Reduction of the bulk modulus at high

pressure in CrN
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Nitride coatings are increasingly demanded in the cutting- and machining-tool industry owing to their hardness, thermal
stability and resistance to corrosion. These properties derive from strongly covalent bonds; understanding the bonding
is a requirement for the design of superhard materials with improved capabilities. Here, we report a pressure-induced
cubic-to-orthorhombic transition at =1GPa in CrN. High-pressure X-ray diffraction and ab initio calculations show an
unexpected reduction of the bulk modulus, Kg, of about 25% in the high-pressure (lower volume) phase. Qur combined
theoretical and experimental approach shows that this effect is the result of a large exchange striction due to the approach
of the localized Cr:t® electrons to becoming molecular-orbital electrons in Cr-Cr bonds. The softening of CrN under pressure is
amanifestation of a strong competition between different types of chemical bond that are found at a crossover from a localized

to a molecular-orbital electronic transition.

strongly covalent and directional bonds responsible for

its hardness and ultralow compressibility. These properties
make diamond widely used in coatings, polishing and cutting in
the tool industry even though the cost of its artificial synthesis
and its ineffective cutting of ferrous materials limit its practical
applications. Group IV nitrides, BN, PIN and some metallic
carbides or borides present a set of mechanical properties that
could make these materials an alternative to diamond'*. However,
some of them are economically and environmentally expensive
as a result of synthesis under extreme conditions, which has
hampered their widespread application. On the other hand,
chromium nitride (CrN) has raised many expectations over recent
years as it combines an ease of film deposition, high thermal
stability and corrosion resistance with the prediction of a very
large bulk modulus (K = 361 GPa; refs 5, 6). Yet, in spite of
this high potential, experimental measurements of K; in CrN
are lacking. This lack of data is most probably due to the
difficulty of preparing stoichiometric samples, which has resulted
in different and even contradictory reports about its structural and
electrical properties™®.

Here we report a drastic, about 25%, reduction of Kj in
stoichiometric CrN above =1 GPa. Combining the experimental
structural and magnetic data with ab initic calculations, we
demonstrate that this anomalous softening has its origin in a
purely electronic effect.

The results of the X-ray diffraction experiments at different
temperatures and pressures are summarized in Fig. 1. All the
results discussed in this work correspond to polycrystalline samples
synthesized by ammonolysis of CryS;. We have developed this
method, which presents many advantages over similar synthetic
routes that use Cr;5; as a starting material (see Methods section).
Previous studies®"” showed that stoichiometric CrN presents a

_|_he four sp* hybrids of carbon in diamond form the

cubic rock-salt (space group Fm3m) paramagnetic structure at
high temperature that becomes orthorhombic (space group Prma)
and antiferromagnetic (AF) below 285 K; the structural transition
was tentatively attributed to a large exchange-striction effect'!. We
observed the first-order structural transition at 286 £ 1 K (282 £ 1 K)
with increasing (decreasing) temperature (inset to Fig. | and
Supplementary Fig. 51). The volume change at the transition is
0.56%, as determined from the Rietveld fitting of the X-ray patterns
at different temperatures. Comparing the structural data with the
systematic study in ref. 10 corroborates that our samples are of the
highest quality (see Supplementary Information for details).

The pressure dependence of the volume was measured up to
20 GPa with synchrotron radiation (Fig. 1). At room temperature
we observed a pressure-induced structural transition at =:1GPa
from the low-pressure Fm3m to the high-pressure Prma struc-
ture. The small dependence of the peak positions on pressure,
particularly below 1GPa, indicates a very small compressibility
that increases somewhat at higher pressures. The lattice parame-
ters under pressure were refined by Rietveld fitting of the X-ray
patterns, and the volume—pressure data were fitted to the Birch-
Murnaghan equation'

P =3Kyfe(1 +2f:)? (I +§EK-' —4}fa) (1)

where Kj is the zero-pressure bulk modulus, K" = 8K, /3P and
fe=1/2[(Vy/ V)33 — 1] is the Eulerian strain. The results are shown
in Fig, 2 with K fixed to the canonical value of four.

We have observed ~1% difference between the lattice parame-
ters determined at ambient pressure inside the diamond anvil cell
and those obtained in the conventional X-ray laboratory set-up used
for the temperature scans. For this reason, the zero-pressure volume
Vy used in this plot was determined in the same experimental
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Figure 1 | Summary of the X-ray results at different p ressures and
temperatures. The peaks occur at different angles, 28, inthe temperature
and pressure runs owing to the different wavelengths used for the twe
experiments (see Methods section). At room temperature, the transition
between the low-pressure Fm3m and high-pressure Pnma phase occurs at
=] GPa with increasing pressune. Left inset: Detail of the evelution of the
X-ray pattern taken with decreasing temperature across the Fm3m-to-Prnma
transition. Right inset: (001) cation planes of the Fm3m structure of CrM,
with the Pnma unit cell indicated with dashed lines and Cr magnetic order
after ref. 9.

conditions as the high-pressure data to minimize the errors. There
is a clear break in V(P) at the Fm3m—Pnma structural transition
with an increase of slope at high pressure (see the lower inset to
Fig. 2), which points towards a large reduction in K; above the
transition. The fittings of V (P) above the structural transition result
in K = 243(10) GPa for the orthorhombic structure stable at high
pressure. Small variations from K’ =4 do not improve the fitting or
significantly vary the results. The results at high pressure have been
verified through the use of reduced variables, where the reduced
pressure is defined as'?

Ff=—/—— M
ST ESIAE

The results are shown in the upper inset to Fig. 2, giving
Ky = 260(10) GPa, similar to the value derived from direct
fitting to equation (1).

On the other hand, the small number of points that we were able
to place below 1 GPa makes estimation of a reliable value for K in
the cubic phase difficult. Also, because of the proper definition of
Fg, the error increases very much as P is reduced, making impossible
this analysis for the low-pressure cubic phase to double check the
large value of K obtained by direct fitting to equation (1).

The change in Kj is supported by the temperature dependence
of the dynamic Young's modulus, E. There is a hardening of
the material as well as a strong reduction in the temperature
dependence of E of about 40% at the cubic phase with respect
to the lower-temperature orthorhombic structure (Supplementary
Fig. 53). A strong change was also observed in the internal friction
(Supplementary Fig. 53). These experimental results suggest a
change in the bulk modulus at the structural phase transition,
although we cannot obtain an absolute value for each phase
from this experiment.

Previous reports showed E to be in the range of 324400 GPa
(ref. 13}, and the Vickers hardness to be 1750 (ref. 14). However,
all of them correspond to the phase stable at room tempera-
ture, the cubic phase.
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Figure 2 | Volume-pressure data of CrM fitted to the Birch-Murnaghan
equation of state, truncated at second order (K' =4). Upper inset:
Mormalized pressure versus Euleran strain for the high-pressure
arthethombic phase of CrM and for VM. Lower inset: Comparison of the

|ow -pressure data inCrN and VN. The compressibility of the orthorhombic
high-pressure phase in CrM is similar to that of metallic VN and is much
smaller than that of cubic Cri. Dashed and solid lines are guides to the eye
and fits to the Birch-Murnaghan equation, respectively. Horizental
(wertical) eror bars come from the uncertainty in the determination of the
pressure (lattice parameters).

Therefore, to provide further confirmation of the reduction
of K; at the structural transition, as well as to confirm the
values measured, we have calculated ab initio the bulk modulus
in both phases. Our calculations were made with the general-
ized gradient approximation and the WIENZk package, on the
basis of the full-potential (linearized) augmented plane-wave
((L)APW) + local orbitals {lo) method. We have used the data
obtained from the high-resolution synchrotron experiments as the
starting point for the structural relaxation. Our calculations show a
change from Ky Fmi3n) =340{10) GPa to Ky(Prnma) =255(5) GPa,
confirming a drastic reduction (/:25%) of the compressibility in the
orthorhombic phase.

We have also calculated the values of K; within the LDA
approximation to the exchange—correlation potential with the
WIEN2k code, obtaining the results of 430GPa for cubic CrN
and 260GPa for orthorhombic CrN. Although the value for
the cubic phase is larger in this case, they give strong support
to our conclusions about the change in the bulk modulus of
CrN at the pressure-induced structural transition. Also, we have
calculated a value of 280(10)GPa for VN in the generalized
gradient approximation, and 250 GPa within the LDA. Any of
them correlates very well (within 10%) with our experimental
estimation of 265(5). This agreement provides extra support for the
accuracy of our calculations.

The value of the cubic Kj is among the largest reported in
nitrides, comparable to those of PtN;, IrN;, MoN, BN, RuN; or
other systems such as OsB; (refs 4, 6, 15-19). Moreover, CrMN shows
the advantage over the other materials of an easy ambient-pressure
and non-hazardous synthesis. In the high-pressure orthorhombic
phase, K decreases to values typical for other metallic nitrides such
as TiN or VN (K = 265(5) GPa from the plot in the inset to Fig. 2;
see also Supplementary Fig. 52).

The strong reduction of Ky will most probably be reflected in
a variation of the hardness of CrN owing to the correlation that
normally exists between the two effects, and so an experimental
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Figure 3 | Ab initio calculation of the charge-density difference between
the high-pressure Pnma and low-pressure Fm3m phases of Cri.

Cr=Cr and Cr-N distances at both pressures were normalized for the
subtraction of electron densities. Thene is an appreciable charge transfer
from the Cr e, orbitals directed along the covalent Cr-M bond (negative
peaks along (1007 and [0101) towards the ionic ta, orbitals of the Cr-Cr
bonds (positive peaks along [1107). Some degree of charge delocalization
along Cr-Cr bonds is observed with increasing pressure, as confirmed by
magnetic measurements under pressune (see the text).

determination of the hardness in both crystallographic phases
is highly desirable. This could have important technological
implications, because the Pmma phase should be avoided for
certain practical applications; note that this transformation will also
occur below 285K at ambient pressure. Similar variations in the
hardness/compressibility have been reported in other systems, for
example in stressed Zr;N;, and BN, to be associated with structural
transitions”™*'. Hence, to design superhard materials with superior
capabilities, it is imperative to reach a precise understanding of the
changes in the chemical bond that lead to such remarkable effects.

The large K, of cubic CrN is presumably due to strong,
directional bonds between the Cr:3d (g;) and N:2p orbitals that
must be modified in the Pnma phase at some energy cost. The
results of the redistribution of charge density across the structural
transition obtained by ab initio calculation confirm this point
{Fig. 3). There is considerable charge transfer from the Cr orbitals
that form the covalent Cr-N bonds towards the Cr—Cr bonds at the
transition from the Fm3m to the Pnma phase. Surprisingly, none
of the previous calculations have captured any of these important
effects. The increasing instability of the Cr—Cr equilibrium bond
length is also manifest in the linear dependence of the lattice thermal
conductivity in the cubic phase (Supplementary Fig. S6).

On the other hand, as the Pnma phase is stabilized below Ty, even
at high pressure (Fig. 4), the driving force for the transition must be
a strong exchange striction, and the magnetic structure from neu-
tron diffraction® should be very helpful to elucidate the nature of the
chemical bond in CrN. The magnetic order (Fig. 1, right inset) con-
sists of AF 180° Cr—N-Cr interactions within the (001) planes and
ferromagnetic (FM) 180° Cr—N—Cr [001]-axis interactions. As the
g, orbitals of an octahedral-site Cr** ion are formally empty, only
the AF semicovalent exchange component contributes to the 180°
Cr—N—Cr interactions™. Then, in CrN the magnetic order is driven
by a stronger AF Cr—Cr interaction that competes with an FM
90° Cr-N-Cr interaction. Where an FM and an AF interaction of
comparable strength compete with each other, as in the (001) planes
of R**Mn0Q); perovskites, an exchange-density wave consisting of al-
ternating FM and AF interactions may be stabilized™. On traversing
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Figure 4 | Pressure dependence of the magnetic transition temperature,
Tw, of the Pnma phase. The line is a linear fitting to the data. Inset:
Temperature dependence of the molar susceptibility at different pressures,
The points of the main panel are obtained from the minimum in the
derivative of these curves at each pressure.

the [001] and [010] axes, the Cr—Cr interactions alternate between
FM and AF as in an exchange-density wave within the (001) and
(010} planes. The interactions between the (100) and (010) planes
are ordered so as to allow three short Cr—Cr bonds per Cr atom to
enhance the AF coupling. A careful inspection of the structural data
shows that the ambient-pressure Cr—Cr distance of ~2.933(3)A
in the cubic phase, splits into two non-equivalent distances below
the orthorhombic transition: a long one (~2.965(5)A) along the
FM [110] direction, and a short one (~2.883(5)A) along the AF
[110] direction. The Cr—N distance remains practically unchanged.
The same effects are observed with increasing pressure, which
reduces the short Cr—Cr distance along [ 110] even more. The charge
redistribution associated with this transformation can be seen in
Fig. 3. On the other hand, short Cr—Cr bond lengths are close to the
itinerant {molecular orbital) electron limit for edge-shared octahe-
dral Crsites in oxides™. At crossover in, for example, LiVO; and the
spinels Zn[V;]0,, Cullr;]5; and Mg[Ti; 10y, cooperative homopo-
lar bonding is stabilized in M—M pairs at low temperatures™*2°,
Particularly relevant to the present case could be the report of
alternate short—long bonds in IrN; due to a Peierls distortion'®,

Where the deformation introduced by this cooperative bond
formation is resisted by the other bonding in the lattice, as is the
case for the strong, directional Cr-N bonds in CrN, the enhanced
M-M bonding in the low-temperature phase may only reduce the
net localized spin without forming spin-paired homopolar bonds.
The thermal hysteresis, the abruptness of the transition and its
sensitivity to cation/anion stoichiometry supports the cooperative
nature of the transition in CrN. On the other hand, the shape
of the x(T) curve (see Supplementary Fig. 54) and a low spin
moment of 2.5(1) p/Cr decreasing with pressure obtained from
our LDA + U calculations are fully compatible with some spin
reduction in the AF Cr—Cr bonds.

To test this possibility further, we have monitored the pressure
dependence of the magnetic exchange interaction. In a localized-
electron system that approaches the localized-to-itinerant elec-
tronic crossover, a sharp increase with decreasing Cr—Cr separation
in the spin—spin superexchange parameter’”

fcxr—z (2)
U



occurs because an enhanced screening makes the intra-atomic
Coulomb energy U decrease sensitively as the spin-dependent
Cr—Cr charge-transfer expectation value r increases. The volume
dependence of ¢ has been calculated by Harrison™ to be J o V1%,
which is the basis of the phenomenological Bloch equation® for
magnetic insulators: @ = (3lnTy/#lnV) == —3.3. Small deviations
from o = —3.3 can be used to define the limit of applicability
of crystal-field theory on the approach to itinerant-electron
behaviour®. The results for the pressure dependence of Ty are
shown in Fig. 4. The magnetic transition temperature increases at
artate of dInTy/dP=2.77 x 1072 GPa~'. As the magnetic phase is
the low-temperature Prrma, we used Ky = 243(10) GPa to calculate
an o = —6.7(2), much higher than expected from superexchange
theory for Cr—Cr superexchange.

This result invalidates the assumption of a pressure-independent
energy U in the localized-electron superexchange theory behind
equation (2) and confirms a partial electronic delocalization in the
Prma phase along the short Cr—Cr bonds. We think that these types
of magnetic experiment are very useful in the investigation of the
nature of the chemical bond and could be applied to other hard
magnetic systems with transition-metal ions®'.

Also, our results suggest that the strong electronic correlations
not considered in previous LDA calculations'! could be an
important ingredient to understand the structural instability. It
is perhaps pertinent to note that the softer K values of VN and
TiN may also be due to an itinerant-electron M—M bond that is
longer than its equilibrium value. In these materials, both cation
and anion vacancies are introduced to reduce the M—M separation,
but at the expense of the M—M bonding. Pressure reduces the M—M
separation towards the equilibrium wvalue for itinerant-electron
bonding, thereby softening Ky The Cr—N distances remain practi-
cally invariant across the transition, and hence we could assume that
their force constant changes little. Then, the higher compressibility
of the lower-volume phase is made possible by the longer-than-
equilibrium Cr—Cr bond length, which results in a smaller variation
of the internal energy with the volume than expected.

In summary, the large K, of the cubic phase makes CrN
a very incompressible material. However, the material softens
dramatically in the low-temperature/high-pressure AF Pnma
phase. An exchange-striction distortion sensitive to pressure is
compatible with a localized r;x configuration on the Cr atoms
that approaches the itinerant-electron crossover from the localized-
electron side. The approach to crossover commonly results in
a cooperative formation of cation clusters in which homopolar
or itinerant-electron bonds are formed and electron spins are
paired. However, the strong, directional Cr—N bonds apparently
resist a deformation that is large enough to pair the spins
completely. Softening of the lattice reflects the fact that Cr—Cr
bonds between AF-coupled Cr can be strengthened by a pressure
that reduces further the Cr—Cr separation against the resistance of
directional Cr-N bonds.

These results suggest that the mechanical properties of superhard
CrN may be improved through the fabrication of tensioned
films or nanostructures that suppress the cooperative cubic-to-
orthorhombic transition®. The ease of fabrication of nitrides in the
form of nanoparticles and sputtered films at mild conditions makes
cubic CrN asuitable alternative to other hard systems.

Methods

Synthesis and characterization of the samples. Stoichiometric Crid was
synthesized by treating the spinel CrsS¢ in an NH; flow at 800 °C for & h with an
intermediate grinding. Cry5, was previously synthesized in evacuated silica tubes
from elemental 5 and Cr heated at 1,000=C for 24 h. This method provides pure
single-phase samples of CrN with a cubic lattice parameter at room temperature
a=4.148{1)A (see Supplementary Fig. 51}, consistent with stoichiometric Criv.
This method shows a significant improvement over the results obtained by the
ammonolysis of CrzSs (ref. 7). A similar method was used to prepare VN

The Cr/N ratio was further verified to be 1.01{2) by X-ray photoemission
spectroscopy. The X-ray photoemission spectroscopy measurements were
made with a VG Escalab 250 iXL ESCA instrument (VG Scientific), equipped
with an aluminium K1, 2 monochromatized radiation at 1,486.92 ¢V X-ray
source. Photoelectrons were collected from a take-off angle of 907 relative
to the sample surface. The measurement was made in a constant analyser
energy mode with a 100eV pass energy for survey spectra and 20 eV pass
energy for high-resolution spectra. Charge referencing was done by setting
the lower-binding-energy C |s photo peak at 285.0€V. The surface elemental
composition was determined by using the standard Scofield photoemission
cross-sections. The compositional analysis after %0 s of Ar-ion cleaning yielded
an atomic ratio of Cr/N = 1.01(2), confirming the excellent control over the
stoichiometry of the samples. A similar result of V /N = 1.02(3) was found for the
samples of VN (see Supplementary Fig. 54).

X-ray powder patterns at different temperatures were collected in a
diffractometer with a rotating anode with wavelength & = 1.5418 A (Cu Karl) and
a two-dimensional detector.

High-resolution X-ray diffraction under pressure {up to 20GPa) was
carried out at Station 95 HPT (& = 0.44397 A) of the Daresbury Synchrotron
Radiation Source, UK (ref. 32), with diamond anvil cells from EasyLab. A 4:1
CH30OH:C3HzOH mixture was used as the pressure medium. Ruby fluorescence
was followed as an internal manometer before and after the measurement to check
any possible relaxation of the pressure. Several runs with different samples were
made under increasing and decreasing pressure, proving that the results are fully
reversible and perfectly reproducible.

The temperature and pressure dependencies of the lattice parameters
were obtained from the Rietveld fitting of the powder patterns at different
temperatures with the program Rietica (hitp:/fwww.rietica.org/index.htm).
Standards of 5i and LaB, were used as a reference to refine the instrumental
parameters in the pressure and temperature equipment respectively (see
Supplementary Figs 51 and 52).

Magnetic susceptibility under pressure up to 1 GPa was measured in a
superconducting quantum interference device magnetometer in a commercial
Be—Cu cell {from Easylab). Daphne 7373 paraffin oil was used as the transmitting
medium. The pressure dependence of the superconducting transition in Sn was
used as an internal manometer.

Electrical resistivity was measured by the four-point method in a FPMS from
Quantum Design. The measurements were made on sintered pellets previously
pressed at #=0.3 GPain a tungsten carbide anvil.

Thermal conductivity was measured by the steady-state method in a
home-made set-up (see Supplementary Fig. S6).

Ab imitio caloulations. Calculations on the basis of the density functional theory
were carried out with the WIENZk software™ and a full-potential, all-electron
scheme on the basis of the AFW + lo method™. The muffin-tin radii chosen were
1.%%9 aq for Cr and 1.76 as for N, where ao is the Bohr radius. Local orbitals were
added to improve the flexibility in dealing with semicore states (Cr 35 3p and N 25).
All the calculations converged with respect to the parameters wsed, up to
R=tKmz =6 and a k-mesh 12 x 12 = 12 in the irreducible wedge of the Erillouin
zome. The parameter By Ky, controls the size of the plane-wave basis, and is
defined as the product of the plane-wave cut-off and the smallest atomic-sphere
radii { muffin-tin radii).

The value of the bulk modulus of Cri in both structures was calculated with
the generalized gradient approximation as an exchange—correlation functional®.
The paramagnetic phase was simulated by using the structural parameters in
the paramagnetic regime and carrving out a non-magnetic caloulation without
considering the spin degrees of freedom of the system. Typical deviation within
5-10% with respect to experimental determinations is typically due to the quality
of the fittings and the different numbers of points used.

The electronic structures of the low-pressure paramagnetic, cubic rock-salt
structure and of the high-pressure AF orthorhombic structure were calculated by
introducing strong correlations by means of the LDA + U method® to deal with
the Cr d electrons. We used a value of U'=4 &V (effective U7, U/ — J, where U is the
on-site Coulomb repulsion and | the on-site Hund exchange coupling). The main
conclusions of the paper are independent of the exact choice of L.
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