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Abstract

Properties of the Cr(100)/Fe(100) and Cr(110)/Fe(110) interfaces are investigated with spin-polarized density functional theory
within the generalized gradient approximation (DFT-GGA) for electron exchange and correlation. Contrary to earlier predictions for
a monolayer of Cr on bulk Fe, we find intermixing of Cr and Fe at the interface of thick films to be endothermic; hence here we focus
on characterizing abrupt, unalloyed interfaces. The ideal work of adhesion for both the (100) and (110) abrupt interfaces is predicted
to be ~5.4 J/m%. We propose that this anomalously strong adhesion between heterogeneous interfaces is derived from significant spin

correlations and d-d bonding at the interface.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Chromium is used as a protective coating on steel in
many areas of industry due to its high melting point and
wear resistance. For example, steel gun barrels are sub-
jected to extreme operating conditions during firing, such
as high pressures, high temperatures, mechanical stresses,
and corrosive blast gases [1]. Steel alone will erode rather
quickly under these conditions and alloying the steel is
not enough to withstand the high temperatures and corro-
sive gases. Currently, the Army protects the inside of gun
barrels with a thin coating of Cr. While the Cr layer pro-
vides good thermal protection and adheres strongly to
steel, this coating still presents some drawbacks. The elec-
troplating process used to deposit the Cr leaves behind
small micro-cracks which allow blast gases to penetrate
through, corrode the steel, and erode the interface, leading
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to spallation of the Cr layer [1]. This damage necessitates
frequent maintenance that affects Army logistics. After
spalling, the Cr is swept out of the gun tube during subse-
quent blasts, which leads to another problem: environmen-
tal contamination. In an oxidizing environment, Cr will
eventually become Cr(VI), which leads in turn to the for-
mation of toxic and carcinogenic chromates in the soil
[2,3].

The search for potential alternative protective coatings
for steel has been aimed primarily at ceramic coatings/
liners (see, e.g. [4] and references therein). Ceramic/iron
interfaces have been studied experimentally, e.g., alumina
growth on Fe(110) [5] and MgO/Fe [6]. First principles
quantum mechanics has been used by our group and others
to characterize metal-carbide and metal-silicide ceramic/
iron interfaces (e.g., ZrC [7], TiC [8-10], and MoSi, [11]
on Fe substrates).

While ceramics are promising in terms of hardness and
thermal protection potential, it is not clear whether they
will bond to the steel strongly enough to withstand the
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mechanical shocks and stresses associated with the firing of
a projectile. As a baseline point of comparison during the
search for alternative coatings that adhere strongly to steel,
it is important to investigate the very stable Cr/Fe interface
currently employed, in order to discern the origin of its
strong adhesion. Such insights may help in the design of
less toxic, more robust, alternative coatings.

In addition to coatings applications, Cr—Fe interfaces
also garner attention from the electronics industry, since
the junction of ferromagnetic (FM) Fe with anti-ferromag-
netic (AF) Cr exhibits giant magnetoresistance (GMR). Fe/
Cr/Fe sandwiches have become a prototype system for
studying this effect. Recent DFT calculations predicted
that GMR in Fe/Cr/Fe sandwiches is affected by the FM
layer thickness [12,13]. The magnetic ordering of Cr
ultrathin films on an Fe substrate has been probed by using
surface-sensitive techniques, including spin-polarized elec-
tron-energy-loss spectroscopy [14] and spin-polarized elec-
tron emission spectroscopy [15], with both probes detecting
AF coupling at the interface. A monolayer of Cr on an
Fe substrate has been examined using spin-polarized
DFT within the generalized gradient approximation
(GGA) [16,17] and the interface Green’s function technique
[18], with both methods predicting AF coupling of the Cr
monolayer to the Fe substrate, in agreement with experi-
ment. From a structural standpoint, DFT calculations
[16,17], Auger-electron spectroscopy [19,20], and scanning
tunneling microscopy [21] all have provided evidence of
Cr-Fe alloy formation for ultrathin (<1 ML) Cr films on
Fe. Semi-empirical tight-binding (SE-TB) calculations pre-
dicted Cr-Fe intermixing to be favorable in thicker
(~6 ML Cr) films for certain magnetic configurations
[22], but to our knowledge no first principles calculations
have investigated thicker films until the present work. Epi-
taxial growth of Cr on Fe (001) carried out at elevated
temperatures (~300 °C) does lead to intermixing, however
this may be kinetically driven since such intermixing is sup-
pressed somewhat at lower temperatures [20]. Here we
employ DFT to investigate properties of both abrupt and
alloyed Cr/Fe interfaces in thick films.

2. Calculational details

We performed plane-wave-based, spin-polarized peri-
odic DFT calculations with the Vienna ab-initio simulation
package (VASP) [23,24]. The all-electron (frozen core)
Projector Augmented Wave (PAW) DFT method was
employed [25,26]. The GGA of Perdew, Burke, and
Ernzerhof (PBE) was utilized for the exchange-correlation
functional [27]. We used the standard versions of the PAW-
PBE potentials for Fe and Cr supplied with VASP. The
PAW method was employed instead of a pseudopotential
technique because it has been shown recently that conven-
tional spin-neutral ultra-soft pseudopotentials (USPPs)
produce the wrong ordering of some magnetic states of
bulk Fe [28,29], while the PAW potentials produce the cor-
rect ordering of states. Similarly, the GGA for the electron

exchange-correlation functional was used because the local
density approximation (LDA) predicts the wrong ground
state for Fe (hcp instead of bee) [28,30].

We performed calculations on two bee Cr/bee Fe inter-
faces: (100)/(100) and (110)/(110). We did not consider
the bee Fe(111) surface, since it has a significantly higher
surface energy and therefore is less likely to be present as
a facet on a polycrystalline substrate during Cr deposition.
We increased the k-point sampling for bulk and interface
cells until the total energy was converged to within
5meV/atom. For bulk Fe and Cr, we used a 15x 15 x
15 k-mesh on the primitive 2-atom bcc unit cell to obtain
lattice constants and bulk magnetic moments. We used a
15x15x 1 k-mesh for the (100) interface, resulting in a
k-point spacing of 0.1478 A™' in the periodic x- and
y-directions. A k-mesh of 15x 11 x 1 was employed for
the (110) interface producing a k-point spacing of
0.1478 A~' in the x-direction and 0.1425A' in the
y-direction. The kinetic energy cutoff for the plane-wave
basis was increased until the total energy was converged
to within 1 meV/atom. As a result, in all calculations, we
used kinetic energy cutoffs of 400 eV for the pseudowave-
functions and 511eV (402¢V) for the Fe and Fe/Cr
(pure Cr) augmentation charges.

The atoms were relaxed to within a force tolerance of
0.05 eV/A using a conjugate-gradient algorithm. In order
to obtain accurate forces, the first-order Methfessel-Pax-
ton method [31] was used for Fermi-surface smearing
with a smearing width of 0.1 ¢V. The error introduced in
the total energy (extrapolated to 0 K) by this small smear-
ing width is less than 1 meV/atom.

Using these parameters at the PAW-GGA level of the-
ory, we obtain good agreement with experiment for bulk
properties of FM bce Fe and AF bee Cr. The predicted
equilibrium lattice constant for Fe is ay = 2.834 A, the pre-
dicted bulk modulus is B =174 GPa, and the predicted
local magnetic moment is u = 2.20 pg. These values agree
well with previous PAW-GGA results [28] and experiment
(ap=2.86 A [32]: B=168 GPa, u=2.22ps [33]). The
equilibrium lattice constant for bee Cr is calculated to be
2.855 A and the predicted bulk modulus is 190 GPa, both
of which agree fortuitously well with experiment: dex, =
2.88 A and By, = 191 GPa [34]. The agreement must be
considered fortuitous because the actual magnetic ground
state of bee Cr is an incommensurate AF spin-density wave
(SDW), with a period of 20.83 lattice constants and ampli-
tude My, = 0.62 pp [34], which we simplified to the related
AF state of bee Cr. A first-principles calculation of the full
SDW would require both a prohibitively large periodic cell
as well as a non-collinear-spin DFT calculation [35-37],
which is beyond the scope of this work. More importantly,
when Cr is deposited on bee Fe substrates, it is known to
undergo spin ordering such that the SDW disappears and
the AF Cr magnetic state becomes the preferred state
[14]. Since we are primarily interested in the properties of
the Fe—Cr interface, the AF state of Cr is of greater rele-
vance. Our AF bce Cr model has a magnetic moment of
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1.09 pup, in agreement with previous all-electron DFT-
FLAPW-GGA calculations on AF Cr: a=2.871 A,
B =184 GPa, and M = 1.08 ug [34].

As noted above, Fe and Cr both have bce structures and
very similar lattice parameters. Matching the interfaces
together is very straightforward: Cr atoms are placed
to simply continue the bce geometry. Cr is under slight
compression, but the lattice mismatch [38] is only 0.7%.
Since the lattice constants of Fe and Cr are so close, a
coherent interface is expected to form, where the equilib-
rium structure of the Fe substrate is assumed to determine
the lattice parameters for the interface.

The ipterface model consists of a slab of Fe, a slab of Cr,
and 10 A of vacuum in a periodic unit cell, so that the peri-
odic images of the interface slab are well separated by vac-
uum and will not interact. The outer half of the Fe slab is
held fixed at the bulk geometry, both for the isolated Fe
substrate slabs and for the interface slabs, in order to
mimic a semi-infinite bulk crystal substrate. The Cr layers
are all allowed to relax, both in the interface slab and the
isolated slab, subject to the constraint of using Fe lattice
vectors to define the unit cell, in order to mimic a thin film
coating. The number of layers is incrementally increased
from 4(Cr)/5(Fe) up to 12(Cr)/12(Fe) for the (100) inter-
face and from 6(Cr)/6(Fe) to 10(Cr)/10(Fe) for the (110)
interface. Generally, the number of Cr and Fe layers is in-
creased until the ideal work of adhesion (defined below)
converges, but the number of layers also should be in-
creased until the centers of the Cr and Fe slabs resemble
the bulk both structurally and electronically. This con-
verged thickness then ensures that the Cr free surface is
not affecting the interface. Specifically, one metric for
determining a sufficient slab thickness is that the magnetic
moments on atoms in the center of the slab should match
bulk magnetic moments. Additionally, the forces between
the fixed Fe atoms and relaxed Fe atoms should be small,
typically less than 0.05eV/A, which is the same conver-
gence criteria used for ionic relaxations.

The Cr(100)/Fe(100) interface only requires one atom
per layer in the periodic supercell and the Cr layers alter-
nate spin up/spin down, i.e., simple AF coupling [14,15].
For the (100) interface, we used slabs with an even number
of layers to keep the number of spin up Cr equal to the
number of spin down Cr. The magnetic periodicity of AF
Cr in the Cr(110)/Fe(110) interface requires two atoms
per layer such that one spin-up and one spin-down atom
are present in each Cr layer. The cross-sectional areas of
the (100) and (110) interface periodic cells are thus
8.032 A% and 11.358 A2, respectively.

The ideal work of adhesion, W,4, is estimated from the
energy difference between the structurally relaxed interface
and the separated slabs, keeping the lattice parameters
fixed at those of the substrate so as to calculate a unique
Wa.q, independent of elastic strain energy contributions
[39], which should be very small anyway in this case. The
ideal work of adhesion is defined as W,q=(E; + E» —
E\»)/Area, where E), is the energy of the coating/substrate

system, E; is the energy of the coating, and Ej is the energy
of the substrate. With this definition, the ““intrinsic adhe-
sion” of a pure material, say Fe, is simply twice the surface
energy, 27surfo

In order to calculate the magnetic moment y on a spe-
cific atom, the charge density for each spin component is
integrated within a sphere centered on the atom and the
difference gives p. The radii of the spheres are the standard
Wigner—Seitz values supplied by VASP for each ionic spe-
cies: 1.302 A for Fe and 1.323 A for Cr. The calculations
were started with each Fe in a fully FM state (¢ =4 ug)
and each Cr in a fully AF state (1= £6 pg), with some
exceptions. In the Cr(110) slab calculations, the system
would often relax to a higher energy, metastable magnetic
state. Breaking the symmetry by starting certain atoms at
1= =15 pg helped most systems find the AF ground state,
but despite many attempts, we were unable to relax the
10-layer Cr(110) slab to the true magnetic ground state.

3. Results and discussion

In what follows, we refer to Feg,r as the Fe atom at the
free surface and Fe;,, as the Fe atom at the interface;
likewise for Crg,r and Criy.

3.1. Structures of the Cr(100)/Fe(100) and
Cr(110)/Fe(110) interfaces

For both interfaces, we find very slight structural relax-
ations in the interior of each material, while reduced inter-
layer spacings are observed at interfaces and surfaces. The
distances between (100) planes are 1.417 Aand 1.428 Ain
bulk Fe and Cr, respectively, while the inter-planar (110)
separations are 2.00 A (2.02 A) for bulk Fe (Cr).

In the relaxed (100) interface slab, the layer spacings are
all within 1% of the bulk values, except near the interface
itself and at the free Cr surface. The Cr surface layer is
1.35 A from the subsurface layer for all layer thickness con-
sidered, corresponding to about 5% inward relaxation. As
the total number of layers increases, the Fe;,—Criy, distance
decreases slightly from 1.41 A to 1.38 A. This interlayer
distance is shorter than in either pure metal, suggestive of
strong heterometallic bonding.

The structure of the (110) interface again exhibits some
shortening of interlayer spacings at the interface itself and
the Cr surface and small changes elsewhere. For the thick-
est films, the Fe;,—Crj, interplanar distance is 1.98 A,
again slightly decreased compared to the pure elements.
The Cr surface atoms in all films again relax inward, by
—0.02 A, or 1%. Buckling of Cr atoms is negligible, i.e.,
there is no difference (<0.01 A) between the Fe(7)-Cr(])
distance and the Fe(7)-Cr(7) distance in all films consid-
ered. Overall, the relaxations at the (110) interface are less
pronounced compared to the (100) interface.

Both theory and experiment have investigated intermix-
ing at the Cr/Fe interface, which occurs for (sub)mono-
layer Cr films on Fe(100), resulting in the formation of,
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e.g., FesoCrsq surface alloys [16,17,19]. We considered for-
mation of such interface alloys in our thick films, but deter-
mined that at zero Kelvin they are less stable than sharp,
unalloyed Fe/Cr interfaces. Swapping half the Crj,; atoms
with Fe;, atoms (to create two layers of ordered FesoCrsg)
increased the Fe(100)/Cr(100) interfacial energy signifi-
cantly. In a 2 x 2 interface cell, with four atoms per layer,
five unique ways exist to swap interface atoms (taking sym-
metry into account) and all five configurations were less
stable than an abrupt interface by >0.25 J/m”. Likewise,
we found that swapping Cr;,, atoms with Fe;,  atoms at
the Fe(110)/Cr(110) interface was even less favorable by
at least 1.09 J/m? compared to the abrupt interface. Here
we considered the two configurations possible in the 1 x 1
interface cell.

The lowest energy magnetic states found for these meta-
stable alloy films were consistent with previous DFT-GGA
[16] and SE-TB [22] calculations, namely the Cr atoms in
the first alloy layer (Fe side) were spin-down while the Cr
atoms in the second alloy layer (Cr side) were spin-up,
when all Fe atoms were ferromagnetically coupled spin-
up. This held for both the (100) and (110) alloy interfaces.
Cr atoms in the (100) and (110) alloy interfaces had sim-
ilar spins to those in the abrupt (100) or (110) interfaces,
respectively.

The surface alloy is known to form during elevated tem-
perature epitaxial monolayer growth of Cr on the Fe (100)
surface [19-21], but it is not known whether an interface
alloy would form during the room temperature electroplat-
ing process typically used to deposit chrome coatings on
steel. Bulk alloy thermodynamics, applicable for macro-
scopically thick Cr coatings on steel, does not necessarily
apply to ultrathin films, a regime where metastable alloy
phases often form [40]. Our results are meant to model bulk
Cr coatings on bulk Fe substrates, where we find alloying is
disfavored compared to sharp interfaces between the two
metals, in contrast to previous semi-empirical calculations
[22]. Kinetically driven intermixing during epitaxial growth
may leave the system in a metastable alloyed state at the
interface after the growth of many layers, but an abrupt
interface may still be the global minimum and may be
the one formed during room temperature processing.

3.2. Adhesion for Cr(100)/Fe(100) and Cr(110)/Fe(110)

Fig. 1 shows the ideal work of adhesion W,4 as a func-
tion of the number of Cr and Fe layers in the slab model.
The adhesion energy converges (within 1%) to a value of
5.37 J/m? for the (100) interface and 5.35J/m” for the
(110) interface. This is intermediate between Fe-Fe and
Cr—Cr cohesion, i.e., greater than the predicted intrinsic
adhesion [2ysu(110)] of Fe of 4.8 J/m?, but less than the
predicted intrinsic adhesion of Cr, [2ysu(110)]=6.28 J/
m?. The value is slightly smaller than predicted by a linear
interpolation of the intrinsic adhesion energies of the pure
elements. The 10-layer Cr (110) slab could not be con-
verged to the ground magnetic state; therefore the W,q
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Fig. 1. Convergence of the ideal work of adhesion (W,q) vs. layer
thickness: Cr(100)/Fe(100) (squares); Cr(110)/Fe(110) (circles).

value resulting from the 10(Fe)-10(Cr) interface calcula-
tion is unreliable and not reported. We find little variability
in the (110) interface W,q as the slab thickness is increased,
while the (100) interface W,q varies up to 6% going from
4 to 12 layers of Cr/Fe.

The calculations for W,q may be considered upper
bounds to the ideal work of adhesion, since the cleaved
Cr slab is held fixed to the original bulk Fe lattice param-
eters and the atoms are relaxed within this constraint. It is,
of course, not a true upper bound to the actual adhesion
energy, since plasticity has been neglected, as it must be
for such small model systems. However, trends in the ideal
adhesion strengths and comparisons to intrinsic adhesion
in bulk materials may still be useful indicators of the rela-
tive stability of such interfaces.

3.3. Bonding at the interface

Fig. 2(a) presents the angular-momentum-resolved local
density of states (LDOS) projected onto various atoms at
the (100) interface. The s and p states are combined into
one thin line for each element. Substantial population at
the Fermi level indicates metallic bonding plays a role at
the interface. However, the strong overlap of both bonding
(<ep) and antibonding (>¢g) Cr and Fe d states suggests
covalent d-d bonding is likely responsible for the strong
adhesion calculated. In particular, the significant overlap
of majority (o) spin Fe states with majority (f§) spin Cr
states suggests antiferromagnetic coupling of Cr to Fe at
the interface produces strong d—d bonding.

Fig. 2(b) and (c) display the LDOS for spin up Cr (and
coplanar Fe) and spin down Cr (and coplanar Fe), respec-
tively. These two groups are illustrated in Fig. 3 as atoms
labeled a (spin up Cr) and b (spin down Cr). The two pro-
files are very similar, but the DOS at the Fermi level have
different magnitudes in each case. The Fe and Cr sp states
at both interfaces are highly dispersed, indicative of
metallic bonding. The increased LDOS at ¢g for the Cr
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Fig. 2. Spin-polarized projected local density of states for: (a) Cr and Fe
at the (100) interface, (b) spin up Cr and coplanar Fe at the (110)
interface (group A in Fig. 3), (c) spin down Cr and coplanar Fe at the
(110) interface (group B in Fig. 3). Solid lines correspond to Fe LDOS
and dashed lines correspond to Cr LDOS. The s- and p-states are summed
for each element and shown as one thin DOS line. The a-spin (f-spin)
LDOS are shown as positive (negative) values. The Fermi level is at 0 eV.
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Fig. 3. Magnetic structure of the (110) interface, displaying two groups of
atoms: group A consists of spin-up Cr atoms and coplanar Fe atoms;
group B consists of spin-down Cr and coplanar Fe atoms. Atoms in a
given group lie in the same (100) plane perpendicular to the interface.

spin-down (AF) case suggests stronger metallic Cr—Fe
bonding compared to the FM spin coupling plane. Cova-
lent d—d bonding is again evidenced by a strong overlap
of Cr and Fe d states above and below the Fermi level.

3.4. Magnetism for Cr(100)/Fe(100) and
Cr(110)/Fe(110)

Fig. 4(a) displays the calculated magnetic moment of the
atoms in each layer of the (100) interface. In the 12-layer/
12-layer interface, the magnetic moment at the center of
the Fe slab is 2.2 pg and at the center of the Cr slab it
is =+0.98 pug. This close agreement to bulk magnetic
moments indicates that the magnetic properties are con-
verged with respect to slab thickness. The magnetic
moments at the center of the Cr slabs are slightly smaller
than the bulk magnetic moments because of lattice cell com-
pression. When the properties of bulk Cr are calculated at
the bulk Fe lattice constant, we obtain u= £0.95 ug for
Cr instead of £1.09 pp found in the equilibrium bulk struc-
ture of bee Cr. We therefore do not expect M, to approach
1.09 up as more layers are added. The magnetic moments of
the atoms at the surface (Fegy,r, Crqy,p) are larger than in the
bulk or interface due to under-coordination of the metal
atoms, which allows the spin magnetic moment to move to-
ward the high spin moment of the free atom. The magnetic
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Fig. 4. Layer-resolved magnetic moments of: (a) Cr(100)/Fe(100), 6
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See Fig. 3.

moments of the interface atoms (Fe;,,, Crj,) deviate from
their bulk values, as discussed in detail later. Overall, the
magnetic moments of Fejy, Cring, Feurr, and Crgy,r change
very little as the total number of layers increases from 12
to 24, suggesting that the magnetic properties for this inter-
face converge rapidly with distance away from the interface.

Fig. 4(b) displays the magnetic moment of the atoms in
each layer of the (110) interface. For each interface, two
lines are plotted: solid shapes correspond to the plane with
spin-up Cr atoms (see Fig. 3, group A) and open shapes to
the plane with spin-down Cr atoms (see Fig. 3, group B).
These are (00 1) planes perpendicular to the interface plane,
as illustrated in Fig. 3. Note that atoms in the same group
are not nearest neighbors, e.g., Fe;,(b) atoms coplanar

with spin-down Cr atoms are not nearest neighbors to
the spin-down Cr;j,(b) atoms. They are closer to the spin-
up Crjy(a) atoms, but still exhibit strong correlation with
the spin-down Cr. In Fig. 4(b), we can see that the Fe;,(b)
has a smaller magnetic moment than the Fe;,(a) in all three
cases. The Fe;j,(b) atoms are attempting to reduce the AF
coupling by reducing their magnetic moments, while the
latter Fe;,(a) are quite happily FM coupled to the Cr;,(a)
atoms and retain their large magnetic moments. Again, the
magnetic behavior at the centers of the Fe/Cr slabs is very
bulk-like. In the 10-layer/10-layer interface, the Cr atoms
in the 5th, 6th, and 7th layers away from the interface all
have magnetic moments very close to My, which indi-
cates again that the finite slab’s properties are converged
with respect to number of atomic layers. As layers are
added, the magnetic moment of Crg,, increases slightly,
while the interface atoms remain unchanged.

At both (100) and (110) interfaces, the magnetic mo-
ment of Fe;, is less “spin up” than expected for pure Fe,
due to its interaction with the neighboring Cr atoms, which
have smaller magnetic moments than Fe. Similarly, Crj,,
atoms are more spin-down-like than expected due to the
large spin moment on nearby Fe;,, atoms and the prefer-
ence of Cr for AF coupling. The (110) Cr;,(b) atoms have
increased spin-down moments, while (110) Cr;,(a) atoms
have decreased spin-up moments. The magnitude of Cr
magnetic moments, |u|, generally decreases from the free
surface towards the interface. The strong magnetic interac-
tion leads to the shorter interfacial distance and enhanced
bonding. The spin pairing at these interfaces is likely to
be the origin of the enhanced bonding compared to pure
Fe, while the magnetic frustration of the Fe that experi-
ences AF coupling with the spin-down Cr atoms at the
interface [Crj,, atoms in (100) and Crj,(b) atoms in
(110)] may explain why the cohesion is weaker than in
pure Cr.

4. Conclusions

First principles PAW-DFT-GGA calculations were per-
formed for Cr/Fe interfaces. We find no tendency to form
an interface alloy in these thick films at low temperatures
relevant for room temperature electroplating of chrome
on steel. Both the (100) and (110) interfaces show very
strong adhesion, with the electronic structure suggesting
strong covalent d—-d bonding in addition to metallic cohe-
sion. This strong interfacial bonding is evidenced by strong
spin correlations and a decrease in the expected Cr-Fe
interfacial distance. It will be a significant challenge to find
an alternative thin film coating to Cr given its extraordi-
nary stability due to the strong spin correlations and the
nearly complete lack of strain due to the excellent lattice
matching between Fe and Cr. However, it suggests that
coatings that maximize a mixture of localized covalent
and delocalized metallic bonding should be the type of
material on which to focus. Our current research follows
this design principle.
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