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Abstract: In this work we benefited from recent advances in
tools for crystal-structure analysis that enabled us to describe
an exotic nanoscale phenomenon in structural chemistry. The
MnysNiy 4As sample of the Mn, Ni.As solid solution,
exhibits an incommensurate compositional modulation inti-
mately coupled with positional modulations. The average
structure is of the simple NiAs type, but in contrast to a normal
solid solution, we observe that manganese and nickel segregate
periodically at the nano-level into ordered MnAs and NiAs
layers with thickness of 2—4 face-shared octahedra. The
detailed description was obtained by combination of 3D
electron diffraction, scanning transmission electron microsco-
py, and neutron diffraction. The distribution of the manganese
and nickel layers is perfectly described by a modulation vector
q=0.360(3) c* Displacive modulations are observed for all
elements as a consequence of the occupational modulation,
and as a means to achieve acceptable Ni-As and Mn-As
distances. This modulated evolution of magnetic MnAs and
non-magnetic NiAs-layers with periodicity at approximately
10 A level, may provide an avenue for spintronics.

Since the discovery of X-rays, scientists have studied atomic
arrangements in solids considering their intrinsic beauty and
their role as the active link between atoms and physical
properties of materials. In a crystal structure, one finds
different sites for cations and anions, reflecting their different
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chemical properties (i.e. size, charge, electronegativity, etc.).
This gives rise to a huge range of crystal structure types, from
simple to very complex ones among proteins, organic and
inorganic compounds.

Incommensurately modulated crystal structures with their
high complexity, attract a lot of interest in solid-state science.
Both occupancy and position can be modulated. The modu-
lation can originate from a wide variety of structural
perturbations like incommensurate oxygen vacancies order-
ing,Y! polyhedral distortions®¥ and compositional ordering.
Incommensurate modulations are quite well understood in
oxides while intermetallics present a challenge in terms of
structural analysis.””

An incommensurate partial cation occupancy modulation
has been reported for LaNby W, 1,0, 06.") This compound has
a modulation linked to a preferential cation nano-segregation
of tungsten atoms. In intermetallics, positional modulation
has been observed in different compounds, for example, in the
Nowotny Chimney-ladder phases,” ! that can described as an
intertwining between two sublattices. Similar phenomena are
present in Cus,,Si,® which displays a very complex incom-
mensurate modulation and illustrate well the complexity in
disclosing structural details for such systems.

Ferromagnetic MnAs (space group P6,/mmc) is an
example of a simple crystal structure derived from ABAB
sphere packing of As, with Mn in octahedral sites formed by
closed-packed As-layers, giving rise to face-sharing chains of
MnAsg-octahedra along [001] with two octahedra per unit
cell. In the ab-plane, the MnAsg-octahedra are edge-sharing.
Pauli paramagnetic NiAs (space group P6;/mmc) adopts the
same structure type, but with different unit cell parameters
(due to the different size of Mn and Ni).

The intermediate solid solution between MnAs and NiAs,
Mn,_Ni,As (0<x<1), was investigated in the 1980s and
revealed an unsolved structural phenomenon for 0.25 <x <
0.75.81 A possible modulation due to Ni ordering was
proposed, but no available technique could confirm or
invalidate this speculation. Therefore, the question of a Mn-
Ni-ordering in Mn,_,Ni,As remained unanswered. Today,
state-of-the-art analytical tools have evolved to the point that
revisiting this system can provide answers. We here reveal an
exotic Mn-Ni-ordering in Mn,4Ni,4As, which appears to
represent a phenomenon not earlier observed.

Initially, we studied the lattice of Mnj4Nij4As by
conventional electron diffraction (ED), and the data revealed
an expected complex unit cell. Electron diffraction pattern of
the [100]-zone axis shows additional reflections (Figure 1a)
that can be indexed by an incommensurate modulation vector
(g=0.36¢*), confirming the presence of additional order in
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Figure 1. a) Electron diffraction of the [100]-zone axis of Mn,gNig4As showing satellite reflections, corresponding to an incommensurate
modulation vector along ¢* (9=0.36¢*); b) Experimental [100] HAADF image of Mn,gNiy,As (magnification x8M). Bright dots are related to As
rows while darker and brighter layers represent MnAs and NiAs, respectively. On the right side, simulated image confirms the goodness of the
structural model. The structural model is shown beside. Top left inset: EDS spectrum related to recorded zone (probe) identified by a black box.
Top right inset: EDS mapping evidencing richer zones in Mn (purple) and Ni (grey); c) Experimental [100] HAADF image of MnggNip,As
(magnification x25M) showing variations in distances between As atoms from Mn (darker) and Ni (brighter) layers. A snapshot of the structural
model is inserted; d) Intensity line profile extracted from the HAADF image along [001], displaying the variations of As-As distances in the MnAs

and NiAs layers.

the compound. The corresponding High-Angle Annular Dark
Field (HAADF) image coupled with local EDX collections
yields good elemental contrasts correlated to Mn and Ni
species and reveals two types of layers perpendicular to the
modulation vector [001] (Figure 1b and c). We interpret these
images as a specific ordering between Mn and Ni based layers,
as supported by energy-dispersive X-ray spectroscopy map-
ping (EDX) (Figure 1b).

The thickness of these layers can be measured in terms of
the number of connected octahedra, being 3—4 for the MnAs
and 2-3 for the NiAs slabs of the integrated structure. This
creates a unique nanolayered structure, with the composi-
tional modulation being a genuine part of the crystal structure
of the phase. We note that the layers appear to be fully
occupied by either Mn or Ni, indicating that the ordering is
complete.

Careful analysis of the As-As distances along [001] in the
x25M HAADF image, reveals a distinct difference between

the zones richer in Mn or in Ni (Figure 1c). Whereas for the
brighter layer (Ni-rich) the As-As distance tends to be
shorter, it increases in the darker Mn-rich regions, according
to the longer c-axis of MnAs (5.8 A) compared to that of
NiAs (5.0 A). This is supported by the extracted line profile
for the As-As distances in Figure 1d.

At this point, it is clear that the Mn-Ni ordering is real. We
now use 3D ED to unveil a structural model."! This technique
has recently proved his ability to yield valid structural models
in complex systems!"™ and provide single-crystal diffraction
data on small areas of few hundreds of nanometers, also on
powder samples. It must be mentioned here that 3D ED
represents a broad range of experimental protocols and that
this study refers to Precession Electron Diffraction Tomog-
raphy (PEDT).

3D ED shows the expected hexagonal subcell, but also
additional reflections at incommensurate positions (Fig-
ure 2a). The reciprocal space was indexed using the super-
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Figure 2. a) Reciprocal space projected in one-unit cell showing satellite reflections up to first order (red); b) Sections of reciprocal space from

PEDT data.
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space formalism considering a hexagonal unit cell: a =3.653-
(8) A, c=5.417(3) A and with a modulation vector g =0.360-
(3)c* to index satellite reflections up to first order. As
expected from the conventional ED, the modulation is
incommensurate. The volume of the average unit cell (V=
62.67 A%) is in between the volumes of NiAs (V= 56.7 A®) and
MnAs (V=68.55A%.l%""] Information on symmetry is
obtained from for example, the sections 11 Im and Oklm of
the reciprocal space for which the extinction conditions / =2n
on 00/ and 11/m are characteristic of a 6;-screw axis along
[001] and a c-glide mirror perpendicular to [1—10], respec-
tively (Figure 2b). These conditions are compatible with two
superspace groups (SSG); P6i/mmc(00y)0000 and P6smc-
(00y)000. The structure was solved from the 3D ED data in
SSG P6,/mmc(00y)0000 with g =0.360(3) c¢* and a data cover-
age of 100% for 0.7 A~'resolution shell. Our subsequent

<)

Nias OSBRI,

~
I3
@

distance [A]
N

SOEIHIR

»
Y
«

235
0.0 0.2

Zuschriften

Angewandte
Chemie

refinements indicated that the structure is centrosymmetric
P6s/mmc(00y)0000.

The initial solution obtained by charge flipping algorithm
is a 3D map of the electrostatic potential (e-map) represented
as isosurfaces (Figure 3a).

First, the average framework of (Mn, Ni)As, octahedra is
revealed in agreement with the initially reported structure.™
The model is further elaborated by calculating de Wolf
sections x3-x4 around the two atomic sites corresponding to
Mn/Ni and As atoms (Figure3b). The As site exhibits
a displacive modulation along ¢, described using a continuous
harmonic function. In order to account for the Mn/Ni
ordering along [001], the site shared by Mn and Ni atoms is
split using discontinuous crenel-like functions associated with
one harmonic function."® Within the resolution of the 3D ED
data, the electron scattering amplitudes for Mn and Ni are too
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Figure 3. a) [100] projection of the 3D electronic potential map and its interpretation as a structural model. For better visualization of the layers,
the model is extended along the stacking direction.[001] The Mn and Ni cations are in octahedral coordination; b) On the De Wolf section x3—x4
calculated around the As site, the cationic site is described with a continuous harmonic function and split between 2 sites for Mn and Ni using
discontinuous crenel-like functions; c) Extended [110] projection of the refined structure against PEDT data (dynamical refinement); d) Variation
in Mn—As and Ni-As distances showing the evolution of the local As environment as function of the modulation.
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close to reliably detect a difference in the electrostatic
potential between the domains.

For this reason, the centers of the crenels are set to
x4°(Mn) = 0.5 and x4°(Ni) =0 in order to strain the shortest
(longest) distances for Ni-As (Mn-As). The crenel widths
were set according to the composition: A(Mn)=0.6 and
A(Ni) = 0.4 (Figure 3b). For better visualization of the Mn-Ni
stacking sequence, the e-map, as well as the interpreted
model, is represented in an averaged supercell a x b x 4c. The
main experimental parameters are listed in Table 1 (SI).

The model exhibits the alternation of two types of blocks
with variable thickness consisting either of layers of MnAsy
octahedra or of layers of NiAs, octahedra. Dynamical refine-
ments were carried out against the 3D ED data.l'>'"! The
included reflections were chosen following the recommenda-
tion by Palatinus etal. RSg(max)=0.9, S(max)g-
(matrix) =0.01 A, g(max) =1.7 A~'. Because of the rather
small unit cell volume and the high symmetry, the RSg(max)
was set to a high value to thereby include a sufficiently large
number of reflections and maintain a good reflection-to-
parameter ratio (Table 1 (SI)). The refinement gave reliability
factors of R/wR(obs/all)=13.85%/14.65% for N obs/all=
796/1788 [main: R/wR(obs)=12.67%/1428%; 1. order:
R/WR(0obs) =16.24 %/15.75%].

This represent a huge improvement compared to what
offered in a kinematical refinement [R/wR(obs/all) = 30.18 %/
35.39% for N obs/all =88/128].

The crystal structure of Mn4Niy4As exhibits an alter-
nation of 3-4 layers of MnAs and 2-3 layers of NiAs
(Figure 3c¢), described by a genuine incommensurate modu-
lation with respect to the chemical composition. As shown by
Fjellvag et al.l® the Mn, 4Ni, ,,As sample represents just an
arbitrary composition for the Mn;_Ni,As solid solution
where superstructure peaks are observed. The simulated
HAADF image (calculated by JEMS software) based on the
aforementioned incommensurate structure model is included
in Figure 1b and shows very good compliance with the
observed image. The observed positional modulation of the
Mn, Ni and As atoms along [001] dictates a difference in the
cell volume for the MnAs and NiAs layers, being in agree-
ment with unit cell volumes of the binary compounds as well
as the HAADF images.

The expected Mn-As and Ni-As bond lengths are reached
owing to the displacive modulations of As and Mn/Ni along

Table 1: Unit-cells parameters extracted from refinement of 3D ED data
and neutron diffraction data.

Structural formula AsMngNig 4

a=3.653(8) A, c=5.417(3) A, y =120°,
q=0.360(3) c*, V=62.67 A’

Unit-cell parameters (PEDT)

a=3.6520(2) A, c=5.4280(6) A,
y=120°,
q=0.3594(2) c*, V=62.694(6) A’

Unit-cell parameters (NPD)

z 2
Density [gcm™] (from NPD)  6.96(7)
Space group P6;/mmc
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the stacking direction ¢ (Figure 3d). This information cor-
roborates our initial observations from HAADF imaging
(Figure 1b and c).

The collected powder neutron diffraction (PND) pattern
shows intense reflections at low scattering angle (Figure 4),
for example, at 0.42 A-' which is a first-order satellite
reflection from the compositional modulation of Mn and Ni.
The strong signal of the satellite reflections is a consequence
of the excellent contrast between Mn and Ni in PND, due to
the different signs of their scattering lengths.

Thus, unlike what was feasible with 3D ED data, the
sample composition can be determined with accuracy by
Rietveld refinement of the crenel widths from PND data. The
derived composition of Mny sos(3Nig 40(As is in line with the
nominal composition from synthesis.

The modulation vector obtained from the PND Rietveld
refinements [g=0.3594(2) ¢*] is identical to that obtained by
3D ED [¢g=0.360(3) c*]. We note that the results obtained
from refinements of PND and 3D ED data are identical,
within statistical uncertainty. We emphasize that the combi-
nation of PND and 3D ED data was necessary to fully
understand the structure as PND is superior for refining the
exact composition, while 3D ED was needed for structural
determination. The final refined structural model from both
data sets is presented in Table 1 and Table 2.

The type of intrinsic “nano-layering” observed for
Mn, 4Ni, 4As is unique. There exist a few examples of related
features. It is reminiscent of the layered ferecrystals that can
be described as an intergrowth between two different types of
cation—anion layers, bonded by weak Van der Walls forces
(e.g. m bilayers of SnSe and one trilayer of NbSe,,
[(SnSe),,,],.(NbSe,),). However, ferecrystals clearly differ
from Mn4Nij4As by being constructed of weakly bonded
building bricks that furthermore can exist as independent well
defined compounds.

The present phenomenon is unlike that of other modu-
lated compounds. The layers in the Mn, Nij 4As compound

L 9
— Y,
— Y, Y
hkl-nuclear

| hkl-modulation

Intensity (arb. units)

R

1 I 1
1 2 3 4

Scattering vector (Ah

Figure 4. Experimental (black circles), calculated (red line) and differ-
ence (blue line) neutron powder diffraction pattern of MnggNig4ASs
according to Rietveld refinement. Main and satellite Bragg peak
positions are indicated with green and orange sticks, respectively.
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Table 2: Positional parameters extracted from the dynamical refinement of 3D ED data and neutron

diffraction data.

Zuschriften

Angewandte
Ch

emie

agreement with crystallographic
data for the individual binary com-

Dynamical refinement against 3D ED data

pounds.

atom A/Occ. harm. x/a y/b z/c Uiso [A% We have demonstrated the exis-
Mni 0.6 0 1 0 0.0191(9) tence of a fascinating nanopheno-
s,1 0 0 —0.0313(6) menon in a solid-solution phase,
and the ability, strength and robust-
Nil 0.4 0 1 0 0.0191(9)  ness of state-of-the-art tools in crys-
s)1 0 0 —0.0313(6) tallography and methodology to
solve and describe complex incom-
Asl 1 0.3333 0.6667 0.25 0.0215(9) .
51 0 0 —0.0468(6) Fnen.sur'flte phenomena, all acting as
Refined positional parameters (powder neutron) inspiration for future research. The
Mn1 0.598(3) 5,1 0 0 —0.003(3) 0.016(1)  modulated feature of strongly mag-
Nil 0.402(3) s,1 0 0 —0.003(3) 0.016(1)  netic MnAs and non-magnetic
Asl 1 s,1 0 0 —0.037(1) 0.005 NiAs layers with periodic layer
thicknesses at the 1 nm scale, is
likely to attract attention in fields
are of the same crystal structure, in contrast to the Nowotny like spintronics.
Chimney-ladder phases. In compounds like Cus;,Si, the
modulation is positional and is not originating from an
ordering between Cu and Si atoms. Acknowledgements

The oxide LaNb,gW;1,0,40 has certain similarities to
Mn, 4Nij40As by being occupationally modulated. However,
there are significant differences: (i) only occupational mod-
ulation is observed, while Mn ¢,Ni 40As exhibits both occupa-
tional and positional modulation; (ii) the occupational
modulation of Mn and Ni in Mn, 4Ni, 4,As leads to a complete
segregation into MnAs and NiAs regions, whereas
LaNbgsW(1,0406 Oonly shows partial segregation of W; (iii)
the architecture of the segregation itself differs; 2D layers
versus 3D network, and (iv) the bonding in the two cases is
very different; metallic versus polar covalent/ionic. Last, we
note that MnAs is ferromagnetic and NiAs is paramagnetic,
which makes the intrinsically nanolayered material a potential
candidate for spintronics.

Mng 4Nig40As is, to our knowledge, the first example of
a representative of a solid solution compound where the
chemical composition is directly reflected in an occupational
modulation that is intimately coupled to a positional modu-
lation. It is surprising that this exotic and unique phenomenon
with Mn-Ni occupational modulation occurs for a phase
ideally taking the simple NiAs-type structure. We stress that
this modulation of composition, materialized by ultrathin
layers consisting of edge- and face- sharing Mn-As octahedra
and of Ni-As octahedra, is different from any other stacking
or order/disorder phenomena.

The modulated structure is the genuine crystal structure of
Mng 4Nig40As. The periodic variation in the stacking of 2D
layers of MnAs and NiAs, creates an incommensurate
modulation, with 3-4 thick layers of MnAs and 2-3 layers
of NiAs, that in turn determines the chemical composition of
the material. In this work, we show how the structural model
to describe this peculiar phenomenon can be derived from 3D
ED and validated by refinement of powder neutron diffrac-
tion data with excellent Mn/Ni scattering contrast. The
refined composition is in full compliance with the nominal
composition from synthesis. The structure model, as well as
the coupled HAADF-EDS mapping images, shows that the
MnAs layers have a longer c-axis than the NiAs layers, in full
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