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ABSTRACT: Transition metal borides are known due to their
attractive mechanical, electronic, refractive, and other properties. A
new class of rhenium borides was identified by synchrotron single-
crystal X-ray diffraction experiments in laser-heated diamond anvil
cells between 26 and 75 GPa. Recoverable to ambient conditions,
compounds rhenium triboride (ReB3) and rhenium tetraboride
(ReB4) consist of close-packed single layers of rhenium atoms
alternating with boron networks built from puckered hexagonal
layers, which link short bonded (∼1.7 Å) axially oriented B2
dumbbells. The short and incompressible Re−B and B−B bonds
oriented along the hexagonal c-axis contribute to low axial
compressibility comparable with the linear compressibility of diamond. Sub-millimeter samples of ReB3 and ReB4 were synthesized
in a large-volume press at pressures as low as 33 GPa and used for material characterization. Crystals of both compounds are metallic
and hard (Vickers hardness, HV = 34(3) GPa). Geometrical, crystal-chemical, and theoretical analysis considerations suggest that
potential ReBx compounds with x > 4 can be based on the same principle of structural organization as in ReB3 and ReB4 and possess
similar mechanical and electronic properties.

1. INTRODUCTION
Metal borides are an important class of compounds with
remarkable properties such as superconductivity (MgB2 with a
Tc of 39 K1), low compressibility (OsB2

2), and very high
hardness (WB4,

3 WB4-based solid solutions,4 FeB4,
5 ReB2

6).
Therefore, synthesis of novel metal borides and investigation of
their properties are of great interest for materials science and
engineering.

Transition metal borides with a metal boron ratio ≥ 2 are
often considered as potential candidates for hard and
incompressible materials.7 The crystal structures of diborides
are generally based on alternating hexagonal metallic and
boron layers where the latter can be flat (AlB2 type) or buckled
(ReB2 and OsB2 types).7,8 Further enrichment with boron
results in the formation of 3D boron networks (for example,
CrB4, MnB4, FeB4) or frameworks built from interconnected
boron clusters (for example, YB4 and CaB6 types formed by B6
octahedra; AlB12 and YB66 type; metal-doped α- and β-B, all
formed by B12 icosahedra) where metal atoms fill appropriate
voids.7,8 Strong covalent boron−boron and often metal−boron
bonds contribute to exceptional mechanical properties. Among
these compounds, one of the most studied is, perhaps, rhenium
diboride, ReB2. Its potential superhardness ignites hot debates.
Chung et al.6 determined that mechanical properties of ReB2

were anisotropic, and its Vickers hardness (HV) varied from
30.1(1.30) to 48.0(5.6) GPa depending on the indentation
load,6 which brought (for very low load indentations) ReB2 to
the class of superhard materials such as diamond (70 to 100
GPa) and cubic boron nitride (45 to 50 GPa). Theoretical
calculations suggested hardness values from 40 to 44 GPa.9−12

However, the later experimental study based on measurements
of elastic moduli (by an ultrasonic method) and microhardness
casted doubts on the superhardness of ReB2 and suggested
more moderate values of HV (about 22 GPa13). Levine et al.14

reported that HV and other mechanical properties strongly
depend on the morphology of the samples and on the presence
of an excess of boron, with a single-crystalline sample showing
a much higher value of HV (39.5(2.5) GPa) than randomly
oriented polycrystalline material (27.0(4.7) GPa).

Received: February 17, 2022
Revised: July 23, 2022
Published: September 6, 2022

Articlepubs.acs.org/cm

© 2022 The Authors. Published by
American Chemical Society

8138
https://doi.org/10.1021/acs.chemmater.2c00520

Chem. Mater. 2022, 34, 8138−8152

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

H
IC

A
G

O
 o

n 
Se

pt
em

be
r 

11
, 2

02
4 

at
 1

6:
10

:2
7 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elena+Bykova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erik+Johansson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maxim+Bykov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stella+Chariton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongzhan+Fei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergey+V.+Ovsyannikov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alena+Aslandukova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alena+Aslandukova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+Gabel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hendrik+Holz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benoit+Merle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bjo%CC%88rn+Alling"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Igor+A.+Abrikosov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesse+S.+Smith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesse+S.+Smith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vitali+B.+Prakapenka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomoo+Katsura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Natalia+Dubrovinskaia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+F.+Goncharov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leonid+Dubrovinsky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leonid+Dubrovinsky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.2c00520&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00520?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00520?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00520?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00520?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00520?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cmatex/34/18?ref=pdf
https://pubs.acs.org/toc/cmatex/34/18?ref=pdf
https://pubs.acs.org/toc/cmatex/34/18?ref=pdf
https://pubs.acs.org/toc/cmatex/34/18?ref=pdf
pubs.acs.org/cm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c00520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/cm?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


Rhenium borides with boron contents higher than in ReB2
have never been obtained experimentally, although theoretical
studies have suggested that they may have mechanical
properties similar to ReB2. Rhenium triboride, ReB3, first
claimed to be synthesized in 1960,15 later appeared to be
ReB2.

16 Theoretical studies suggested17,18 that ReB3 should
have P6̅m2 symmetry and a Vickers hardness of 29−30 GPa.
The predicted crystal structure consisted of flat hexagonal
layers of rhenium atoms alternating with buckled hexagonal
networks formed by boron atoms.

It was proposed that rhenium tetraboride, ReB4, should
adopt the crystal structure of superhard WB4 (sp. gr. P63/
mmc), resulting in an expected hardness of 50.3 GPa.19

However, later calculations suggested positive formation
enthalpy and R3̅m20,21 or C2/m17 symmetry for ReB4. The
values of bulk and shear moduli provided in these papers imply
a HV of 30−33 GPa for this phase.

Despite a vast number of theoretical studies on rhenium
borides, many inconsistencies in their possible crystal
structures, chemical compositions, stability fields, and
mechanical properties still remain. Here we have applied
methods of single-crystal X-ray diffraction in laser-heated
diamond anvil cells (DACs) in order to demonstrably
synthesize two novel boron-rich borides of rhenium, ReB3

and ReB4, and characterize their crystal structure and
compression behavior. We discuss their structural, mechanical,
and electronic properties derived from theoretical and
experimental methods and compare them with the literature
data. The structural organization of ReB3 and ReB4 allows us to
propose a new class of rhenium borides that can be stabilized
by high pressure.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. As a boron source we used a single

crystal of β-boron synthesized from amorphous boron at 3.0 GPa and
1500 °C in a piston−cylinder apparatus according to a procedure
described in ref 22.

A dark red single crystal of β-boron with dimensions of 0.05 × 0.05
× 0.02 mm3 and a small ruby sphere (for pressure estimation) were
loaded into a mini-BX90 membrane-driven type DAC23 equipped
with Boehler−Almax diamonds with a 200 μm culet size (see Figure
1a,b). A hole with a diameter of about 100 μm in a rhenium gasket
preindented to 25 μm thickness served as a pressure chamber. The
gasket (99.99% purity) was used as a source of rhenium. Neon was
used both as a pressure-transmitting medium and as a pressure
standard.24 After the gas loading, boron almost fully filled the pressure
chamber; it resulted in significant non-hydrostatic stresses across the
sample during the experiment (Figure 1e).

Figure 1.Microphotograph of the sample chamber at a loading pressure of 23 GPa (a) with corresponding phase distributions (b) and a phase map
at 65 GPa after all laser heating cycles (c). By using a combination of powder and single-crystal XRD methods, three borides of rhenium were
identified in the pressure chamber, ReB2, ReB3, and ReB4. Black box in (c) shows the position where all three phases coexist; therefore this point
was selected for X-ray diffraction data collection under stepwise pressure release. The lower image (d) shows an example of such powder diffraction
data collected at 65 GPa (λ = 0.344 53 Å): experimental data, gray circles; Le Bail fit, black solid lines; difference curves, green solid lines; ticks
show predicted positions of the diffraction peaks. The sample exhibits significant non-hydrostaticity, as can be seen from a pronounced curvature of
diffraction lines in the unrolled image (inset, e; white stripes correspond to masked areas).
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2.2. Laser Heating Experiments. The DAC connected to a gas
membrane was compressed stepwise to a maximum pressure of
75.0(5) GPa and laser-heated around 26, 47, and 64 GPa to a
maximum temperature of 3000 K (see Table S1 for a detailed
summary of the experiments; positions in the pressure chamber where
laser heating procedures were performed are shown in Figure S1).
After each laser heating cycle, a detailed X-ray diffraction (XRD) map
was collected around the heated spot in order to determine the phase
composition of the reaction product. At each pressure point, single-
crystal XRD images were collected in one or two spots with decent
quality of the diffraction data in order to determine the phase
composition of the reaction product. The single-crystal XRD images
were recorded while rotating the sample about a single ω-axis from
−30° to +30° in small steps of 0.5°.

The laser heating coupled with XRD measurements was conducted
at the 13-IDD beamline at the Advanced Photon Source (APS),
Chicago, USA (Pilatus CdTe 1M detector, λ = 0.295 20 Å, KB-mirror
focusing).25 Lasers were focused down to about 20 μm in diameter
(full width at half-maximum). The surface temperature was measured
by the standard spectroradiometry method26 using an IsoPlane SCT
320 spectrometer with a PI-MAX4 1024i ICCD camera from
Princeton Instruments.
2.3. Decompression Experiments. After the laser heating

experiments the DAC was disconnected from the membrane, causing
the pressure to drop gradually from 75 GPa to 65 GPa by itself, and
powder diffraction images were collected concurrently every 1 GPa.
Then the DAC was transferred to the 16-ID-B beamline at APS
(Pilatus Si 1M detector, λ = 0.344 53 Å, KB-mirror focusing), where it
was manually decompressed in nine steps to an ambient pressure with
single-crystal XRD being collected at the each pressure point (the
black box in Figure 1c corresponds to the position in the pressure
chamber where diffraction data were measured).
2.4. XRD Data Processing. DIOPTAS software27 was used for

phase analysis and calculation of pressures from the positions of the
XRD lines of Ne. Two-dimensional XRD maps were analyzed using
XDI software.28 Sample-to-detector distance, coordinates of the beam
center, tilt angle, and tilt plane rotation angle of the detector images
were calibrated using LaB6 (13-ID-D experiments) or CeO2 (16-ID-B
experiments) powders.

Laser heating at high pressures always resulted in multicomponent
and multigrain samples. Phase analysis was performed by comparing
experimental powder XRD patterns and the calculated positions of the
reflections belonging to known phases (such as Re, Ne, ReB2, β-B, γ-
B). When unexpected reflections appeared, we used corresponding
single-crystal XRD data sets to determine the crystal structures of the
unknown phase(s). Additionally, the powder XRD patterns collected
on decompression were analyzed in JANA2020, where the unit cell
parameters of the phases in the multiphase mixtures were refined from
a full-profile Le Bail fit.29

Single-crystal XRD data (unit cell determination, integration of the
reflection intensities, empirical absorption correction) were processed
using CrysAlisPro software.30 By careful visual analysis of the
reciprocal space with Ewald Explorer (implemented in CrysAlisPro),
we manually selected about 30 reflections, followed a 3D-lattice
pattern, and searched a unit cell on these reflections. The found unit
cell was refined on the whole set of reflections with 0.05 tolerance
(maximum allowed displacement of the h, k, l indices from integer)
and used for further data integration.

A single crystal of orthoenstatite ((Mg1.93,Fe0.06)(Si1.93,Al0.06)O6,
Pbca, a = 18.2391(3), b = 8.8117(2), c = 5.18320(10) Å) was used to
calibrate the instrument model of CrysAlisPro (the sample-to-
detector distance, the detector’s origin, offsets of the goniometer
angles, rotation of the X-ray beam and the detector around the
instrument axis).
2.5. Structure Solution and Refinement. The analysis of the

unit cell parameters obtained from various grains in the single-crystal
XRD data sets allowed us to identify two novel borides of rhenium,
namely, ReB3 and ReB4. The structures were determined by
SHELXT,31 a structure solution program that uses the method of
intrinsic phasing. The crystal structure was refined against F2 on all

data by full-matrix least-squares with the SHELXL32 software.
SHELXT and SHELXL programs were implemented in the Olex2
software package.33

In both structures, only z-coordinates of boron atoms, thermal
parameters, and scale factors have to be included in the refinements.
Since the body of the diamond anvil cell shadows more than 50% of
the diffraction reflections, the reflection data sets were incomplete. In
order to improve the data/parameter ratio, only atomic thermal
parameters of rhenium were refined in anisotropic approximation. For
both borides, the resulting R1 varied from 2% to 5%. Due to the
presence of high-Z rhenium atoms, the residual electron density peaks
were on the order of 2−6 e/Å3, which is comparable with the number
of electrons in boron atoms. Nevertheless, the assignment of the
residual density peaks to boron atoms did not improve the final R-
values, and therefore, the high residuals likely originate from
incompleteness of the XRD data sets. The typical data/parameter
ratios were on the order of 6−10. The detailed summary of the crystal
structure refinements along with unit cell parameters, atomic
coordinates, and isotropic displacement parameters is shown in
Tables S2 and S3.
2.6. Scale-up Synthesis in a Large-Volume Press. Several

high-pressure high-temperature synthesis runs at 20−23 GPa were
performed using multianvil presses at Bayerisches Geoinstitut
(Bayreuth). For the syntheses, we used amorphous boron (95−97%
purity) and either rhenium powder (99.99% purity) or rhenium foil.
The pressure−temperature conditions are listed in Table S1. The
samples were kept at target temperatures for 24 h. We used standard
assemblies, including an octahedron container, LaCrO3 heater,
rhenium sample capsules, MgO insulating cylinders separating the
sample capsule from the heater, and a W3Re/W25Re thermocouple
for temperature determination. Further details of these HP-HT
syntheses can be found in earlier publications.34,35

High-pressure synthesis experiments at 33 GPa were performed
using the 15-MN multianvil press (IRIS15) installed at the
Bayerisches Geoinstitut.36 The boron powder was loaded into Re
capsules, which also acted as the heater. The capsules were placed in a
ZrO2 thermal insulator within a Cr2O3-doped MgO octahedron with
5.7 mm edge lengths. A W/Re (D-type) thermocouple whose
junction was placed between the two capsules was used to monitor
the temperature. The whole cell assembly was compressed to a
pressure of 33 GPa at room temperature using eight pieces of
tungsten carbide cubes with 1.5 mm truncation edge lengths, followed
by heating to a temperature of 1700 °C with a ramping rate of ∼100
°C/min. After keeping at the target temperature for 5 h, the assembly
was quenched to room temperature by switching off the power supply
and decompressed to ambient conditions over a duration of 15 h.
2.7. Scanning Electron Microscopy. The capsule retrieved from

the synthesis at 33 GPa was cut crosswise and polished with diamond
disc pads. The chemical composition and morphology of the
synthesized sample (Figure S2) were studied by means of scanning
electron microscopy (Zeiss SEM, Leo Gemini 1530 with a Schottky
field emission gun employing an accelerating voltage of 15−20 kV).
2.8. Hardness Measurements. According to XRD studies, ReB3

and ReB4 are always found together, and it did not prove possible to
separate these phases between individual particles with sufficient sizes
for reliable hardness measurements. Therefore, we used the polished
part of the capsule retrieved from the synthesis at 33 GPa for these
studies (Figure S3).

Nanoindentation was performed using a Nanoindenter G200
platform (KLA-Tencor, Milpitas, CA, USA), equipped with a
Berkovich diamond tip (Synton MDP, Nidau, Switzerland) and
featuring the continuous stiffness method (CSM).37 The sample was
indented at six different locations separated by a distance of at least 30
μm, so that their plastic zones did not overlap; see Figure S3. For each
measurement, loading was performed at a constant strain rate of 0.025
s−1 up to a maximal indentation depth of at least 800 nm. A 2 nm
large CSM oscillation superimposed at 41 Hz on the loading signal
was used to continuously measure the hardness and Young’s modulus
with increasing indentation depth. The acquired data were evaluated
using the Oliver−Pharr method.38,39 To this purpose, the diamond
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punch geometry was calibrated up to 2500 nm in fused silica, and the
machine frame stiffness correction was refined so as to obtain a
constant stiffness-squared-overload ratio during indentation on the
samples. The conversion of the reduced moduli to Young’s moduli
was performed assuming a Poisson’s ratio of 0.21 for ReB3/ReB4. The
mechanical properties were averaged over the indentation depth range
200−300 nm in order to minimize both effects of tip blunting (at
shallow depth) and crack formation inside the capsule material (at
large depth).
2.9. Electrical Resistance. For the reasons described above, we

used a sample containing both ReB3 and ReB4 (dimensions 120 × 100
× 70 μm3) for collecting resistance data as a function of temperature.
The electrical resistance was measured by the four-probe method
passing a constant DC 90 mA current through the sample and
measuring both current and voltage drop across the sample. The
temperature was measured using an S-type thermocouple. The
electrical resistance grows with increasing temperature from 225 K to
350 K, typical for a metal (Figure S4).
2.10. Theoretical Calculations. First-principles calculations in

the framework of density functional theory (DFT),40−43 as
implemented in the Vienna Ab initio Simulation Package
(VASP),44,45 have been used to derive electronic and phonon
properties in ReBx (x = 2−7) structures.

The projector-augmented-wave (PAW) method46 has been
employed to expand the electronic wave function in plane waves.
The generalized gradient approximation (GGA) functional as
proposed by Perdew, Burke, and Ernzerhof (PBE96)47 has been
used for calculating the exchange−correlation energies. To ensure a
sufficient energy and force convergence, we have set the plane-wave
energy cutoff to 600 eV. For the electronic structure calculations we
have sampled the Brillouin zone of ReBx using a 15 × 15 × 15 k-point
mesh in the Monkhorst−Pack scheme,48 and a 5 × 5 × 5 k-point

mesh has been used for a 4 × 4 × 4 supercell of ReB3 (256 atoms)
and 3 × 3 × 3 supercell of ReB4 (270 atoms) in phonon calculations.

The small displacement method, as implemented in PHONOPY,49

has been employed to calculate phonon frequencies and band
structures, using a 21 × 21 × 21 q-point mesh. Atomic displacements
of 0.01 Å from their equilibrium positions have been performed for a
symmetry-reduced set of displacements, using the Parlinski−Li−
Kawazoe method.50

Equilibrium volumes and bulk moduli have been obtained by fitting
energy−volume curves using the third-order Birch−Murnaghan
equation of state.51−53

Electronic density of states (DOS) has been calculated using the
tetrahedron method with Blöchl corrections54 for Brillouin-zone
integrations, with settings similar to those when fully relaxing the
structures.

Elastic constants have been calculated by straining fully relaxed unit
cells with ±1% and ±2% distortions, fixing the cell volume, and then
fitting the total energy to a second-order Taylor expansion.55−58 For
all the ReBx structures, five independent elastic constants have been
calculated to complete the elastic tensor, namely, c11, c12, c13, c33, and
c44. We have found that a k-point mesh of 27 × 27 × 27 and an energy
cutoff of 600 eV have given converged elastic constants that satisfy the
Born stability criteria.59

3. RESULTS AND DISCUSSION
3.1. Synthesis of High-Pressure Borides. After the low-

temperature laser heating (below 1000 K), β-boron was
already transformed to polycrystalline γ-B. At 26.5(5) GPa
after heating to about 1600(100) K, we observed the
appearance of the new reflections that were lately identified
as single-crystal ReB3 coexisting with fine-powdered ReB2

Figure 2. Synthesis of ReB3 and ReB4 at high-pressure and high-temperature conditions. Powder XRD profiles before and after heating showing
emergence of diffraction peaks belonging to new borides: (a) ReB3 at 26.5 GPa and (b) ReB3 and ReB4 at 48 GPa. Ticks below the profiles
correspond to the phases observed in the spot. Insets show fragments of corresponding 2D diffraction images at the low-2θ region with arrows
pointing out peaks belonging to β-B, γ-B (both, olive color), ReB2 (green), ReB3 (red), and ReB4 (blue). Diffuse scattering lines belonging to ReB3
and two detector glitches are masked.
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(Figure 2a). At higher pressure (46−48 GPa), we started
seeing the appearance of spots belonging to another novel
rhenium boride, ReB4, after heating above 2600(200) K
(Figure 2b). At these conditions, ReB4 was found together with
ReB2 and ReB3. At 63−65 GPa, heating of γ-B and Re above
ca. 2000 K resulted in a mixture of ReB2 and ReB3, and at
2450(200) K, ReB2, ReB3, and ReB4. Interestingly, on heating
γ-B and Re to even higher temperatures (2600(400) K) a
mixture of only ReB2 and ReB4 was observed, suggesting that
ReB3 forms at intermediate temperatures and ReB4 at higher
ones (Figure S1b).

Following laser heating experiments, we performed several
attempts to scale up the synthesis in a large-volume apparatus.
Below 23 GPa and 2000 K only ReB2 and Re7B3 could be
synthesized. In a synthesis at higher pressures and temper-
atures (33 GPa, 2073−2123 K) both ReB3 and ReB4 were
found (Figure S2). Thus, we estimate that the lowest limit for
synthesis of ReB3 is about 26−27 and 33 GPa for ReB4 (Figure
S1b).

3.2. Crystal Structure and Compressibility of ReB3
and ReB4. ReB3 crystallizes in a hexagonal crystal structure
(sp. gr. P6̅m2, Z = 1), as predicted earlier by theoretical
calculations.17,18 All atoms are located on special positions: the
Re1 atom occupies Wycoff position 1a (0, 0, 0), B1 occupies
1b (0, 0, 0.5), and B2 is located on 2h (1/3, 2/3, z).

ReB4 adopts a hexagonal crystal structure (sp. gr. P63/mmc,
Z = 2) different from the WB4 type,19 which also has P63/mmc
symmetry. All atoms in ReB4 are located on special positions:
the Re1 atom occupies Wycoff position 2d (2/3, 1/3, 1/4), B1
occupies 4f (1/3, 2/3, z), and B2 is located on 4f (1/3, 2/3, z).
The determined structure was not considered in previous
theoretical calculations for ReB4; nevertheless it was predicted
for MoB4.

60 No phase transitions were observed in ReB3 and
ReB4 until the highest studied pressure (75 GPa).

Crystal structures of all boron-rich rhenium borides, ReBx (x
= 2−4), share many similarities (see Figure 3a,b,c,
respectively). They are composed of hexagonal layers of Re
atoms interchanging with a network formed by covalently

Figure 3. Crystal structures of the rhenium borides synthesized in the current work: ReB2 (a); ReB3 (b); ReB4 (c). All structures consist of
hexagonal layers of Re atoms (gray spheres) interchanging with a network formed by covalently bonded boron atoms (black spheres). Unlike ReB2,
triborides and tetraborides of rhenium possess short B−B distances oriented along the c-axis (highlighted with orange color). Insets show
coordination of individual boron atoms. Compressibility of interatomic distances and bonds in ReB3 (red, d) and ReB4 (blue, e): d1, d2, Re···B
distances; d3−d5, B···B bonds. Solid symbols are data retrieved from single-crystal X-ray diffraction measurements; dash lines correspond to the
values computed by DFT.
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bonded boron atoms. In the simplest case, the ReB2 boron
network is organized as a one-dimensional layer formed by
condensed six-membered rings in a chairlike conformation.
Similar layers can be found in gray arsenic (A7 type) and high-
pressure modification of black phosphorus.61 In order to
obtain the structure of ReB3, half of the boron atoms of such a
network should be arranged by additional boron atoms that
form B2 dumbbells oriented along the c-axis. The B−B
distances in the dumbbells are found to be the shortest ones in
the structure (about 1.66 Å at ambient pressure). In ReB4, all
atoms are arranged by such short dumbbells: the boron
network appears as double-layered chairlike sheets. Notably, in
metal diborides with an AlB2-type structure (dominant
structure type in diborides) where metal atoms are sandwiched
between flat graphene-like sheets [Bn]−, the coordination
number of metal atoms is 12. Due to the chairlike
conformation of boron rings in rhenium borides, the
coordination number is decreased to 8.

In the crystal structures of ReB3 and ReB4, since atoms
occupy highly symmetric special positions, only coordinate z of
some boron has to be refined; therefore only these few values
fully derive the set of the interatomic distances in the
corresponding structure. The significant differences between
scattering factors of rhenium and boron atoms result in large
uncertainties of determination of boron positions and
pronounced variations in interatomic Re−B and B−B distances
(Figure 3d,e). Nevertheless, the above distances agree with

those obtained from theoretical calculations within the
experimental uncertainties. Calculations suggest that the lowest
compressibility has a Re−B1 (d2 at Figure 3) distance oriented
along the c-axis, then come Re−B2 (d1) and the shortest
distance in boron dumbbells (d3) with a similar compressi-
bility, while the most compressible ones are the longer
distances in the boron network (d4, d5).

To obtain unit cell volumes and axial compressibilities, one
needs accurate lattice parameters at various pressures. In the
current work, we collected both single-crystal and powder
XRD data during the decompression. The studied sample had
multiple fine single-crystal grains. Due to large stresses, the
variation of unit cell volumes derived from various grains by
the single-crystal diffraction reaches 3%, preventing accurate
fits to an equation of state. In order to address this problem, we
used powder XRD data to get “averaged” unit cell parameters
over all grains. For a better comparison of the unit cell volumes
and axial compressibilities among the observed borides, we
selected a point on a sample where all three phases (ReB2,
ReB3, and ReB4) coexisted, and we performed Le Bail
refinement of the corresponding powder profiles (Figure
1c,d). The experimental values agree well with those obtained
by theoretical calculations (Figure 4). At ambient conditions,
the unit cell parameters determined in such a way are as
follows: ReB3, a0 = 2.9172(3) Å, c0 = 4.5809(8) Å, V0 =
33.760(8) Å3; ReB4, a0 = 2.9305(2) Å, c0 = 10.8148(14) Å, V0
= 80.434(12) Å3.

Figure 4. Unit cell volume, relative unit cell parameters, and c/a ratio of rhenium borides studied in the current work as a function of pressure:
ReB2 (a); ReB3 (b); ReB4 (c). Solid filled symbols represent experimental data; dashed lines correspond to the values computed by DFT.
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A pronounced change in volume compressibility appears
between 40 and 50 GPa, above which all borides seem to
become more compressible. Such behavior was observed above
35 GPa in ReB2 and explained by a change from uniaxial to
non-hydrostatic compression.62 When fitting with the single
third-order Birch−Murnaghan equation of state (EoS), this
resulted in a significant deviation of B0′ from the canonical
value of 4 and consequently overestimated values of bulk
moduli, B0 (Table 1). The fit with the second order EoS (when
B0′ is fixed to 4) gives similar values of the bulk moduli (333,
306, and 281 GPa for ReB2, ReB3, and ReB4, respectively),
which corresponds well with behavior of V/V0 ratios for all
three borides (Figure S5). Nevertheless, in the row ReB2 →
ReB3 → ReB4, there is a noticeable tendency for the bulk
moduli to decrease with increasing boron content.

Anisotropy in the bond compressibility, where the least
compressible bonds are preferably oriented along the c-
direction (Re−B1 (d2) and B−B distances in dumbbells
(d3)), agrees with the anisotropy in the unit cell parameters
where parameter a is more compressible than c. Both
parameters become more compressible with increasing boron
content (Figure 3). This anisotropy can be seen in the
calculated values of the elastic tensor of ReBx (x = 2−4)
(Table 2) where c33 is 50−75% higher than c11. All compounds
have high c33, especially for ReB2 and ReB4, where c33 (1010
and 999 GPa, respectively) becomes comparable to c11 of
diamond (1078 GPa70).
3.3. Stability of the ReB3 and ReB4 and Possible

Existence of Borides with Higher Boron Content. The
structural similarities of boron-rich borides suggest that they
form a homologous series and that other more complex
borides based on the similar principle of atomic organization
can exist. Having the first three members of such series, we can
suggest the following tentative recipe for generating structures
of borides with higher boron content. When staring with the
parent ReB2 structure (sp. gr. P63/mmc), one can obtain ReB3
by adding a boron atom to the groove in the chairlike boron
network (Figure S6) so that the formed short B−B bond
orients parallel to the c-axis. Every second layer of the Re hcp
network has to move by −1/3a + 1/3b to match the new
geometry of the B-network. At ambient pressure, the addition
of a single boron atom to the chemical formula increases the c

parameter by 1.66 Å (approximate length of the B2 dumbbell),
whereas the a and b parameters remain nearly unchanged
(Table S4). Borides with even numbers of boron atoms in the
chemical formula will crystallize in the P63/mmc space group,
while ones with odd numbers of atoms will have the space
group P6̅m2. The unit cell parameters and atomic coordinates
for ReBx with x = 5−7 constructed by this principle (after
geometry optimization with DFT) are given in Table S4.

We performed theoretical calculations to determine the
relative stability of the ReBx (x = 2−7) phases. For all the
studied borides, except the ReB7, we found no imaginary
frequencies at the phonon dispersion curves, suggesting their
dynamical stability at ambient pressure (Figure 5). As shown in
Figure 6, the borides with higher boron contents tend to
become thermodynamically stable at higher pressures. In good
agreement with the experimental data, ReB3 becomes stable
above 25 GPa. Theory significantly overestimated the stability
pressure for ReB4 (above 92 GPa vs 33 GPa in the
experiment); however ReB4 is located just 25 meV/atom
above the convex hull already at 30 GPa. The high
temperatures applied in the experiments probably allowed
overcoming this barrier and stabilizing metastable ReB4, while
ReB5 (sp. gr. P6̅m2), ReB6 (sp. gr. P63/mmc), and ReB7 (sp. gr.
P6̅m2) remain above the convex hull to at least 200 GPa.

Structure types of ReBx (x = 2−4) were observed in other
transition metal borides. The crystal structure of ReB4 (sp. gr.
P63/mmc) was found earlier in MoB4 and also proposed as a
ground state for IrB4

71 and RuB4.
72 The crystal structure of

ReB3 (sp. gr. P6̅m2) was proposed as a stable phase for WB3.
73

Since the atomic radii of 4d and 5d metals of groups VI−IX are
similar, one should not exclude the possibility that the
extended hexagonal boron networks can exist or be stabilized
in other transition metal borides at extreme conditions.

The fact that higher borides ReBx (x > 2) become
thermodynamically stable at high pressures is particularly
interesting, because compression promotes the boron network
to “grow” further in the c-direction by connecting single
puckered hexagonal boron layers through short B−B bonds:
starting from single-layer boron sheets in ReB2, via a shared-
corners 11/2 layer in ReB3, to double layers in ReB4 and triple
layers in ReB6, etc. (Figure S6). Further growth would end up
at an imaginary boron polymorph (we denote it as hP6-B) that

Table 1. Parameters of the Birch−Murnaghan Equation of State of Rhenium Borides Characterized in the Current Work along
with Literature Values: Volume V0, Bulk Modulus B0, and Its Pressure Derivative B0′ at Ambient Conditionsa

V0 (Å3), exptl V0 (Å3) B0 (GPa) B0′ ref

ReB2 expt 54.37(2) 54.4(2) 333(15) 4 (fixed) this work
0−65 GPa
DFT-GGA 55.34 331.0 4.12 this work
expt 54.53 364 3.53 ref 62
35−241 GPa

ReB3 expt 33.760(8) 33.76(2) 353(17) 2.2(6) this work
0−65 GPa 33.76(3) 306(5) 4 (fixed)
DFT-GGA 34.10 310.6 4.07 this work
DFT-GGA 320 N/A ref 18

ReB4 expt 80.434(12) 80.5(3) 366(24) 1.4(4) this work
0−75 GPa 80.43(fixed) 281(4) 4 (fixed)
DFT-GGA 81.17 301.9 3.92 this work

ReB5 DFT-GGA 47.06 285.8 3.99 this work
ReB6 DFT-GGA 106.88 283.6 3.91 this work
ReB7 DFT-GGA 59.98 270.5 4.00 this work

aExperimental unit cell volumes V0 of ReBx (x = 2−4) were derived by La Bail fit of corresponding powder XRD profiles.
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consists of such stacked layers and has a simple P63/mmc
crystal structure (Table S4). Even though the hP6-B becomes
stable against γ-B at about 200 GPa, ζ-(α-Ga type) still
remains lower in enthalpy to at least 550 GPa (Figure S7). At
ambient conditions hP6-B would have a density of 2.81 g/cm3,
which is 11% higher than that of γ-B (2.53 g/cm3, refs 74 and
75) and equal to ζ-(α-Ga type) boron (2.81 g/cm3, ref 76).

We cannot fully exclude the possibility that crystal structures
of ReBx (x > 4) based on different principle(s) of structural
organization would be more thermodynamically stable, but a
detailed study on the stability and crystal structure of rhenium
borides is out of the scope of the current work. It also should
be noted that a decrease in the Re:B ratio will likely favor
formation of boron clusters at some point. Structures where
metal atoms occupy the voids of 3D cages formed by the
interconnected boron clusters are found in many MBx (x ≥ 4)
compounds (see ref 8 and references therein). However, the
effects of the Re:B ratio, pressure, and temperature on the
possible formation of boron clusters in rhenium borides are
unclear at the moment, and therefore, investigation on these
properties is reserved for further studies.

3.4. Mechanical Properties. The measured nanoindenta-
tion hardness of a mixture of ReB3 and ReB4 is 33.6(2.9) GPa
(Figure S3). Using elastic constants derived from theory, we
calculated bulk (B), shear (G), and Young’s (E) moduli,
Poisson’s ratio (σ), and B/G for ReB2 (x = 2−6) based on the
Voigt−Reuss−Hill approximation.77 Vickers hardness (HV)
values were estimated according to Chen’s model:69 HV =
2(k2G)0.585 − 3, where k = G/B is Pugh’s ratio. The estimated
values compare well to our experiment (see Table 2),
indicating that the use of Chen’s model is reasonable for the
studied systems. Therefore, similar estimations of the hardness
based on the calculated elastic moduli were done for other
rhenium borides found in the literature and for pure rhenium
and γ-boron (see values in Table 2; variation of B, G, E, and HV
as a function of Re content is shown in Figure 7). The B/G
value is employed in theoretical calculations to analyze
ductility/brittleness of a material; an empirical border between
these characteristics is often set to 1.75 (i.e., ductile materials
are expected to have a B/G above 1.75 and brittle ones, below
1.75).78 Based on this approach, all ReBx compounds (x = 2−
7) should be brittle, agreeing with their crystal structures

Figure 5. Phonon dispersion relations and phonon density of states (DOS) at ambient pressure calculated in the harmonic approximation for ReBx
phases (x = 2−7).
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Figure 6. (Left) Distance to the convex hull of ReBx (x = 2−7) phases as a function of pressure up to 200 GPa. ReB3 becomes a stable phase at 25
GPa, ReB4 is stable at 92 GPa, and ReB5, ReB6, and ReB7 are above the convex hull at all considered pressures. (Right) Convex hull plots at
pressures of 30, 100, and 150 GPa. Open circles are metastable phases, and filled circles are stable phases sitting on the convex hull. As a guide to
the eye, the most relevant ReBx (x = 2−7) phases are given by larger circles and are colored in accordance with the left image.

Figure 7. Variation of bulk (K), shear (G), and Young’s (E) moduli and Vickers hardness (HV) with rhenium content in the borides. Open symbols
correspond to calculated values; solid symbols, to experimental ones. Black symbols correspond to literature values; orange stars, to values derived
for a particle containing both ReB3 and ReB4.
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featuring strong covalent bonds. Another measure of the
degree of covalent bonding is the Poisson ratio (σ), defined as
a negative of the ratio between transverse and longitudinal
strain under uniaxial stress. The Poisson ratio slightly increases
from 0.18 for ReB2 to 0.22 for ReB6 due to the increase of
strong B−B bonds in the crystal structure.

All boron-rich borides are highly incompressible (B > 270
GPa), while bulk moduli monotonically increase with an
increase in rhenium content (Figure 7). Although the bulk
modulus itself determines resistance of the material to the
isotropic compression, a higher bulk modulus would not
single-handedly result in higher hardness. The second and even
more important characteristic is the ability of the material to
resist shear stresses, which is characterized by the shear
modulus G. The rhenium-content dependence of G (E and HV
as well) is not monotonic: it has two maxima, namely, at
around ReB2 and γ-B (Figure 7). While G, E, and HV drop
abruptly for RenB1−n (n > 0.67), they remain relatively high for
compositions with n ≤ 0.67, suggesting fairly good mechanical
properties for these compounds. Applying high pressures to
the synthesis of boron-rich rhenium borides along with
chemical doping can open a route to novel hard materials.
3.5. Electronic Properties of ReBx. The electronic DOS

has been calculated for all ReBx compounds (x = 2−7) at
ambient pressure and is presented in Figure 8. Electrical
resistivity measurements show that ReB3 and ReB4 are metals.
Our calculations confirm that all compounds have metallic
electronic structure, owing to the finite DOS at EF. Starting

with ReB2, there is a significant hybridization between Re-5d
and B-2p states in the valence band. In fact, it survives in the
conduction band. The hybridization between these two
orbitals indicates strong covalent bonding. As B is more
electronegative than Re, there is a charge transfer from Re to B,
characteristic of ionic bonding, making the boron sublattice
isoelectronic to neutral carbon, at least in ReB2. In the work of
Robinson et al.,79 bonding properties of different metal borides
were investigated theoretically. They noted how a metal that is
too covalent with boron negatively affects incompressibility of
the metal boride, and a metal that is too ionic with boron
lowers the shear strength. It is concluded that Re in ReB2
provides the perfect electron count to balance covalent and
ionic behavior, akin to its superhardness. Furthermore, the
overlap between Re-5d and B-2p remains in all ReBx
compounds. The overall shape of the DOS below EF is the
same for all boron concentrations, with the most noticeable
difference being the deepest valence states, dominated by B-2s,
getting shifted downward upon further addition of boron.
Moreover, as one could expect, it is apparent that Re
contributes less to the total DOS as the boron concentration
increases.

There is a peak in the DOS of ReB2 at EF, mainly consisting
of Re-5d states. This type of peak was also seen in the work of
Alling et al.80 in the related 3d metal diboride TiB2. Symmetry
projection of Ti d-states in TiB2 revealed that this feature
mainly comes from 3dz2 and 3dx2−y2 states, and it even survives
in pure hexagonal Ti. If ReB2 is understood within a rigid band

Figure 8. Calculated electronic DOS of ReBx (x = 2−7) at ambient pressure. Energies are presented with respect to the Fermi energy of each
compound. Black solid lines are the total DOS, while red and purple are for Re and B, respectively. Explanations for the partial s-, p-, and d-orbital
contributions are given in the legends.
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model, with three additional electrons, it is therefore indicative
that this peak in the DOS is due to Re 5d−5d hybridization in
the c-direction. As more boron is added between the hexagonal
Re layers, this hybridization likely weakens. Nevertheless, from
the viewpoint of an electronic structure, the general
resemblance of the boron-rich ReBx phases suggests they
should have mechanical properties comparable to ReB2.

Interestingly, the DOS of ReB2 shows a higher peak at EF
than those of the ReBx despite the fact that the former is the
most stable phase at ambient pressure. One could argue that
the one-electron contribution to the total energy determined
by the DOS should favor structures with higher B content.
However, this is only one contribution to the total energy,
which also includes other terms. One-electron energy often
dominates phase stability of different polymorphs for materials
with metallic bonding. However, it is often insufficient for a
discussion of relative stability of phases with different
compositions and complex chemical bonding, discussed for
Re borides above. Moreover, one should remember that
electronic states around the Fermi energy are of Re character,
and their contribution to the total DOS calculated per atom
gradually decreases due to an increase of the boron relative
content. Furthermore, the instability of greater boron rich
compositions at ambient pressure is related to energetics of the
boron−boron bonds that are not reflected by the DOS around
the Fermi level. The calculations of the enthalpy employed for
quantitative analysis of the phase stability in Figure 6 include
all the contributions to the total energy, as well as the PV term.

4. CONCLUSIONS
We report successful syntheses of ReB3 and ReB4, two borides
with the highest boron contents in the Re−B system. Their
crystal structures determined by single-crystal X-ray diffraction
demonstrate striking similarities with well-known hard ReB2,
where hexagonal sheets of rhenium atoms interchange with
layers formed by puckered six-membered rings of boron in the
chair conformation. The new compounds possess short
incompressible Re−B and B−B bonds oriented along c-axes,
which result in anisotropy in axial compressibility, elastic
tensor constants, and mechanical behavior.

We postulate the existence of borides with even higher
boron contents such as ReB5, ReB6, and ReB7 that might be
organized by the same principle as ReBx (x = 2−4) and be
stabilized at high pressures. The synthesized and proposed
borides can be described as intercalated compounds where
rhenium atoms in close-packed layers are located between the
fragments of an inferred ultradense hP6-boron network.

Our study demonstrated the advantages of using single-
crystal XRD diffraction at high-pressure studies in DACs. The
method can be applied as an ultimate chemical probe for fast
screening of the compositional space at specific pressures and
temperatures. The derived PT conditions of synthesis in DACs
can then be used for the scale-up synthesis of the novel
promising compounds in a large-volume apparatus.
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