well as
Mn 2p and Ni LMM) which will disturb the background and
shape of the photoelectron peaks. Secondly, the presence of
complex peak shapes and a shake-up satellite (in the Ni 2p
region) also limits the precision of any peak fitting proce-
dure. Comparing the present data with the reference sam-
ples, as well as with literature for different nickel [25, 26]
and manganese oxides [27-29], it is clear that Ni is present
in 2+ and 3+ states in the NNMO, and that the Mn is present
4+ and 3+ states. The presence of Mn** can be excluded due
to the lack of shake-up satellite (+5 eV from Mn 2p; ) in
the spectra [29]. Thus, it can be concluded that both Ni and
Mn have mixed valances in the NNMO material. Similar
mixed valences have been observed previously for NNMO
by Singh et al. and Shi et al. [5, 30].

In Fig. 3a data for the low field (H = 0.8 kA/m) M.
(T) and M -(T) measurements are presented. A rapid
increase of the magnetization as a function of temperature
is observed below 200 K, reflecting the ferromagnetic inter-
action of the Ni/Mn ions along the Mn*'—O-Ni** bonds
of the structure (7T ~ 195 K). The temperature-dependent
magnetization shows two additional features, a weak inflec-
tion near 100 K (more evident in the ZFC data presented in

_
Y
S

Ni** 855.2 eV

Ni 2p

855.9 eV} 854.2 eV

—— Nd,NiMnOg
— NiO reference
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Eg (eV) [charge reference = C 1s @ 284.8 eV]

Normalised intensity (a.u.)
7})

(b)

Mn** 642.2 eV Mn*'641.5 eV

Mn 2p

—— Nd,NiMnOg
— MnO, reference
|||||||||||||||||||||||||||||||||||||||||||||||i|||||||||||||
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Normalised intensity (a.u.)

(c)

Nd 3d

Nd®* 982.5 eV

Normalised intensity (a.u.)

—— Nd,NiMnOg
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[N UL L L L L Y UL Y UL UL UL UL UL |
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Eg (eV) [charge reference = C 1s @ 284.8 eV]

Fig.2 XPS spectra from the NNMO perovskite and proper reference
sample for the a Ni 2p spectra b Mn 2p spectra ¢ and Ni 3d spectra

inset) and a downturn below 50 K. The low field behavior
of the sample is similar to that reported previously [5-7,
31]. The sharpness and magnitude of the anomaly near
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Fig.3 Magnetisation (M) as a function of temperature and
applied magnetic field. a ZFC and FC magnetization recorded in
H = 0.8 kA/m; the inset shows an enlargement of the ZFC curve in
the region of the 100 K anomaly. b FC magnetization recorded in
H = 800 kA/m; the inset show the variation of the magnetic entropy
change estimated from the temperature derivative of the magnetiza-
tion data (plotted as — AS). ¢ Magnetic field dependence of the mag-
netization at T = 10 K; corresponding pp/f.u. values are indicated on
the right axis

100 K possibly reflects the amount of antisite disorder
(Mn** — 0 — Mn**/Ni** — O — Ni** bonds) [5, 6]. The
downturn of the magnetization below 50 K is on the other
hand related to the 4f magnetic moments of the Nd** ions
which are coupled antiferromagneticaly to the 3d moments
of Mn/Ni [7, 8]. Fig. 3b shows the high field (H = 800 kA/m)
M(T) behavior. As observed earlier, the magnetization
decreases at low temperatures, even in such relatively high
fields [8]. Using the relation 4S ~ dM/dT X pyH, the mag-
netic entropy change for ygH = 1 T was estimated from this
data [32]. Around T, -4S =~ 0.4 J/kgK, while at 10 K, -4
S =~ -0.2 J/kgK, inset of Fig. 3b. Magnetization as a function
of applied magnetic field, M(H), at 10 K is shown in Fig. 3c.
The sample exhibits a small coercivity of about 22 kA/m at

@ Springer

this temperature. The magnetization of the sample does not
saturate up to yoH = 5 T, owing to the contribution of the
Nd3** moments, which are forced to turn away from their
antiparallel alignment with the Mn/Ni ions at zero field to
finally align with the field at very large magnetic fields [23].
M amounts to about 4.3 up/f.u. at 5 T, i.e. a much lower
value than the 5 up/f.u. expected for perfectly ordered
Mn** /Ni** without antisite disorder and only paramagnetic
Nd moments.

The recorded XRD patterns collected as a function of
both temperature and applied magnetic field could, as well
as the conventional diffraction pattern, Fig. 1, be refined in
both the monoclinic and the orthorhombic settings. In the
monoclinic setting, which is the preferred one from neutron
diffraction, the monoclinic angle f is close to 90°, well in
agreement with Table 1. The changes in the unit cell param-
eters a, b and c upon different temperatures and magnetic
fields are summarized in Fig. 4. When no field is applied the
unit cell decreases continuously with temperature. However,
as seen in Fig. 4a, the lattice parameters change irregularly
near (T), and, as seen in (b), a clear difference in the a and
b unit cell parameters is observed at 100 K when applying a
magnetic field; both increase significantly compared to the
zero field values and reach saturated values at the employed
field strengths (>1 T). At the measured temperatures above
and below 100 K no significant difference can be detected
in the unit cell parameters, with respect to magnetic field.

The recorded neutron diffraction patterns were col-
lected to resolve which space group NNMO belong to as
well as to get more detailed information about the mag-
netic nature. In Fig. 5 the neutron diffraction patterns for
290 and 8 K are presented. The 290 K data supports the
suggested phase from analysis of the XRPD patterns, i.e.
the monoclinic space group P2,/n with unit cell param-
eters in agreement with those from XRPD but with a more
pronounced monoclinic angle (90.12° compared to 90.02°
from XRPD), Table 1. The space group P2, /n has two posi-
tions for the cations Ni and Mn where the majority of each
position is occupied by respective ion. However, to fully
describe the NPD patterns partial ordering with a 80/20%
ratio of the metals is needed. BVS was calculated for the
neutron diffraction data, and it was found that the B’-site, 2b
(1/200), has a larger size (2.018(1) A) which matches an
occupation by 80% of Ni** and 20% of Mn>*. The site B”,
2¢ (1/201/2),is smaller (1.926(1) A) which is occupied
by 80% of Mn** and 20% of Ni**. The B’ octahedron has
short apical distances where the B” octahedron is apically
elongated. After cooling to low temperature, the intensity
of reflections (0 0 2) and (1 1) increase (at Q = 1.64 A1)
due to the magnetic state of the compound, Fig. 5b. Several
models generated from the representational analysis were
tested and the best fit was obtained for I with the propaga-
tion vector k = (0 0 0) and the magnetic moment aligned
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Fig.5 a Neutron diffraction data at 290 K and b 8 K. The observed
diffractions pattern as well as the result of the refined model are
shown as well as the scattering from each individual phase

Fig. 6 Model of the magnetic structure of Nd,NiMnOg

along the crystallographic a-direction which is visualised
in Fig. 6. The calculated magnetic moment at 8 K for the
B’ site (80% Ni*™ and 20% Mn>") is 2.1(1) uy and for the
B’ site (80% Mn*" and 20% Ni*") is 1.9(1) p. This model
is different compared to previous reports which have sug-
gested an alignment of the Ni and Mn ions along the crys-
tallographic c-direction [7]. That magnetic structure model
was also tested for the the diffraction data presented here.
However, the reflections (0 02) and (1 11), at Q = 1.64 A~
is then shifted to higher Q-values, giving an S-shape in the
difference curve (also observed in the data in [7]). Therefore,
the model with magnetic moments along the a-direction is
concluded to best describe the neutron diffraction data. In
the model presented by Sanchez-Benitez et al. [7] magnetic
moments for Nd are also reported, however, the present

@ Springer
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neutron data could be modelled considering solely the mag-
netic contribution of the B-site cations.

4 Conclusions

Phase pure, stoichiometric ceramic samples of the double
perovskite Nd,NiMnOg have been systematically studied
with X-ray powder diffraction, XPS and magnetometry.
Additionally, neutron powder diffraction was used on a
larger sample bach with small NiO impurities. The cation
ordering in the perovskite type compounds are driven by
the difference in the ionic radii and charge of the octahedral
cations. The similar ionic radii of Ni and Mn makes a dis-
ordered structure preferred, while possible valence states of
the Ni and Mn can lead to an ordered structure in NNMO.
The coexistence of both the ordered and disordered struc-
tures with different symmetries makes NNMO complicated
magnetically. The structure was found to be monoclinic
P2, /n with partial mixing on the B site with mixed valence
states. The magnetic structure of the ferromagnetic state
established below 195 K was determined. The magnetic
moments are aligned ferromagnetically along the crystal-
lographic a-direction.
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