THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCC

NbgMn; Irs.Bg (X = 0.25): A Ferrimagnetic Boride Containing Planar
Bg Rings Interacting with Ferromagnetic Mn Chains

Published as part of The Journal of Physical Chemistry virtual special issue “Alexander Boldyrev Festschrift”.
Neetika Sharma, Yuemei Zhang, Mohammed Mbarki, Jan P. Scheifers, Kunio Yubuta,

Simon A. J. Kimber, and Boniface P. T. Fokwa*
I:I Read Online

Cite This: J. Phys. Chem. C 2021, 125, 13635 13640

ACCESS | [ihl Metrics & More | Article Recommendations ‘ < Supporting Information
ABSTRACT: Discovering new low-dimensional magnetic materi- 0.016 F

als is of paramount importance in spintronics. We report on a new Q\ * ‘JL;S *
ferrimagnetic (!:iM) compound, N_beMn1 xIT6:xBg (x = 0.25), the 0.012| %00, Rp02p 5@ g 250
structure of which contains Mn chains embedded in stacked planar = %o, ? P . *
Bg rings. Its crystal structure, which was determined by combined S 0.008 %8s &5 (25 RGP
single-crystal X-ray and neutron di raction studies, contains three QE) ’ ::‘be"’_'m-x'f&;?e °°°° 4} *
Mn chains (intrachain distance is 3.30 A) building a triangular = — e °,  Mn chains and
network with an interchain distance of 9.28 A, indicating stronger el oseeg Stacked Bsrings
intrachain interactions than interchain ones. Density functional 002’ %

theory (DFT) calculations proposed ferrimagnetic ordering for the ~ 0-900 [ 00000900 . :
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new phase resulting from three nonequivalent, triangularly
arranged ferromagnetic (FM) Mn chains with two in spin-up
and one in spin-down. Magnetization measurements con rmed the
presence of not only strong FM interactions (high Curie temperature of 250 K) but also weak antiferromagnetic (AFM) ones (small
and negative Weiss constant of 70 K), thus con rming the proposed FiM ordering.
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INTRODUCTION

Crystalline transition metal borides constitute a large group of
intermetallic materials that have provided some of the most
important materials that are relevant to our modern society.* *
As such, they have been the focus of recent fundamental
research in areas such as hard and superhard materials,
thermoelectrics, catalysts, and superconducting, magneto-
caloric, and magnetic materials, just to name a few.*
Among these materials, magnetic transition metal borides are
part of the subgroup of metal-rich borides which adopt a
variety of crystal structures with di erent arrangements of
boron atoms within a 3D network of metals. Such metal-rich
structures are mostly characterized by the presence of not only
isolated boron atoms (no B B bonds) but also small boron
fragments (B,,). Boldyrev and Wang pioneered the discovery of
planar boron fragments in the gas phase and predicted that
they could not only lead to the discovery of new molecular and
solid-state compounds but also impact their electronic and
physical properties.” Indeed, a few years ago, we discovered an
unexpected synergy between planar Bg rings and chains of iron
atoms that directly impacted the magnetic behavior of
NbgFe; Irs.Bs.* Chemical bonding analysis (via spin-
polarized calculations) showed that the presence of long-
range ferromagnetic interactions within the Fe chain
strengthens the already strong B B interactions even more,
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thereby enhancing the stability of the compound and favoring
magnetic ordering simultaneously. NbgFe; ,Irg.Bg was
synthesized by an extremely quick arc-melting procedure,
which hinted at a possible kinetic phase. Annealing of the arc-
melted compound leads to the formation of a thermodynami-
cally stable 3 x 3 x 2 superstructure (space group P6/
m)™ in which structural distortions led to the discovery of the
rst ferrimagnetic iron chain in intermetallic compounds.
Several questions emerged from these works: (1) Are these
discoveries unique to this compound or are other isotypic
compounds as capable, and (2) does the interplay of kinetic
and thermodynamic stabilities exist for other compounds?

In the quest to investigate the role of di erent magnetic
elements on the stability of the kinetically stabilized structure
and further on the magnetic properties, we have substituted Fe
by another magnetic 3d element, Mn. Using the same synthetic
strategy as for the NbgFelrgBg (quick arc melting), we have
synthesized crystalline sample of isotypic NbgMnlrgBg, whose
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Figure 1. HRTEM image of an arc-melted sample of NbgMnlrgBg (left) and the corresponding selected area electron di raction pattern (right)
showing weak superstructure re ections which indicate the doubling of the c lattice parameter.

di raction experiments unexpectedly showed the 6-fold (3 x

3 x 2) superstructure re ections found for NbgFelrsBg after
annealing. Density functional theory (DFT) calculations then
proposed ferrimagnetic ordering resulting from antiferromag-
netic interactions of three triangularly arranged ferromagnetic
Mn chains, in contrast to the ferrimagnetic Fe chains in
annealed NbgFelrgBg. Magnetization measurements con rmed
the ferrimagnetic ordering below T, = 250 K for the new
phase.

RESULTS AND DISCUSSION

The new phase was synthesized by a quick arc-melting
procedure of stoichiometric amounts of the elemental powders
(see ref 16 for more details). The synthesized polycrystalline
product contained small single crystals that could be isolated
for X-ray di raction (XRD) studies. Single-crystal XRD data
showed not only strong substructure re ections but also weak
superstructure ones, which were further con rmed by high-
resolution transmission electron microscopy (HRTEM) and its
di raction image (Figure 1). Two re nement models were
developed by using the substructure on the one hand and
adding the superstructure re ections on the other. Structure
re nement using the substructure re ections converged
smoothly (see the Supporting Information Tables S1 and
S2) after re ning 25% Ir on the Mn site (NbgFe; ,Irs.Bg
model™* but replacing Fe by Mn), leading to the composition
NbgMng 752176 25(2)Bg. Furthermore, the powder data not only
con rmed the single-crystal results but also proved the
presence of side phases in the sample (also con rmed by
neutron di raction results below), and qualitative energy
dispersive X-ray spectroscopy (EDS) con rmed the presence
of all metals in the analyzed single crystal (Figure S1).

A second model was then developed considering the
superstructure re ections ( 3 x 3 x 2 superstructure,
space group P6/m), and it turned out to be identical with that
of annealed NbgFelrgBg. However, the very weak super-
structure re ections led to high R-values for the re nement;
thus, we performed neutron powder di raction (NPD) to
verify this superstructure model, as it is crucial in under-
standing the magnetic properties. NPD patterns were recorded
at 300 and 13 K, as exempli ed in Figure 2 showing a section
of a typical NPD pattern at 300 K. For the NPD re nement of
NbgFelrgBg, it was not possible to model the Fe/Ir mixed
occupancy properly because of the similar neutron scattering
lengths of Fe and Ir. Consequently, the NPD data were re ned
by considering full Fe occupancy at all Fe sites. However, for

Figure 2. Observed (red circles) and calculated (black line) powder
neutron di raction patterns for NbgMnlrgBg at 300 K. Lower solid
blue line is the di erence between observed and calculated patterns.
The rst row of tick marks indicates the position of nuclear Bragg
peaks for NbgMnlrgBg (space group P6/m), and the second, third,
and fourth rows of tick marks indicate the Bragg peaks positions for
the side phases Nblrs, Nb3B,, and NbB,, respectively.

the Mn compound, we can study the mixed occupancies
because of the di erent neutron scattering lengths of Mn and
Ir. We rst tried the structure model with full Mn occupancies
at all Mn sites, but the re nement did not converge. Then we
tried successively re ning mixed occupancies; initially at each
of the four Mn positions (Wycko sites 1a, 1b, 2c, and 2d),
then up to three sites could be re ned simultaneously but not
all four sites. The resulting mixed occupancy re nements led to
a signi cant variation of the Ir amount in each site depending
on the number of sites re ned simultaneously. Interestingly,
the average variation of the Ir content on these Mn sites turned
out to be closer to the amount obtained from the single-crystal
substructure re nement (25%). Furthermore, xing the Mn/Ir
content to the re ned single-crystal values of 75/25% on all
Mn sites did not change the R-values obtained from the best
mixed-occupancy re nements. Therefore, the nal NPD
re nement data (Table 1 and Tables S3 S5) were based on
this model which incorporates the re ned composition from
the single-crystal substructure re nement,
NbgMng 752176 252)Bg.  Both powder XRD and neutron
di raction have indicated the presence of the expected main
phase (ca. 77%) along with side phases Nblr;, Nb;B,, and
NbB, (Figure 2). The cell parameters, weight fractions of all
the phases, and the agreement factors obtained from Rietveld
re nement of the neutron di raction data at 300 and 13 K are
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