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A B S T R A C T   

A cursory investigation of the phase relations in the Mn-{Rh,Ir}-B systems prompted for each system a ternary 
compound, Mn3-x{Rh,Ir}5B2, the crystal structure of them was determined from X-ray single crystal data to be 
isotypic with the Ti3Co5B2-type (space group P4/mbm, No. 127). In both cases the Mn-site in 2a at the origin of 
the unit cell exhibits a significant defect (or Mn/B substitution). Transmission electron microscopy studies 
confirm the absence of a superstructure related to these defects/disorder. The two phases, Mn3-xRh5B2 (x~0.34) 
and Mn3-xIr5B2 (x~0.85) at 950 ◦C show rather limited homogeneity regions pointing towards higher Mn- 
contents. Whereas temperature dependent magnetization and specific heat measurements of Mn2.15Ir5B2 
do not reveal any indication for a magnetic phase transition in the temperature range from 3 to 300 K, a broad 
specific heat anomaly at around 200 K and a tilde shape of the temperature dependent magnetization of 
Mn2.66Rh5B2 appears indicative of an antiferromagnetic phase transition. The latter is also reflected by an 
anomaly of the electrical resistivity (ρ; 4–300 K) of Mn2.66Rh5B2 which displays a non-monotonous temperature 
dependence, whereas ρ(T) of Mn2.15Ir5B2 displays a simple metallic-like behavior dominated by scattering from 
defects. Elastic moduli and Poisson’s ratio were determined at room temperature from Resonant Ultrasonic 
Spectroscopy (RUS) data yielding Young’s moduli of E ~ 170 GPa for Mn2.66Rh5B2 and E ~ 210 GPa 
for Mn2.15Ir5B2. Vickers hardness HV is lower for Mn2.66Rh5B2 (HV = 590 ≅ 5.79 GPa) than for Mn2.15Ir5B2 
(HV = 655 ≅ 6.42 GPa). The indentation fracture toughness for Mn2.15Ir5B2 was IKC = 0.71 ± 0.5 MPa m1/2.   

1. Introduction 

Metal borides have so far offered a surprisingly large variety of 
interesting physico-chemical properties covering hard (almost super
hard and incompressible [1–5]) and wear resistant materials [6,7], 
permanent magnets with a still unsurpassed energy product [8,9], 
normal [10] to non-centrosymmetric heavy Fermion superconductivity 
[11–13] connected to quantum criticalities [14], re-entrant supercon
ductivity in the interplay with magnetism [15] and many further fea
tures. Among the latter we need to mention recent use of borides as 
promising electrocatalysts for hydrogen production via water-splitting 
[16]. Besides all these highlights, boride materials crystallize in a 
wealth of structure types depending on boron aggregations as a function 
of the metal to boron ratio [17,18]. Particularly the magnetic interplay 

in borides has attracted increasing attention. Although among 3d ele
ments manganese is the one with the most intriguing magnetic features 
already in its pure modifications [19], little is known on the magnetic 
interactions in ternary boride compounds containing substantial 
amounts of Mn and even less information is available on the borides of 
Mn with the platinum metal group elements. One of the reasons for the 
obvious lack of information may be the adverse properties of the highly 
volatile manganese at elevated temperatures (vapour pressure of about 
1 Torr–102 Pa at its melting point Tm = 1246 ◦C) and the even higher 
melting points of the binary, ternary and higher order borides. Thus, so 
far only minor amounts of Mn were incorporated in for instance 
Hf2Mn1-xRu5+xB2 and {Ti,Hf}2MnCo5B2 (both Ti3Co5B2-structure type) 
[20–22] where a high magneto-crystalline anisotropy energy but weak 
inter-chain Mn–Mn spin exchange interactions have been calculated 

* Corresponding author. 
E-mail address: peter.franz.rogl@univie.ac.at (P.F. Rogl).  

Contents lists available at ScienceDirect 

Solid State Sciences 

journal homepage: www.elsevier.com/locate/ssscie 

https://doi.org/10.1016/j.solidstatesciences.2024.107583 
Received 29 October 2023; Received in revised form 27 May 2024; Accepted 28 May 2024   

mailto:peter.franz.rogl@univie.ac.at
www.sciencedirect.com/science/journal/12932558
https://www.elsevier.com/locate/ssscie
https://doi.org/10.1016/j.solidstatesciences.2024.107583
https://doi.org/10.1016/j.solidstatesciences.2024.107583
https://doi.org/10.1016/j.solidstatesciences.2024.107583
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solidstatesciences.2024.107583&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Solid State Sciences 154 (2024) 107583

2

(DFT) for Hf2MnCo5B2. 
In view of the significant lacks in information, the present paper intends 

to shed light on (i) the formation of ternary Mn-{Ru,Os,Rh,Ir,Pd,Pt}-B 
compounds, (ii) the crystal structures adopted in the metal-rich part of the 
corresponding phase diagrams, and (iii) the physical properties of ternary 
compounds encountered in these diagrams. As a preliminary investigation 
of the diagrams Mn-{Ru,Os,Rh,Ir,Pd,Pt}-B revealed the formation of two 
borides Mn3-x{Rh,Ir}5B2 the present paper will focus on these compounds. 
During the research work for this paper we became aware of a publication 
by B. Petermüller et al. [23] on the synthesis, crystal structure, and 
compressibility of Mn3-xIr5B2+x (0 ≤ x ≤ 0.5; B0 = 209 GPa, B’ = 7.8 GPa) 
and Mn2IrB2. With respect to the crystal structure the two papers overlap 
but our investigation will also provide a complete characterization of the 
two compounds Mn3-x{Rh,Ir}5B2 with respect to physical properties such 
as electrical resistivity, magnetic behavior, specific heat (all measured at 
low temperatures from ~2 to 300 K) as well as room temperature mea
surements of hardness and elastic moduli. In a future paper [24] the 
experimental studies will be complemented by density functional theory 
(DFT) calculations to elucidate the physical properties further including 
total relaxation, heat of formation, electronic density of states (chemical 
bonding) and band structure, vibrational properties, elastic constants Cij, 
complemented by a Bader charge analysis. 

2. Materials and methods 

Samples (each of a mass of about 1 g) were prepared from 99.9 mass 
% pure powders of rhodium and iridium (Ögussa, Austria), and crys
talline boron (99.95 %, H.C. Starck, D). Electrolytically deposited 
manganese (>99.95 %, Alfa Aesar, D) was in form of pieces, which were 
surface cleaned in concentrated HNO3 prior to use. After the Mn-pieces 
were crushed to powder and blended with the other constituents in 
proper proportions, the powder mix was compacted in steel dies (Φ = 8 
mm, without lubricant) at a pressure of 50 kpf/mm2. The compacted 
buttons were then melted in an arc furnace under 1 bar of Ti/Zr-gettered 
argon at least three times to ensure homogeneity. Weight losses due to 
the evaporation of manganese were compensated by adding about 3–5 
mass% of the Mn content beforehand in order to keep the total mass loss 
of the sample after melting below 0.5 mass%. A part of each sample 
(within an Al2O3 crucible) was sealed in a silica capsule under 280 mbar 
Ar and heat treated at 950 ◦C for about 150 h and quenched. At 
maximum annealing temperature the Ar-pressure inside the silica 
capsule reached about 1 bar and efficiently suppressed Mn-evaporation. 

All samples were characterized with respect to compositional analysis 
in as cast state and after annealing by Scanning Electron Microscopy 
(SEM), EPMA (electron probe microanalysis) on a Zeiss Supra 55 VP 
operated at 20 kV and 60 μA using EDX. As an accurate quantitative boron 
measurement is not possible by EPMA using EDX detection, we mainly 
focused on measuring the metal ratios. Precise lattice parameters and 
standard deviations were obtained by a least-squares refinement of room 
temperature Guinier-Huber X-ray powder data (XRD, Cu-Kα1) employing 
an internal standard of 99.9999 mass% pure Ge (aGe =0.5657906 nm). For 
quantitative Rietveld refinements we applied the program FULLPROF 
[25]. 

Single crystal (SC) specimens of the borides Mn3-x{Rh,Ir}5B2 suitable 
for X-ray structure determination were extracted from arc melted alloys 
with nominal composition (in at.%) Mn25{Rh,Ir}50B25 from which 
rather "spherical" single crystal fragments with "diameters" in the range 
of 30–70 μm were selected for X-ray analyses. They were inspected on an 
AXS D8-GADDS texture goniometer, which assured high crystal quality, 
unit cell dimensions and Laue symmetry of the single crystal specimens 
prior to X-ray intensity data collection at room temperature on a four- 
circle APEX II diffractometer equipped with a CCD area detector and 
an Incoatec Microfocus Source IμS (30 W, multilayer mirror, Mo-Kα; λ =
0.071069 nm; detector distance of 4 cm; full sphere; 2◦ < 2θ < 72◦). 
Besides the general treatment of absorption effects using the multi-scan 
technique (SADABS [26]; redundancy of integrated reflections >6), no 

individual absorption correction was necessary because of the rather 
regular crystal shape and small dimensions of the investigated speci
mens (~50×60×70 μm3). The crystal structure was solved applying 
direct methods (Program SHELXS-97) and refined against F2 (Program 
SHELXL-97-2) within the program OSCAIL [27]. Finally, the crystal 
structure was standardized with the program TYPIX [28]. 

For TEM investigation a Philips CM12 STEM transmission electron 
microscope (TEM) operated at 120 kV with an EDAX EDX analyser was 
employed to get information about crystal symmetry and lattice pa
rameters of selected phases. The samples for the TEM study were pre
pared in the form of thin lamellae (lateral dimensions about 10×7 μm2) 
using a focused ion beam (FIB) technique in a TESCAN LYRA 3 XMU 
FEG/SEM × FIB scanning electron microscope. 

The electrical resistivity measurement (error <3 %) from 4.2 K to 
room temperature was carried out in a conventional 4He cryostat, 
employing an in-house equipment. The specific resistance was measured 
via a dc four-point technique employing a Lake Shore Resistance Bridge 
370 AC, which measures voltage and temperature. Specific heat was 
measured in a Quantum Design PPMS in the temperature range from 2 to 
320 K. Temperature and field dependent magnetization data were 
collected using a 6 T CRYOGENIC SQUID magnetometer. 

Static hardness data were obtained from a microhardness tester, AD 
PAAR-MHT-4, mounted within a Zeiss Axioplan optical microscope. 
Vickers hardness values were calculated according to HV = 1.891 F/ 
(2ℓ)2, where F = 1 N is the load and 2ℓ is the diagonal length of the 
indent. At least 10 imprints per piece were conducted and evaluated to 
get the average value and respective error bars. The Young’s modulus, E, 
was determined with RUS (Resonant Ultrasound Spectroscopy). This 
method uses cylindrical or cuboid samples, mounted “edge-to-edge” 
between two piezo-transducers, which are excited via a network ana
lyser (HP 8751A) in the frequency range from 100 to 500 kHz till their 
eigenfrequency is reached. The so gained spectrum is fitted with a 
calculated one. Usually, the fit program yields E and Poisson’s ratio ν. 
Fracture toughness is a measure of the resistance of a material to crack 
propagation. Vickers fracture resistance, which in the literature 
frequently is also called “indentation fracture toughness”, IKC, can be 
determined from the relation (eq. (1)) 

IKC = β
(

E
HV

)1/2 F
c3/2 , (eq. 1)  

where E is the Young’s modulus, HV is the hardness, F is the indentation 
load, c is the radial crack length from the center of the Vickers inden
tation and β is a function of the indenter angle, which for Vickers 
indentation is β = 0.016(4). In this work indentation fracture resistance 
values were derived from the average of at least ten indentations at a 
load of 1 N employing the same equipment as for hardness tests. 

3. Results and discussion 

3.1. X-ray single crystal structure analysis of Mn3-xRh5B2 and Mn3-xIr5B2 

From a preliminary investigation of the diagrams Mn-{Rh,Ir}-B, two 
borides, Mn3-x{Rh,Ir}5B2, have been identified, for which single crystals 
could be isolated. The single crystal X-ray intensity patterns of both 
specimens (with Rh and Ir) were fully indexed on a tetragonal unit cell (a 
~ 0.92 nm and c ~ 0.28 nm) revealing systematic X-ray extinctions (0kl) 
for k ∕=2n, (h00) for h ∕=2n, consistent with the centrosymmetric space 
group P4/mbm (#127) with the highest symmetry. X-ray single crystal 
structure solution and refinement rapidly converged to rather low values 
RF2 ~ 0.070 revealing rhodium (iridium) atoms in the crystallographic 
sites 2c (0,½,½) and 8j (x,y,½) with x~0.068; y~0.210 and Mn atoms in 
sites 4g (x,x+½,0) with x~0.176 and in 2a (origin of unit cell). At this 
stage the boron atoms are already clearly revealed in site 4g (x,x+½,0), 
x~0.63. Refinement with anisotropic displacement parameters (ADPs) 
for the metal atoms and isotropic parameters for boron finally yielded 
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RF2 = 0.0222 and residual electron densities less than ± 2.2×103 e/nm3 

for the Rh compound but slightly higher values (RF2 = 0.0252, 13.8×103 

e/nm3) for the heavy scatterer Ir. In both cases Mn-atoms in site 2a show 
a significantly reduced occupancy of occ = 0.657(8) (Rh-compound) 
and occ = 0.146(21) (Ir-compound), respectively. At this stage a test for 
missing symmetry via the ADDSYMM tool in program PLATON [29] 
confirmed the setting in space group P4/mbm with the highest symme
try. Partial occupancy in site 2a could also be a sign for possible su
perstructure formation. In agreement with careful inspection of the 
X-ray intensity data sets, which did not reveal any hints for faint su
perstructure reflections, selected area electron diffraction (SAED) pat
terns in Fig. 2 for both crystals and for different crystal orientations, 
obtained in TEM from thin lamellae, are fully consistent with the unit 
cell dimensions and exclude any supercell formation also for small 
crystal volumes. The SAED intensity simulations using the structure data 
in Table 1a were plotted in the JEMS software [30,31] and they are fully 
consistent with the observed patterns. Results of the crystal structure 
refinement are summarized in Table 1a. Both ratios Mn:Rh and Mn:Ir 
obtained from X-ray single crystal refinement, namely 34.8 : 65.2 and 
30.0 : 70.0 for the Rh and Ir compounds, respectively, perfectly fit to the 
corresponding EPMA metal ratios of 34.7 : 65.3 and 30.6 : 69.4. A 
projection of the structure of Mn3-xRh5B2 is presented in Fig. 1 with the 
next nearest coordination figures for Mn1 atoms (cyan cubes) and for 
B-atoms (yellow triangular prisms). The nnn-coordination of the Mn2 
atom is a pentagonal prism. 

The structure refinements yield a defect structure, which, however, 
otherwise is fully ordered with two Mn sites, two platinum metal sites 
(Rh(Ir)) and one B site: this atom set corresponds to a Wyckoff sequence 
[28] of 127-jg2ca. Search for isotypic compounds in Pearson’s Crystal 
Data [32] and the ICSD [33] data based on the lattice parameter and 
Wyckoff sequence yielded the structure type of Ti3Co5B2, which proved 

Table 1a 
Crystallographic data for Mn3-x{Rh,Ir}5B2 from X-ray single crystal intensity data. Ti3Co5B2-type; space group P4/mbm, No. 127, origin at centre; structure stan
dardized with program Structure Tidy [28].  

Parameter/compound Crystal data 

Phase composition (EDX, at.%) Mn27.7Rh51.9B21.8 a Mn23.9Ir54.3B21.8 a 

Refinement composition [at.%] Mn27.5Rh51.8B20.7 ≡ Mn3-xRh5B2; x = 0.342 Mn23.5Ir54.7B21.8≡ Mn3-xIr5B2; x = 0.854 
Structure type defect Ti3Co5B2-type defect Ti3Co5B2-type 
θ range [deg.] 2≤2Ɵ≤80.6◦ 2≤2Ɵ≤72.6◦

Crystal size 45 × 55 × 70 μm3 50 × 65 × 70 μm3 

a = b; c [nm] 0.92186(1); 0.287802(5) 0.91267(2); 0.283213(7) 
Linear absorption coeff. [mm− 1] 22.88 145.81 
Density [Mg/m3] 9.26 15.49 
Reflections in refinement 469 ≥ 4σ(Fo) of 469 356 ≥ 4σ (Fo) of 356 
Number of variables 20 20 
Mosaicity <0.49 <0.55 
RF2 = Σ|F2

o-F2
c|/ΣF2

o 0.0222 0.0252 
wR2 0.0489 0.0537 
RInt 0.066 0.073 
GOF 1.299 1.266 
Extinction (Zachariasen) 0.032(1) 0.00081(1) 
Mn1 in 2a (0, 0, 0) occ = 0.657(8) Mn1 in 2a; occ = 0.146(21) 
U11=U22; U33; U23=U13=U12 = 0 0.0040(4); 0.0075(6) 0.0009(2); 0.0001(3) 
Mn2 in 4g (x, x+½, 0); occ = 1 x = 0.17636(6) Mn2 in 4g, x = 0.1757(2); occ = 1 
U11=U22; U33; U23=U13 = 0; U12 0.0063(2); 0.0049(3); − 0.0027(2) 0.0018(5); 0.0001(8); − 0.0012(6) 
Rh1 in 2c (0, ½, ½); occ = 1  Ir1 in 2c (0, ½, ½); occ = 1 
U11=U22; U33; U23=U13 = 0; U12 0.0044(1); 0.0037(2); 0.0004(1) 0.0009(2); 0.0001(8); 0.0001(2) 
Rh2 in 8j (x, y, ½); occ = 1 x = 0.06962(3); y = 0.21139(3) Ir2 in 8j; x = 0.06769(5); y = 0.20143(4); occ = 1 
U11; U22; U33; U23=U13 = 0; U12 0.065(1); 0.0106(1); 0.0088(1); 0.0028(1) 0.0025(2); 0.0033(2); 0.0015(2);0.0009(8) 
B1 in 4g (x, x+½, 0); occ = 1 x = 0.6278(5) B1 in 4g; x = 0.6296(12); occ = 1 
Uiso 0.0088(9) 0.001(2) 
Principal mean square atomic displacements Uii’  
Mn1 0.0075 0.0040 0.0040 0.0030 0.0006 0.0010 
Mn2 0.0091 0.0049 0.0036 0.0069 0.0017 0.0017 
Rh1/Ir1 0.0049 0.0040 0.0037 0.0011 0.0008 0.0005 
Rh2/Ir2 0.0120 0.0088 0.0050 0.0038 0.0019 0.0015 
Residual electron density; 2.10 (0.049 nm from Rh2); 13.8 (0.000 nm from Ir1); 
max; min in (electron/nm3) × 103 − 2.05 (0.052 nm from Rh2) − 7.25(0.046 nm from Ir1)  

a Boron content assumed to be at stoichiometric at.%. 

Fig. 1. Projection of the crystal structure of Mn3-xRh5B2 close to the c-axis. 
Atoms are presented with ADPs from single crystal refinement: Mn (gold), Rh 
(purple), B (red). Next nearest neighbor (nnn) coordination figures are outlined 
for Mn1 atoms (cyan cubes) and for B-atoms (yellow triangular prisms). The 
nnn-coordination of Mn2 atoms are pentagonal prisms. 
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to be the true prototype of both compounds Mn3-x{Rh,Ir}5B2. Although 
first described by Y.P. Yarmolyuk and Yu.B. Kuzma in 1971 [34], the 
Ti3Co5B2-type has been adopted in many ternary compounds in which 
the framework consisting of face-connected trigonal, tetragonal, and 
pentagonal prisms is formed by generally electron-rich and smaller 
transition metals such as Co, Rh, Ir, Ru, whereof the B atoms center the 
smaller trigonal prisms but relatively large atoms such as Mg, Sc, Ti, Zr, 
Hf, Nb are found to reside inside both the larger units, i.e. the tetragonal 
and pentagonal prisms. Whereas Mn3-xRh5B2 is a novel representative of 
the Ti3Co5B2 type, Mn3-xIr5B2 has already been recently described by B. 
Petermüller et al. [23] with a slightly different formula Mn3-xIr5B2+x (0 
≤ x ≤ 0.5). This difference comes from a random distribution of Mn/B in 
the 2a site in the structure model of Petermüller et al. [23]. 

Although boron atoms among boride structures have so far been 
extremely rare at the centers of metal cubes or cuboids, a recent 
experimental and theoretical study documented a continuous 

replacement of Ti- by B-atoms in Ti3-xRu5-yIryB2+x (0 ≤ x ≤ 1 and 1 < y 
< 3; Ti3Co5B2 type ref. [35]). We have tried already to refine Mn + B 
randomly in the 2a site, which yielded a mix of 0.602(4)Mn + 0.398B for 
Mn2.6Rh5B2.4, and 0.030(4)Mn + 0.970B for the Ir-compound. Both 
refinements converged with indifferent atom parameters, R-values and 
residual peaks. We furthermore verified that occupation of the 2a site 
may in general be possible for (1) a random Mn-defect (as depicted in 
Table 1a,b), (2) a full random substitution by Mn + B (see above), or (3) 
simply a B-defect for Mn2Ir5B2+x (x almost 1). Even a random mix Mn +
B + vacancy may be envisaged. Further DFT calculations [24] may 
provide a final conclusion. 

Furthermore the homogeneity region of both phases Mn3-x{Rh,Ir}5B2 
extends in direction of more Mn so as to fill the 2a site. This observation 
is accompanied by only a small change in the B-concentration from 22 
to 20 at.% but an increase in lattice parameters, which for instance for 
Mn3-xIr5B2 vary from a = 0.91267(2) nm, c = 0.283213(7) nm for x =

Fig. 2. Top Panel: SAED patterns of Mn3-xRh5B2 at various sample tilts together with results of simulation. Lower Panel: SAED patterns of Mn3-xIr5B2 at various 
sample tilts together with results of simulation. Weaker reflections 0k0 for k ∕=2n observed in central horizontal line of [101] patterns are caused by dynamic effects 
(double diffraction), which are stronger in the Ir-containing sample. 
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0.854 (SC-data) to a = 0.92030(2) nm, c = 0.279087(9) nm for a 3-phase 
sample Mn33Ir33B34 (in at.%). Although these values are still some
what smaller than those reported recently (a = 0. 9332(1) nm, c =
0.2896(2) nm [23]), they document the trend in filling the 2a site. A 
similar observation also holds for Mn3-xRh5B2. 

It is interesting to note that for Ti3Co5B2 large electropositive ele
ments generally were observed to fill the larger units (cubes and 
pentagonal prisms), whereas the more electronegative and smaller 
atoms form the framework. In our case manganese atoms qualify for 
both features being the larger and more electropositive element with 
respect to the smaller and more electronegative Rh,Ir metal atoms. 

Interatomic distances of Mn3-x{Rh,Ir}5B2 in Table 1b reflect the fact 
that the atoms of Rh and Ir are practically of the same size. Most of the 
distances in Table 1b comply with the sum of the radii (RRh = 0.1345 
nm, RIr = 0.1357 nm and RB = 0.088 nm [36]). This is particularly true 

for the metal to boron distances at 0.2134 ≤ dRh(Ir)–B ≤ 0.220 nm. The 
only short distances are encountered for the defect Mn1-site at the 
centers of the Rh(Ir)-cuboids: dMn1-Rh(Ir)~0.245 nm. 

3.2. Physical properties 

Physical properties have been measured on polycrystalline samples, 
which were shaped by a slow-speed diamond saw from arc-melted 
specimens, heat treated at 950 ◦C for about 150 h and quenched. 

3.2.1. Electrical resistivity of Mn3-x{Rh,Ir}5B2 
Fig. 3 summarizes the temperature dependent electrical resistivities, 

ρ(T), of Mn2.66Rh5B2 and Mn2.15Ir5B2, which are dominated by a tem
perature independent contribution due to potential scattering of con
duction electrons by lattice defects. The latter are primarily Mn 
vacancies at 2a lattice sites (see section 3.1). Minor temperature 
dependent contributions are metallic-like in the case of Mn2.15Ir5B2, 

Table 1b 
Interatomic distances for Mn3-xRh5B2; x = 0.343 and Mn3-xIr5B2; x = 0.854 
(standard deviations for Rh-compound: <0.00006 nm for metals and <0.0007 
nm for B; for Ir-compound: <0.00016 nm for metals and <0.0012 nm for B).  

Atom Neighbor Distance Atom Neighbor Distance 

Mn1 8Rh2 0.2506 Mn1 8Ir2 0.2401  
2Mn1 0.2878  2Mn1 0.2832 

Mn2 B1 0.2553 Mn2 B1 0.2513  
2Rh1 0.2712  2Ir1 0.2673  
4Rh2 0.2767  4Ir2 0.2747  
2Mn2 0.2878  2Mn2 0.2832  
4Rh2 0.2878  4Rh2 0.2863 

B1 4Rh2 0.2134 B1 4Ir2 0.2169  
2Rh1 0.2202  2Ir1 0.2192  
(1Mn2 0.2553)  (1Mn2 0.2513) 

Rh1 4B1 0.2202 Ir1 4B1 0.2192  
4Mn2 0.2712  4Mn2 0.2673  
4Rh2 0.2737  4Ir2 0.2794  
2Rh1 0.2878  2Ir1 0.2832 

Rh2 2B 0.2134 Ir2 2B 0.2169  
2Mn1 0.2506  2Mn1 0.2401  
1Rh1 0.2737  2Ir2 0.2743  
2Mn2 0.2767  2Mn2 0.2747  
1Rh2 0.2855  1Ir1 0.2794  
2Rh2 0.2878  2Ir2 0.2832  
2Mn1 0.2878  2Mn2 0.2863  
2Rh2 0.2902  2Ir2 0.2980  

Fig. 3. Temperature dependent electrical resistivity, ρ(T), of Mn2.66Rh5B2 
and Mn2.15Ir5B2. 

Fig. 4. Field dependent isothermal magnetization of Mn3-x{Rh,Ir}5B2 at 10 K.  

Fig. 5. Magnetic susceptibility, χ(T) ≡ M(T)/H of Mn3-x{Rh,Ir}5B2 at μ0H = 3 T.  

G. Rogl et al.                                                                                                                                                                                                                                     



Solid State Sciences 154 (2024) 107583

6

whereas in the case of Mn2.66Rh5B2, ρ(T) displays a non-monotonous 
temperature dependence with a maximum at around 150 K and a 
small anomaly at around 190 K, which is probably a signature of a 
magnetic ordering (for details see below). 

3.2.2. Magnetism of Mn3-x{Rh,Ir}5B2 
Field dependent isothermal magnetization measurements of 

Mn3-x{Rh,Ir}5B2 taken at 10 K are shown in Fig. 4 and reveal an 
essentially linear M(H) behavior, which refers to either a paramagnetic 
or antiferromagnetic behavior. Accordingly, we compare in Fig. 5 the 
magnetic susceptibility, χ(T) ≡ M(T)/H obtained at μ0H = 3 T, which 
reveals a weak temperature dependent behavior with a tilde shape of 
χ(T) of Mn3-xRh5B2, which may indicate a broad antiferromagnetic 
transition, while for Mn3-xIr5B2 χ(T) displays a simple monotonous 
decrease as function of temperature which is characteristic of a para
magnetic state. 

3.2.3. Specific heat of Mn3-x{Rh,Ir}5B2 
The temperature dependence of the specific heat of Mn3-x{Rh,Ir}5B2, 

shown in Fig. 6, reveals a normal metallic low temperature behavior, 
Cp(T) = γT + βT3, which is obvious from the linear trend in a Cp/T vs. T2 

representation of the data shown in the insert of Fig. 6 and yields 
moderately enhanced Sommerfeld coefficients, γ = 30.8 (1) mJ/mol K2 

and γ = 26.7 (1) mJ/mol K2 as well as low temperature Debye tempera
tures, θD = (12π4nR/5β)1/3 = 353 (2) K and 293 (1) K, for Mn3-xRh5B2 and 
Mn3-xIr5B2, respectively. At elevated temperatures of about 200–250 K, 
Cp(T) of Mn2.66Rh5B2 displays an unusual bump, which is not observed for 
Mn2.16Ir5B2. The broad specific heat anomaly of Mn3-xRh5B2 and corre
sponding anomalies of the electrical resistivity and magnetic susceptibility 
are indicative of an antiferromagnetic phase transition, which appears to 
be broadened by lattice disorder related to Mn vacancies. The even larger 
Mn deficiency of Mn2.16Ir5B2 may inhibit the formation of long-range 
magnetic order. Simple estimates of the electronic density of states N(EF) 
via the basic Sommerfeld relation, γ = (1/3)π2kB

2N(EF), yield N(EF) = 13.1 
and 11.3 states/(eV f.u.) for Mn3-xRh5B2 and Mn3-xIr5B2, respectively. 
The corresponding theoretical bare Pauli susceptibilities, χPauli = μ0μB

2N 
(EF), thus, result to χPauli = 0.422×10− 3 and 0.366×10− 3 emu/mol for 
Mn3-xRh5B2 and Mn3-xIr5B2, respectively. The experimentally obtained 
values of the magnetic susceptibility are χexp = 12.8×10− 3 and 11.2×10− 3 

emu/mol for Mn3-xRh5B2 and Mn3-xIr5B2, respectively, i.e. in rather similar 
relations of their magnitudes as the experimental Sommerfeld coefficients, 
in absolute values, however, appear largely enhanced by a factor of about 
30 as compared to the estimates of the bare Pauli susceptibilities. 

4. Mechanical properties of Mn3-x{Rh,Ir}5B2 

As can be seen in Fig. 7, generally the static Vickers hardness HV 
(load-independent) is lower for Mn2.66Rh5B2 (HV = 590 ≅ 5.79 GPa) 
than for Mn2.15Ir5B2 (HV = 655 ≅ 6.42 GPa) and is increasing with 
decreasing applied force, indicating an indentation size effect (ISE). To 
determine ISE, the most widely used empirical equation was applied, 
i.e. Meyer’s law, which gives the correlation between the test load, 
F, and the resultant indentation size, dl as F = k × dl

n, resulting in 
log F = log k + n log dl. In this equation k is the material constant or 
power fit and is related to the resistance of a material to penetration, and 
the exponent n is the size effect index (Meyer’s index) and considered as 
a measure of ISE. For Mn2.15Ir5B2 n = 3.0, for Mn2.66Rh5B2 n is slightly 
lower with n = 2.4 with k = 4.7 N/mm2 and k = 3.7 N/mm2, respec
tively. It is worth mentioning that the ISE is usually related to the 
deviation of the n-value from n equal to two; n = 2 indicates the absence 
of an ISE, resulting in hardness values independent of the applied force. 
The analysis results for both compounds show that ISE is more 
pronounced for Mn2.15Ir5B2 than for Mn2.66Rh5B2. 

As explained in the experimental part, RUS was applied to determine 
the Young’s modulus, E, and Poisson’s ratio, ν. Due to the fact that 
microstructures of the melted samples are not homogeneous with 
respect to bigger and smaller crystals, for both samples it was only 
possible to get E: for Mn2.15Ir5B2 E ~210 GPa, for Mn2.66Rh5B2 E ~170 
GPa, respectively. 

The sample Mn2.15Ir5B2, in contrast to Mn2.66Rh5B2 showed for 1 N 
load crack propagation in at least ten cases, therefore the indentation 
fracture toughness could be calculated resulting in an average value of 
IKC = 0.71 ± 0.5 MPa m1/2. 

5. Conclusion 

The present paper provides a detailed crystal structure analysis by X-xay 
single crystal and TEM data for two ternary compounds, Mn3-x{Rh,Ir}5B2, 
which are isotypic with the Ti3Co5B2-type (space group P4/mbm, No. 127). 
Characteristic for both compounds is a defect 2a site at the origin of the unit 
cell, however, transmission electron microscopy studies confirm the 
absence of a superstructure. Various occupancies of the 2a-site (M + vac., 
Mn + B, B + vac., etc.), have been tested, all resulting in indifferent atom 
parameters, R-values and residual peaks. A study of the phase equilibria 
around the two phases at 950 ◦C, Mn3-xRh5B2 (x~0.34) and Mn3-xIr5B2 

Fig. 6. Temperature dependence of the specific heat for Mn2.66Rh5B2 and 
Mn2.15Ir5B2. Inserts depict Cp/T vs T2. 

Fig. 7. Vickers hardness as a function of load for Mn2.66Rh5B2 and Mn2.15Ir5B2.  
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(x~0.85), shows rather limited homogeneity regions pointing towards 
slightly higher Mn-contents. Physical property studies (on polycrystalline 
material) as a function of temperature (below RT; specific heat, electrical 
resistivity, magnetization) reveal for Mn2.66Rh5B2 signatures of an antifer
romagnetic phase transition near 200 K and a plain metallic-like behavior 
for Mn2.15Ir5B2. Both borides are brittle with elastic moduli and Poisson’s 
ratio determined at room temperature from Resonant Ultrasonic Spectros
copy (RUS) data, yielding Young’s moduli of E ~ 170 GPa for Mn2.66Rh5B2 
and E ~ 210 GPa for Mn2.15Ir5B2. Vickers hardness HV is lower for 
Mn2.66Rh5B2 (HV = 590 ≅ 5.79 GPa) than for Mn2.15Ir5B2 (HV = 655 ≅
6.42 GPa). The indentation fracture toughness was IKC = 0.71 ± 0.5 MPa 
m1/2. 
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