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ABSTRACT: Materials “design” is increasingly gaining
importance in the solid-state materials community in
general and in the field of magnetic materials in particular.
Density functional theory (DFT) predicted the competi-
tion between ferromagnetic (FM) and antiferromagnetic
(AFM) ground states in a ruthenium-rich Ti;CosB,-type
boride (Hf,MnRu;B,) for the first time. Vienna ab initio
simulation package (VASP) total energy calculations
indicated that the FM model was marginally more stable
than one of the AFM models (AFM1), indicating very
weak interactions between magnetic 1D Mn chains that
can be easily perturbated by external means (magnetic
field or composition). The predicted phase was then
synthesized by arc-melting and characterized as
Hf,Mn,_ Rug,,B, (x = 0.27). Vibrating-scanning magneto-
metry shows an AFM ground state with Ty & 20 K under
low magnetic field (0.00S T). At moderate-to-higher fields,
AFM ordering vanishes while FM ordering emerges with a
Curie temperature of 115 K. These experimental outcomes
confirm the weak nature of the interchain interactions, as
predicted by DFT calculations.

Recent research efforts in solid-state and materials chemistry
are concerned with the design and prediction of new
compounds and materials. However, it is difficult, in general, to
design a phase a priori, and in most cases, the ability to broadly
design and predict new phases with new structures remains a
challenge.l_4 On the one hand, “materials design” for a known
structure type is possible, e.g, by isoelectronic elemental
substitutions, intercalation of species into solids, or synthesis of
coordination solids based on solid-state structures to achieve
interesting physical properties.” As proposed by Canfield,® to
design a material that will exhibit a specific property, there often
needs to be some model or idea of which parameters are
important and how to influence or control them. This guiding
principle is often an admixture between theory and practical
concerns, such as which elements or compounds can readily—
and safely—be used: For an intermetallic material with magnetic
properties, for example, the tendency is to look at compounds
with 3d magnetically active transition metals and/or rare-earth
(4f) elements.’

Transition-metal borides crystallizing in several unique
structures have been the focus of extensive research interest in
recent years because of their interesting itinerant magnetic
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properties.” > Ti;CosB, " is one such prolific structure type that
has produced many compounds, including ternaries (A3TsB,),
quaternaries (A,MT;B,), and quinaries [A,M(TT');B,]. The
ternary variants A;T B, are formed by face-connected trigonal,
tetragonal, and pentagonal prisms of T atoms (generally
electron-rich and smaller transition metals such as Co, Rh, Ir,
and Ru). The A atoms (relatively large atoms such as Mg, Sc, Tj,
Zr, and Hf) reside inside both tetragonal and pentagonal prisms,
while the B atoms are coordinated within the trigonal prisms."*
In quaternaries (see Figure 1a) and quinaries, magnetically active
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Figure 1. (a) Representative view of the structure of Hf,MnRuB, along
[001] and (b) different magnetic models for Mn chains. The + and —
signs represent opposite types of spins.

M atoms sitting inside the tetragonal prisms build chains along
[001] with intrachain M—M distances in the range 2.90—3.10 A
(see Figure 1b) suitable for mag_netic interactions. Both
experimental and theoretical studies'” ' have been conducted
extensively on the magnetic properties of such quaternaries and
quinaries and have revealed that magnetic M atoms in
conjunction with the electronic contributions from T atoms
can drastically influence the magnetic properties. For example, in
the quinary series Sc,FeRh;_,Ru,B, and Sc,Felr;_ Ru,B,, the
evolution of magnetic interactions has been observed exper-
imentally and reproduced theoretically as a function of the
valence electron count (VEC): Preferred antiferromagnetic
(AFM) coupling was found below VEC = 62, while preferred
ferromagnetic (FM) coupling was found at VEC = 63 or
higher.1 821 general, Fe-based magnetic materials have been
studied, and it is understood that, in these phases, dominating
FM interactions are found in systems with valence-electron-
richer 4d/5d transition metals (T = Rh, Ir), while dominating
AFM interactions are observed in those containing valence-
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electron-poorer 4d transition-metal (T = Ru)-based systems.
The Mn-based compounds studied to date are all Rh- or Ir-rich,
and their magnetic properties fit well within the studied VEC
range. However, no Mn-based Ru-rich phase of this structure
type is known. Mn has produced some important magnetic
materials such as Mn;GaC, hard ferromagnets MnBi,*
Mn,Ga;™® and MnB** even though its ground state is AFM.
Herein, we report on the design of the first Mn-based Ru-rich
phase, Hf,MnRu,B,, predicted theoretically to show competing
AFM and FM ordering states and successfully synthesized and
investigated for its magnetic properties.

The recipe for designing this phase was clear: It should be Ru-
rich and should incorporate Mn along with a 4d or 5d element.
Because Hf;RusB, was already reported,” this phase was used as
the starting point. At first, we employed density functional theory
(DFT) calculations to investigate the electronic structure,
bonding, and magnetic interactions in Hf,MnRuB,. Geometry
optimization was performed on a nonmagnetic (NM) model of
Hf,MnRuB, using the projector-augmented wave method of
Blochl*™” coded in the Vienna ab initio simulation package
(VASP).”® Using the geometry-optimized structures, three
different magnetic models were designed (Figure 1b), and
spin-polarized VASP calculations were performed to investigate
their spin-exchange interactions. The structural parameters were
further allowed to relax while the spin-polarized VASP
calculations were performed. Table S5 summarizes the results
of the VASP calculations. All three spin-polarized models were
energetically much more stable than the NM model, indicating
favoring of spin interactions in the system. Among the three spin-
polarized models, FM and AFM1 were found to be significantly
more stable than the AFM2 model, indicating that FM
interaction of the spins within the individual chains is preferred.
Interestingly, the FM and AFM1 models were energetically very
close in energy (the FM model was more stable just by 3.86
meV/u.c.), which seemed somewhat surprising to us because
until now in all calculations in the Ru-rich phases of this structure
type, which were done mainly on Fe-based phases, AFM1 was
calculated to be the most stable model. For example, the recent
DFT calculations on Zr,FeRu¢B, indicated that AFM1 is more
stable than FM by 120 meV/u.c., while in Ti,FeRu,RhB,, AFM1
is found to be more stable than FM by 61.1 meV/ n.c.23°
Furthermore, considering the 61 VEC for Hf, MnRu;B,, it would
favor dominating AFM interactions as mentioned earlier (VEC <
62). Certainly, either Mn or Hf or both act as a rule breaker in
Hf,MnRu;B,. Therefore, this unexpected prediction had to be
verified experimentally (see below).

VASP results on the FM ground state show a large moment of
2.70 pg on Mn, which was mainly attributed to the splitting of the
majority and minority spins of Mn d orbitals (Figure 2b). Also,
very small moments were calculated on Ru atoms (Table S5).

Hf,MnRusB, was synthesized by arc-melting the elements
under an argon atmosphere. Structure refinement and phase
analysis of the powder X-ray data were done by the Rietveld
method,*"** which yielded a mixed occupancy of Ru and Mn at
the 2a Wyckoff position and a final composition of
Hf,Mng 73()Rus 571)B,. A Fe/Ru mixed occupancy was also
observed in the isostructural Zr,FeRugB, and related systems.”
The results of the Rietveld refinement are given in Tables S1—S3
and Figure S1. The main phase Hf,Mn, ;,;Rus ,,B, was produced
with 92 wt % along with minor known side phases identified as
HfRu (4.6 wt %) and Ru;_ Mn, (x = 0.40 and 3.4 wt %). The
refined lattice parameters a = 9.3021(5) A and ¢ = 3.0549(2) A
are in good agreement with those optimized by DFT (Table S1).
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Figure 2. (a) Non-spin-polarized and (b) spin-polarized [majority
(blue) and minority (red) spin states of Mn] density of state curves of
Hf,MnRu;B, (VEC = 61). (c) Non-spin-polarized COHP curve for the
Mn—Mn interaction. The Fermi level (Ey) is shown as a black dotted
line (VEC = 61), while the blue dotted line represents the Fermi level for
VEC = 62.

Experimental and structure determination details are provided in
the Supporting Information.

Magnetization measurements were carried out in a vibrating-
sample magnetometer in the field-cooled (FC) and zero-field-
cooled (ZFC) modes and at different magnetic fields (Figure 3).
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Figure 3. Magnetization versus temperature and inverse susceptibility
versus temperature plots for Hf,Mn, ,;Rus ,,B, at (a) 0.005 and (b) 0.1
T fields. (c) Magnetization versus field strength curve (hysteresis loop)
measured at 4 K up to an applied field of 0.5 T.

At very low field (0.005 T), a maximum (T = 20 K) is apparent
for both FC and ZFC measurements in the u—T plot (Figure 3a),
indicating AFM ordering. However, this AFM transition vanishes
at high magnetic fields (Figures 3b and S4), and a FM state
emerges with T¢ ~ 115 K, indicating metamagnetic behavior for
this compound. This behavior might be rationalized by the
competition between the AFM1 and FM ground states and weak
interchain Mn—Mn interactions, as found by DFT calculations.
Our understanding is that the ground state is AFM with weak
AFM interactions between the Mn chains. These weak
interactions can be easily overcome by a small applied field.
Indeed, at 0.1 T, a FM transition at T ~ 115 K appears in the y—
T plot, indicating metamagnetic behavior for this compound.
Also, a Curie—Weiss behavior, y,, = C/(T — ), was apparent
above 275 K for the 1/y,,—T plot, the fitting of which led to a
positive Weiss constant of 116.7 K, confirming the presence of
EM interactions. The derived Curie constant (C) is 9.29 X 1077
emu-K-mol™!, which leads to an effective moment of 2.73 .
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This moment is very close to the DFT-calculated moment on Mn
for the two favored FM and AFM1 magnetic models (Table SS).

The 1/y,—T plot at 0.1 T also indicates a deviation from the
Curie—Weiss line between 150 and 275 K, also observed in the
u—T plot upon enlargement (inset in Figure 3b). This weak
transition, which disappears at high magnetic fields (e.g., at S T;
Figure S4b), is still unidentified but most probably arises from
the metamagnetic nature of the phase. Furthermore, to confirm
that the magnetic transitions of Hf,MnRusB, are not originating
from the side phase Ru,_,Mn,, we have successfully synthesized
and measured the magnetic property of this phase, which was
found to be Pauli paramagnetic with a magnetic moment 3 orders
of magnitude weaker than that of Hf,MnRu;B, at 0.05 T.

To further understand the nature of Mn—Mn interactions
within the chains, crystal orbital Hamilton population (COHP)
analysis was performed. In the non-spin-polarized Mn—Mn
COHP (Figure 2c) of Hf,MnRu;B,, the Fermi level (Eg) fallsina
nonbonding region; thus, direct Mn—Mn interactions would be
predicted to be AFM within the chains.”® However, a large
antibonding peak is found near E; in the non-spin-polarized
Mn—Mn COHP plot (from 0.0 to 1.0 €V; Figure 2c). Assuming a
valid rigid band approximation, Ex would shift to slightly higher
energies with increased VEC for the experimental composition
(Hf,Mng ,;Rug ,,B, has 61.3 VEC compared to 61 for
Hf,MnRu;B,) and fall into the antibonding region. Con-
sequently, COHP would predict direct FM Mn—Mn interactions
(Eg for VEC = 62 is shown in Figure 2). This analysis also
confirms the weak nature of the AFM interactions, which in this
case would be suppressed by an increase of the VEC (a slight
change in the composition).

Field-dependent measurements (see Figure 3c) at low
temperature (4 K) revealed a hysteretic behavior with extremely
small coercivity; thus, the compound can be classified as an
extremely soft magnetic material. Even though the ground state is
AFM below 20 K, the presence of hysteresis at 4 K indicates thata
canting of the magnetic spins is very probable. Furthermore, the
magnetic moment per Mn atom obtained from the y—H plot is
much smaller than the theoretically predicted value for a FM
state, which also hints at a canted AFM ground state.

VASP spin—orbit coupling calculations indicated that spin
parallel to the c axis is higher in energy than spin perpendicular to
the ¢ axis by 0.84 meV/u.c. (the energy difference for hard
magnetic MnBi is 0.30 meV/u.c.), indicating large magnetic
anisotropy. However, the interchain Mn—Mn spin-exchange
interaction is very weak, making it very easy to flip the spins of
each isolated FM Mn chain under an applied magnetic field, like
the behavior of soft magnetic Ti,FeRh¢B,.*" Therefore, this
compound ends up having a very small coercivity despite its large
magnetic anisotropy.

The VEC of this new compound is 61 (61.3 for the
experimental composition), and thus it is surprising that FM
interactions dominate in this compound, even if it is only at high
magnetic fields. In fact, this behavior mostly occurred in VEC-
richer compounds (VEC > 63). For the Ru-rich (VEC-poorer)
compounds, Fe has been the magnetically active element and
mostly 3d or 4d transition metals have been used on the Assite [in
AM(TT')B,]. Consequently, Mn and the Sd element (Hf)
should be mostly credited for this unexpected behavior in this
VEC-poorer range.
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