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We present a comprehensive study of the three-metal boride alloys Mnggs—dFeips + §-xCoxB
(0=0-0.15 and x = 0— 1.05) synthesized via arc melting and annealing. The alloys crystallize in a
body-centered tetragonal unit cell in the same space group (/4 /mcm) as the parent compound Mn;B. A
small amount of MB (M = Mn, Fe, Co) impurity forms in the as-cast samples which is removed by acid
treatment. Rietveld refinement on the powder X-ray data reveals an anisotropic variation of lattice pa-

rameters in the series. The c-axis increases with increasing Co content but the a-axis decreases. Magnetic
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measurements show a non-monotonic variation of both T, and the saturated magnetization M; as a
function of x. These findings highlight the tunable nature of Mngg5_sFe1 05 ; 5_xCoxB and motivate further
studies of metal-rich boride alloys.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Boron is the only non-metal element in group 13 of the periodic
table. It shows more similarities to its right neighbor, carbon, with
the important difference that boron has one less valence electron
than the number of valence orbitals. This electron deficiency,
together with boron's electronegativity and small size, lead to a
combination of boron-boron and boron-metal bonds that are
responsible for the remarkable structural diversity of transition
metal borides (TMBs) [1]. Binary TMBs can range from My4B to MBsg
stoichiometry, from tetrahedral to icosahedral coordination poly-
hedra, and from isolated boron atoms in a metallic framework to
isolated metal atoms in a boron framework [2,3]. Despite a large
body of research on the structural properties of borides, their ap-
plications have hitherto been quite limited. Recent efforts have
been undertaken to unveil the applicable physical properties of
borides. Two discernible examples are the observation of a sizable
magnetocaloric effect in AlFe;B; [4,5] and the advent of super-hard
or ultra-incompressible alloys [6,7]. In this work, we present
another applicable aspect of borides, namely the tunable nature of
magnetism in three-metal TMB alloys.

One of the best studied families of TMBs are M,B systems (M can
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be Mn, Fe, Co, or Ni). The present work was motivated by the struc-
tural similarity between Mn;B, Fe;B, and Co;B that crystallize in the
AlCu structure-type with a tetragonal unit cell in the space group
14 /mcm [8—10]. Fig. 1 shows two different views of the M;B struc-
ture. In Fig. 1a, transition metals form a distorted tunnel structure and
boron atoms form 1D chains. In Fig. 1b, one transition metal and four
borons form capped pyramids with alternating directions along the c-
axis due to the c-glide planes. Prior attempts to tune the properties of
M,B family have been limited to two-metal alloys such as
(Coq1_xMny),B, (Feq_xMny):B, and (Fej_xCoy)oB [11—13]. Similarly,
two-metal alloys have been explored in the MB family, such as
Mnq_xCoxB and Mn;_4Fe,B [14,15]. Our objective was to go beyond
the simple two-metal alloys and synthesize a series of three-metal
alloys in the MjB structural family, to achieve a higher level of
structural complexity. As a result, a solid solution of
Mnggs_sFe105 + 5 xCoxB was synthesized with 6=0 — 0.15 and x =
0 — 1.05. We found that both transition temperature (T;) and the
saturated magnetization (M) were tuned in parallel as a function of x.

2. Experimental methods
2.1. Material synthesis
The samples of Mng g5_sFe105 4 5_xCoxB(0=0—0.15andx =0 —

1.05) were synthesized by arc melting method using powders of
manganese (Aldrich, 99.99%), cobalt (Alfa Aesar, 99.5%), crystalline
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Fig. 1. (a) The crystal structure of M;B can be viewed as a body-centered tetragonal unit cell with 1D chains of boron atoms stacked along the edges and center of the unit cell. The
transition metals form a tunnel structure of tetrahedral units along the edge centers. (b) A different view of the M,B structure showing the shortest bond distance between the
transition metal and boron atoms (2.18 A). Each M-atom is bonded to four B-atom in a non-coplanar square geometry. The reported bondlengths on this figure belong to

Mnog 91Feq 55C00.54B.

boron (Alfa Aesar, 98%), and iron (Alfa Aesar 99.9%). To eliminate
oxide impurities, metal powders were first annealed under the flow
of a reducing gas mixture (5% Hy/Ar) at 500 °C for 5h. The stoi-
chiometric mixtures of starting components with total mass of
350 mg were pressed into 6 mm diameter pellets and arc-melted
under inert argon atmosphere. A 6.5% excess of boron was added
to compensate for losses of boron at the arc melting stage and to
avoid formation of metal-rich impurity phases. Each ingot was
turned over and re-melted 3 times to obtain a homogeneous
specimen. The ingots were subsequently annealed at 1000 ° C for 5

a b

Mng o;F€(55C04 54B

Intensity (a. u.)

days while being wrapped in molybdenum foil (Alfa Aesar, 99.95%,
0.025 mm thickness) inside evacuated quartz tubes. Finally, sam-
ples were ground into fine powders and washed in diluted hy-
drochloric acid (1:1 v/v) for 200 min to remove a byproduct of MB
phase. The preparation of the initial mixtures and pellets was
performed in an argon glovebox with O, and H,O content <0.1
ppm. The final samples were found to be robust in air with no
changes of physical appearance or X-ray pattern after several weeks
at ambient conditions.
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Fig. 2. (a) SEM image from a representative sample with the composition Mng g1Feg 55C0054B. Color maps show the distribution of Mn, Fe, and Co across the field of view. The MB
impurity phase (M = Mn, Fe, Co) is characterized by a different contrast in both the secondary electron (SE) image and the color maps. (b) PXRD patterns from the representative
sample, before (blue) and after (black) acid treatment with dilute HCI (1:1 v/v, 200 min) The MB impurity peaks are completely vanished after acid treatment in Co-rich samples.
However, the MB impurity is slightly more resilient in Fe-rich samples (Supplemental Fig. S1). (Colors appear in the Web version.)
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2.2. Electron microscopy

Scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDX) were performed using a Zeiss Ultra-55 field
emission electron microscope (FESEM), operating at 20kV and
equipped with an EDAX detector. Prior to the SEM investigations, all
as-cast specimens were polished to achieve a flat sample surface
suitable for EDX analysis.

2.3. X-ray diffraction

Room temperature powder X-ray diffraction (PXRD) was per-
formed in reflection (Bragg-Brentano) geometry using a Bruker D8
ECO diffractometer equipped with a copper K, source, a nickel filter
to absorb Kj radiation, and 2.5° Soller slits after the source and

Table 1
EDX results tabulated for 10 compositions of Mnggs_sFeq10s + 5_xCoxB in this study.
Acid treatment was used to eliminate the MB impurity phase (see the results below).

before the LYNXEYE XE 1D energy-dispersive detector. The WinCSD
software was used for the Rietveld refinement [16].

2.4. Magnetic measurements

DC magnetization measurements were performed using a 7T
Quantum Design MPMS3 between 1.8 and 400 K on polycrystalline
samples in the low-background brass holders. To evaluate the
magnetocaloric effect (MCE), magnetization isotherms where
collected in the temperature range T.+50 K with 2 K steps and the
magnetic entropy change (ASy;) was calculated using the Maxwell
equation [17].

Hinax
ASy (T, AH) — l <¥)Hw 1)

which was approximated with the following expression for discrete
isotherms:

Nominal composition EDX result Result of HCI treatment
MnFeB Mng g4¢1)Fe1.06(1)B trace of MB Hinax
Ml’lFe()_QCOO_]B Ml’lg_gz(])Fe()_gg(])CO(),og(])B 6.13% of MB T] + TZ l
MnFeg gCop 2B Mng g5(1)Feo.86(1)C00.19(1)B pure sample ASM T= 2 = T —T X J M(TZ ’ H)dH
MnFeq7Cog 3B Mno.95(1)F€0.76(1)C00.29(1)B  pure sample 2 1 0
MnFeg Coo.4B Mnyg g6(2)F€0.641)C0039(1)B  pure sample
MnFeg 5C00.5B Mn0_91(1)F€0_55(1)C00_54(1)B pure sample Hinax
MnFeg 4Co0 6B Mng 93(4)F€0.45(1)C00.63(3)B trace of MB _ J M(T] , H)dH (2)
MnFe 3Co0.7B Mng go(3)Feo036(1)C0084(2)B  pure sample
MHFEO_2C00_8B Mn0_91(2)F€0_21(1)C00_gg(2)B pure sample 0
MnCoB Mnyg 95(2)C01.0502)B pure sample
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Fig. 3. (a) Representative Rietveld refinement of a Mng gs_sFe1.05 . 5-xCoxB sample with x = 0.54. In this refinement, R; = 0.0466, Ry, = 0.0764, and x2 = 1.377 (see Supplemental
information for the refinement parameters of all samples). (b) Systematic disposition of [200] peaks toward higher angles and [002] peaks toward lower angles. (c,d,e) Lattice
parameters a and c, and unit cell volume V = a2c plotted as a function of x in Mnggs_sFe;gs 4+ 5_xCoxB.
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2.5. Electronic structure calculations

Calculations of non-polarized electronic density of states (DOS)
for Mn;B, Fe,B, MnFeB and MnCoB were performed using the tight-
binding linear muffin-tin orbitals atomic sphere approximation (TB-
LMTO-ASA) software [18]. The available room-temperature crystal-
lographic data [8,11,19,20] were used as the starting input infor-
mation. The integration was performed using a 16 x16x 16 k-mesh.

3. Results and discussion
3.1. Compositional analysis

Since this is the first presentation of a three-metal M;B alloy, we
thoroughly analyzed both the composition and structure of the
samples. Table 1 summarizes the results of our EDX measurements
on 10 samples, reporting both their nominal (synthetic target) and
actual (evaluated by EDX) compositions. Notice that all samples
have a slight Mn-deficiency and Fe-excess compared to their
nominal  compositions, hence the chemical formula
Mnggs5_sFe105 + s_xCoxB. This off-stoichiometry results from the
formation of an MB impurity phase where M is predominantly Mn
(mixed with Co and Fe). For example, Fig. 2a reveals the MB im-
purity in EDX color maps from an as-cast sample of Mngg1Fegss5.
Cop.54B. PXRD pattern from the same sample (blue data in Fig. 2b)
also confirms this impurity. We succeeded to remove the MB im-
purity by grinding the samples and immersing them in dilute hy-
drochloric acid (1:1 v/v) for 200 min. This suggests that the target
phase M;B reacts with HCl at a slower rate compared to the im-
purity phase MB. Recent work [4] has demonstrated that it is not

possible to remove iron monoboride impurity (FeB) from the
metal-rich boride AlFe,B, by acid treatment, because single-metal
monoborides MB are typically robust against HCl. Thus, our re-
sults indicate that the chemical stability of MyB and MB phases is
sensitive to the ratio of metals mixed in the structure — an inter-
esting subject for further chemical investigations.

3.2. Crystal structure

PXRD patterns from all samples were perfectly indexed in the
tetragonal unit cell I4 /mcm, except for trace amounts of MB im-
purity (Table 1). Fig. 3a shows the PXRD pattern and the Rietveld
refinement on a representative sample MnggiFeps55C0p54B — a
composition in the middle of the Mnggs5_sFe105 + 5_xCoxB series.
The absence of superstructure peaks confirms a homogeneous
mixture of Mn, Fe, and Co in the Wyckoff site 8h. Note that it is not
possible to reliably determine the Mn, Fe, and Co contents from X-
ray data due to their close atomic form factors. One approach to
rectify this problem is to use Neutron scattering and take advantage
of the different scattering length of Mn, Fe, and Co. However,
neutron experiments require a large amount of material which is
difficult to prepare using a laboratory-scale arc melting furnace.
Therefore, we took a different approach and used the compositions
obtained by the EDX to fix the occupancy of the site 8h in the
Rietveld analysis assuming that both metal and boron sites are fully
occupied. The complete set of lattice parameters, refinement R-
factors, atomic positions, and thermal factors for each sample is
provided in the Supplemental information (Tables S1—S4). Fig. 3b
shows a systematic drift of [h00] peaks toward higher angles and
[00Q] peaks toward lower angles, indicating a decreasing a-axis

a b c
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Fig. 4. (a) Magnetic susceptibility (x) as a function of temperature in ten samples studied here. (b) For each sample, T, is determined from a peak in dx /dT. (c) T is plotted as a
function of Co content (x). é for each Mnggs_sFey 05 | 5_xCoxB sample is reported on the figure. (d) Change of magnetic entropy ASy, as a function of temperature for a field change of
2 and 5T in three representative samples. (e) Magnetization as a function of field. (f) Saturated magnetization M; as a function of Co content.
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despite an increasing c-axis with increasing Co content (x). This
anisotropic variation of lattice parameters is highlighted in Fig. 3c
and d where the lattice parameters obtained by Rietveld re-
finements are plotted as a function of Co content. Note that the
relative changes of lattice parameters are small and the unit cell
volume decreases monotonically with increasing x (Fig. 3e) as ex-
pected from the substitution of Fe with Co.

3.3. Magnetic properties

Following the compositional and structural analysis of
Mngogs_sFeq05 + §_xCoxB alloys, we now turn to their magnetic
properties. Fig. 4a presents DC magnetic susceptibility as a function
of temperature in all samples. The ferromagnetic (FM) transition
temperature (T.) of each sample is determined from a peak in
dy /dT data (Fig. 4b), and plotted as a function of x in Fig. 4c. We
examined the change of magnetic entropy ASy, i.e. the magneto-
caloric effect (MCE), in three representative samples with T, near
the room temperature (x = 0.29, 0.63, and 0.84). MCE was calcu-
lated using Eq. (2) from the M(H) data provided in the
Supplemental Fig. S2. Fig. 4d shows a relatively weak MCE in the
three samples but the magnitude of ASy, increases with increasing
Tc. The largest MCE is observed in the sample with x = 0.84 and
Tc = 355 K, where ASy; = 1.8 J/kg K for a change in field from 0 to
5T. This is comparable to the MCE observed in the neodymium-
based alloy Nd(Mn_xFex),Ge, [21]. The effect is clearly visible,
although its magnitude is smaller compared to the benchmark
materials such as GdsSi;Ge; and MnFePg 45A¢0.55 with ASy; = 18 ]/

kg K [22,23]. Fig. 4e presents the magnetization curves (M vs. H),
from which, we extract the saturated moment in each sample and
plot it as function of x in Fig. 4f. Fig. 4c,f reveal a parallel dome-
shape variation of T, and the saturated moment © = Ms/ug as a
function of x in Mnggs_sFe1os + 5 xCoxB. The sample with the
largest T, also has the largest magnetic moment, and the largest
magnetocaloric effect. These variations imply a special FM
arrangement in the Mng g5_sFe 5 4 5_XCoxB alloys due to a range of
magnetic moments from different transition metals on site 8h.
However, instead of a localized picture, we use an itinerant picture
and discuss the variation of both T, and M based on the joint
density of states in the next section.

3.4. Electronic structure

The non-monotonic dome-shape dependence of both T, and Mg
on x in Fig. 4¢,f can be qualitatively explained from density of states
(DOS) calculations in Fig. 5. Because metal-rich borides are itinerant
magnets, the density of states at the Fermi level N(Er) controls the
magnetism. For example, Fig. 5a shows that Ef is at a local mini-
mum of DOS in MnyB which explains the observed Pauli para-
magnetism [12,15]. In contrast, Fig. 5b shows that Er coincides with
a peak (Van Hove singularity) in Fe;B which explains the ferro-
magnetic ordering at T, = 1010 K[12,15]. Fig. 5a and b confirm that
the gradual increase of N(Ef), due to increasing electron count, is
responsible for the monotonic increase of T, in Mn;_xFe,B [12,15].
The DOS calculations in Fig. 5a and b are based on the Mn;,B unit
cell in Fig. 5¢c with Mn or Fe on the 8h Wyckoff site, respectively. To
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Fig. 5. Density of states plotted as a function of energy in (a) Mn,B, (b) Fe,B, (d) MnFeB, and (e) MnCoB. (c) shows the unit cell used to calculate DOS in (a,b), and (f) shows the unit

cell for the calculations in (d,e).
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explain the non-monotonic behavior of T, and M; in
Mny g5 _sFe105 + 5_xCoxB, we calculated DOS for two limiting com-
positions, namely MnFeB and MnCoB. Fig. 5f shows that the
structural input for these calculations was based on the Mn,B unit
cell but with a 50/50 mixture of Mn/Fe or Mn/Co on the 8h Wyckoff
site. Subsequently, the space group symmetry was lowered from
14 /mcm to P4 /m with Mn atoms on the 4j site and Co/Fe on the 4k
site (Fig. 5f). The resulting DOS plots for MnFeB and MnCoB are
presented in Fig. 5d and e. In the former, the main contribution to
the largest Van Hove singularity is from the Fe d-states, whereas in
the latter, it is from the Co d-states. Note that Ef is located before/
after the largest Van Hove singularity in MnFeB/MnCoB which ex-
plains the non-monotonic dome-shape dependence of both T, and
M; on the Co content in Fig. 4c,f. Substitution of Fe by Co in MnFeB,
or Co by Fe in MnCoB, leads to the increase or decrease of electron
count and consequently to the positive and negative shift of Er in a
narrow region around the Van Hove singularity. Therefore, the non-
monotonic change of T, and M; in Mnggs_sFeq 05 ; s_xCoxB results
from the specific structure of DOS around Er in these three-metal
boride alloys. In contrast, the simple DOS structures of two-metal
alloys, Mn,_xFeyB, in Fig. 5a and b result in a monotonic change
of T, [12,15]. Note that the model in Fig. 5f has a structural order,
whereas the absence of superstructure peaks in our X-ray patterns
(Fig. 3) confirm a homogeneous distribution of atoms and a lack of
such order. Therefore, to validate our DOS results, we performed
another calculations in the Supplementary Information with a
different atomic arrangement and confirmed that the results
remain unchanged.

4. Conclusions

The main objective of this work is to introduce three-metal
boride alloys based on the M;B structure and tune their magnetic
properties. EDX analysis shows that the Mnggs_sFe105 ; s_xCoxB
alloys (60=0-0.15 and x = 0 — 1.05) have a small Mn deficiency
with respect to the nominal composition. The Mn deficiency is
consistent with the formation of Mn-rich MB impurity which is
removed by acid treatment. Analysis of PXRD data reveals a sta-
tistical mixture of Mn, Fe, and Co on the 8h Wyckoff site of the M,B
structure. Lattice parameters show an anisotropic variation with x.
The ferromagnetic transition temperature T, and the saturated
moment Ms show a non-monotonic and parallel dependence on x.
This behavior results from a non-monotonic variation of N(Eg) by
increasing the electron count in Mnggs_sFe10s | 5_xCoxB. The
magnetocaloric effect is maximum where T, and M are maximum,
at x = 0.84 (MnggoFeg36C00g4B). The three-metal boride alloys
presented here set the stage for the formation of high-entropy al-
loys in th M3B series similar to recent reports in the MB, family
(with AlBy structure) [24].
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