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We study the cohesive energy of NaCl-structure MX compounds with X =C and N and M =Sc,
Ti, V, Cr, Mn, Fe, Co, and Ni, by combining ab initio total-energy calculations with an analysis of
thermodynamic information. Using the linear muffin tin orbital method, we calculate the cohesive
energy (E..,) of carbides and nitrides and establish trends as a function of the average number of
valence electrons per atom in the compound (n,). These results are compared with values derived
by us from thermodynamic information. Since most of the compounds considered here are metasta-
ble, we apply interpolation and extrapolation procedures to get information on their E ;. This al-
lows us to extend the comparison between theory and thermodynamic data to a wider range of n,
values than covered in previous work. We find a remarkable agreement between theoretical and ex-
perimental trends. There is, however, a systematic difference between linear muffin tin orbital and
thermodynamic values comparable to that observed in calculations for the pure 3d transition met-
als. The general variation of the cohesive energy is discussed and interpreted in the light of our
band-structure results. A more detailed study is carried out for CrN and the NaCl-structure car-
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bide and nitride of Mn.

I. INTRODUCTION

The relation between the cohesive properties of
transition-metal compounds and their electronic struc-
ture is a matter of considerable theoretical and practical
interest. In particular, the properties of MX compounds
(M =3d transition metal, X=C and N) with the NaCl
structure have been studied theoretically using various
methods.!™> Recently, Zhukov et al.? calculated the
band-structure and cohesive properties of TiC, VC, TiN,
and VN using the linear muffin-tin orbital (LMTO)
method, and reported a correlation between the cohesive
energy (E_,,) and the average number of valence elec-
trons per atom (n,) of the compound. A recent analysis®
of experimental data on 3d-transition-metal carbides and
nitrides also revealed striking regularities in the variation
of cohesive properties with n,. This was given a qualita-
tive explanation in terms of the filling of bonding and an-
tibonding electron states® in a rigid-band model, relying
on the band structure of the NaCl-structure carbides and
nitrides of Ti and V. "2

Most of the band-structure calculations reported previ-
ously have been devoted to carbides and nitrides that are
stable and hence can be studied experimentally. In order
to establish the systematics of bonding properties, it
would be useful to consider a larger group of substances,
extending to a wide range of n,. Such a study has been
hampered by the lack of reliable experimental informa-
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tion on some stable compounds (e.g., of Sc), and by the
fact that the NaCl structure becomes metastable in the
M-C and M-N phase diagrams for the 3d transition met-
als placed to the right in the Periodic Table.

It is the purpose of the present work to study the
cohesive properties of MX compounds with the NaCl
structure, when X=C and N and M=Sc, Ti, V, Cr, Mn,
Fe, Co, and Ni. Using the LMTO method we calculate
their cohesive energy (E_, ), and establish trends as a
function of the average number of valence electrons per
atom (n,). The theoretical cohesive energies are com-
pared with E_; for stable compounds derived from ther-
mochemical measurements, and with indirect informa-
tion on metastable compounds obtained from interpola-
tion and extrapolation procedures developed in recent
studies.®”® This allows us to examine the relation be-
tween theory and experiments beyond the range of n,
values covered in previous works.

II. CALCULATION OF ELECTRONIC STRUCTURES

A. Method

The electronic structures were calculated using the
self-consistent  linear muffin-tin  orbital method
(LMTO).!° The potential was of local-density type with
the parametrization of Gunnarsson and Lundqvist. Rela-
tivistic effects were included except for the spin-orbit
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coupling for valence electrons. A more detailed descrip-
tion of our LMTO technique can be found elsewhere. !!

All carbides and nitrides in this paper were investigat-
ed in the NaCl structure containing two atoms per unit
cell. The calculations were performed for a 505 k-point
mesh in the irreducible wedge of the Brillouin zone. The
basis set was chosen to contain s, p, d, and f for the metal
atoms and s, p, and d for the carbon and nitrogen atoms.
The lattice constants were set equal to the experimental
values for the stable compounds (ScC to VC, ScN to
CrN) while the lattice constants for the metastable com-
pounds were estimated by performing interpolations and
extrapolations in plots of the average volume per atom in
the compound () versus the average number of valence
electrons (n, ),%7 cf. Table I. Although these lattice con-
stants do not minimize the total energy, they can be used
to obtain reliable cohesive energies, since energy
differences corresponding to small variations in the lat-
tice spacing are negligible compared to the energy scales
of interest for the conclusions of this paper. The
Wigner-Seitz radii were set equal to 0.341a for the M
atoms and to 0.271a for the C and N atoms for all com-
pounds (a is the lattice constant).

In order to obtain as reliable cohesive energies as possi-
ble within the local spin-density approximation, a new
computer program for the calculation of atomic total en-
ergies was developed. We there use exactly the same ap-
proximations and the same numerical routines as in the
band-structure program. The core levels are treated rela-

- tivistically while the valence levels deliberately are calcu-
lated in a semirelativistic approximation. In the atomic
case, the region of low charge density far from the nu-
cleus is accounted for by extending the logarithmic 277-
point radial mesh in the bulk program to a 323-point
mesh in the atomic program. The calculations of the to-
tal energies in both cases are identical except for the
Madelung contribution which is not present in the atomic
case. We expect that the above precautions lead to
significant cancellations of numerical and model-
dependent errors between the bulk and atomic calcula-
tions and therefore improve the reliability of the obtained
cohesive energies. However, the well-known property of
the local spin-density approximation to overestimate the
cohesive energy in the 3d series'? is still expected. The
total atomic energies for all atoms (except the rare gases)
with Z <53 are listed, for future reference, in Table II.
The electronic configurations in the table are those that
minimize the total energies. The fact that they differ
significantly from the experimental configurations is
known from previous calculations of the same type.'
One should note that we, like Moruzzi, Janak, and Willi-
ams, '3 find that a nonintegral configuration minimizes
the total atomic energy in two cases: Fe and Co.

B. Results

The calculated band structure of FeC in certain sym-
metry directions is shown in Fig. 1 as an example of the
electronic structure in the 3d carbides and nitrides. The
corresponding density of states (DOS) curve is presented
in Fig. 2 together with s, p, and d projections summed
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over both atoms. The lowest-lying band in these curves
can be described as'a carbon s band. The region just
above the band gap contains mostly hybridized p bands
from carbon and d bands from iron. The density of states
at the Fermi level is clearly dominated by the d states
from iron.

In Fig. 3 the density of states of FeC is plotted versus
the average integrated valence charge. The Fermi level
of FeC (n,=6e/a) falls in a distinct minimum in the
middle of the d region. Since the density of states of the
other carbides and nitrides in the 3d series are quite simi-
lar to that of FeC, we can use Fig. 3 to understand why
the Fermi level of ScC (n, =3.5) lies slightly below a deep
minimum and why the Fermi levels of TiC and ScN
(n,=4) fall at the bottom of this minimum. Both VC and
TiN (n,=4.5) and CrC and VN (n,=5) have Fermi lev-
els on the slope of a sharp d peak, while MnC and CrN
(n,=5.5), in their paramagnetic states, have Fermi levels
on the top of this peak. The Fermi levels of MnN
(n,=6), CoC, FeN (n,=6.5), NiC, CoN (n,=7), and
NiN (n,=17.5) all lie in the upper part of the d region. In
three compounds (MnC, MnN, and FeN), we find a fer-
romagnetic spin splitting of the ground state.

The results of our calculations are summarized in
Table 1.'* The cohesive energy per atom is defined by

Eon=—(NEyx—Ey—Ey), (1)

where E,y is the total electronic energy of the compound
MX and E , (A =M,X) are the total atomic energies of
the constituent atoms as listed in Table II.

III. COHESIVE ENERGY FROM EXPERIMENTAL
INFORMATION

A. Definitions and thermodynamic relations

The experimental analog of the quantity E_; defined
in Eq. (1) is the enthalpy change per atom for the reaction

MX(st)->M(g)+X(g) (2)

at zero Kelvin and one atmosphere, corrected for the en-
ergy of zero-point vibrations in MX, viz.,

Eon=—1{ %[OHE}X(O)_OH@(O)_OH%O)] —5kp®px} -
(3)

OH$'(0) and °HE(0) represent the enthalpy at zero Kelvin
and one atmosphere per atom of the substance i
(i=MX,M,X) in its stable (st) modification and in the
gaseous (g) monatomic state, respectively, and ®,,y is a
Debye temperature defined so that 2kz®,x gives the
zero-point vibrational energy per atom of MX. The eval-
uation of E_,, was made by expressing the sum in brack-
ets in Eq. (3) in terms of quantities that are given in stan-
dard compilations of thermodynamic data, or have been
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TABLE II. Atomic total energies. The valence configuration is that which minimizes the total energy.

Total energy

Total energy

Atom Configuration (Ry) Atom Configuration (Ry)

H 1s1 —0.974 Cu (3d1)4s1(3d 1)° —3304.750
Li 251 —14.713 Zn (3d1)°4s1(3d 1 )%4s | —3586.876
Be 2512s —28.921 Ga 4s14pt4asl —3882.524
B 2s12p12s! —48.537 Ge 4s1(4p1)%4s | —4192.156
C 251 (2p1)*2s | —75.004 As 4s1(4p1)%4s —4515.976
N 2s1(2p1)%2s | —108.372 Se 4s1(4p1)%4sldpl —4854.036
0 2s1(2p1)%2s12p —149.199 Br 4s1(4p1)%4sl(4pl)? —5206.714
F 2s1(2p1)2s L(2p L )? —198.448 Rb 5s1 —5955.943
Na 3s1 —323.380 Sr Ss15sl —6352.369
Mg 3s13s —398.964 Y 4d 1551551 —6763.638
Al 3s13p13si —483.602 Zr (4d 1)*5s1 —7190.228
Si 3s1(3p1)*3sl —577.758 Nb (4d 1)*5s1 —7632.443
P 3s1(3p1)*3s —681.770 Mo (4d1)°5s1 —8090.462
S 3s1(3p1)*3si3pl —795.791 Tc (4d 1)°5s14d | —8564.290
Cl 3s1(3p1)3si(3pl)? —920.322 Ru (4d1)°5s1(4d | )? —9054.406
K 4s1 —1201.217 Rh (4d1)°5s1(4d | )? —9561.035
Ca 4s14s ] —1357.474 Pd (4d1)(4d 1) —10084.503
Ca (3d1)%4s1 —1524.703 Ag (4d 1)°5s1(4d 1 )® —10624.834
Ti (3d1)%s1 —1703.630 Ccd (4d1)°5s51(4d 1)°5s | —11182.126
v (3d1)*4s1 —1894.451 In 5s15p15s —11756.210
Cr (3d1)%s1 —2097.475 Sn 5s1(5p1)%5s —12347.524
Mn (3d1)%4s14s | —2312.804 Sb 551(5p1)%5s 1 —12956.271
Fe (3d 1)°4s1(3d 1) P(4s 1 )% —2540.787 Te 551(5p1)*5si5p | —13582.528
Co (3d1)%4s1(3d |)*73(4s 1) —2781.907 I 5s1(5p1)*5s L(5p L )? —14226.632
Ni (3d1)%4s1(3d 1)* —3036.462

estimated. We write
Econ=—( %{AOHX}X(TO)"AHOTO
—[ACH80)+ A HE430)]} — 2kgOpx) »
(4)
where
ACH iy (To)=H}jx (To) —°Hy(To)—"HY(Ty)  (5)

is the enthalpy of formation of the compound MX from
the elements in their stable modifications at one atmo-
sphere and T;=298.15 K. This quantity is available
from direct measurements in stable compounds and has
recently been estimated for the metastable compounds
considered in the present work, see below. The term

AH OT % is defined as

AH " = [CH 3 (To)—CH i (0)]— [PHE (To)—CHE(0)]
—[CH3HTy)—C°HH0)] (6)

and accounts for the enthalpy difference between temper-

atures 0 and T,. It can be taken directly from

thermodynamic measurements for the elements M and

X (Refs. 15-18) and for stable MX compounds.

The °Hjiy(T,)—CH3iy(0) term for metastable com-
pounds was expressed as

Ogyst Ogyst To st
Hyx(To)— HMX(O)=f0 (Cp)pyxdT ™

and the heat capacity at constant pressure (Cp )iy was
approximated by using a Debye model with an estimated
®,x (see below) and neglecting nonvibrational and
anharmonic contributions. The terms A°Hji~2(0) and

FeC

1.0

Energy (Ry)

0.5

0of A :

: : : B
r A X r W r L

FIG. 1. Electronic band structure of FeC in the NaCl struc-
ture in certain symmetry directions.
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FIG. 2. Electronic density of states of FeC as a function of
energy.

A °H§~#(0), defined as

A°HS—80)="H§ (0)—°H}(0) , (8)
A°HY—80)="H§(0)—°H0) , )

represent the atomization enthalpies of the elements M

and X at zero Kelvin and one atmosphere. They are
available from compilations of thermodynamic
data!®171920 for the elements.
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FIG. 3. The dotted lines indicate at which positions of the
DOS curve the average integrated valence charge (n,) takes the
values 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, and 7.5 electrons per
atom.
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B. Evaluation of E ., for stable and metastable
NaCl-structure compounds

The NaCl-structure carbides ScC, TiC, and VC are
stable, and their A°H}\-(T,) are known from experi-
ments. '®222 @, and °H}iy(T,)—CH}iy(0) are known
from direct measurements only for TiC (Refs. 16 and 23)
and VC.?*? The °H(T,)—CHS(0) term for ScC was
evaluated from Eq. (7) using a Debye temperature ob-
tained by approximating @g.=~®3, where @F
represents the “entropy Debye temperature,” ?® which
has been evaluated® from high-temperature entropy data.
That ® was also used to evaluate the energy of zero-point
vibrations in Eq. (5). The properties of the metastable
carbides CrC, MnC, FeC, CoC, and NiC are not known
from direct measurements, but their A°HS~(T,) and
©®3/c have been estimated elsewhere’ using various inter-
polation and extrapolation procedures. These results
were relied upon in the present work.

ScN, TiN, VN, and CrN are stable nitrides and
A°H\(T,) is known from experiments for M=Ti, V,
and Cr.!® The enthalpy of formation of ScN has not been
measured and we used an estimate.® ©,,y for M=Ti, V
is also available from experiments, 2325 while for
M=8c,Cr we estimated @ ,,n~ @}y, using known entro-
py Debye temperatures.® The remaining NaCl-structure
nitrides of the 3d-transition-metal series are not stable,
and we only have indirect information on their proper-
ties. Their @3 were estimated by using interpolation
procedures based on the smooth variation of cohesive
properties with the average number of valence electrons
per atom (n,) in the compound.® Those results were
used to estimate the Debye temperature ®,,y in Eq. (3) as
Oyun~0%n (M=Mn, Fe, Co, and Ni) and to evaluate
°H3ty(To)—CH}ix(0) from Eq. (7). The enthalpy of for-
mation of the metastable NaCl-structure NiN has been
obtained® from a thermodynamic analysis of the Ni-N
phase diagram based on the “two-sublattice” model for
the Gibbs energy of interstitial phases.?’” A similar
method was later used®® to evaluate A °H*(T,)) for meta-
stable FeN in the NaCl structure, whereas the enthalpy
of formation of metastable CoN was obtained here by in-
terpolation in a ACH\(T,) vs n, plot. Those
A°H3\(T,) values (M=Fe, Co, and Ni) were used to
evaluate E_;, using Eq. (4), whereas E_; for the metasta-
ble MnN in the NaCl structure was determined by a
smooth interpolation in a E_,, vs n, plot. All cohesive
energies obtained in the present work are given in Table
I, together with our estimate of their probable uncertain-
ty. E_; obtained by us using estimates and interpola-
tions are given in parentheses.

IV. DISCUSSION

A. Systematics of cohesive properties

In Figs. 4, 5, and 6 we plot theoretical and experimen-
tal values of E_,; for MX (X=C and N) compounds
versus the position of M in the Periodic Table, and the
average number of valence electrons per atom. We use n,
in order to carry out a qualitative discussion in terms of
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0.8 Ref. 2 1

0.7 R

Theoretical

E_, (Rya)
(=)
[=)}

05 1

Experimental

0.3 r )

1 Il 1 1 1 1 1 1

ScC TiC VC CrC MnC FeC CoC NiC

FIG. 4. The cohesive energy (E.;, ) of the MC carbides. The
solid lines show the theoretical and experimental values from
this work while the dashed line is from Zhukov et al. (Refs. 2
and 4).

band-filling arguments, without regard to the s, p, and d
character of the electrons. Calculations and experiments
agree on the qualitative features of the E_,; vs n, plot of
MC compounds. The largest E_, value is obtained for
TiC (n,=4e /a), which corresponds to the case where the
Fermi level falls in deep minimum in the density of states
(cf. Fig. 3). When moving from TiC to ScC (n, =3.5e/a)

T T T T T T T T
0.7 i
Ref. 2
0.6 |
)
E’ 05 Theoretical ]
m()
04 i
Experimental
03 |
02 ]
1 Il | Il i 1 | L

ScN TiN VN CrN MnN FeN CoN NiN

FIG. 5. The cohesive energy (E_, ) of the MN carbides. The
solid lines show the theoretical and experimental values from
this work while the dashed line is from Zhukov et al. (Ref. 2).
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07 T T T T T T

0.6 |

0.5 r

Ec:oh (Ry/ a)

04 |

03 |

FIG. 6. The cohesive energy per atom (E_y, ) of the MX car-
bides and nitrides plotted vs the average number of valence elec-
trons per atom (n,). The solid lines are our theoretical values
from LMTO calculations while the dashed lines show values
from our analysis of experimental information.

the theoretical E_,; decreases, and so does the experi-
mental value obtained by us from the high-temperature
enthalpy of formation.?! A previous analysis of entropy
data® also indicated that the cohesive energy of ScC
would be smaller than that of TiC. When MC changes in
the sequence TiC (n,=4e/a)—VC (n,=4.5e¢ /a)—CrC
(n,=5e/a) the Fermi level moves from a deep minimum
in the density of states into a region of high density of
states (Fig. 3), and E_,; decreases. In the range
4e/a =<n,=5e/a, carbides and nitrides with the NaCl
structure have similar values of cohesive energy, a regu-
larity that was noted in the LMTO results of Zhukov
et al.? and in an analysis of vibrational entropy data.®
This regularity has previously’ been referred to as
“homology.” When n, increases beyond n, =5e /a, both
theory and experiments in the present study show that
the homology disappears, and the E_,, vs n, relation is
split into two slowly varying curves, one for carbides and
one for nitrides.

In order to understand why the E_, values for car-
bides and nitrides are separated above a certain n,, we
have to study the differences in the electronic structure
between the two series of compounds. From Table I, we
see that the lattice constants are smaller for the carbides
than for the corresponding nitrides. The d-band occupa-
tion is slightly larger in the carbides which means that, at
the respective Fermi energies (Ey), the d functions have
smaller amplitudes at the Wigner-Seitz radii (Rysg),
despite the smaller lattice constants. It then seems
reasonable to assume that the carbide lattices can shrink
due to more localized M d electrons, i.e., the C atoms
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play a more important role in determining the lattice
spacing in the carbides than the N atoms do in the ni-
trides. This can be explained by the fact that the pressure
from localized M d electrons is smaller than from delocal-
ized d electrons because of the small amplitudes of the
wave functions at Ryg. Adding more d electrons to an
almost filled band of localized d functions does not lead
to further expansion (cf. the smaller lattice constants for
larger d occupation in Table I). Therefore, despite the
average isoelectronic conditions in MX carbides and ni-
trides, the former have more M d electrons and thus can
shrink more. This additional contraction may be the ori-
gin of the lower total energy in the solid phase, which in
turn leads to larger cohesive energies for these com-
pounds. It should be noted that these arguments also
hold for lower d-band occupations since the carbides al-
ways have more M d electrons than the nitrides. Howev-
er, the difference is that at low d-band filling, the d func-
tions are delocalized with high amplitudes at the
Wigner-Seitz radii, and thus the lattice spacing is not so
sensitive to the d-band occupation as it is at larger n,
values.

B. LMTO versus experimental results

A significant feature of the results in Fig. 6 is the al-
most constant difference between calculated and experi-
mental E_,; values, which amounts to 140 (£20)
mRy/atom for carbides and (130%20) mRy/atom for ni-
trides. The fact that band-structure calculations based on
the local-density approximation tend to overestimate
E_;, for the 3d-transition metal elements has been noted
before. For instance, Bagno, Jepsen, and Gunnarsson'?
give differences between theory and experiments of the
order of 200 mRy/atom, which is comparable with those
obtained here.

Our results and those of Zhukov et al.? agree on the
fact that E_; for MC and MN compounds decreases
when M changes from Ti to V. Zhukov et al.? analyzed
experimental  information and concluded that
E ,(TIC)<E_;(VC), in clear disagreement with the
theoretical trend. However, it has been noted® that other
quantities obtained from experiments change in the same
way as the theoretical cohesive energies, and so do the
E,,, values presented in an earlier’® analysis of experi-
mental data. E_, obtained by us from thermodynamic
information (Table I) also supports the theoretical trend.
We note that the decrease in E_;;, of MX (X=C and N)
from M=Ti to M=V is smaller in our results than ac-
cording to Zhukov et al.? The difference may be due to
the fact that Zhukov et al. use the “frozen-core” approx-
imation in their calculations while we perform a “free-
core” treatment, both in the bulk and in the atomic cal-
culations.

C. Cohesive energy of CrN

Lacking experimental information on the NaCl-
structure MC carbides with n, > 5e /a, Fernandez Guil-
lermet and Grimvall’ assumed that homology relations
hold up to n,=5.5¢/a, and a A°H®(T,) value for the
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metastable MnC (n,=5.5e /a) was estimated from the
measured properties of CrN (n, =5.5¢ /a) as E_,,(MnC)
~E ;,(CrN). Contrasting with this, the LMTO results in
Fig. 6 give, at n,=5.5¢/a, E_;(MnC)-E_,(CrN)~70
mRy/atom, which is larger than the theoretical
differences corresponding to the range of n, (Ref. 6)
where homology relations have been observed. Hence
our LMTO results suggest that the assumption of homol-
ogy underestimates the difference in E . between MnC
and CrN. In view of this, we discuss CrN in some detail
(see also Fig. 7). Note that our theoretical E_; (CrN) is
only 90 mRy/atom larger than the experimental value,
whereas the average systematic difference between theory
and experiments for the MN compounds is (130£20)
mRy/atom. Thus the theoretical E_; for CrN seems to
be 130—90=(40+20) mRy/atom smaller than expected
from the systematic shift observed for the 3d metal MN
nitrides. One possible reason why the cohesive energy of
CrN could have been underestimated here is that the to-
tal energy has been calculated for paramagnetic CrN in
the NaCl structure. Experiments, however, refer to anti-
ferromagnetic CrN in which the structure is slightly
different from the NaCl type and can be described by an
orthorhombic unit cell.3® It cannot be taken for certain
that this effect can account for the full difference between
the expected and calculated cohesive energies, but wait-
ing for this possibility to be tested by calculation, it is in-
teresting to examine the consequences of a larger
E 1, (CrN) value on the qualitative features of Fig. 6. For
instance, an increase in E_;(CrN) by (40%20)
mRy/atom would bring CrN in line with the results for

CrN
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FIG. 7. Electronic density of states of CrN as a function of
energy.
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the remaining MN nitrides, and would decrease the
theoretical difference E_,,(MnC)—E_,(CrN) from 70
mRy/atom (see above) to (301£20) mRy/atom. That
smaller difference is comparable to the magnitude of
those found theoretically between carbides and nitrides
with 4e/a <n,<5e/a, viz. E_;(TiC)—E_, (ScN)=~43
mRy/atom, E_,(VC)—E_,(TiN)=1 mRy/atom, and
E_,(VN)—E_; (CrC)= —33 mRy/atom, and would sug-
gest that the homology holds reasonably up to
n,=5.5e/a.

D. Properties of Mn compounds

A previous analysis® of thermodynamic information on
3d-transition-metal compounds revealed that complex
Mn compounds deviate from the general trend in
ACH®(T,) vs n, plots. This fact was given a qualitative
explanation based on the fact that A °HS(T,) [Eq. (5)] de-
pends on the properties of a-Mn, which is known!? to
show an anomalously low cohesive energy in plots of E
vs n, for the 3d transition elements. Moreover,
cohesive-energy information extracted from the vibra-
tional entropy of the Mn compounds did not deviate
from the general trend,® and one may ask to what extent
the anomalous properties of pure Mn will be reflected in
the behavior of its compounds.

The quantity E_,; studied here using the LMTO
method shows a minimum for the MnC and MnN com-
pounds (Figs. 4 and 5). E_; depends on the properties of
atomic Mn [Eq. (1)] and we find that the energies of the
valence levels obtained in our calculations of the total
atomic energy of Mn are exceptionally low. This is prob-
ably related to the fact that the ground-state valence
configuration of the Mn atom can be described by a
single-product wave function corresponding to a spheri-
cally symmetric electron density.3! Since our atomic cal-
culation (like the bulk calculation) refers to an angle-
averaged charge density, it is not surprising to find that it
predicts the correct valence configuration for the Mn
atom (cf. Table II). MnC is a metastable carbide and its
properties are not known from direct measurements, but
a thermodynamic analysis’ allowed us to get an upper
limit of its cohesive energy, viz., E_, <0.389 Ry/atom.
This implies a negative deviation from the E_, values ob-
tained for the neighboring compounds CrC and FeC.
The E_,,(MnC) result in Table I, which comes from the
homology approximation, leads to a dip in the E_, vs n,
relation, in agreement with the LMTO calculations. The
extrapolation we used to determine E_;(MnN) is also
consistent with a minimum in the cohesive energy for this
compound, i.e., in line with the theoretical trend.
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V. CONCLUSIONS

We have carried out a detailed study of the electronic
and cohesive properties of all 3d-transition-metal car-
bides and nitrides in the NaCl structure, using a purely
theoretical approach as well as a detailed analysis of ther-
modynamic information. The theoretical treatment was
done with ab initio band-structure calculations using the
LMTO method. Cohesive energies were obtained as the
difference between the total energy of the compound and
the total energies of its constituent atoms. The computer
program for determining the total atomic energies was
carefully developed and made as identical as possible to
the band-structure program in order to minimize sys-
tematic errors.

In the analysis of thermodynamic information, we used
direct thermochemical measurements for stable com-
pounds, while information on metastable compounds was
obtained by interpolation and extrapolation procedures.
In particular, we have relied on enthalpy-of-formation
values for metastable compounds derived in previous
thermodynamic analyses of phase diagrams.

We find a remarkable agreement between our theoreti-
cal and our thermodynamic results, which has allowed us
to analyze, not only trends, but also details in the varia-
tion of the cohesive properties of 3d metal carbides and
nitrides. The fact that the theoretical cohesive energies
and those obtained from thermodynamic information are
separated by an almost constant shift is well known from
previous calculations on the 3d metals.

MnC and MnN have relatively low cohesive energies.
This is probably related to the symmetric nature of the
ground-state valence configuration of the Mn atom.
Another interesting case is CrN, in which the calculated
E_, differs significantly from what is expected from ther-
modynamic information. This difference may be ex-
plained, at least partly, by the fact that the theoretical
cohesive energy is calculated for a paramagnetic state
while CrN is known to have an antiferromagnetic ground
state and a structure slightly different from the NaCl one.

The present work shows that the combination of
theoretical calculations and thermodynamic analyses can
be used to generate new, reliable values for properties not
known from direct measurements. For instance, the in-
formation on “CoN” considered in the present work is
now tested? in a thermodynamic calculation of the Co-N
phase diagram, which is not known from experiments.
We expect that equally reliable results will emerge from
similar work presently being carried out on other
transition-metal compounds.
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