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Abstract

X-ray and neutron powder diffraction has been used to determine the crystal and magnetic
structure of Mn;NiyPs. The crystal structure can be described as cubic with space group Fm3m
(225) without any nuclear phase transformation within studied temperature interval from room
temperature down to 4 K.

The magnetic structure of MnsNiyPs is complex with two independent magnetic positions for
the Mn atoms and the compound passes three successive magnetic phase transitions during
cooling. At 30 K the spins of the Mn atoms on the Wyckoff 4a site (Mn1) order to form a
primitive cubic antiferromagnetic structure with propagation vector k = (0 0 1). Between 29 and
26 K the Mn atoms on the Wyckoff 8c site (Mn2) order independently on already ordered Mn1
magnetic structure forming a commensurate antiferromagnetic structure with propagation
vector k = (0 0 %) and below 26 K, both Mn positions order to form an incommensurate helical
structure with propagation vector k = (0 0 ~0.45).

Magnetization vs. temperature curve of Mn;NiyPs shows a steep increase indicating some
magnetic ordering below 230 K and a sharp field dependent anomaly in a narrow temperature
range around 30 K.
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Introduction

Manganese compounds often exhibit a complex magnetic behavior, for reasons which are not
yet fully understood. This issue has e.g. been addressed by Eriksson et al. in a series of
investigations of such systems [1, 2]. Compounds with the general formula Mn;AB (A = Ir or Co,
B = Si or Ge) have crystal structures very similar to that of the B-modification of elemental
manganese, but in contrast to -Mn an ordering of the magnetic Mn moments in a 120° spin



structure occurs at low temperature. This structure results from geometrical frustration of the
antiferromagnetic interaction in a three-dimensional network of corner sharing Mn triangles [3].
For these types of compounds, the unit cell volume is important in determining the magnitude
of the magnetic moment and the magnetic transition temperature, T; both of which decreases
with decreasing cell volume. Another interesting example is the compound IrMnSi which has a
non-collinear magnetic structure with an incommensurate double cycloidal magnetic structure
below 460 K [4].

In contrast to the antiferromagnetic compounds mentioned above, the magnetic structure of
MnsPd,Ps is ferromagnetic below 110 K [5], with a cubic Fm3m crystal structure lts magnetic
structure involves parallel moments on the two different crystallographic Mn sites, but with
different magnetic moments. To further study the influence of the crystal structures on
magnetic structures and properties, it is of interest to also determine the magnetic structure of
the isostructural Mn;NiyPs. Keimes et al. [6] have reported Mn;NiyyPs to have an ordered Cr,3Ce-
type structure. In this paper, we report on the investigation of the (nuclear and) magnetic
structure of Mn;NiyPs, characterized with powder neutron diffraction.

Experimental

Sample synthesis

Samples of composition Mn3Ni, Ps were synthesized in a high frequency induction furnace with
300 mbar argon atmosphere. Pieces of manganese metal (Cerac, claimed purity 99.99 %,
purified from manganese oxide by sublimation) and lumps of red phosphorus were dropped into
a melt of nickel (Ni rods 99.995 %, Johnson and Matthey), as described by Rundgvist [7]. The
compounds were annealed in evacuated silica tubes at 600°C for seven days.

X-ray diffraction

Phase analysis and unit cell determination was performed using a Guinier-Hagg powder
diffraction camera with CuKa; radiation and Si (a = 5.43088 A, T = 20°C) as internal calibration
standard. Diffraction intensities were measured with a linear position sensitive detector (PSD)
on a STOE & CIE GmbH STADI transmission X-ray powder diffractometer.

Neutron diffraction

Neutron powder diffraction data were collected at the G4-1 Cold Neutron Two-Axis
Diffractometer at LLB in Saclay, France, for temperatures from 4 K to 300 K. The measurements
were performed in the 20-range 3-82.9° in steps of 0.10°. The sample was placed in a vanadium
cylinder. The diffractometer was equipped with a vertical focusing pyrolytic graphite
monochromator, giving a neutron wavelength of 2.42 A. Additional data were collected using
the MEREDIT diffractometer at the Nuclear Physics Institute ASCR in Rez, Czech Republic. The
neutron beam was monochromatized by a copper mosaic monochromator (reflection 220)
providing a neutron wavelength of 1.46 A. Samples were studied in a 26-range of 4-144° with
steps of 0.08° collected at the same temperatures as for the LLB data.



Magnetic structure refinement

Crystal and magnetic structure refinements were performed by the Rietveld method [8], using
the program FullProf [9]. Irreducible representation analysis was performed by SARAh software
[10] which gave magnetic space groups for all magnetic structures and also the possibility to
refine the magnetic parameters without any additional constrains.

Joined refinements of the G4.1 and MEREDIT datasets were performed for the room
temperature, 30 K, and 4 K measurements. Due to the fact that the Q range of the MEREDIT
instrument is much larger than that of G4.1, this procedure improved the determination of the
structural parameters of the nuclear phase; these parameters were used also in the refinements
at other temperatures.

The peak shape for G4.1 data was described by the pseudo-Voigt function with small asymmetry
and the background was modelled by interpolation between fixed points. Profile parameters for
MEREDIT data were fixed to values in the IRF (Instrument Resolution File). Profile parameters in
IRF were obtained by refinement of a SiO, standard sample using same monochromator setup.

Magnetic measurements

A Quantum Design MPMSXL 5T SQUID magnetometer was used for the magnetization
measurements. The magnetization was recorded as a function of temperature in a constant field
and as a function of field at constant temperature.

Results and discussion

The crystal structure was confirmed to be cubic Fm3m (225) and isostructural with Cr,;Cs, with
cell parameter a = 11.0820(2) A at room temperature, in agreement with the results reported by
Keimes et al. [6].

The crystal structure consists of two manganese positions called Mn1 and Mn2 with the Wyckoff
positions 4a and 8c respectively. The Mn1l substructure is coordinated with 12 Ni atoms
(cuboctahedron - MnNiy,) and 6 P atoms (octahedron - MnPg) forming MnNiy,Pg units centered
in a face centered cubic lattice. The Mn atoms of the Mn2 substructure are coordinated with 4
Ni atoms (tetrahedron — MnNi,;) positioned at the tetrahedral positions of an fcc-lattice. The
structure can thus be described as being of the CaF,-type where the calcium atoms correspond
to the MnNi,Pg units and the fluorine atoms to the MnNi, units. In this way the crystal structure
can be described as MnNiy,P¢(MnNi,), , which has the correct composition, Mn;NiyoPgs, shown in
Figure 1.



Figure 1 - Overview of the structure of Mn3Ni,oPs. The coordination of the Mn1 position
is in blue, the coordination of the Mn2 position is in red, the phosphorus atoms are in
green and the nickel atoms are not shown but they are situated at the empty corners of
the polyhedra.

Magnetization measurements

Earlier magnetization experiments indicate that Mn;Ni,gP¢ orders magnetically in an
antiferromagnetic (or weakly ferrimagnetic) structure below ~240 K [5]. There exists however an
excess (very weak) ferromagnetic moment already at higher temperatures — possibly emanating
from a magnetic impurity phase (< 1%) unresolved by XRPD and NPD. At about 30 K there is a
sharp and narrow field dependent anomaly in the magnetization vs temperature curve (Figure
1a) and a distinctly altered M vs. H behavior with a temperature dependent step like feature
(Figure 1b). This low temperature behavior reflects the structural changes revealed by our NPD
experiments as discussed in the following section.
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Figure 2 - Left, low temperature dependence of the magnetization measured in the
magnetic field of 2000 Oe. Right, magnetization vs. magnetic field measured at 20, 28

and 50 K.

Magnetic structure

Ni20Mn3P6 passes through several magnetic transformations during cooling. There exist two
Mn-positions with different coordination that independently orders magnetically with different
moments and spin arrangements. From the neutron diffraction patterns three different
magnetic arrangements were found (see Figure 3), which are described in details in the

following.

Magnetic structure at 30K

On the neutron diffraction patterns at 30 K only small additional reflections at Q = 0.56 and
1.39 A-1 were found (see Figure 3). They can be indexed within the magnetic structure CAmca
where only atoms of Mn1-position (blue in Figure 1) are ordered with propagation vector

k = (00 1). Measured and refined neutron diffraction pattern at 30 K are shown in Figure 4.
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Figure 3 - Intensity color map of the low angle portion of the neutron diffraction
patterns of G4.1. Nuclear reflections are marked as well as the magnetic reflections of
three different magnetic arrangements as they evolve with temperature (y axis).
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Figure 4 - Measured and calculated G4.1 neutron diffraction pattern at 30 K. Individual

Bragg contributions of nuclear and magnetic phase are shown.

Analysis of the measured data

reveals that the magnetic moments are arranged

ferromagnetically in the ab-plane and these planes are regularly coupled antiferromagnetically

along the c-direction as shown in Figure 5.
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Figure 5 — Graphical representation of magnetic arrangement of the Mn1-position at 30
K. Blue balls represent Mn1, that are carry a magnetic moment at 30 K. Red balls
represent Mn2-positions, that does not carry a magnetic moment at this temperature.

Commensurate magnetic structure 26 - 29 K

When the temperature is reduced from 30 K, the Mn atoms at the Mn2 position starts to order
without disturbing the Mn1, and a new commensurate magnetic structure, Cm’m?2’, is present
between 26 and 29 K. On the neutron diffraction pattern another set of reflections appear from
the ordering at Mn2 (see Figure 6). The atomic moments on Mn2 are arranged
antiferromagnetically with propagation vector of k = (0 0 ). See Figure 7 for a graphical
representation. In the c-direction there are feromagnetically coupled ab layers stacked as follow
2/-1/2/-3/2/-1/2/-3/..., where negative sign means antiferromagnetic ordering.
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Figure 6 - Measured and calculated G4.1 neutron diffraction pattern at 26 K. Individual
Bragg contributions of nuclear and two magnetic phases are shown.

Figure 7 — Graphical representation of magnetic arrangement on both Mn1 (blue) and
Mn2 (red) positions at 26 K. View along b axis.



Incommensurate magnetic structure, 4 - 25 K

The magnetic structure from 4-25 K is from the low temperature NPD patterns (see Figure 8 for
data at 4 K) and is refined as an incommensurate helical structure along one of the
crystallographic axes, within the magnetic space group Ccmc2,. It can be described by a
propagation vector kq = (0, 0, 0.4548(3)). The magnetic moment of the manganese atoms in the
two different crystallographic positions are at 4 K determined to be 4.3(3) and 4.7(1) p; for site
4a and 8c, respectively. The derived magnetic structure is illustrated in Figure 9; blue arrows
Mn1 and red arrows Mn2. By decreasing the temperature within this interval (25 — 4 K) the
magnetic moments on both sites increased but the value of propagation vector decreases.
Summary of all calculated magnetic moments and propagation vectors together with R-factors
are listed in Table 1.
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Figure 8 - Measured and calculated G4.1 neutron diffraction pattern at 4 K. Individual
Bragg contributions of nuclear and two magnetic phases are shown.
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Table 1 - Summary of parameters of magnetic arrangement for NioMnsPg for different
temperatures. Ry, values for the k; = (0 0 1) model are very high due to very low
observed magnetic intensities and should not be considered reliable.

Temperature 30K 26 K 20K 4K

4q site, Mn1l k;=(001) k;=(001) ks=(00 ks=(00
8¢ site, Mn2 = k,=(00"/,) 0.4635(3)) 0.4548(3))
4q site, k; 2.4(2) pg 2.2(3) us - -

8c site, k, - 2.7(2) ps - -

4q site, ks - - 3.6(4) us 4.3(3) g
8csite, ks - - 3.4(2) U 4.7(1) pg
Rerage 3.12 3.34 3.62 3.97

Rimag (55) (38)/14.2 12.8 9.9

A similar behavior with independent antiferromagnetic ordering on the two magnetic positions
at low temperatures has been observed for isostructural compounds of the general formula
RE3;Ni,oXs (RE = rare earth element, X = Ge, Si)[11-14]. There are however only two other
examples showing three successive magnetic phase transitions [11, 15] and it is argued to
depend on sample quality and homogeneity what type of magnetic behavior is observed.

11



However, the magnetic ordering in RE;Ni,oXs-type compounds occurs typically at lower
temperatures (below 10 K) than in Mn3NiyPs. Another difference between Mn;NiyPs and
RE;3NiyoXs is that in former case the magnetic atoms on the 4a site (i.e. Mn1) order first whereas
in the latter case the magnetic atoms on the 8c site (i.e. Mn2) order first.

Given the complex behavior of the magnetic ordering in this system, further investigations, in
combination with theory, are needed to fully elucidate the magnetic interactions in Mn3zNi,Pe.

Mn;NiyoPs and the similar compound Mns;Pd,oPs are isostructural but have different magnetic
behavior, although, in both compounds the magnetic properties can be assigned to the Mn-
atoms. The distances between the magnetic Mn-atoms are however different in the two
systems which are why the magnetic coupling mechanisms are different, where the MnsPd,Ps
orders ferromagnetically, and MnsNiyPs have the complex antiferromagnetic structure
discussed above. Deeper discussions between these compounds can be found in Eriksson et. al.
[5].

Summary and conclusions

The magnetic structure of Mn;Ni,oP¢ has been determined to be strongly dependent on the
temperature. At higher temperatures (above 30 K), the Mn1 positioned atoms order with a k =
(0 0 1) propagation vector, while the Mn2 position is disordered. This shows that the strongest
exchange interaction in this system is coming from the Mn1 positions. Upon cooling (26-29 K)
the Mn-atoms in the Mn2-positions also orders, resulting in a collinear but complex
antiferromagnetic structure with a k = (0 0 }4) propagation vector. Upon further cooling (4-25 K)
a non-collinear magnetic state develops, with propagation vector k = (0, 0, ~0.45). It is tempting
to associate these two transitions with a hierarchy of interactions in which the interactions from
the Mn2-positions are stronger than the interactions between the Mnl and Mn2 positions.
However, more complex sets of interactions between the different atomic positions may be
envisioned, and possibly finite temperature effects of the exchange interactions themselves [16]
might play role. Hence, the complex set of interactions among Mn atoms, as evidenced in this
study, calls for a theoretical first principles investigation and we hope our work will stimulate
such theories.
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Graphical abstract

Mn3NixPs has been investigated using neutron diffraction and undergoes several magnetic
transitions with different anti-ferromagnetic structures, both commensurate and in-commensurate.
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Graphical abstract

MnaMiwPs has been investigated using neutron diffraction and undergoes several magnetic
transitions with different anti-ferromagnetic structures, both commensurate and in-commensurate.
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Highlights

The crystal and magnetic structure have been determined by XRD and NPD.
At 30 K the spin on Mn1 order and forms an antiferromagnetic structure.
Between 29 and 26 K the Mn2 also orders antiferromagnetically.

Below 26 K all Mn atoms orders in an incommensurate helical structure.
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