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ABSTRACT: Here, using ab initio calculations, we investigated the interaction ~Scatter "'t‘;:‘;e‘:‘;l‘“:‘:g“; ‘;‘:::i{a‘:'yftf;';‘::fv:ﬁf;':;l)a:‘:n:‘e melting
between transition metals (M) and diamond C(111) surfaces. As a physical " '
parameter describing the catalytic effect of a transition metal on diamond growth,
we considered interfacial energy difference, AE;, between 1 X 1 and 2 X 1
models of M/C(111). The results showed that the transition-metal elements in 200
the middle of the periodic table (groups 4—10) favor a 1 X 1 M/C(111) structure
with diamond bulk-like interfaces, while the elements at the sides of the periodic
table (groups 3, 11, and 12) favor a 2 X 1 M/C(111) structure with the 2 X 1 ]
Pandey chain structure of C(111) underneath M. In addition, calculations of MC 0 @ % 7 mostpowerful Qe
carbide formation for early transition metals (groups 3—6) showed that they have o w7 Gualysts @
a tendency to form MC rather than M/C(111), which explains their low wl

efficiency as catalysts for diamond growth. Further analysis suggests that AE, o "’“‘AE“”"(eV;;’Om)“*” oo o

could serve as another parameter (catalytic descriptor) for describing catalytic "

diamond growth in addition to the conventional parameter of the melting

temperature of M.
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1. INTRODUCTION of clean C(111), although the details of the atomic structure
remain controversial, most experimental and theoretical
studies””** support Pandey’s 2 X 1 z-bonded chain model.
The sp” 7-bonded surface structure of the Pandey chain model
would prevent incoming surface C atoms from forming sp®
bonds and thus diamond bulk-like films. As a result, the growth
of graphite rather than diamond would be favorable. Therefore,

Since General Electric successfully synthesized diamond for the
first time in 1955 using a high-pressure and high-temperature
method, growth of diamond has attracted considerable interest
due to the importance for machine tools, optical coatings,
high-temperature electronics, and next-generation power

devices.”™® Diamond has been synthesized by using metal ) hich d hicht ¢ thout
catalysts, such as Fe, Co, and Ni;” until recently, these ma hugh-pressure and fugh-temperature process, withou

. eee 25 .
transition metals were considered essential to catalytic catalytic metals, extreme .condltlons of approximately 125
diamond synthesis. 116 kbar and 3000 K are required due to the need to deform the

During the synthesis process, the metal catalysts liquify. strIo n%hsurfac: ﬂt—bofntc}lls.. al wih tudies have b
When the transition metals are catalytically activated, the I(li te;on X Of mi m gtroth t’ many:s uthles te)we deeril:
melting temperature (T,,) associated with carbon solubility is ;on duc € ho.n sut acg (el frf;enﬂj ah remcf)ve N 7: ones o
considered an important parameter to describe their catalytic andey chains on ) . r‘oug sur ac'e reac 1'ons.
efficiency. Most conventional catalysts showed a catalytic effect Recently, we theoretically investigated the microscopic role of
1 the liauid oh d thei d L7 a Ni metal catalyst on C(111) through ab initio electronic and
in the liquid phase around their T, However, Kanda et al vibrational calculations.’>*" The results showed that the
reported that Cu (Zn) also had a catalytic effect at a much )

higher temperature than its T,,. Hence, T,, alone is insufficient addition of Ni induces the formation of a thermodynamically
to explain the catalytic powermof trans;tiorrl metals stable Ni—C interface with an sp*-like 1 X 1 diamond bulk-like

Therefore, it is necessary to investigate the physical

properties associated with metal adsorption on diamond Received:  September 10, 2021
surfaces to extract an additional parameter that explains the Accepted:  October 1, 2021
catalytic effect of transition metals. Among the low-index Published: October 13, 2021

surfaces of diamond, as the most stable surface, C(111) plays
an important role in determining the morphology of the
growing diamond.'®"** Regarding the stable surface structure
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structure, which is more favorable for diamond growth than an
sp>-like 2 X 1 Pandey chain structure. This structural change is
well represented by the interfacial energy difference between
the 1 X 1 and 2 X 1 models. The more positive the interfacial
energy difference, the more favorable the 1 X 1 diamond bulk-
like interfacial structure. The interfacial energy difference for
Ni/C(111) was 0.30 eV/atom, which is much larger than the
corresponding value (—0.78 eV/atom) of the surface energy
difference between the 1 X 1 and 2 X 1 models of C(111).
Further kinetic calculations revealed that a carbon adatom,
which is a source of diamond growth, can penetrate into a
subsurface site to form a C—C bond. As a result, the catalytic
Ni atoms enable surfactant-mediated processes for continuous
growth of diamond. These reactive behaviors of Ni metals on
C(111) shed light on the microscopic mechanism underlying
the surface catalytic effect of Ni on diamond synthesis.

In the present work, we studied the catalytic effect of
transition metals by carrying out ab initio total energy and
electronic structure calculations of transition-metal (M)/
C(111) based on the density functional theory (DFT),***
which extends our earlier work®”*' to other transition metals.
We examined energetics, structural and electronic properties,
and metal carbide formation of M on C(111) and obtained
characteristic features that are very important for under-
standing the microscopic mechanism by which transition
metals catalyze diamond growth.

2. COMPUTATION METHOD

All calculations were carried out using the plane-wave method
within the framework of spin-unpolarized DFT, as imple-
mented in the Vienna ab initio simulation package.”*** For the
exchange—correlation interactions of electrons, we used the
Perdew—Burke—Ernzerhof expression within the generalized-
gradient approximation.’® The electron—ion interactions were
described using the projector augmented-wave method.”” The
electronic wave functions were expanded on a plane wave basis
set with an energy cutoft of 400 eV.

For the calculations of the M-terminated C(111) surfaces,
we used a supercell with a repeating slab structure consisting of
six atomic C layers with a 20 A thick vacuum region along the
surface normal direction and a 2 X 1 rectangular surface unit
cell in the lateral (x and y) directions. Figure 1 shows the
atomic structures of M/C(111) with the 1 X 1 and 2 X 1
models used in this study, which have the 1 X 1 and 2 X 1
surface periodicity of C(111) underneath the M layer,
respectively. For both models, we used the 2 X 1 rectangular
surface unit cell to facilitate comparative analysis. The number
of M atoms per 2 X 1 surface unit cell was 2, which
corresponds to 1 monolayer (ML) of M surface coverage.

The M layer in M/C(111) was adsorbed only on the upper
side of the slab, and the dangling bonds of the bottom C atoms
of the slab were passivated with hydrogen atoms. For the slab,
we used the theoretical equilibrium lattice constant of diamond
in bulk (a, = 3.55 A). We used k-point integration with a 6 X
10 X 1 grid in the Brillouin zone of the supercell. To determine
the positions of the H atoms in M/C(111), we used a two-
sided surface of H-terminated C(111) [H/C(111)]; only the
geometry of the H atoms was optimized. The obtained C—H
distance was used to determine the bottom H-terminated
surface. All M and C atoms were fully relaxed, except for the
bottommost C and H atoms. Note that for the metals toward
the left-hand side of the periodic table (Sc, Ti, V, Y, Zr, and
Hf), their 1 X 1 and 2 X 1 M/C(111) interfaces tend to form

(@) (b)
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Figure 1. Top and side views of transition-metal (M)/C(111)
surfaces. (a) Diamond bulk-like 1 X 1 and (b) Pandey chain 2 X 1
models. Large gray and small brown circles represent M and carbon
atoms, respectively, where Cn denotes a carbon atom in the n-th
carbon layer. The 2 X 1 surface unit cell is denoted by the black lines.
The two important C—C bonds in M/C(111) (C2—C3 in the 1 X 1
model and C1—C1’ in the 2 X 1 model) are denoted by the blue lines.

structures that deviate from the M/C(111) interface structures
shown in Figure 1, which were obtained for the other metal
atoms. To extract meaningful features from interactions
between the surface M atoms and the C(111) substrate
atoms, we restricted the relaxation of those left-side metals to
the structures shown in Figure 1, where the metals were
relaxed only along the surface-normal (z) direction, with their
lateral atomic positions fixed to those in Figure 1. The
restricted relaxation of the left-side metals does not affect the
conclusions derived from this work because of the more
favorable formation of metal carbides rather than M/C(111)
for these metals. We continued the geometry optimization
until the remaining forces of the atoms were smaller than 0.02
eV/A.

The spin polarization effect was also tested for the effective
diamond catalysts of Mn, Fe, Co, and Ni. The spin-polarized
calculation results showed small changes in the interfacial
energy differences between the 1 X 1 and 2 X 1 models of M/
C(111), as compared with the corresponding values of the
interfacial energy differences we obtained with the spin-
unpolarized calculations. The variation in the interfacial energy
differences with spin polarization was less than 0.07 eV/atom,
which is much smaller than the spin-unpolarized calculation
values of the interfacial energy differences in the range from
0.30 to 0.47 eV/atom. Therefore, spin polarization does not
affect the conclusions derived in this paper.

For more detailed analysis of the interactions of the M
atoms with C(111), we performed projected crystal orbital
Hamilton population (pCOHP) analysis,”**” which is a
partitioning scheme of the Kohn—Sham band structure energy
in the plane-wave DFT calculations in terms of orbital-pair
contributions. For this, we used the Local-Orbital Basis Suite
Towards Electronic-Structure Reconstruction package.*” The
bond-analytical pPCOHP provides quantitative information on
the bonding, nonbonding, and antibonding contributions in
the plane-wave DFT calculations.

3. RESULTS

3.1. Interfacial Energy. To determine the relative stability
of the 1 X 1 and 2 X 1 M/C(111) interfaces, we calculated the
interfacial energy difference per surface M atom of a 1 X 1
surface unit cell (AE,,, in eV/atom) between the two
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Figure 2. Interfacial energy difference (AE,,, in €V/atom) between the 1 X 1 and 2 X 1 models of the transition-metal (M)/C(111) surface, AE;;,
= (E%Vf/lc(m) - Eﬁ(/lc(m)) /2. Blue (orange) indicates 1 X 1 (2 X 1)-stable elements with positive (negative) AE,,.

interfaces for each transition-metal element as follows: AE,, =
(EJZVIX/IC(m) - Ellvf/lc(m))/z; where Ei/i(/lc(ln) and Erlv}(/lc(ln) are
the total energies of the 2 X 1 and 1 X 1 M/C(111) interfaces,
respectively. In Figure 2, we show the values of AE; in the
form of a periodic table; under the convention used, a more
positive value of AE, is more favorable for the formation of
the 1 X 1 M/C(111) structure.

In Figure 2, the elements that are stable for 1 X 1 (2 X 1)
M/C(111) interface structures are in blue (orange). The 1 X 1
model is generally stable for elements nearer the middle of the
periodic table, while the 2 X 1 model is stable for those at the
sides. As we move from the side to the middle, the 1 X 1 model
becomes more stable, as indicated by the deeper blue color; it
is most stable for the group 6 elements. For each group, except
groups 4 and 10, as we move down the periodic table, the
values of AE, are larger in absolute value, and the difference
in AE,,, values between the middles and sides increases.

Looking at the AE;, results, the interfaces of the
conventional catalytic elements of groups 8—10 (Fe, Co, Nj,
Ru, Rh, Pd, Os, Ir, and Pt) have a stable 1 X 1 structure with
AE,,, in the range of 0.26—0.60 eV/atom. The middle
elements of groups 6 and 7 (Cr, Mn, Mo, Tc, W, and Re)
also have a stable 1 X 1 interface structure, with AE,, in the
range of 0.47—0.68 eV/atom. The elements of groups 4 and S
(Ti, V, Zr, Nb, Hf, and Ta) have a stable 1 X 1 interface
structure with AE; in the range of 0.19—0.59 eV/atom. The
elements of group 3 (Sc and Y) have a slightly stable 2 X 1
structure, with AE;, values of —0.02 and —0.07 eV/atom,
respectively. In groups 11 and 12, except for Cu, most
elements have a stable 2 X 1 interface structure with AE;, in
the range of —0.47 to —0.05 eV/atom. Note that all these
values are more positive than the energy difference of —0.78
eV/atom between the 1 X 1 and 2 X 1 models of clean
C(111). We expect very weak catalytic effects for Cu and Zn.
Cu is the only element in this group that has a positive AE,
value (0.16 eV/atom); this is smaller than those of the
conventional catalytic elements, suggesting that Cu will have a
weak catalytic effect as compared with the conventional
catalytic elements.

3.2. Structures. Next, we investigated structural changes
induced by the adsorption of M atoms on C(111). Our
previous studies’>*" demonstrated that surface Ni adsorption
on C(111) favors a diamond bulk-like 1 X 1 interface structure.
In this 1 X 1 Ni/C(111) structure, compared to the clean 1 X
1 C(111), the C1—C2 bond is elongated, the C2—C3 bond is
shortened, and £(C1—C2—C3) has a value (107.7°) close to
that of bulk diamond (109.5°). The shortened C2—C3 bond
inhibits the C1—C2 bilayer from exfoliating to become a
graphene layer. In the 2 X 1 Ni/C(111) structure, compared to
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that of clean 2 X 1 C(111), the C1—C1’ bond is elongated by
the Ni adsorption. Thus, the Ni-induced structural changes
well explain the formation of sp>-bonded carbon in the 1 X 1
Ni/C(111) structure as well as the weakening of the z-bonds
of the surface C atoms in the Pandey chain structure of 2 X 1
Ni/C(111). Therefore, we analyzed the structural changes in
terms of two important bond lengths: C2—C3 in the 1 X 1
model and C1-C1’ in the 2 X 1 model. These bonds are
indicated by blue lines in the lower panels of Figure 1.
Figure 3a shows the C2—C3 bond length in 1 X 1 M/
C(111). Moving from left to right in each row of the periodic
table, the length decreases and then increases. Compared to
the elements at the sides of the periodic table, the C2—C3
bonds of the elements in the middle are much shorter and thus
closer to the bond length (1.54 A) in the bulk diamond, with
the values for the group 7 elements being closest to that of bulk
diamond. As we go down the periodic table for each group, for
the elements in the middle, the C2—C3 bond lengths become
much closer to that of the bulk diamond structure, whereas for
the elements in groups 3 and 4, they show only very small
changes. The elements in groups 11 and 12 have larger values
than that of bulk diamond.
Figure 3b shows the variation in the C1—C1’ bond length in
2 X 1 M/C(111). Moving from left to right in each row of the
periodic table, the length increases and then decreases.
Compared to the elements at the sides of the periodic table,
the C1—C1’ bonds are longer for elements in the middle than
for the Pandey n-bonded chain structure of C(111) (1.44 A).
Moving down the periodic table for each group, for the
elements in the middle, the C1—C1’ bonds are longer than
those of clean 2 X 1 C(111), whereas for the elements in
groups 3, 11, and 12, the C1—C1’ bond lengths are closer to
that in clean 2 X 1 C(111). Finally, for the elements in groups
4 and $, the variation in C1—C1’ bond length is small.
These structural features are strongly associated with the
AE,, results. Our structural analysis clearly shows that middle
elements have a more sp*-like interfacial structure, close to that
of diamond bulk, whereas the side elements have a more sp*-
like interfacial structure, close to the sp” surface structure of
clean 2 X 1 C(111). This agrees well with the results for AE,.
3.3. M—C Cleavage Energy. Next, we investigated the
interaction between M layers and the carbon substrate. Figure
4a,b shows the M—C cleavage energy of the 1 X 1 and 2 X 1
models of M/C(111), respectively. This is the energy
necessary to cleave the M overlayer from the C(111) substrate,
calculated as follows:

layer
Ey—c = [EN™ + Ecunl = Exycan)
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Figure 3. (a) C2—C3 bond length in 1 X 1 transition-metal (M)/
C(111) and (b) C1—C1’ bond length in 2 X 1 transition-metal (M)/
c(111).

where E&Y* and Ec(111) are the total energies of the isolated M
layer and the C(111) frozen to M/C(111), respectively.

Compared to the side elements, the middle elements have a
higher M—C cleavage energy and so can gain energy via the
formation of an M—C bond. Moving down the periodic table
of each group, the effect of the M—C interaction becomes
much stronger in the middle and weaker at the sides, and the
difference in Ey_c between the middle and side elements
increases. Also, the 1 X 1 model has a higher overall M—C
interaction energy than the 2 X 1 model (Figure 4a)b),
indicating that more energy is gained from M-C bond
formation in the 1 X 1 than 2 X 1 model. This trend in the
change of energy is very strongly associated with the structural
changes of the subsurface C atoms because M—C bond
formation causes subsurface electron rearrangement and
changes in the subsurface structure (Figures 3 and 4). This
indicates that the stronger the M—C bond, the more stable the
sp>-like interfacial structure.

3.4. Electronic Structure. To obtain greater insight into
the energetic and structural changes induced by the adsorption

of M atoms on C(111), we investigated the electronic structure
of the M/C(111) surfaces.

We first analyzed the interactions between the M layer and
underlying C(111) substrate by examining the electronic
structures of the isolated M layer frozen to M/C(111) and
clean C(111). Figure Sa shows the calculated projected
electronic densities of states of the 3d,> bands of the isolated
M layers frozen to the 1 X 1 M/C(111) for selected 3d
transition metals. The black horizontal line indicates the peak
position of the 2p, band of the surface C1 atom of 1 X 1 clean
C(111) at —4.70 eV with respect to the vacuum energy level.
Note that the 3d band moves down with respect to the
vacuum energy level from left to right along each row of the
periodic table. The peak position of the 3d.> band is closest to
the black horizontal line for Mn, which is in group 7; therefore,
the interaction between the 3d.> and 2p, states is the strongest
for Mn. In the 2 X 1 system (Figure Sb), the interactions of the
metal 3d2 band with both the 7 and 7* peaks of the 2p, bands
of surface C1 and C1’ atoms of 2 X 1 clean C(111) are
important. The average position of the 7 and 7* peaks is
located at —4.82 eV with respect to the vacuum energy level;
this is closest to the peak positions of the 3d, bands of the
middle elements, such as Mn. Therefore, we expect that the
interaction between the M layer and 2 X 1 C(111) would also
be the strongest for the middle elements. These results explain
why the M—C cleavage energy is the largest for the middle
elements in each row of the periodic table.

In addition, the strength of the M—C bond can be analyzed
by calculating the pCOHP.*"** Figure 6ab shows the
calculated —pCOHP of the M—C bond in the 1 X 1 and 2
X 1 models of M/C(111), respectively; here, the positive
(negative) values of —-pCOHP denote bonding (antibonding).
Electron occupation increases from left to right in each row of
the periodic table. At Sc (group 3), only the bonding states of
the M—C bond are partially occupied; more bonding states are
occupied until we reach Mn (group 7). For Mn, the bonding
states are fully occupied, while the antibonding states are
entirely unoccupied. After Mn, the antibonding states of the
M~—C bond are more occupied as we move to the right side in
each row of the periodic table. Therefore, the M—C bond is
the strongest for the middle elements, such as Mn in group 7,
where electrons fully occupy the bonding states of that M—C
bond. Interestingly, the 1 X 1 model has a much stronger peak
intensity than the 2 X 1 model. This agrees with the
characteristics of the M—C cleavage energy (Figure 4). This
well explains the stronger M—C bond formation in the 1 X 1
model compared to the 2 X 1 model.

To gain insight into the charge rearrangement, we
performed a charge analysis based on an isosurface plot of
the electron density difference, Ap, for M/C(111) surfaces of
selected 3d transition metals. We calculated this as Ap =
Pwm/ciiy) — Pci) — Pw where pyyc(iiny Pe(iiny and py are
the electron densities of M/C(111); the frozen, clean C(111)
surface without the M layer; and the isolated frozen M layer,
respectively.

Figure 7a,b shows the isosurface plots of Ap for the selected
M/C(111) surfaces in the 1 X 1 and 2 X 1 models,
respectively. Substantial rearrangement of electrons around the
surface atoms can be seen. In the 1 X 1 model (Figure 7a),
significant accumulation of electrons can be seen in the region
between the M and C1 atoms in M/C(111). The adsorption of
the M atom on C(111) removes the dangling bond of the C1
atom and forms the covalent-like M—C1 bond. In addition,
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Figure 4. Transition-metal (M)—C cleavage energies of the (a) 1 X 1 and (b) 2 X 1 models in M/C(111).
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Figure S. Projected electronic density of states for the 3d,> band of
the isolated transition-metal layers frozen to the transition-metal
(M)/C(111) in the (a) 1 X 1 and (b) 2 X 1 models. The panel in the
last column of (a) [(b)] shows the 2p, band of the surface C1 atom
(C1 and C1’ atoms) of geometry-optimized clean C(111) in the 1 X
1 (2 X 1) model. The black horizontal lines in (a,b) indicate the peak
position of the 2p, band of the C1 atom in 1 X 1 clean C(111) at
—4.70 eV, and the average position of the 7**- and 7-state peaks of the
Cl and C1’ atoms in 2 X 1 clean C(111) at —4.82 eV, respectively.
Zero energy is set at the vacuum energy level.

electron accumulation occurs in the region between the C2
and C3 atoms, which is responsible for the hardening of the
C2—C3 bond. Figure 7a shows greater electron accumulation
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Figure 6. Projected crystal orbital Hamilton population (pCOHP)
analysis of the transition-metal M(3d,?)—C(2p,) bond of M/C(111)
in the (a) 1 X 1 and (b) 2 X 1 models. The horizontal line at zero
energy indicates the Fermi energy level of M/C(111). Bonding
(antibonding) states have a positive (negative) value of —pCOHP.

in the region between the C2 and C3 atoms for the middle
elements (V, Mn, and Co) than for the side elements (Sc and
Cu); this is consistent with the structural result showing that
the C2—C3 bond is shorter in the middle elements (Figure
3a). Under the 2 X 1 model (Figure 7b), the M atom is
bonded obliquely with the C1 or C1’ atom on the surface and
interacts covalently with the C1 or C1’ atom by accumulating
electrons in the region between the M and C1 or C1’ atoms.
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Figure 7. Isosurface plots of electron density difference, with top and
side views of the transition-metal (M)/C(111) surfaces shown in the
(a) 1 X 1 and (b) 2 X 1 models. Electron accumulation (depletion)
regions are denoted by yellow (blue). The isosurface levels are +0.007
electrons/bohr’.

Interestingly, electron depletion occurs in the region above the
C1—-C1’ bond for the middle elements (V, Mn, and Co) but
not for the side ones (Sc and Cu). This electron depletion
shows that severe weakening of the z-bonds of the C1 and C1’
atoms occurs mainly for the middle elements (Figure 3b).

3.5. Carbide Formation. Because it is another important
factor when selecting a catalytic metal for M/C(111), we also
considered the tendency toward MC carbide formation. The
MC carbide formation energy E}C is defined as EM© = Ey,¢ —
(Eum + fic), where Eyc, By, and pic are the total energies of MC
in the bulk, the M atom in the bulk metal, and the C atom in
bulk graphite, respectively. It is well known that as we go to the
left side in each row of the periodic table, MC carbide
formation energies E}' become lower, as compared with the
other elements in each row of the periodic table, and thereby,
MC carbide formation of the left-side elements becomes
favorable."”** This formation of carbide would prevent
elements from forming M films on C(111) and therefore
becoming potent diamond catalysts because much higher
temperatures and pressures are required to dissolve these
carbides. To determine the relative stability of M/C(111) with
respect to the formation of MC, we calculated the relative film
formation energy, AE; of M per 1 X 1 surface unit cell for 1 X
1 M/C(111) as follows: AE; = [Encinny — (24 + Eciny)]/
2. Here, as the chemical potential, y,;, of the M atom
associated with the formation of MC, we used py; = Eyc — He-
The MC has a rock-salt structure, and its lattice constant was
fully optimized. Figure 8 shows the AE; of metal M for 1 X 1
M/C(111) with respect to the formation of rock-salt MC
carbides. Note that before group 6, the formation of MC is
more favorable than the formation of 1 X 1 M/C(111); thus,
the early transition metals, in groups 3—6, are less likely to
form M/C(111) (needed for its catalytic effect) compared to
those in groups 7—10.

4. DISCUSSION: CATALYTIC EFFICIENCY
DESCRIPTORS

We used DFT calculations to analyze the interfacial structures
of M/C(111) and found that the middle elements (groups 4—
10) favor the stable sp*-like 1 X 1 interfacial structure, while
the side elements (groups 3, 11, and 12) favor the sp*like 2 X

Surface formation energy (eV/atom)
E

Y Zrr Nb Mo Tc Ru Rh Pd Ag Cd
Hf Ta w Re Os Ir Pt Au Hg

Figure 8. Film formation energy of the transition metal, M, per 1 X 1
surface unit cell for 1 X 1 M/C(111) with respect to the formation of
rock-salt MC carbides. The positive (negative) values indicate
favorable formation of MC [M films on C(111) with the structures
of 1 X 1 M/C(111)].

1 one. Further film formation energy calculations for carbide
showed that the early transition metals (groups 3—6) easily
form MC rather than the M layer on C(111), which is needed
for catalysis.

Previously, the melting temperature (T,,) of transition
metals has been considered as the key factor for catalytic
diamond synthesis.” However, T, does not fully explain why
Cu is a catalyst while Ag and Au do not, despite similar T},
values.'” Therefore, to better understand the catalytic effect of
metals, we introduced another parameter (catalytic descriptor),
AE,,, to represent the catalytic effect of a transition metal.

Figure 9 shows a scatter plot for transition metals with two
important parameters for diamond synthesis: T, and AE,
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Figure 9. Scatter plot of two parameters for transition metals:
experimental melting temperature (T,,) and the interfacial energy
difference (AE,,) between the 1 X 1 and 2 X 1 models of transition-
metal (M)/C(111). T,, data are from ref 43. Black, green, and violet
circles indicate the elements in groups 3—6, 7—10, and 11-12,
respectively; the dotted curve of the corresponding color indicates the
region of each group. The red circle indicates the most powerful
catalytic metal elements for diamond growth.
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between the 1 X 1 and 2 X 1 models of M/C(111). First, we
shall consider the elements of groups 11 and 12 in the bottom-
left part of Figure 9; these elements have lower T, and AE;
values than the others. However, despite their lower T, these
elements have poor catalytic efficiency because of their lower
AE,,, compared to the other transition metals. Note that
among the elements of groups 11 and 12, Cu has the highest
AE,, value, which explains why it showed the best catalytic
efficiency in the experiments conducted by Kanda et al. on Cu,
Zn, and Au."” They also observed that Cu exhibited a catalytic
effect at a much higher temperature than its T, different from
conventional catalysts; therefore, they called this temperature
the “reaction temperature”. We believe that the reaction
temperature is associated with AE; ,, which we have proposed
in this study for surface catalytic effects. Therefore, it is
important to consider AE;, in addition to T,, which has
previously been considered the key factor in catalytic diamond
synthesis.

Second, we consider the elements of groups 7—10 in the
top-right area of Figure 9; they have relatively higher T, and
AE, values than the elements of groups 11 and 12. Most of
these elements are among the conventional catalysts identified
by General Electric in 1955 when synthetic diamonds were first
cleveloped.l’9 Note that among the elements, Mn, Fe, Co, and
Ni (delineated in red in Figure 9) have the lowest T, in groups
7—10, respectively; even today, these metals are the most
powerful catalytic metal elements. More detailed experimental
results for these four catalysts showed that Mn, Fe, Co, and Ni
have diamond growth temperatures that decrease in that order,
despite their similar T,;”*>* interestingly, according to our
calculations, they have M—C cleavage energies that also
decrease in this order (Figure 4a). In our previous study,”” we
suggested that surfactant-mediated growth%_49 occurs in the
Ni/C(111) system, in which Ni atoms exchange their positions
with incoming C atoms for continuous diamond growth,
maintaining the 1 X 1 M/C(111) structure. In this process, an
M-C bond must be cleaved and a C—C bond is formed.
Therefore, moderate M—C bond strength is important for
diamond synthesis because it is kinetically advantageous for
continuous diamond growth in M/C(111).

Last, the elements of groups 3—6 appear in the top-right area
of Figure 9. Although these elements have similar T, and AE;,
values to the elements of groups 7—10, these elements tend to
form metal carbides rather than M/C(111). This carbide
formation would prevent the metals from forming M films on
C(111) and thus acting as powerful diamond catalysts. This
finding coincides with the experimental results of Wakatsuki,
that is, that the elements of groups 3—6 exhibit no catalytic
behavior below 2000 °C.>°

5. CONCLUSIONS

Using DFT, we calculated the interfacial energy difference,
AE,,, between 1 X 1 and 2 X 1 models of transition-metal
(M)/C(111) surfaces, which is very important for under-
standing the catalytic effect of M during the growth of
diamond on C(111). The results showed that the elements
near the middle of the periodic table (groups 4—10) favor a
stable 1 X 1 M/C(111) structure with a diamond bulk-like
structure at the interface, while the side elements near the sides
of the periodic table (groups 3, 11, and 12) favor a 2 X 1 M/
C(111) structure with the 2 X 1 Pandey chain model of
C(111) underneath M. To obtain a detailed understanding of
the interaction between the M layer and the C(111) substrate,

we also analyzed the atomic structures, M—C cleavage
energies, and electronic properties. Further DFT calculations
of the film formation of metal carbides showed that the early
transition metals (groups 3—6) tend to form metal carbides
rather than M/C(111). This behavior prevents these elements
from forming an M film on C(111) and thus acting as powerful
catalysts for diamond growth. Based on our calculations of M/
C(111) with the 1 X 1 and 2 X 1 models, we herein proposed
another parameter (catalytic descriptor), AE,,, representing
the surface catalytic effect, in addition to the melting
temperature (T,,) of transition metals, which has previously
been considered the key parameter in catalytic diamond
synthesis. A scatter plot using the two parameters predicted
that Fe, Co, Ni, and Mn, which have medium AE,, and T,
values, are the best catalytic metals for diamond growth, which
agrees with experimental results. We expect that the micro-
scopic catalysis mechanism for diamond growth proposed
herein is also applicable to metal alloys, which could be used
for catalytic diamond synthesis in the future.
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