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GPa [2] (48 GPa (0.5 N) [3]) or 26.6 GPa (39.3 GPa (0.5 N)) 
[2] with rather different hardness values due to the aniso-
tropic crystal structure (for details on the crystal structure 
of W1−xB3, see [4]). Vicker’s hardness measurements on 
the boron richest iridium boride IrB1.35 revealed a load in-
dependent value of 18.2 GPa (at 9.81 N) but 49.8 GPa at 
0.49 N [5] and at such low loads the hardness is therefore 
comparable with bulk samples of ReB2. Quite high hard-
ness values were also recorded for IrB1.1 thin films (on SiO2 
substrate) revealing an intrinsic film hardness of 43(±5) 
GPa [6].

Investigations on the constitution of the binary system 
Ir-B revealed the existence of three compounds Ir3B2, IrB 
and IrB2 [7−9]. Some of the early reports were mainly con-
cerned with the metal-rich eutectic (1046°C at 21.4 at.% 
B [10]), with the optimization of synthesis techniques [8] 
and with the stability of IrB1.1 against various acids and bas-
es [11]. Melting point (Tm = 1190 ± 20°C), microhardness 
1652 ± 80 kgf/mm2, Seebeck coefficient (20−800°C, SV,min 
= −9 μV/K at 350°C) and electrical resistance (20−800°C) 
for IrB1.1 were reported by Samsonov et al. [8]. X-ray pow-
der and single crystal (Weissenberg) photographs served to 
evaluate the crystal structure of IrB1.1, which was reported 
to be isotypic with the α-ThSi2 structure type (space group 
I41/amd; a = 0.2810, c =1.0263 nm) exhibiting a severe de-
fect at the boron sites (8e sites randomly occupied by ~50% 
of B atoms) [12]. For the compound richest in boron, ‘IrB2’, 
monoclinic symmetry (space group C2/m) was established 
from X-ray single crystal multi-film Weissenberg photo-
graphs yielding a crystal structure described as a stacking 
of puckered boron layers (A) and puckered double layers of 
metal atoms (B) in the simple sequence ABAB in c-direc-

The constitution of the binary system Ir-B has been established 
between 10 and 70 at.% boron for temperatures above 700°C 
based on differential scanning calorimetry, electron probe 
microanalysis, and isothermal low temperature annealing 
experiments (≤1000°C). Four binary phases have been found, 
namely Ir4B5+x, Ir5B4+x and the high and low temperature mod-
ification of Ir4B3−x. X-ray structure analyses were performed 
on single crystals of Ir4B5+x (x = 0, Ir4B5 type; space group 
C2/m; a = 1.05200(2), b = 0.289564(6) and c = 0.60958(1) nm, 
β = 91.156(2)°), Ir5B4+x (x=0, Ir5B4 type; space group I41/a; a = 
0.62777(1) and b = 1.02599(2) nm) and on the low temperature 
modification of Ir4B3−x (x=0, IrB0.9 type; space group Cmc21; a 
= 0.27728(1), b = 0.75742(2) and c = 0.73152(2) nm). The high 
temperature modification of Ir4B3−x (WC type; space group
P6‒m2; a = 0.28137(5) and c = 0.2828(1) nm) has been con-
firmed by X-ray powder diffraction. By means of the first-prin-
ciple calculations, in combination with the evolutionary 
structural search algorithm, the compositions, structures and 
enthalpies of the Ir-B system have been investigated theoreti-
cally. Confirming the experimental observations on Ir4B5, Ir5B4 
and Ir4B3, we have investigated several metastable phases at 
other stoichiometries, such as IrB, IrB2 and Ir3B2. We also pro-
posed three thermodynamically and dynamically stable new 
structures of oF28-Ir4B3, oC8-IrB and mC10-Ir3B2, which may 
be synthesized under certain conditions. 

INTRODUCTION
The search for superhard and/or incompressible materials 
has led to a renewed research interest in binary transition 
metal borides especially on those with the highest boron 
contents [1]. For example, W1−xB3 possesses a load inde-
pendent Vickers hardness of 31.8 GPa (but 46.2 GPa at 0.5 
N and 36.7 GPa at 1N [2]) and polycrystalline ReB2 exceeds 
an average load independent Vickers hardness of about 30 



650      August 2015 | Vol.58 No.8          
© Science China Press and Springer-Verlag Berlin Heidelberg 2015

ARTICLES SCIENCE CHINA Materials

tion [13]. Due to boron defects in two of the four B-sites, 
a formula of IrB1.35 was derived. A reinvestigation of the 
structure employing X-ray single crystal data from an au-
tomatic diffractometer by Lundström et al. [14] confirmed 
the monoclinic symmetry (space group C2/m; a ~ 1.053, b 
~ 0.290, c ~ 0.610 nm and β = 91.1°), but suggested Ir-at-
oms off the mirror plane in the general position 8j (x,y,z) 
with an occupation of 1/2. Difference Fourier maps fur-
thermore gave hints for only 3 boron positions instead of 
4 with one of them only half occupied. The corresponding 
composition was thus close to Ir4B5. 

For the third iridium-boride, ‘Ir3B2’, richest in Ir, it is 
interesting to note that the X-ray powder photograph 
obtained by Haschke at 1200°C (labelled as ‘Ir~1.2B’, [15]) 
showed remarkable differences to that one, for which 
Brukl et al. [9] reported sin2q values. Obviously a low- and 
high-temperature modification exist, the crystal struc-
tures of which were determined by Rogl et al. [16]. The 
high temperature modification (labelled ‘IrB0.9’, WC type; 
space group P6–m2; a = 0.2815, c = 0.2823 nm) was ob-
served above 1200°C, whereas the low temperature mod-
ification was described with a unique structure type (space 
group Cmc21; a = 0.2771, b = 0.7578, c = 0.7314 nm; from 
X-ray single crystal multi-film Weissenberg photographs, 
RF=0.07). Vandenberg et al. [17] searched for superconduc-
tivity in the high temperature modification, but the alloy 
remained normal down to 1.28 K.  

Theoretical studies of IrB and IrB2 using first principle 
calculations [18] revealed a hexagonal structure (space 
group P63/mmm; a ~ 0.35, c ~ 0.39 nm) to be elastically 
stable for IrB and a stable orthorhombic structure for IrB2 
(space group Pmmn; a ~ 0.31; b ~ 0.45, c ~ 0.40 nm). In a 
later work, Wang et al. [19] predicted also an orthorhombic 
structure for IrB (space group Pnma; a ~ 0.443, b ~ 0.287 
and c ~ 0.702 nm), whilst IrB2 was said to be isotypic with 
OsB2 (space group Pmmn; a ~ 0.315, b ~ 0.445 and c ~ 0.404 
nm) [19,20]. The calculations considered a series of alter-
native structure types: CsCl, FeB, WC, anti-NiAs, as well as 
AlB2, ReB2, WB2. Among all these structures orthorhombic 
IrB (space group Pnma; a ~ 0.443, b ~ 0.287 and c ~ 0.702 
nm) and IrB2 with the OsB2-type were found to be dynami-
cally and mechanically stable. At a pressure of about 5 GPa 
orthorhombic IrB was said to undergo a phase transition 
to the anti-NiAs phase. In another theoretical study [21] 
on the 4d and 5d transition metal monoborides, IrB with 
WC crystal structure has been found to be thermodynam-
ically stable at zero pressure. From the calculation, stoichi-
ometric IrB is mechanicall  y unstable, indicating together 
with the difference in experimental and calculated lattice 
parameters, the presence of boron vacancies in the crystal 

structure.
First experimental studies concerning the binary Ir-B 

phase diagram have been carried out by Reinacher on a hot 
stage microscope under argon [10]. He reports a very low 
melting eutectic at 1046°C on the iridium rich side (~21 
at.% B). Brukl and Rudy [9] established the first binary 
phase diagram on the basis of metallography, X-ray pow-
der diffraction (XPD) and pyrometric melting point data 
employing the Pirani method. Later, Spear [22] predicted 
a phase diagram on the basis of some intermediate phases, 
which, however, is not in good agreement with the crys-
tallographic findings. Isothermal reactions, reported in the 
literature, are summarized in Table 1. Ipser and Rogl [23] 
published invariant reaction temperatures and liquidus 
temperatures for the binary system and the complete phase 
diagram in the range from 20 to 70 at.% boron has been 
reported by Rogl [24].  Based on this phase diagram eval-
uation, Zivkovic et al. [25] estimated the thermodynamic 
activities in the liquid state at 2800 K, 2900 K and 3000 K 
for 0<xIr<0.35 and 0.6<xIr<1.0 (regular solution approach). 
For IrB1.35, the standard enthalpy of formation (ΔHf

0 = 
−49.1±2.4 kJ mol−1) has been derived by Meschel and  
Kleppa [26] from direct synthesis calorimetry at 1200°C. A 
high temperature mass spectrometric study reported a sta-
ble gaseous monoboride IrB and prompted the dissociation 
energy (DO

0 = 508.5±17 kJ mol−1 IrB(g)) as well as the heat 
of formation δHO

0 (3rd law) = 43.6 kJ mol−1 for ‘IrB’ (struc-
ture not specified) [27].

As there still remained open questions concerning crys-
tal structures and especially the composition of the report-
ed phases, the aim of this work was (i) to reinvestigate the 
crystal structures of the Ir-B phases by X-ray single crystal 
and powder diffraction analyses, (ii) to define their compo-
sitions with wavelength dispersive X-ray (WDX) electron 
probe microanalysis, (iii) to re-evaluate the constitution 
of the binary phase diagram on the basis of differential 
scanning calorimetry, XPD as well as by electron probe mi-
croanalysis and furthermore (iv) to evaluate all structures 
and enthalpies of compounds of the Ir-B system employing 
first-principle calculations in combination with the evolu-
tionary structural search algorithm.

EXPERIMENTAL DETAILS

Synthesis and characterization of alloys
Proper blends of powders of iridium (purity 99.99%) and 
crystalline boron (purity 98−99%) were carefully mixed, 
cold-compacted to pellets without lubricants and melted in 
an arc furnace under argon at least three times to ensure 
homogeneity. The arc-melted buttons were cut into pieces, 
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Table 1  Isothermal reactions in the binary Ir-B system reported in literature

Reaction type: temperature (°C) Reaction B content (at.%) Ref.

Eutectic: 1259 ± 4

Eutectic: ~1046

Eutectic: 1250 ± 6

Eutectic: ~1045

L↔(Ir)+IrB0.7

L↔(Ir)+IrB1−x

L↔(Ir)+IrB1−x

L↔(Ir)+Ir3B2

L↔(Ir)+IrB1−x

37.5

21

36±1

~35

[23]

[24]

[10]

[9]

[22]

Congruent melting: 1287 ± 5

Congruent melting: 1270 ± 20

Congruent melting: ~1057

L↔IrB0.7

L↔IrB1−x

L↔Ir3B2

L↔IrB1−x

38.5

~40

~38.5

[23]

[24]

[9]

[22]

Eutectic: 1258 ± 5

Eutectic: 1238 ± 8

Eutectic: ~917

L↔IrB0.7+IrB0.9

L↔IrB1−x+IrB2−x

L↔Ir3B2+IrB0.89

L↔IrB1−x+IrB2−x

~40

~43

~44

[23]

[24]

[9]

[22]

Congruent melting: 1333 ± 5

Congruent melting: 1328 ± 10

Congruent melting: ~1093

L↔IrB0.9

L↔IrB2−x

L↔IrB0.89

L↔IrB2−x

46.5

~47

~49

[23]

[24]

[9]

[22]

Peritectic: 1274 ± 5 L+IrB0.9↔IrB

L+IrB2−x↔IrB

50 [23]

[24]

Eutectoid: 1209 ± 3 IrB↔IrB0.9+ IrB1.35

IrB↔IrB2−x+Ir4B5

50
[23]

[24]

Eutectic: 1248 ± 3

Eutectic: 1250 ± 10

L↔IrB+IrB1.35

L↔IrB+Ir4B5

L↔IrB0.89+IrB1.5

54

51

[23]

[24]

[9]

Metastable eutectic: 1235
L↔IrB0.9+IrB1.35

L↔IrB2−x+Ir4B5

53
[23]

[24]

Congruent melting: 1287 ± 5

Congruent melting: 1315 ± 15

L↔IrB1.35

L↔Ir4B5

L↔IrB1.5

57.5

~60

[23]

[24] 

[9]

Eutectic: 1255 ± 4

Eutectic: 1240 ± 8

Eutectic: ~1000

L↔ IrB1.35+(B)

L↔Ir4B5+(B)

L↔ IrB1.5+(B)

L↔IrB2−x+(B)

60

~66

~52

[23]

[24]

[9]

[22]
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which were individually wrapped in tantalum foil and vac-
uum-sealed in quartz tubes for heat treatments at 800, 900 
(1 week) or 1000°C (72 h). Weight losses after melting were 
insignificant (<0.5 mass %) and no corrections were nec-
essary. For sample characterization, scanning electron mi-
croscopy (SEM), electron probe micro-analysis (EPMA), 
XPD and differential scanning calorimetry (DSC) were 
used. EPMA composition measurements (in order to de-
termine the proper overall sample composition as well as 
the individual phase composition) were carried out on a 
Zeiss Supra 55 VP SEM operated at 20 kV and 60 mA us-
ing WDX analysis. LaB6 and pure iridium served as stand-
ards. A Guinier-Huber image plate recording system with 
monochromatic Cu-Ka1 radiation provided the XPD data. 
Lattice parameters were determined with 6N-germanium 
as standard. For the Rietveld refinements of the X-ray pow-
der patterns we employed the FULLPROF program [28]. 
Single crystal X-ray diffraction (XRD) data were collected 
at room temperature on a Bruker APEXII diffractometer 
equipped with a CCD (charge coupled device) area detec-
tor and an Incoatec Microfocus Source IμS (30 W, multilay-
er mirror, Mo-Ka). Several sets of π- and ω-scans with 2.0° 
scan width were measured at a crystal-detector distance of 
30 mm up to ~70° in 2θ (full sphere). The crystal structures 
were solved applying direct methods (SHELXS-97 [29]) 
and refined against F (SHELXL-97-2 [30]) within the pro-
gram WINGX [31]. The crystal structures were all stand-
ardized with the program STRUCTURE TIDY [32]. For 
melting point measurements, alloy specimens were placed 
in BN coated Al2O3 crucibles in a Netzsch 404 Pegasus DSC 
equipment and were run under a stream of 6N argon and 
heating rates of 5 K/min. The equipment was calibrated 
in the temperature range from 300 to 1400°C against pure 
standard metals supplied by Netzsch to be within ± 1°C. 
Isothermal reactions and phase boundaries were derived 
from differential thermal analysis (DTA) heating curves 
and on alloys that were annealed at subsolidus temperatures 
prior to the DTA-runs.

Density functional theory (DFT) calculations
The first-principle calculations were performed within the 
framework of DFT [33,34] using the Vienna Ab-initio Sim-
ulation Package (VASP [35,36] with the projector augment-
ed wave (PAW) method [37]) and the generalized gradient 
approximation (GGA) within the Perdew-Burke-Ernzer-
hof (PBE) exchange-correlation functional [38]. The cut-
off energy for the expansion of the wave function into 
plane waves was set at 500 eV. All the Brillouin zone inte-
grations were performed on the Monkhorst-Pack k-meshes 
and were sampled with a resolution of 2π × 0.07/Å, which 

showed excellent convergence of the energy differences 
and stress tensors. The enthalpy, density of states and band 
structures of different phases, were calculated using the tet-
rahedron method with Blöchl corrections. To check the dy-
namical stability, we further derived the phonon dispersion 
curves using the finite-displacement approach as imple-
mented in the Phonopy code [39]. The phonon frequencies 
are constructed from forces, resulting from displacements 
of certain atoms in a supercell for each phase.

Our predictions of stable phases with the lowest free en-
ergy were carried out using the USPEX code [40,41] in the 
variable composition mode, which was able to search com-
positions and structures at the same time. The structures 
of the first generation were produced randomly and any 
combination of the numbers of atoms in the unit cell was 
allowed (within a total number ≤20). New generations were 
created through heredity random sampling, lattice muta-
tion and permutation of atoms, with probabilities of 60%, 
10%, 20% and 10%, forming the structure pool after dis-
carding the 40% energetically worst structures. The popu-
lation size was set to at least twice the number of atoms in 
the cell. We generally terminated the runs after 50 genera-
tions. We then rechecked the stable structures using VASP 
with much higher precision in order to obtain an accurate 
result. Moreover, the seed technique was applied during 
each structural search by adding known structures from 
experiments or previous search results, in order to enhance 
the accuracy and efficiency of structure prediction. 

RESULTS AND DISCUSSION

Binary phases in the Ir-B system
In the binary Ir-B system, four intermediate phases have 
been reported so far in the literature, namely Ir4B5 (earlier 
labelled as IrB1.35), IrB1.1, h-IrB0.9 (high temperature mod-
ification) and ℓ-IrB0.9 (low temperature modification). 
Crystallographic data for all phases are summarized in 
Table 2. A solubility of about 2 at.% iridium in β-boron 
(space group R3−m; a = 1.09287(5) and c = 2.38274(24) 
nm) has been reported by Crespo et al. [42]. However, a 
recalculation of the wt.% Ir in βB, as published by Crespo 
et al., revealed a much smaller solubility of only 0.02 at.% Ir 
consistent with the small volume expansion observed [42].  
The crystal structures of the binary phases are discussed in 
detail in the following sections.

The crystal structure of Ir4B5+x (formerly IrB1.35)
A single crystal suitable for X-ray structure analysis was 
selected from an arc-melted sample with nominal compo-
sition Ir46B54 (in at.%) which was crushed in a WC-mortar. 
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Careful inspection of the extinction conditions confirmed 
the monoclinic symmetry and the structure solution by di-
rect methods was successful in space group C2/m. A first 
refinement shows consistency with iridium atoms in two 
4i (x, 0, z) sites (both on a mirror plane), however, with 
rather strong anisotropic atom displacement parameters 
(ADPs). This structure model (see model 1 in Table 3) 
is essentially consistent with the one earlier described by 
Aronsson et al. [13].  However, the boron atoms located 
from our difference Fourier map unambiguously revealed 
only 3 boron positions (B1, B2, B3) instead of the 4 sites 
reported by Aronsson et al. [13] of which one (B3) was only 
half occupied. A difference Fourier map after isotropic re-
finement of the iridium atoms and subtracting the contri-
bution of the boron atoms, revealed electron density peaks 
at ~0.1 Å off the mirror plane (see Fig. 1) as previously 
described by Lundström et al. [14]. Following the argu-
ments by Lundström et al. [14], Ir-atoms were placed in a 
half filled general position 8j (x, y, z) to satisfy the electron 
density peaks observed in the difference Fourier map.  Re-

finement in this case (see model 2 in Table 3) yields rather 
spherical ADPs for both Ir-atoms and low residual electron 
densities < 4.88 e/Å3 at RF=0.033. Model 2 in all features 
confirms the crystal structure reported by Lundström [14]. 
Fig. 2 shows the unit cell of Ir4B5 and the corresponding co-
ordination polyhedra for all atoms. The shortest interatom-
ic bonding distances between the iridium atoms, the iridi-
um and boron atoms and the boron atoms are: dIr–Ir=0.2660 
nm, dIr–B=0.2089 nm, dB1–B1=0.1877 nm, dB1–B2=0.1990 nm, 
dB2–B2=0.2106 nm and dB3–B3=0.1610 nm. These values are 
in good agreement with those reported earlier [14]. Fur-
ther details of the crystal structure refinement including 
interatomic distances for the standardized setting of the 
structure are summarized in the Supplementary informa-
tion (Table S1). B1 and B2 atoms form a puckered 2/∞ layer 
and Ir4B5 is thus classified as a structure with a boron net 
[43]. With only a 50% occupation of the B3 site, B3 atoms 
are considered to be isolated in the structure. However, in 
case of a full occupation of the B3 site, infinite B–B chains 
would form at a rather short distance (dB3–B3 = 0.1610 nm) 

Table 2  Crystallographic data on the binary Ir-B phases

Phase Space
 group

Structure
type

Lattice parameter (nm)
Method Ref.

a b c

(B) 1800°, 24 h R3−m βB 1.09276(5) – 2.38141(15) XPD [42]

(B) 0.02 at.% Ir # R3−m βB 1.09287(5) – 2.38274(24) XPD [42]

Ir4B5.4 C2/m Ir4B5 1.0525 0.2910
β = 91.07 ° 0.6099 XSCD [13]

C2/m Ir4B5 1.052(1) 0.2889(1)
β = 91.09(4) ° 0.6094(7) XPD &

Ir4B5 C2/m Ir4B5 1.05300(9) 0.29038(3)
β =91.119(9)° 0.61013(5) XSCD [14]

Boron rich

Ir4B5 C2/m Ir4B5 1.0542(1) 0.28905(3)
β =91.143(6)° 0.61003(4) XPD [14]

Boron poor

Ir4B5 C2/m Ir4B5 1.05200(2) 0.289564(6)
β =91.156(2)° 0.60958(1) XSCD *

IrB1.1 I41/amd ThSi2 0.2810 – 1.0263 XPD [12]

IrB1.1 I41/amd ThSi2

0.2808
–

0.2811
–

1.0259
–

1.0248

XPD

XPD

for as cast Ir55B45

for as cast Ir50B50

[9]  

IrB1.1 I41/amd ThSi2 0.281 – 1.026 XPD [8]

Ir5B4 I41/a Ir5B4 0.62777(1) – 1.02599(2) XSCD *

IrB0.9 P6−m2 WC 0.2815 – 0.2823 XPD [16]

(hT) P6−m2 WC 0.2813(1) – 0.2826(2) XPD &

IrB0.9 (lT) Cmc21 IrB0.9 0.2771 0.7578 0.7314 XSCD [16]

Ir4B3 (lT) Cmc21 IrB0.9 0.27728(1) 0.75742(2) 0.73152 (2) XSCD *

(Ir) Fm3−m Cu 0.38392 – – [47]

* This work; # calculated from the original data (0.31 wt.% Ir in (βB)) as published by Crespo et al. [42]; & evaluated from XPD un-indexed sin²q 
values published by Brukl and Rudy [9].
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Table 3  Comparison of different structural models for Ir4B5 (formerly ‘IrB1.35’). The non-standardized setting is kept for an easier comparison with the 
literature data. Anisotropic displacement parameters (Uij) and isotropic temperature factors Uiso and Biso (= 82Uiso) are given in 10−2 nm2

Compound IrB1.35 (model 1) [13] Ir4B5 (model 2) [14] Ir4B5 (model 1) this work Ir4B5 (model 2) this work 
(best structure model)

Space group C2/m C2/m C2/m C2/m
lattice parameter 

(nm)
a=1.0525,
b=0.2910, 
c=0.6099

a=1.05300(9), 
b=0.29038(3), 
c=0.61013(5)

a=1.05200(2), 
b=0.289564(6), 
c=0.60958(1)

a=1.05200(2), 
b=0.289564(6), 
c=0.60958(1)

β (°) 91.07 91.119(9) 91.156(2) 91.156(2)
R 0.095 (h0ℓ), (h1ℓ) 0.082 (632 refls) 0.033 0.030

Atomic parameter

Ir1/Wycoff pos.; 4i (0.0994(1),0,0.1387(2))
8j 

(0.09933(9), 0.0310(5), 
0.1386(1))

4i 
(0.09936(4),0, 

0.13840(7))

8j 
(0.09936(3), 0.0188*, 

0.13838(4))
Occ.; 

U11 = U33, U22; Biso

1
0.2

0.5
0.56(2)

1.001(3)
0.0014(2), 0.0043(4)

0.47(5)
0.0011(1), 0.0012(2)

Ir2/Wycoff pos.; 4i  (0.3575(1),0,0.2885(2))
8j 

(0.35745(9), 0.0292(5), 
0.2886(1))

4i 
(0.35747(4), 0, 

0.28853(7))

8j 
(0.35746(3), 0.0165*, 

0.2883(5))
Occ.

U11 = U33, U22; Biso

1
0.2

0.5
0.59(2)

0.988(4)
0.0016(2), 0.0038(2)

0.48(4)
0.0011(1), 0.0010(2)

B1/Wycoff pos.; 4i (0.555(4),0,0.388(6)) 4i (0.554(4),0,0.381(5)) 4i (0.558(1),0,0.385(1)) 4i (0.558(1),0,0.384(1))

Occ.
Uiso

1
Biso = 0.4

1
Biso = 1.3(3)

0.99(1)
0.004(1)

1.0 
0.005(2)

B2/Wycoff pos.; 4i (0.183(4),0,0.468(6)) 4i (0.180(2),0,0.469(3)) 4i (0.178(2),0,0.462(2)) 4i (0.180(1),0,0.462(1))

Occ.
Uiso

1
Biso = 0.5

1
Biso = 0.6(2)

0.98(7)
0.003(1)

0.93(5)
0.004(2)

B3/Wycoff pos.; 4i (0.74(2),0,0.06(2)) 4i (0.75(1),0,0.06(1)) 4i (0.739(2),0,0.053(4)) 4i (0.738(2),0,0.053(3))

Occ.
Uiso

0.37
Biso = 2.9

0.5(1)
Biso = 1.9(9)

0.47(4)
0.003

0.44(3)
0.003

B4/Wycoff pos.; 4i (0.73(2),0,0.32(3)) – – –
Occ.
Uiso

0.37
Biso = 2.4 – – –

* Fixed before anisotropic refinement of the displacement parameter.
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 Figure 1  Difference Fourier maps for a) Ir1 and b) Ir2 after subtracting the contribution of the iridium atoms in the crystallographic sites 4a (x,0,z). 
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and further assuming a random (disordered) B3 occupa-
tion, chain fragments may exist.

The crystal structure of Ir5B4+x (formerly IrB1.1)
Although our X-ray powder pattern of a single-phase alloy 
(nominal composition Ir52B48 in at.%) annealed at 900°C 
could be indexed on the basis of the α-ThSi2 structure type 
(see Fig. 3) as published for the compound labelled in the 
literature as ‘IrB1.1’ (space group I41/amd; a = 0.281 and c 
= 1.026 nm [12]), the calculated intensities from Rietveld 
refinement did not fit well with the experimental obser-
vation. Therefore, a structure analysis has been attempted 
on a single crystal specimen mechanically isolated from 
the sample with nominal composition Ir53B47 (in at.%) ob-
tained after the DSC measurement. Diffraction data for 
this crystal confirmed the tetragonal symmetry but re-
vealed a 5 times larger unit cell (a = √5

—
aThSi2 = 0.62777(1) 

and c = cThSi2 = 1.02599(2) nm) compared with the α-ThSi2 
type. The analysis of the systematic extinctions arrived at 
the space group I41/a as the one with the highest symmetry. 
The corresponding refinement prompted iridium atoms 
in the crystallographic site 4a (0, ¼, ⅛) and in the gener-
al position 16f (0.10581(4), 0.04891(3), 0.37895(3)). Af-
ter subtracting the contribution of the iridium atoms, the 
difference Fourier map contained only one set of electron 

density peaks, which could correspond to boron atoms (in 
16f (0.2876(8), 0.1578(8), 0.0339(6))). A final refinement 
with anisotropic atom displacement parameters (ADPs) for 
the iridium atoms but isotropic temperature factors for the 
boron atoms revealed rather spherical shapes for both Ir 
atoms and converged to a low R-value of RF = 0.031 and 
residual electron densities smaller than ± 4.5 Å3. Occu-
pancies were refined for all atoms, but within a standard 
deviation of 2s indicated no deviation from a full occupa-
tion. Results of the refinement are summarized in Table 4 
and describe a completely ordered atom arrangement with 
the structure formula Ir5B4. A 3-dimensional view of the 
unit cell is presented in Fig. 4a. Figs 4b−d show the cor-
responding coordination polyhedra for all atoms. The 
shortest interatomic bonding distances, dIr–Ir = 0.2778 nm 
and dIr–B = 0.2114 nm, are consistent with the sum of atom 
radii and a strong Ir–B bond (for atom radii, see [44]). Al-
though the parent ThSi2-type exhibits a 3-dimensionally 
linked Si-framework (see Fig. 4), no direct B–B bonds are 
present in Ir5B4 (dB–B = 0.2906 nm). Following the structur-
al-chemical classification of borides as a function of B–B 
aggregation [43], the structure of Ir5B4 is classified as a new 
structure with isolated boron atoms in trigonal prismatic 
metal environment (Fig. 4d). The crystal structure can be 
conceived as a new and ordered derivative of the α-ThSi2 

B1

B2

B3

Ir2
Ir1

a

b c

d

e

f

c

ab

B

Ir

Figure 2  (a) Unit cell of Ir4B5 (model 2) and corresponding coordination polyhedra (b) Ir1[B12B21B33Ir16Ir26], (c) Ir2[B12B23B33Ir110Ir24], (d) 
B1[B11B22Ir14Ir24], (e) B2[B12B22Ir12Ir26] and (f) B3[B32Ir16Ir26]). Ir atoms are presented with anisotropic displacement parameters, whereas B atoms 
are presented with isotropic ADP’s from single crystal refinement.
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type. The corresponding crystallographic group-subgroup 
scheme in form of a Bärnighausen tree [45] is shown in 
Fig. 5 and compares the unit cells of the α-ThSi2 type (Fig. 
5a) and Ir5B4 (Fig. 5b). As can be seen at the bottom of the 
scheme, the Wyckoff positions 16f and 8e (parent B-sites) 
are not occupied in the Ir5B4 structure type. Therefore, one 
can assume that boron-vacancy ordering leads to the for-
mation of this new structure type. A Rietveld refinement 
of the X-ray powder pattern with the new structure type 
is shown in Fig. 3. It should be noted here that the inten-
sities of the superstructure reflections are rather small and 
almost indistinguishable from the background. In order to 
rule out the existence of a disordered and defect α-ThSi2 
structure type (as reported earlier  [8,12]) in the phase dia-
gram, further single crystals were investigated, which were 
isolated from two alloys, one located close to the B-poor 
and the second one located close to the B-rich flanks of 
the Ir5B4 phase, respectively. The locations of these alloys 
were carefully checked by DTA yielding small signals of 
the relevant isothermal reactions of the adjoining phases. 
Diffraction spectra of all crystals requested indexation on 
a tetragonal lattice with a = √5

—
aThSi2, c = cThSi2 confirming 

the superstructure. Due to the low intensity superstructure 
reflections, earlier investigations based on X-ray film tech-
niques were likely not aware of them describing the crys-

tal structure of Ir5B4+x (formerly IrB1.1) with a simple dis-
ordered and defect α-ThSi2 type. Our investigation clearly 
documents boron/vacancy ordering in a five times larger 
unit cell.  

High and low temperature modifications of Ir4B3−x 
(formerly IrB0.9)
Rogl et al. [16] reported for IrB0.9 a high temperature (hT) 
modification with WC-type (space group P6–m2; a = 0.2815 
and c = 0.2823 nm) and a low temperature (ℓT) modifica-
tion (own type; space group Cmc21; a = 0.2771, b = 0.7578 
and c = 0.7314 nm). A reversible transformation from sin-
gle phase low temperature material (alloy Ir55B45 (in at.% 
B) obtained at 1100°C) into a practically single phase high 
temperature modification was observed, when heated to 
~1200°C:  high and low temperature phases were simul-
taneously present at temperatures of 1100 to 1200°C, but 
transformed to a single low temperature phase after anneal 
of 12 h at 800°C [16]. The ℓT modification has been as-
signed from single crystal X-ray Weissenberg multiple film 
data whereas the hT modification from XPD photographs. 
In the WC structure type, the Ir atoms occupy the crys-
tallographic site 1a (0, 0, 0) and the boron atoms occupy 
the site 1d (⅓, ⅔, ½), which is only partially filled. Rein-
vestigations of this phase by XPD and EPMA confirm the 
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 Figure 3  Rietveld refinement for an alloy with nominal composition Ir52B48 annealed at 900°C applying the Ir5B4 structure type and Bragg positions 
for the ThSi2 structure type.
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small hexagonal unit cell but with a slightly lower boron 
content (EPMA; IrB0.7−0.75  IrB1−x; a = 0.28132(2) and c = 
0.28298(2) nm). Although the precise boron site occupan-
cy has not been determined yet, the formula suggests a de-
fect WC-type. Crystallographic WC-type derives from the 
AlB2-type when only every second trigonal metal prism is 
occupied by a C atom. In the AlB2 structure type, rather 

short B–B distances (dB–B=0.1624 nm) would arise from a 
random distribution of the B atoms over the 2 fold site (Ir 
in 1a (0, 0, 0) and B in 2d (⅓, ⅔, ½)), which is rather un-
likely for low boron metal borides (see also [16,43]). 

For a new evaluation of the crystal structure of the low 
temperature phase, a single crystal specimen was mechan-
ically isolated from the sample with nominal composition 
Ir60B40, which was slowly cooled in a DSC experiment. 
Analysis of the XRD spots confirmed the previously re-
ported orthorhombic C-centered unit cell (a = 0.27728(1), 
b = 0.75742(2) and c = 0.73152(2) nm) and the observed 
extinctions led to the possible space groups Cmcm, C2cm 
(standardized setting Ama2) and Cmc21. Placing the irid-
ium atoms in the crystallographic sites 4a (0, 0, 0) and 4c 
(0, y, ¼) in the highest symmetric centrosymmetric space 
group Cmcm results immediately in an RF value lower than 
4%. A difference Fourier analysis showed two possible 
crystallographic sites for the boron atoms (B1 in 4c and B2 
in 8f (0, y, z)), however, with only partial filling in both 
sites (occ.(B1) = 0.80(6) and occ.(B2) = 0.32(7)). The high-
est residual electron density (8.9 e/Å3) is too close to Ir1 
(0.139 nm) for another boron atom. The shortest intera-
tomic distances are: dIr–Ir = 0.2771, dIr–B = 0.2057 and dB2–B2 = 

0.1751 nm. The Ir-B distances are slightly smaller than the 
sum of the atomic radii as an indication of strong bonding. 
Smaller values are not exceptional for platinum metal bo-
rides, especially as both boron sites are only partially filled. 

 Table 4  X-ray single crystal data for Ir5B4 at RT standardized with the 
program STRUCTURE TIDY (Mo Ka-radiation; 2°2q70°; ω-scans, 
scan width 2°; 150 sec/frame; anisotropic displacement parameters Uij in 
(10−2 nm2)).

Parameter/compound Ir5B4

Space group I41/a
Formula from EPMA Ir5B4.2

Formula from refinement Ir5B4

a, c  [nm] 0.62777(1), 1.02599(2)
mabs (/mm) 32.8

V (nm3) 0.40434
ρx (g cm−3) 16.5

Reflections in refinement 426³4sσ(Fo) of 495
Number of variables 19

RF = Σ|F0−Fc|/ΣF0 0.031
RInt 0.067

wR2 0.10
GOF 1.090

Extinction (Zachariasen) 0.0038(4)
Residual density (e/Å3): max; min 3.03; −4.49
Atom parameters

Ir1 in 16f (x,y,z); occ. 0.99(2)
x, y, z 0.10581(4), 0.04891(3), 0.37895(3)

U11 = U22, U33 0.0031(2), 0.0028(3)
Ir2 in 4a (0,¼,⅛); occ. 0.99(3)

U11 = U33, U22 0.0027(2), 0.0029(2)
B1 in 16f (x,y,z); occ. 0.99(3)

x, y, z 0.2876(8), 0.1578(8), 0.0339(6)
Uiso 0.0061(7)

Interatomic distances (nm); standard deviation < 0.0001
Ir1 –       1B1 0.2152 Ir2 –       4B1 0.2114
     –1B1 0.2153 –4Ir1 0.2778

–1B1 0.2160 –4Ir1 0.2970
–1B1 0.2201 B1 –       1Ir2 0.2114
–1B1 0.2292 –1Ir1 0.2152
–1Ir2 0.2778 –1Ir1 0.2153
–2Ir1 0.2816 –1Ir1 0.2160
–1Ir1 0.2853 –1Ir1 0.2201
–1Ir1 0.2883 –1Ir1 0.2906
–2Ir1 0.2899 –1B1 (0.2906)
–1Ir2 0.2970

a b

Ir1

Ir2

B

c

d

c

ab

F igure 4  Crystal structure of Ir5B4 (a) 3-dim view of the unit cell, co-
ordination figures, (b) Ir1[B5Ir16Ir22], (c) Ir2[B4Ir18], (d) B[Ir15Ir21]. Ir 
atoms are presented with anisotropic displacement parameters, whereas 
B-atoms are presented with isotropic ADP’s from single crystal refine-
ment.
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The boron-boron aggregation in this space group reveals 
isolated atoms B1 (dB1–B2 = 0.2254 nm) but atoms B2 form 
boron zigzag chains along the a axis at an unlikely low oc-
cupancy of the B2-site (occ.(B2) = 0.32(7)). Therefore in 
search for B-sites of lower multiplicity, alternative refine-
ments were performed in the lower symmetry non-cen-
trosymmetric space groups C2cm and Cmc21. Through 
the standardization process from the non-standard setting 
C2cm to the standard setting Ama2, the axes have been 
changed to c, –b, a and also the atomic coordinates (see 
Table 5), however, symmetry did not allow boron ordering 
i.e., a separation of the 8-fold B2-site into two 4-fold sites. 
Therefore the refinement leads to a similar atom arrange-
ment with practically identical R values, occupancies and 
interatomic distances. 

Refinement in the non-centrosymmetric space group 

Cmc21 finally offers a reduction of the multiplicity of the 
B2-site (4a) yielding full occupancy for the metal atom 
sites in 4a (0, y, z), but also about 75 to 80% for both bo-
ron atoms in sites 4a (occ.(B1) = 0.71(8) and occ.(B2) = 
0.79(9)). Interatomic distances (dIr–B = 0.2119 and dB1–B2 

= 0.1988 nm) are within the sum of the atomic radii. Fi-
nal refinement with ADPs for iridium but isotropic ther-
mal parameters for the light boron atoms in all 3 cases 
converged to R-values between 0.032 and 0.038 (RF(Cmcm) 
= 0.038, RF(Ama2) = 0.032, RF(Cmc21) = 0.035). The atom site 
distributions in the unit cells of Ir4B3, as refined in the dif-
ferent space groups, are shown at the bottom of Table 5. A 
comparison of the crystal structure data of Ir4B3 for all the 
three space group types is given in Table 5. Considering 
fully occupied boron sites, boron chains are present in the 
first two, whereas only boron pairs (dB1–B2 = 0.1988 nm) are 
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F igure 5  Group-subgroup relations in form of a Bärnighausen tree for the pair of structures: -ThSi2-Ir5B4; the unit cells of (a) -ThSi2 and (b) Ir5B4 

(origin has been shifted for both compounds) are shown for comparison. 
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present after refinement in Cmc21. The complete results of 
the crystal structure refinement in this space group can be 
found in the Supplementary information (Table S2). The 
unit cell with the corresponding coordination polyhedra 
is shown in Fig. 6. The finally refined composition of this 
crystal is Ir4B3, which is in good agreement with the result 
from EPMA measurement (Ir4B2.8). As has been mentioned 
previously [16], neutron diffraction studies and DFT cal-
culations would be helpful for a final decision about the 
exact atom distribution in the boron sublattices. It should 
be mentioned here, that our DFT calculations (see below) 
revealed that the Cmc21 phase holds the lowest formation 
energy compared to the other two structure models (Cmcm 
and Ama2).

The phase diagram for the Ir-B system
Phase formation/decomposition and isothermal reactions 

Table 5  Comparison of the crystal structure refinements for Ir4B3−x in the 3 possible space groups Cmcm (the non-standard setting is used for an easi-
er comparison), C2cm (standardized setting Ama2) and Cmc21

Composition from refinement Ir4B2.9 Ir4B3 Ir4B3 (best structure)

Space group
Lattice parameter (nm)

RF = |F0−FC|/F0

Number of variables
Residual density (e/Å3): max; min
Reflections in refinement      

Cmcm (63)
a=0.27728(1)
b=0.75742(2)
c=0.73152(2)
0.038
8
8.93, −7.9
2174σ(Fo) of 231

Ama2 (40)
a=0.73152(2)
b=0.75742(2)
c=0.27728(1)
0.032
20
8.88, −7.67
3424σ(Fo) of 361 

Cmc21 (36)
a=0.27728(1)
b=0.75742(2)
c=0.73152(2)
0.034
16
8.27, −6.25
3714σ(Fo) of 394

Atomic parameter

Ir1/Wycoff pos.; 
Occ.; U11, U22, U33

Ir2/Wycoff pos.;
Occ.; U11, U22, U33/

B1/Wycoff pos.; 
Occ.; U11, U22, U33

B2/Wycoff pos.; 
Occ.; U11, U22, U33

4a (0,0,0);
1; 0.0004(3), 0.0001(4), 0.0013(4)
4c (0,0.27591(7),1/4);
1; 0.0007(4), 0.0010(4),  0.0009(4)
4c (1/2,0.064(2),1/4);
0.80(6); 0.003(3)
8f (1/2,0.204(5),0.055(4)); 
0.32(7); 0.004(6)

4a (0,0,0*);
1; 0.0012(4), 0.0001(3), 0.0009(4)
4b(1/4,0.27602(7),0.003(1));
1; 0.0009(4); 0.0009(4), 0.0003(4)
4b (1/4,0.065(2),0.475(1)); 
0.82(4); 0.004(1)
8c (0.051(4),0.205(4),
0.513(6)); 0.35(4); 0.004(2)

4a (0,0.0015(2), 0.051(1)); 
1; 0.0001(3), 0.0001(3), 0.0010(3)
4a (0,0.27600(9), 0.302(1)); 
1; 0.0003(2), 0.0006(3), 0.0009(3)
4a (0,0.289(1), 0.0004(3));
0.71(8); 0.002(7)
4a (0,0.559(1), 0.306(1))
0.79(9); 0.005(3)

Shortest distances (nm)

dIr–Ir; dIr–B; dB–B 0.2771; 0.2057; 0.1751 0.2772; 0.2080; 0.1689 0.2761; 0.2119; 0.1988

Unit Cell
(yellow: Ir–Ir bonds;
red: B–B bonds and
grey: Ir–B bond)

ca

b

c a

b

ca

b

* Fixed during refinement.

a b

c

a
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Figu re 6  Crystal structure of Ir4B3 (a) unit cell including coordination 
polyhedra around the boron atoms (B1[B21Ir13Ir23],  B2[B11Ir14Ir23]) and 
coordination polyhedra for the iridium atoms (b) Ir1[B13B24Ir12Ir26] and 
(c) Ir2[B13B23Ir16Ir22]. Ir atoms are presented with anisotropic displace-
ment parameters, whereas B atoms are presented with isotropic ADPs 
from single crystal refinement.
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in the binary system Ir-B have been studied on about 
50 samples in the composition range between 20 and 90 
at.% boron by XPD, EPMA and DSC. Whereas the crystal 
structures of the binary compounds were determined from 
X-ray single crystals, phase relations were derived by XPD, 
metallography and DTA on annealed alloys. For liquidus 
and solidus curves we relied on DTA heating curves on an-
nealed alloys. The microstructures with phase analyses by 
EPMA served to confirm or establish isothermal reaction 

types, location of peritectic and eutectic points as well as 
the extent of phase homogeneity regions. The microstruc-
tures of several selected alloys in as cast state are shown in 
Fig. 7 and the corresponding results from EPMA and XPD 
are summarized in Table 6. The microstructure of an alloy 
with nominal composition Ir42B58 (Fig. 7a) shows primary 
crystallization of Ir4B5+x followed by the crystallization of 
a boron rich eutectic e1: L↔βB+Ir4B5+x at 1256±6°C. The 
invariant reaction temperature corresponds well with those 
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Figu re 7  Microstructures of several alloys in as cast state with nominal composition (in at.%) (a) Ir42B58, (b) Ir47B53, (c) Ir52B48, (d) Ir58B42, (e) Ir62B38 and 
(f) Ir90B10; results from EPMA and XPD for these alloys are summarized in Table 6.
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reported earlier (1255±4°C at 60 at.% B [23], 1240±8°C at 
~66 at.% B [9]) and also the location of the eutectic at ~ 60 
at.% B. The Ir4B5+x phase melts congruently at 1288±4°C 
(1287±5°C [23], 1313±15°C [9], see Table 1). As has been 
previously reported [13], this compound is not stable 
at lower temperatures (T ≤ 1100°C). Indeed DTA effects 
document the decomposition at 1083±10°C into Ir5B4+x 
and boron. Lattice parameters determined in as cast state 
decrease slightly with decreasing boron content (see Table 
6) but are generally 0.01Å smaller than those reported by 
Lundström [14]. Thus only a small homogeneity region 
can be supposed (~1 at.% B). The microstructure for the 
as cast alloy with nominal composition Ir47B53 (Fig. 7b) 
shows primary grains of Ir4B5+x followed by crystallization 
of Ir5B4+x. A rather fine eutectic like microstructure con-
sisting of Ir4B5+x and Ir5B4+x is visible from the alloy Ir52B48 
in Fig. 7c. Brukl and Rudy [9] determined 1250±5°C as 
the isothermal reaction temperature for the eutectic e2: 
L↔Ir4B5+x+Ir5B4+x (at ~51 at.% B), whereas Ipser and Rogl 
[23] assigned this temperature to another invariant reac-
tion namely e3: L↔Ir4B5+x+IrB (at 54 at.% B). In the latter 
work, the peritectic formation of the IrB phase is reported 
at 1274±4°C (p1: L+Ir5B4+x↔IrB at 50 at.% B) and a meta-
stable eutectic e2: L↔Ir4B5+x+Ir5B4+x at ~1235°C has been 
found instead with the approximate composition Ir47B53. 
The WC structure type has been assigned for IrB, which 

was described to decompose eutectoidally at 1209±3°C 
into Ir5B4+x and Ir5B4+x. In this investigation, all alloys in 
the composition range between Ir53B47 to Ir47B53 (in at.%) 
exhibit an invariant effect at 1210±3°C followed by several 
effects close to the afore-mentioned temperatures. As the 
alloys were investigated in as cast state, after DSC and af-
ter ann  ealing at lower temperatures (<1000°C), no other 
phase was detected with approximately   50 at.% boron by 
XPD or EPMA.  The neighbouring boron-rich phase Ir5B4+x 
forms congruently and melts at 1339±5°C (1333±5°C [23], 
1328±10°C [9]). The microstructure of an alloy with nom-
inal composition Ir58B42 is shown in Fig. 7d. Large grains 
of Ir5B4+x are present (see inset Fig. 7d) together with the 
hT and ℓT form of Ir4B3−x (assigned from XPD) and small 
amounts of (Ir). Ir4B3−x has been reported to melt congru-
ently at 1287±5°C by Ipser and Rogl and at 1270±20°C by 
Brukl and Rudy. Although the microstructure of the shown 
as cast alloy gives hints to a peritectic formation of this 
phase, the results from the DSC measurements confirm the 
congruent melting at around 1289±5°C. Both groups of au-
thors also agree   on a eutectic reaction e4: L↔Ir5B4+x+Ir4B3−x 
at 1258±5°C (~40 at.% B [23] or at 1238±8°C (~43 at.% B 
[9]). Nevertheless, in none of the alloys investigated in this 
work or in the work of Brukl and Rudy, this eutectic has 
been observed directly. As argued previously, the eutectic 
is placed there because of the two neighboring congruent-

T able 6  Results from EPMA measurements and X-ray phase analysis for Ir-B alloys in as cast state and/or after annealing; (a)−(f) correspond to the 
SEM pictures shown in Fig. 7

Sample Phases Structure 
type

Composition EPMA (at.%) Lattice parameter (nm)
Ir B a b c

Ir42B58

as cast 
(a)

(B)
Ir4B5+x

B
Ir4B5

0.2
44.9

99.8
55.1

–
1.0533(7)

–
0.29018(1)
β=91.15(1)

–
0.6100(1)

Ir47B53

as cast 
(b)

Ir4B5+x

Ir5B4+x

Ir4B5

Ir5B4

46.0

53.2

54.0

46.8

1.0525(2)

0.62741(9)

0.28982(8)
β=91.15(7)

–

0.61008(9)

1.0262(2)

Ir52B48

as cast 
(c)

Ir4B5+x

Ir5B4+x

Ir4B5

Ir5B4

45.8

52.7

54.2

47.3

1.0530(1)

0.6279(3)

0.2894(1)
β=91.14(1)

–

0.6088(3)

1.0263(3)

Ir58B42

as cast 
(d)

Ir5B4+x

Ir4B3−x 
Ir4B3−x 

(Ir)

Ir5B4

WC
Ir4B3

Cu

53.3
56.8
56.8
100*

46.7
43.2
43.2

0

0.6282(2)
–

0.27719(2)
–

–
–

0.7580(2)
–

1.0267(3)
–

0.73144(9)
–

Ir62B38

as cast 
(e)

Ir4B3−x 
Ir4B3−x 

(Ir)

WC
Ir4B3

Cu

58.3
58.3
100*

41.7
41.7

0

0.28115(2)
0.27717(2)
0.3837(3)

–
0.7580(3)

–

0.28315(8)
0.7315(3)

–

Ir90B10

as cast 
(f)

Ir4B3−x 
Ir4B3−x 

(Ir)

WC
Ir4B3

Cu

58.7

100*

41.3

0

0.28137(5)
Traces

0.38345(1)

–
–
–

0.2828(1)
–
–

* Fixed values.
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ly melting compounds [9]. The microstructure of an alloy 
with nominal composition Ir62B38 (Fig. 7e) shows prima-
ry grains of Ir4B3−x and a eutectic with (Ir). The invariant 
reaction temperature for this eutectic e5: L↔(Ir)+Ir4B3−x 
is 1259±4°C (1259±4°C at 37.5 at.% B [23], 1250±6°C at 
~36 at.% B [9]). Rogl et al. [16] investigated the hT and ℓT 
modification and found above 1200°C only the hT form, in 
the temperature range 1100 to 1200°C both modifications 
and below 1100°C only the ℓT form and therefore suggest-
ed a two phase transition. Fig. 7f shows primary grains of 
(Ir) followed by the crystallization of the same eutectic but 
almost only the hT modification of Ir4B3−x (and traces of the 
ℓT form) is present on the XPD pattern of this alloy in as 
cast state. From the combination of literature data with new 
data, the binary Ir-B phase diagram shown in Fig. 8 has 
been constructed. It should be noted that an earlier investi-
gation of Ir5B4 and Ir4B5 did not reveal superconductivity in 
both compounds above Tn = 1.5 K [46].

Calculated phase stability in the Ir-B system
Structures, compositions and enthalpies of all  compounds 

in the Ir-B system have also been investigated theoretically 
through first-principle calculations, coupled with the evo-
lutionary structural search algorithm. We first studied the 
phase stabilities in the Ir-B system by calculating the for-
mation enthalpy of various compounds Ir1−xBx (0<x<1) at 
ambient pressure. The formation enthalpy of the iridium 
borides was obtained by using the fractional representa-
tion Ir1−xBx (0<x<1) with respect to the decomposition into 
fcc-Ir and αB, the ground state phase of elements Ir and B, 
respectively, as ΔHf (Ir1−xBx) = E(Ir1−xBx)−(1−x)E(Ir)−Ex(B), 
where ΔHf is the enthalpy of formation per atom and E is 
the calculated total energy of each compound and each sol-
id metal at its ground state. Fig. 9 summarizes the calculat-
ed enthalpy-composition phase diagram of the binary Ir-B 
system. We have performed the variable composition evo-
lutionary structural search on the Ir-B system at ambient 
pressure via the USPEX code and obtained the enthalpies 
of formation (around 2600 compounds) for this system, as 
presented in Fig. 9a. Stable compositions are determined 
using the convex hull construction: the convex hull is de-
fined as the line connecting the lowest formation enthalpy 

Brukl et al.
Rogl et al.
New measurements 

at.% B
20 30 40 50 60 70

T 
(°

C
)

1100

1150

1200

1250

1300

1350

Ir4B5+x

Ir5B4+x

hT-Ir4B x

1256°C

1288°C

1274°C

1248°C1235°C

1210°C

1339°C

1259°C 1263°C

1289°C

1083°C

1237°C

lT-Ir4B x

1050

Figu re 8  Proposed binary phase diagram Ir-B based on this work and including literature data from Rogl et al. [24] and Brukl et al. [9] above 1050°C.
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structures at one composition (the red solid line in Fig. 9a), 
and any structure the formation enthalpy of which lies ex-
actly on the convex hull is deemed as a ground state phase 
and to be synthesizable in principle. Those structures, for 
which their enthalpies stay above the convex hull, are ther-
modynamically metastable and may be synthesized under 
special conditions. Therefore, from Fig. 9, the compounds 
Ir5B4 and Ir4B5 in the structures of tI36 (space group: I41/a) 
and mC18 (space group: C2/m), respectively, were con-
firmed to be the ground state phases in the Ir-B binary sys-
tem as their formation enthalpies lied exactly on the convex 
hull, which is in perfect agreement with the present exper-
imental characterization. In addition, the dynamical and 
mechanical stability of these Ir-B phases (Ir5B4, Ir4B5, Ir4B3, 
Ir3 B2 and IrB) have been confirmed, as shown in Fig. S1 and 
Table S3 in the Supplementary information, respectively. It 
should be noted that the calculated formation enthalpies of 
the four different structural models of Ir4B5 given in Table 3 
are nearly the same (−0.249 eV/atom), indicating that these 
four structure models are extremely similar. In addition, as 
most of the experimentally determined structures of the 
iridium borides reveal defects, we generally build a relative 
small supercell with a more symmetric atomic pattern to 
approach the defect-containing structure. The fractional 
occupation of atoms is usually approximated by a relative 
simple value: for instance, occupancy of 0.47 is simplified 
by the value 0.5. For the Pearson symbol of the defect-con-
taining structures, we used the crystal class and lattice type 
of t  he optimized defect-containing structures rather than 
the original experimental ones. It is noteworthy that the 
crystallographic space groups would usually reduce after 
introducing defects. For instance, the space group C2/m of 

Ir4B5 would decrease to a lower one, such as Cm, when a 
fractional atomic occupation is considered. 

For the compound Ir4B3, the present experiment pro-
posed three structural models as presented in Table 5. Our 
calculation found that the Cmc21 phase holds the lowest 
formation energy compared to the other two structure 
models (Cmcm and   Ama2). This fact is in perfect accord 
with the experimental structure refinements. Further-
more, based on the evolutionary structural search, we have 
revealed a ground state orthorhombic oF28 phase (space 
group of Fmm2, Fig. 10d). From DFT calculations this 
oF28 phase is dynamically stable and lower in energy than 
either the experimentally claimed one (hP7, 2×2×1 highly 
defect-containing supercell of the WC-type phase) or the 
low temperature structure (mP56, 4×1×1 defect-contain-
ing supercell of the Cmc21 phase) by about 0.036 and 0.012 
eV/atom, respectively, as shown in Fig. 9b and Table 7. For 
the oF28-Ir4B3 phase, there are two inequivalent Ir atomic 
sites at 8d (0.2489, 0, 0.3325), 8b (0.25, 0.25, 0.0794), and 
two B atoms stay at 8c (0, 0.2560, 0.2415), 4a (0, 0, 0), re-
spectively. It is interesting to note that the oF28 phase is a 
layered structure, in which each B atom is equally connect-
ed up and down with six Ir atoms forming a boron centered 
pentahedron. The average Ir-B bond length in the polyhe-
dron is around 2.191 Å, whereas the atomic distances of B 
and Ir within the same layer are relatively lager, about 2.793 
and 2.862 Å, respectively. 

Besides the verification of the experimental observa-
tions on Ir4B5, Ir5B4 and Ir4B3, we have also investigated 
several metastable phases at other stoichiometries, such as 
Ir3B2, IrB and IrB2. The formation enthalpies of these struc-
tures with relatively low energy at each composition (near 

H

Ir1 xBx

a b

Figur e 9  (a) Enthalpies of formation predicted by variable-composition evolutionary computations for the Ir-B system. Each square represents an 
individual structure and the most stable ground-state phases (solid circles) are connected to form a convex hull. (b) In order to clarify the convex hull, 
the formation enthalpy is plotted as a function of composition for selected structures of the USPEX-predicted iridium borides, including all the lowest 
enthalpy ground state phases on the convex hull.
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to the convex hull) are presented in Fig. 9b and their crystal 
structures are further visualized in Fig. 10. The optimized 
lattice parameters and atomic sites at ambient pressure are 
compiled in Table 7.  

For the 1:1 stoichiometric IrB, three types of structures 
(hP2, hP4 and oP8) have been reported from DFT calcula-
tions [18,19,21] to be thermodynamically stable. Interest-
ingly, our present calculation reveals a new ground state 
phase, oC8 (space group Cmcm), which possesses two in-
equivalent Ir and B Wyckoff atomic sites at 4c (0, 0.2415, 
0.25) and 4c (0, 0.6027, 0.25), respectively, and it is ener-
getically lower than the hP2 and hP4 phases by about 0.022 
and 0.020 eV/atom, respectively, as shown in Fig. 9b and 
Table 7. oC8-IrB has nearly the same formation enthalpy as 
the oP8 phase but both exhibit indeed quite different struc-
tures types. As presented in Figs 10a−b, it is clear that both 
structures are composed of the basic structural units of 
Ir–B tetragons. However, six Ir–B tetragons with same edge 
length form two staggered graphite-like rings i  n the oC8 
phase, whilst two I  r–B tetragons and one smaller one con-
stitute a stacked arm-chair chain in the oP8 phase. In addi-
tion, for oC8-IrB, the two type Ir–B bonds lengths within 
the same graphite-like layer are about 2.114 and 2.174 Å, 
whereas the d  istance between the adjacent layers is around 
2.164 Å. In contrast, the oP8 phase holds four different 
longer Ir–B bonds in the range from 2.154 to 2.405 Å. 

For the compound IrB2, it is worthy to point out that the 
two structures oP6 (P5 and OsB2-type) reported by Wang et 
al. [19] are actually identical. In fact, after standardization 
of crystal data, the P5-phase simplifies to the OsB2-type. 
Therefore, the most thermodynamically stable phase of 
IrB2 is the OsB2-type oP6 phase, as shown in   Fig. 10c and 
Table 7. In one unit cell of oP6-IrB2, each two boron atoms 
form dimers within the atomic distance of 1.810 Å, which 
is comparable to the ones in RuB2 and OsB2, and these bo-
ron dimers would compose arm-chair chains if projected 
along the a-axis (see Fig. 10c). 

Our structural prediction also reveals one never report-
ed stoichiometry, Ir3B2, which is the composition nearest 
to the convex-hull among these metastable compounds 
Ir4B3, IrB and IrB2, as shown in Fig. 9b. The mC10-Ir3B2 is 
a monoclinic phase in the space group of C2/m with two 
inequivelant Ir atomic sites at 2a (0, 0, 0) and 4i (0.3333, 0, 
0.3352), respectively, and the B atoms reside at 4i (0.6155, 
0, 0.2786). This phase resides only about 0.006 eV/atom 
above the convex hull. From Fig. 10e, mC10-Ir3B2 can be 
considered as a combination of one Ir atomic layer and a 
double layer of graphite-like Ir/B rings. This double layer 
graphite-like ring is highly analogous to that in the    oC8-
IrB phase (Fig. 10b), except for that only the former one 
is distorted. The Ir–B distances within one layer are about 
2.155 and 2.193 Å, which are relatively larger than in the 

a

c
b

a

c

b

a

c

ba

c

b
a c

b

a b c

d e

Figur e 10  Crystal structures of the predicted iridium borides at ambient pressure. (a)oC8-IrB, (b)oP8-IrB, (c) oP6-IrB2, (d)oF28-Ir4B3 and (e)mC10-
Ir3B2. The golden and green spheres represent Ir and B atoms, respectively.
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 Table 7  Calculated crystallographic details of structures of the Ir-B system. The list presents the total energy (eV/atom), the formation energy (eV/
atom), the optimized equilibrium lattice parameters (a, b and c (nm)), and the atomic sites of Ir-B phases at ambient pressure.

Phases Pearson 
symbol Space group Total energy 

(eV/atom)

Formation 
energy

(eV/atom)

Lattice 
parameters

Atomic sites

x y z

Ir cF4 Fm3−m −8.8488 a=0.38722 Ir 0 0 0
B hR36 R3−m −6.6780 a=0.49002

c=1.25525
B1
B2

0.4521
0.5302

0.5479
0.4698

0.0582
0.1909

Ir4B5 mC18 Cm
(defective C2/m)

−7.8926 −0.24973 a=1.06220
b=0.29048
c=1.21648
β=149.709°

Ir1
Ir2
Ir3
Ir4
B1
B2
B3
B4
B5

0.0336
−0.0693
−0.0434
0.0660
0.1744
0.2844
−0.1713
−0.2797
−0.6959

0
0
0
0
0
0
0
0
0

0.1341
0.2865
0.8574
0.7067
0.6142
0.4624
0.3838
0.5386
0.0454

Ir5B4 tI36 I41/a −8.162 −0.27793 a=0.63272
c=1.03625

Ir1
Ir2
B1

0.1063
0
0.2882

0.0487
0.25
0.1577

0.3802
0.125
0.0338

Ir4B3 oF28 Fmm2 −8.1522 −0.23368 a=0.56583
b=0.57244
c=1.00269

Ir1
Ir2
B1
B2

0.2489
0.25
0
0

0
0.25
0.2560
0

0.3325
0.0794
0.2415
0

mP56 P21

(4×1×1 defective 
supercell of Cmc21)

−8.14043 −0.22191 a=0.75776
b=0.74335
c=1.14892
β=90.434°

Ir1
Ir2
Ir3
Ir4
Ir7
Ir8
Ir9
Ir10
Ir11
Ir12
Ir13
Ir14
Ir15
Ir16
Ir17
Ir18
B1
B2
B4
B5
B6
B7
B13
B14
B16
B17
B18
B19

0.0008
0.2693
0.5029
0.2278
0.5007
0.7721
0.0073
0.2678
0.5100
0.2364
0.0067
0.2841
0.5090
0.7893
0.0009
0.7221
0.2855
0.2235
0.2173
0.2957
0.2003
0.2763
0.5619
0.0589
0.0610
0.5714
0.0742
0.4406

0.0000
0.2557
0.0078
0.7576
0.0049
0.2577
0.0150
0.2653
0.0116
0.7632
0.5067
0.2608
0.5041
0.2623
0.0091
0.7571
0.5560
0.0514
0.0529
0.5538
0.0567
0.5481
0.2816
0.2860
0.2642
0.2409
0.2400
0.7681

0.4992
0.5030
0.3664
0.3634
0.6211
0.3715
0.2496
0.7557
0.1222
0.1243
0.2509
0.2403
0.1244
0.1215
0.0050
0.0085
0.5029
0.3673
0.6320
0.2423
0.8747
0.0007
0.5076
0.6392
0.3642
0.2403
0.1147
0.0018

hP7 P6−m2
(2×2×1 defective 
supercell of P6−m2)

−8.1166 −0.19808 a=0.57072
c=0.28680

Ir1
Ir2
B1

0.50422
0
0.17661

0.49578
0
0.82339

0
0
0.5

(To be continued on the next page)
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oC8 phase   and the distance between the adjacent layers is 
slightly shorter, around 2.154 Å in the mC10 phase. 

CONCLUSIONS 
The binary system Ir-B has been investigated in the com-
position range between 10 and 70 at.% boron. Four bina-
ry phases were found namely Ir4B5+x, Ir5B4+x and the high 
and low temperature modification of Ir4B3−x. X-ray single 
crystal diffraction studies were performed on Ir4B5+x (x=0, 
Ir4B5 structure type; space group C2/m; a = 1.05200(2), b = 
0.289564(6) and c = 0.60958(1) nm, β = 91.156(2)°), Ir5B4+x 
(x=0, Ir5B4 structure type; space group I41/a; a = 0.62777(1) 
and b = 1.02599(2) nm) and on the low temperature mod-
ification of Ir4B3−x (x=0, IrB0.9 structure type; space group 
Cmc21; a = 0.27728(1), b = 0.75742(2) and c = 0.73152(2) 
nm). Ir5B4+x (x=0) crystallizes with a new and fully ordered 
α-ThSi2 derivative structure type. The high temperature 
modification of Ir4B3−x (WC structure type; space group    
P6–m2; a = 0.28137(5) and c = 0.2828(1) nm) was confirmed 
by XRD. The binary Ir-B phase diagram was constructed 
combining results from XPD, EPMA and DSC with liter-
ature data. Our first-principle calculations further con-
firmed the experimental observations on Ir4B5, Ir5B4 and 
Ir4B3, and defined mC18-Ir4B5 and tI36-Ir5B4 to be the only 
two ground state phases of the Ir-B system. In combina-
tion with the evolutionary structural search algorithm, we 
also investigated the crystal structures of several metastable 
phases at other stoichiometries, such as IrB, IrB2, Ir3B2. In 
addition, we found three new thermodynamically stable 
structures: oF28-Ir4B3, oC8-IrB and mC10-Ir3B2, which may 

be synthesizable under certain conditions.
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中文摘要    本文通过  差示扫描量热法、电子探针以及等温低温退火处理, 系统地研究了铱硼二元体系在B元素含量10%~70%范围内
化 合物的结构及组成, 并成功的合成及表征了四种化合物: Ir4B5+x, Ir5B4+x以及Ir4B3−x的高温和低温相. 运用单晶X射线衍射法确定了
Ir4B5+x (x = 0, Ir4B5型; 空间群C2/m; a = 1.05200(2), b = 0.289564(6), c = 0.60958(1) nm, β = 91.156(2)°), Ir5B4+x (x = 0, Ir5B4型; 空间群
I41/a; a = 0.62777(1), b = 1.02599(2) nm)以及Ir4B3−x低温相 (x = 0, IrB0.9型; 空间群Cmc21; a = 0.27728(1), b = 0.75742(2), c = 0.73152(2) 
nm)的晶格常数及结构. 运用粉末X射线衍射法确定了Ir4B3−x高温相(WC型; 空间群P6−m2; a = 0.28137(5), c = 0.2828(1) nm)的晶格常数
及结构. 通过第一性原理计算结合结构演化搜索方法, 从理论上研究了该体系的组成、结构以及相稳定性. 除了验证实验合成的Ir4B5、 
Ir5B4以及Ir4B3, 本文还预测了三个可能在一定条件下合成的新稳定结构: oF28-Ir4B3, oC8-IrB以及mC10-Ir3B2.
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