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I. Introduction

Transition metal nitrides have been widely studied recently. From the
original and somewhat generalized concept of metallic intercalation com-
pounds, several different types have now emerged, which often have quite
different characteristics. Titanium nitride, for example, is a substance with
the electrical conductivity of a good metallic conductor and the hardness
of diamond. Regular and at the same time big changes in the properties of
nitrides occur with increasing atomic number in the transition metal series,
and there are also marked crystallographic regularities. The nitrides of
chromium, manganese, and iron are also of theoretical interest because of
the incidence of ferromagnetism, antiferromagnetism, and ferrimagnetism.

Quite a new concept of the bonding in these substances has also emerged
as a result of improvements in older techniques, such as X-ray crystal-
lography and magnetic measurements, and the introduction of new
methods, such as neutron diffraction, for the elucidation of magnetic
structures. Interpretation of the results of these studies has been greatly
helped by further developments in theories of the chemical bond, particu-
larly the Valence Bond and Molecular Orbital theories, and also by applica-
tions of the theory of metallic bonding. The study of nitrides has also been
greatly stimulated by technical developments. Applications will not in
general be discussed in this article, although those which have stimulated
scientific research will be referred to briefly.

Nitrides of metals of the fourth and fifth groups have long been of
importance in high-melting cermets, as have some of the carbides. In
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combination with a metal such as cobalt they have found widespread use
as hard-cast alloys. Fashioning is done by the methods of powder metal-
lurgy, involving sintering and hot-pressing at high temperatures. Their
notably high melting points and relatively good nonscaling properties have
made these materials of interest in connection with problems of jet pro-
pulsion and rocket technology. In addition to the preparation of sintered
products, the production of thin coatings on metallic or ceramic base
materials is also important. The high melting points, coupled with the
possibility of fashioning by the methods of powder metallurgy, have also
resulted in the manufacture of refractory vessels for metallurgical work
which can be used in melting alloys of the b-group metals. In this connection
the use of ternary compounds which contain metal from the b-groups as
well as a transition metal may be noted. The chemical resistance and high
electrical conductivity lead to applications as electrode materials in fused
salt electrolysis. The compounds are also interesting as supertonductors
because of their relatively high transition temperatures.

Study of the nitrides of metals in Groups 6-8, especially double nitrides
and carbidenitrides of these metals, has been stimulated by #nter alia the
steel industry. Such phases play a key role in nitrided steels, although they
occur independently of the process of hardening by nitriding.

Il. Binary Compounds

A. PHASES

Before discussing the chemical and physical pfoperties of these com-
pounds their constitutions will be dealt with. If they were ionic the formulas
would be a sufficient indication. It is also necessary in this case to specify,
where possible, stability ranges and, as far as is known, the dependence of
these on temperature. The crystal structure is also required as a means of
characterizing a particular compound.

1. Survey of Interstitial Structures

G. Higg recognized that there is & common structural principle for the
metallic nitrides (61). The structure is determined by the metal atoms,
which are substantially bigger than the nitrogen atom. In the vast majority
of compounds the metal atoms are arranged in either cubic or hexagonal
close packing. Nitrogen atoms are intercalated in the octahedral holes in
the metal structure and this is the origin of the terms ‘‘intercalation com-
pound’’ and “intercalation phase’ introduced by Hégg.

In the close-packed cubic unit cell (Fig. 1) there are four octahedral
holes situated in the center of the cell and in the middle of the edges. The
octahedron of metal atoms associated with the nitrogen in the 3%4% position
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is illustrated. A simple geometrical relationship shows that the nitrogen
atoms just fit into these holes when the radii of nitrogen and metal are in
the ratio 7y :ry. = 0.41. If the nonmetal does not fill the holes, which is so
in the case of metallic hydrides, it goes into the smaller tetrahedral holes. If
the nonmetal is somewhat too large the metal atom lattice is expanded and
metal-metal contact is lost. Expansion of the metal lattice is observed up

F16. 2. Lattice of nitrides of the type Me;N (perovskite type): O Me; e N.

to the value rn:ry. = 0.59. If this value is exceeded, as for example in
Fe;C, more complex structures result.

Two types of compound may be derived from the cubic close-packed
arrangement. If all octahedral holes in the eubic face-centered metal atom
lattice are occupied, the composition is MeN (type B1, sodium chloride
lattice). A substantial percentage of the positions in the nitrogen sublattice
may remain unoccupied when, as is generally the case, the metal lattice is
fully populated. The vacancies are then distributed statistically and one
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again speaks of a “NaCl lattice,” although the composition may deviate
very appreciably from MeN.

If only the 337 position in the face-centered cubic unit cell is occupied
by nitrogen (Fig. 2), the composition becomes Me;N. Only one quarter of
the available octahedral holes are then occupied. This occurs in such & way
that only one of two neighboring octahedral holes contains nitrogen. The
four metal atoms are no longer equivalent with respect to nitrogen, the
atom in the 000 position being more distant. This is reflected in the prop-
erties of the nitrides: they are now called “perovskite-type nitrides.” Their
analogy to perovskite is expressed by the formula Me.N(Me); (type
L’10), where Me, is the atom at_the corner of the cube and Me; represents
the three in the middle of the faces.

F1c. 3. Hexagonal close packing of metal atoms in the nitrides Me;N to ~Me.N:
O Me; X octahedral holes.

The framework for nitrides which crystallize in the hexagonal system
is provided by metal atoms with a hexagonal close-packed arrangement,
compositions varying in the first transition series between Me;N and
Me:N. The triple hexagonal close-packed unit cell shown in Fig. 3 containg
six octahedral holes for six metal atoms: these are indicated in the figure
by crosses. One octahedron formed by the six neighboring metal atoms
is shown. It includes one metal atom from the neighboring cell. Octahedral
holes are, however, filled by nitrogen to the extent of only 33-50%, cor-
responding with the formulas Me;N and Me:N. When nitrogen is dis-
tributed statistically the unit cell of the nitride is the same as that for the
hexagonal close-packed metal lattice. With ordered arrangements of nitro-
gen, superstructures occur, which will be discussed for the hexagonal iron
nitrides (cf. Section I1,A 2f).
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2. Nitrides of the Metals

Table I summarizes the phases, their compositions, and structural data.
Where the phase limits are known they are given with their lattice con-
stants, measured at room temperature and shown by a cross. It is difficult
to avoid a certain measure of ineonsistency in writing the formulas.
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F1G. 4. The titanium/nitrogen system (55).

a. Scandium. The only compound of scandium to exist is SeN, which
crystallizes with an NaCl lattice and is thus in line with the MeN phases
of subsequent elements. Unlike them, however, scandium nitride has a
stoichiometric composition (8) or a very narrow stability range (147).

b. Titanium. The system titanium/nitrogen (cf. Fig. 4) (65) is typical
of intercalated structures in the sense of Higg's formulation (50, 51).
Hexagonal close-packed a-titanium takes up nitrogen in solid solution



TABLE I

STRUCTURAL DATA

Lattice constants (&)

Structural type and Additional
Phase space group Composition® a b c Reference readings
SeN Bl1, 0; ScN 4.45 — — 8) -
SeNo.oro 4.499 — — 147 _—
3-TiN B1, 0% Tio.ssN 4.21 — — (14) (14, 60, 117, 131)
x TiNi.e0 4.234 — — (28) —
X TiNo,.ﬂ 4.215 — — (28) —
eTi.N Tetragonal, D}} TiNo.s0 4.945 — 3.034 (60) 127
v-VN B1, 0} VNi.00 4.126 — — 63) (16, 33)
VNon 4. 064 - — 53) —
B-VsN 1’3, D4, X VNo.s 2.835 — 4.541 (63) —
x VNo.x 2.831 — 4.533 63) —
+-CrN B1, O° CrNy. 4.140 — — (1) (34, 135)
CrN antif. Orthorhombic, D}} CrNy.o 5.757 2.964 4,134 (26) —_
B8-CroN L'3, Dg, x CraNi.o 2.768 — 4.469 34) 137)
X CreNo1s 2.742 — 4 429 (34) —_—
MnN ? Cubic ? MnN;. . 4.435 — — (126) —
9-MngN; Tetragonal X MngNs 25 4.2218 — 4.1136 107) —
face-centered x MngNs 4.2145 — 4.1486 107) —
7-Mn;N; L'6, DY X MngN:os  4.2074 — 4.0410 107 (49, 126)
x Mn;N,.e 4.2044 —_ 4.0464 107y —_
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and thus forms an ‘“‘intercalated mixed crystal.”” Because of this intercala-
tion, the hexagonal close-packed arrangement of the metal, which is trans-
formed into a cubic body-centered arrangement at 882°C for the pure
metal, is stabilized at higher temperatures, probably to about 2350°C.
Nitrogen is situated in the octahedral holes of the hexagonal close-packed
titanium lattice (cf. Fig. 3).

The solubility of nitrogen in body-centered cubic §-titanium, which
is stable above 882°C, is substantially lower. Only highly distorted ‘“octa-
hedral holes” are available in this type of structure, and the relatively
complicated process of intercalation of & nonmetal in such holes has been
studied only for the system iron-nitrogen (Section II1,A,2).

Apart from these two solid solutions, the diagram is dominated by the
s-phase, TiN, which extends from TiNy.¢ to TiNy.g (28). Comparison of
the pyknometric density with that derived by X-ray methods leads to the
conclusion that the cubic face-centered titanium lattice in TiNy.e is fully
populated, but that the nitrogen lattice corresponding with this composi-
tion contains vacancies. For the stoichiometric composition both lattices
have 49, of vacancies (28). In preparations with a nitrogen content up to
TiN1.1s, the excess of nitrogen is readily lost by thermal dissociation and
up to 209 of the titanium lattice sites are unoccupied (Section I1,B,2) (14).

In addition to the above, an e-phase exists, which has been little studied.
The composition has been given as Ti;N (137) or Ti;N (60), and it is known
to erystallize in an anti-rutile lattice (60), in which nitrogen is again sur-
rounded by deformed octahedra of titanium atoms.

c. Vanadium. The solubility of nitrogen in cubic body-centered crystal-
line vanadium is very small at low temperatures. The y-phase, VN, which
again crystallizes in the NaCl lattice, has a narrower phase range than
TiN (15, 32, 33, 63). It also differs from TiN in having no appreciable
concentration of lattice vacancies: pyknometric densities for the y-phase
agree very well with values deduced from X-ray measurements (53). The
hexagonal intercalated phase is represented in this case by an intermediate
B-phase, V;N (63), whereas in the system titanium/nitrogen the same
structure occurs as intercalated mixed crystals of «-Ti.

d. Chromium. The same intermediate phases occur in the system
chromium/nitrogen. These are the cubic y-phase, CrN, the stability range
of which is unknown, and the hexagonal close-packed B-phase, CroN (11,
34, 135). Cubic CrN is orthorhombically deformed below 0°C (26). This
change is associated with the incidence of antiferromagnetism (cf. Section
I1,C,4,b). A hexagonal phase CrN has also been described, but cannot be
considered as fully established (137).

e. Manganese. Phase studies in the system manganese/nitrogen (Fig. 5)
are more extensive, although again not conclusive. The tetragonal face-
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centered §-phase, MneNj, is the richest in nitrogen. With increasing nitrogen
content the ratio ¢/a approaches unity and extrapolation to MnN gives
¢/a =1 (107). A cubic face-centered phase MnN has also been reported
(126), although a lattice constant is given which it is impossible to reconcile
with the extrapolation mentioned above.

As the nitrogen content is decreased, the p-phase, Mn;N,, appears. Its
range of existence has been established, at least at low temperatures, and
it is again tetragonal face-centered. Between it and the nitrogen-richer
d-phase there is a two-phase region in which the axial ratio ¢/e in the -

Weight per cent nitrogen

2 5 10 15
1100 : £ +N,
. _____ _miooocc. -
\
\
$ 900+ N
Q
g € \\\ §+N2
g \
g N \ ~T700°C
© 700f <
e g+t 4 \\ L+m I“I n+N,
= — N 11
. ] ssq’c
Il I\q.?c-Nz
L Py
5000 _._.A4718°C . _._._. JL._ass°C ] J"q}\
T 7] MY
* 1 T \
ctetry fc.tetr
l | | \‘
. b S 3

2 ) A
Mn 5 10 15 20 25 30 35 40 45
Atomic per cent nifrogen

Fi6. 5. The manganese/nitrogen system (55, 87, 107).

and the d-phase alters with decreasing nitrogen content in the opposite
sense (49, 107).

While the two tetragonal phases mentioned are structurally like the
cubic MeN phases of Groups 3-6, it is found that, with lower nitrogen
contents, a hexagonal &-phase with the composition Mn,N occurs (19, 49,
107). The ranges of existence of the phases referred to above become nar-
rower in all three cases as the temperature is increased.

An e-phase follows which, at lower temperatures, has the composition
Mn,N and a small stability range (49, 87). Here a structure of the perovskite
type (cf. Section A II,1) occurs for the first time. At higher temperatures
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the e-phase region extends in the direction of lower nitrogen contents. An
¢’-phase follows, which differs from the ferrimagnetic e-phase in being
paramagnetic (87). Extrapolation of the lattice constants of the e and
¢'-phases gives the lattice constants of the cubic face-centered high-tem-
perature y-Mn phase (1095°-1134°C) (87). In the literature the Mn4sN
phase is frequently described as having a smaller range and decomposing
peritectically with rising temperature at 700°C (65). This would correspond
with the behavior of Fe,N, which will be discussed later, but the statement
is very probably incorrect.
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F1c. 6. The iron/nitrogen system (55, 70).

With 4-10 atom9, of N in a specimen that has been annealed at 1000°
or 800° and very rapidly quenched, a tetragonal face-centered §-phase is
found (49, 87). Its lattice constants would, with increasing nitrogen con-
tents, approximate to those of the cubic ephase and, with decreasing
nitrogen content—by extrapolation, to those of the tetragonal face-cen-
tered low temperature yMn phase. There are thus close relationships
between the y-Mn high-temperature phase and the e and €'-phases, and
also between the y-Mn low-temperature phase and the §-phase.

There is also the possibility that a unique phase extends at high tem-
peratures from high-temperature y-Mn to MnN; that is, ¥-Mn is progres-



METAL NITRIDES OF THE FIRST TRANSITION SERIES 01

sively stabilized with increase in its nitrogen content, and exists as Mn,N
even down to room temperatures (180). On this basis Mn,N is not an inter-
mediate phase but a high-temperature y-Mn mixed crystal. Occurrence
of the é-phase could then be attributed to incomplete stabilization at low
nitrogen contents and to transition, notwithstanding very rapid quenching,
to the tetragonal low-temperature y-Mn phase.

f- Iron. The fact that the sron/nitrogen system is relatively well known
is due particularly to the investigation of Lehrer (106), Eisenhut and Kaupp
(29), and Jack (67, 70, 71, 72). For low concentrations of nonmetal there is
an extensive analogy with the iron/carbon system.

Nitrogen has a low solubility in cubic body-centered a-iron. This
reaches a maximum of 0.4 atom9, N at 590°C. On the other hand, solu-
bility in cubic face-centered y-iron, which exists above 910°C, is high, and
this phase is stabilized to lower temperatures by intercalation of nitrogen.
The maximum nitrogen content is 10.3 atom?, at 650°C and there is a
eutectoid at 590°C, 8.759, N (106). Since the y-phase corresponds with
austenite in the Fe/C system it is called ‘‘nitrogen austenite.” With about
1 atom of nitrogen to 10 atoms of iron, about 109, of the octahedral holes
of the cubic face-centered iron lattice are statistically occupied by nitrogen.

Further nitriding at higher temperatures, e.g., 700°C, leads at about
18 atom9], N to the one-phase region of the e-phase. This has a hexagonal
close-packed arrangement of iron atoms with nitrogen distributed statis-
tically in the octahedral holes. When a specimen of the hexagonal phase
with 20 atom%, N is cooled below 680°C a cubic y’-phase Fe,N results,
while at somewhat lower nitrogen contents the e-phase decomposes in a
eutectoid reaction to the vy- and y’-phases.

If nitrogen austenite (y-phase) is cooled slowly it goes over eutectically
to a mixture of the y’-phase with a-iron. With quick cooling “nstrogen
martensite’”’ (a’-phase) is formed. In this, as in martensite, the iron atoms
have a tetragonal body-centered arrangement. The nitrogen atoms are
distributed statistically in the 110 and 00} positions with a maximum of
9.4 N to 100 Fe (70).

When nitrogen martensite is annealed at somewhat over 200°C it is
converted to Fe,N + a-Fe, just as martensite goes to Fe;C + a-Fe. When
the annealing is done at a lower temperature (120°C), however, an inter-
mediate a"-phase is formed which may be considered as an ordered nitrogen
martensite. Its decomposition results only on prolonged annealing (71). The
phase changes are represented in Fig. 7.

Figure 8 shows the structure corresponding to the ideal composition of
ordered nitrogen martensite («”-phase, Fei1sNs). It is possible, however, for
up to 509, of the nitrogen sites in the lattice to be unoccupied without
change in the dimensions of the elementary cell. When iron atoms are
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displaced in the direction of the c-axis, deformed octahedral holes (71) are
formed from the holes of the original cubic body-centered or tetragonal
body-centered elementary cell.

The structure of the a”-phase, FeisNs, may also be derived from Fe,N:
each second Fe N-cell contains one nitrogen atom; tetragonal deformation
of the elementary cell of FeN is compensated by displacement of iron
atoms in the direction of the c-axis, so that a true coordination number of
6 results (71).

a" _20°Cc p

Yy +a
al / )
/ N-Martensite S5
\ ra
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y - Phase
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Fra. 7. Transitions of the y-phase in the iron/nitrogen system at lower temperatures.

R4

Fic. 8. Lattice of Fe;sN: (a’-phase of ordered nitrogen martensite): O Fe; e N.

The hezagonal ephase contains Fe;Ng 46 in the unit cell when the com-
position is Fe;N; this is valid for a statistical distribution of nitrogen atoms
over the two available octahedral holes of the cell. In actual fact a super-
structure (FeeN;) of 3 times the volume with a’ = a+/3 is found. Figure
9(A) shows the positions of nitrogen atoms, according to Hendricks and
Kosting (67), in the triple elementary cell with a lattice constant of ay/3.
Positions of the nitrogen atoms are shown. Iron atoms are shown only for
the environment of one N atom with z = 0. They havez = L orz = —1}.
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Nitrogen atoms are arranged so that neighboring octahedral holes are
unoccupied in the direction of the c-axis and at right angles to it.

The hexagonal phase reaches almost the composition Fe,N. In it there
is the same sugperstructure cell; half of the octahedral holes corresponding
to a composition that is somewhat poorer in nitrogen than FesN; are
occupied in such a way that there is a lattice vacancy above and below
each nitrogen atom [cf. Fig. 9(B)]. In addition, there is one N atom in the
“nitrogen layer’’ with z = } and two in the other (with z = 0).

There is also an orthorhombic &phase, Fe,N, separated from this
hexagonal phase by a very narrow two-phase region and with almost the

0 0.8 0
RPN °
o O

Y X

—0— (B)

F1a. 9. Projections of the nitrogen sites on the z, y planes of iron nitride Fe;N~Fe,N.
(A): eFesN; (B) eFeoN; (C) t-FeeN; ONinz=0; @ Ninz =%, XFeinz = +%.

same composition. The iron atoms in it have basically the same arrange-
ment as in the hexagonal phase, but the orthohexagonal cell is somewhat
deformed in the sense of becoming orthorhombic. Nitrogen atoms, however,
are arranged differently. The two nitrogen layers referred to previously
now each contain the same number of atoms. Figure 9(C) shows the struc-
ture of the orthorhombic elementary cell (FesN4). Neighboring octahedral
holes are now filled by nitrogen in one direction, leading to an expansion
in this direction compared with the original hexagonal form (67, 72).

With intermediate nitrogen contents in the hexagonal phase, a super-
structure with an even larger elementary cell makes its appearance as a
result of ordered nitrogen layers. For the composition FeysNyp the unit cell
has a” = a - 24/3 for the same value of c.
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g. Cobalt. In the system cobalf/nitrogen there is a similar situation:
CosN is found as a hexagonal intercalated structure with a superstructure
cell that has 3 times the volume (25, 89). With higher nitrogen contents
thisis succeeded by a broad two-phase region, followed by the stoichiometric
phase Co.N, having an orthorhombic deformed hexagonal close-packed
arrangement like the g-phase of iron (89). Electron diffraction also reveals
on cobalt surfaces a cubic phase, to which the composition CosN has been
assigned, with a structure analogous to that of FesN (170). A poorly crystal-
lized CoN has also been described to which an NaCl structure (154) or, in
more recent work, a zinc blende structure (78) has been attributed.

h. Nickel. In the system nickel/nitrogen there is a hexagonal NizN phase
of small breadth which, because of the ordered nitrogen layers, again re-
quires a 3-fold increase in the unit cell size (69, 90). Electron diffraction has
detected the Ni,N phase (169), which is analogous to the case of cobalt. The
nitride Ni;Ns, formed by thermal decomposition of the amide, is amorphous
(173).

. Copper. It might be expected that this series would also include a
corresponding nitride of copper. The compound CusN has indeed been pre-
pared, but has nothing in common with the nitrides of iron, cobalt, and
nickel of the same composition. The compound shows no metallic conduc-
tion and crystallizes with the ReQ; lattice. It must be considered as a
compound of Cu(I) which is partly polar in character (82). It will not be
further considered.

B. PreEraraTIVE METHODS

The most diverse methods are available for preparing metallic nitrides.
This is due primarily to great differences in thermal stability and, asso-
ciated with this, in enthalpies of formation. Thermal properties are de-
scribed (Section II,C,1). It may be noted, however, that TiN, for
example, has an enthalpy of formation of —79.7 keal (59) and can be
heated in nitrogen at 1 atm up to 2900°C. Both enthalpy of formation and
thermal stability decrease with increase in the atomic number of the metal;
Ni;N has an enthalpy of formation of —0.2 kecal (54) and decomposes
rapidly at 400°C. Indeed, this decomposition would occur at lower tem-
peratures if it were not kinetically hindered.

In the following pages relevant preparative methods will be discussed
with examples [cf. (93)], without, however, attempting a complete coverage
of the literature.

1. Nitriding of Metals

This method is of the greatest importance today because metals of high
purity are available.
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(a) In nitriding with nitrogen it follows that only that phase will be
obtained that is in equilibrium at the given temperature with the pressure
of nitrogen used. The nitrides TiN (I, 28), VN (53), and CrN (11) may be
prepared with nitrogen at 1 atm. For complete nitriding it is necessary to
employ temperatures between 1100° and 1600°C, depending on the fineness
of division of the metal and the duration of the treatment. In the system
manganese/nitrogen a nitrogen pressure of 1 atm at 750°C gives a product
with about 22 atom%, N (163) whereas, at 200 atm and 740°C, 32 atomY,
N is reached (47). In the case of elements of the eighth group, nitriding
with nitrogen at pressures which can be attained without special facilities
is no longer possible.

(b) A substantially higher degree of nitriding is attained by use of
streaming ammonia. 1f ammonia at, say, 500°C is passed at a sufficiently
high streaming rate over iron, it is found that the degree of dissociation
in the gas phase is far short of the equilibrium value. Calculations from the
equilibrium constant would indicate very high equilibrium pressures of
nitrogen. In fact, the dissociation equilibrium in the gas phase is established
slowly, whereas equilibrium between ammonia and metal, leading to the
formation of nitride and hydrogen, is established rapidly. In this way it is
possible from the metal and streaming ammonia to prepare nitrides of iron
(105), cobalt (89), or nickel (90), all of which have a very low enthalpy of
formation and also a very high equilibrium pressure of nitrogen at the
temperature of their preparation.

A further preparative route is the use of a mixture of ammonia and
hydrogen. With ammonia at 1 atm and for a given flow rate and temperature
only a fixed nitrogen content can be attained. Variation in the volume ratio
NHj;:H; in the gas taken enables lower nitrogen pressures to be set up, and
this makes possible the preparation of less highly nitrided material. For
example, a mixture of 989, NH; and 29, H,, at 500°C and 1 atm, cor-
responds with a nitrogen pressure of about 8 X 10° atm, and a mixture of
709, NH; and 309, H. with a nitrogen pressure of about 1.2 X 10® atm
(36). The formation of Fe,N may be mentioned as an example. This requires
an NH,/H; mixture at 500°C with 20 vol%, NH;, corresponding with a
dissociation pressure of about 5.2 X 10 atm N.. This method of working
has been important in establishing the Fe-N phase diagram (105, 132).

2. Nitriding of Metallic Compounds

(a) The classical method for preparing metallic nitrides is the reaction
of metallic oxides, e.g., Ti0s, with nmitrogen in presence of carbon. This
process was used in the fundamental researches of Friederich and Sittig
(40), although it is applicable only to nitrides of high thermal stability
and does not lead to pure products. With titanium, for example, reaction
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above 1600°C with 1 atm N, leads to titanium carbide and, below this
temperature, to titanium nitride. The ability of TiN to form mixed crystals
with TiC and TiO also makes the thermodynamic treatment of the reaction
very difficult (117). VN and CrN may also be made by this process, al-
though contamination with carbide occurs even more readily.

(b) In many cases it has proved advantageous to nitride amalgams,
hydrides, ozides, and halides with ammonia. The principle is well illustrated
by the nitriding of manganese amalgam. As the temperature is increased the
amalgam decomposes and the resulting very finely divided metal reacts
with ammonia that is passing over it. This method may be operated at
relatively low temperatures and yields products which are highly nitrided
(107). Reaction with titanium hydride or vanadium hydride occurs simi-
larly. They react with nitrogen or, better, with ammonia at 1000°C (37).

Ammonia has an additional role as a reducing agent in the conversion
of oxides and halides. From NH,VO; it is possible to make VN by reaction
with ammonia at 900°-1000°C (21). FesO4 also reacts with ammonia at
430°C to form Fe;N (58). Fluorides of cobalt and nickel, which have the
advantage that they do not form ammines, are likewise reacted with
ammonia (89, 90). Other halides may be transformed after intermediate
formation of an ammine or following ammonolysis. Thus TiCly, for exam-
ple, yields TiN of stoichiometric composition if the reaction temperature
is increased to 1400°-1600°C (14). At lower temperatures material is
produced with up to 209, of vacancies in the titanium sublattice, i.e., with
an excess of nitrogen (14).

(¢) Mention may also be made of experiments to prepare nitrides in
the plasma beam. In a plasma burner fed with a mixture of 36 vol9, N,
and 64 vol9; Ar, TiCl,is introduced with the nitrogen stream. Small crystal-
lites of TiN separate in the cooled anode cavity. Since the elements are
ionized in the beam the use of hydrogen may be dispensed with, although
it is necessary in the growth process disc ussed below (130, 165).

3. Growth Processes

(a) The van Arkel process for the thermal decomposition of transition
metal halides on a tungsten wire heated to a high temperature has also been
used for making metallic nitrides. In preparing titanium nitride, TiClsin an
atmosphere of nitrogen and hydrogen is decomposed on a very thin tungsten
wire heated electrically to 1000°-1400°C. Knowledge of the equilibrium
underlying the reaction, which depends little on the temperature, allows
the reaction temperature to be lowered still further. It is possible in this
way to obtain 1-2-mm thick wires of TiN (114, 117, 118, 171a).

(b) Basically the same process is used to coat carrier materials such
as steel or corundum with a thin surface layer of TiN (24). The temperature
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may be lowered to about 1000°C and well adhering layers with thicknesses
of 6y, for example, may be obtained on sheet steel (117).

Using the same method, VN may be prepared from VCl,, nitrogen, and
hydrogen at 1400°~1600°C on tungsten wires (115), and VN layers may be
put onto carriers at 1100°-1600°C (24).

4. Thermal Decomposition

(a) Thermal decomposition of metallic nitrides (also discussed in
Section II,C,1) offers the possibility of preparing nitrides of lower nitrogen
content by thermal decomposition of a highly nitrided product. Thus it is
possible to submit CosN, which is the most highly nitrided compound, to
careful degradation and so obtain Co;N (89). Since, however, thermal de-
composition is not generally done under equilibrium conditions, there is the
danger of forming nonhomogeneous products.

(b) Nitrogen-rich nitrides may be prepared by thermal decomposition
of amides obtained by precipitation from liquid ammonia. For example,
CoN may be made from Co(NHz); (164) or NizNe from Ni(NH,). (173).
Equilibrium reactions are not involved and the products are not crystalline.

5. Reactions in the Solid State

(a) When stability relationships permit, preparations of medium
nitrogen content may be obtained quite simply by heating the metal with
a nitrogen-rich nitride. Reaction is favored by the use of fine grain sizes
and pressing the mixed reactants. If sufficient attention is paid to homoge-
nizing the material, this approach may be used in studying the systems
titanium-, vanadium-, chromium-, and manganese-nitrogen.

(b) In this connection mention may be made of sintering and hot-
pressing, a prerequisite of which is the production of material of small
particle size by special processes. Temperatures of 1300°-1600°C and
pressures of 70-150 kg/mm? are used. The process, which has long been of
importance in laboratory and technical practice, is dealt with fully by
Kieffer and Schwarzkopf (94). Contributions to the theory of sintering
have also been made by Hiittig (64). The thermodynamics of the sintering
process in the presence of carbon has been treated for TiN (12).

6. Melting

The preparation of nitrides in melts is not in general possible because
the compounds either undergo thermal dissociation too readily or have
very high melting points. The system titanium/nitrogen has been investi-
gated with the aid of arc melting for products of low nitrogen content (131).
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C. PROPERTIES

1. Chemical and Thermal Properties

Scandium nilride represents a bridge between polar calcium nitride and
TiN, a typical transition metal nitride with metallic character. Saltlike
nitrides are hydrolyzed by water with formation of ammonia, and this is
true to a small extent of ScN. It is a strongly exothermic compound, al-
though the only value for the enthalpy of formation, —67.5 kecal/mole
(125), is an estimate based on interpolation. Collected values of enthalpies
of formation and free enthalpies of formation are given in Table II. As for
many transition metal nitrides, the melting point of SeN, 2627°C (40), is
substantially higher than that of the metal (1400°C).

TABLE II
THERMODYNAMIC DATA
AH. 298 Angs Additional
Phase (kcal/1N) (kcal/1N) Reference readings

SeN —67.5 — (152) —
TiN —79.67 — (104) (69, 63, 125)

—_— —-72.52 (104) (159)
VN —51.88 —45.7 (11%) —_
v-CrN —29.01 —_ (104) (124, 151)
Cr.N -30.8 —24.2 110 —_
&-Mng, ;N —-24.1 — (110) (160)
eMn,N —-30.3 — (110) —
t-FeoN -3.0 — 23 1, 70, 92, 120)
+'-Fe.N —~4.5 — (23) (22, 92)
Ni;N —-0.2 — 64) —

CusN +17.84 — (83) —

In titanium nilride the chemical properties of the transition metal
nitrides as high melting cermets are well developed. Indeed, it has the
greatest chemical and thermal resistance of any of the compounds in the
series under consideration. In the cold it is attacked only by aqua regia
but, on warming, slow attack occurs with acids or alkalies to yield am-
monium salts or ammonia. TiN is resistant to chloride melts and metallic
melts of iron, aluminum, or copper, but will not withstand oxide slags.

The scaling resistance in air is not very good. Systematic studies have
shown that TiN in air undergoes a weight increase due to oxidation of
1 mg/em? in 6 hours at 800°C. From kinetic studies it shows that two
processes are operating at about the same rate: on scaling, rutile is being
formed at the TiN/TiO, interface with an activation energy of 24.5 kcal/
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mole, while oxygen and nitrogen diffuse through the rutile layer with an
activation energy of 46.4 kcal/mole (119).

The enthalpy of formation of TiN determined by the Knudsen effusion
method is AHys = —79.7 keal/mole (104) and is the highest in the series
of compounds under consideration. The same is true of the free enthalpy
of formation (AGas = —72.5 keal/mole) (104). In the effusion method,
solid TiN vaporizes as titanium and nitrogen. With this method a nitrogen
partial pressure of 32.2 X 10~¢ atm is measured at 1968°C (59). Mass
spectrographic studies also show that TiN is thermally dissociated at about
1800°C and does not evaporate as molecules (2, 3). The melting point,
2947°C (1), is particularly high. The sample must, of course, be melted in a
nitrogen atmosphere as TiN dissociates in vacuum at high temperatures.

With increasing atomic number the chemical and thermal resistance
of the nitrides decreases fairly steadily. Vanadium nitride, VN, is insoluble
in nonoxidizing acids, but dissolves in either nitric or concentrated sulfuric
acid. Part of the nitrogen appears as an ammonium salt and the remainder
as elementary nitrogen. This behavior is also observed with the other
nitrides. They are decomposed by strong alkalies with evolution of am-
monia. V3N is less resistant chemically than is VN (53). A value of 2050°C
has been given for the melting point of VN, although it also undergoes
decomposition (40). The enthalpy of formation of VN, determined by
combustion calorimetry, is —51.88 keal/mole (112), which is appreciably
less than that of the preceding nitrides. The same is true of the free enthalpy
of formation (—45.7 keal/mole) (112).

The chromium nitrides CrN and Cr,N dissolve in concentrated hydro-
chloric acid, part of the nitrogen being liberated as such. The enthalpies
of formation of CrN and Cr;N, determined by direct nitriding under pres-
sure or by combustion calorimetry, are almost the same [CrN, —29.0
keal/mole (104); Cr;N, —30.8 kcal/mole (111)]. The free enthalpy of
formation of Cr:N is —24.2 keal/mole (111). It is possible to prepare
CrN with nitrogen at 1 atm, but melting points cannot be determined
since CrN and CryN decompose at about 1500°C without melting.

The manganese nitrides dissolve in dilute nonoxidizing acids with
formation of ammonium salts and are also decomposed slowly by water.
Enthalpies of formation are only a little lower than for the chromium
compounds ({-Mn; ;N, —24.1; MnsN, —30.3 keal/mole) (110). Equilib-
rium pressures are, however, substantially higher; the phase Mn,N at
540°C has a nitrogen pressure of about 3 torr (153).

The iron nitrides are only slightly exothermic. Enthalpies of formation
have been determined by solution calorimetry (-Fe.N, —3.0; v'-FeuN,
—4.5 keal/mole) (23). The equilibrium between ammonia and iron leading
to formation of the various iron nitrides and hydrogen has been studied
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repeatedly (31, 132). Equilibrium nitrogen pressures may be calculated
from these experiments. It is found, for example, that Fe,N at 525°C has
a nitrogen fugacity of 5600 atm (37), a value which, compared with equilib-
rium pressure of Mn,N already cited, illustrates the low stability of the iron
nitrides. Nitrogen dissociation pressures have also been measured directly
in high-pressure apparatus. The phases a-Fe and Fe,N exist in equilibrium
with one another at the following pressures: 300°C, 2100 atm; 400°C, 2300
atm; 500°C, 2700 atm. This is in approximate agreement with the results
of phase analysis by the X-ray and magnetic methods and with the equilib-
rium measurements already referred to (100). At room temperature the
iron nitrides are metastable; the rate of decomposition becomes measurable
only at higher temperatures, which depend on particle size and nitrogen
content.

A minimum in chemical and thermal stability is reached in the nitrides
of cobalt and nickel. NizN has an enthalpy of formation of —0.2 keal/mole
(64) and CusN is actually endothermic with a value of 17.8 keal/mole (83).

2. Mechanical Properties

The mechanical properties of nitrides are at least as important for their
technical applications as chemical and thermal stability. It is not surprising
therefore that this aspect of the subject has been studied intensively,
particularly in the cases of TiN used as a metallic cermet and of the nitrides
which are encountered in steel.

Scandium nitride, with a hardness of 7-8 on Moh's scale (40), is already
decidedly hard. With tlanium nitride a hardness almost equal to that of
diamond is reached. The results of measurements are not, however, always
concordant, and depend on the conditions of preparation and the purity
of the specimens. With fused TiN, values of 9-10 (37) and 8-9 (74) have
heen recorded. Determinations of the microhardness of TiN layers evapo-
rated onto steel gave Vickers hardness values of 1700~1900 kg/mm? (117).
Titanium nitride is, however, extraordinarily brittle and as a result finds
no uses as a cermet in its pure form. It may be sintered with a metal such
as cobalt to give a satisfactory product or may be used as a surface coating.
Compact TiN and evaporated layers of TiN on molded bodies may be
polished with corundum powder (117).

Vanadium nitride, VN, is about as hard as TiN: values of 9-10 on
Moh’s scale have been found for specimens that have been melted (7, 40).
Comparative measurements of the microhardness on specimens subjected
to varying degrees of nitriding and subsequently sintered have shown
a relationship between the hardness and changes in bonding with progres-
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sive nitriding (VNo.s, 1900; VNo.7s, 1520; CrNo.s, 1571; CrNoe 1093
kg/mm?) (14£9).

Reference may also be made to nitrided chromium surfaces, which are
very hard and possess high thermal stability and corrosion resistance, as
well as a high resistance to abrasion. They are characterized by micro-
brittleness, which hinders cold welding and seizing (109, 175). These films
find applications because of their corrosion resistance. Quite apart from
nitride formation, incorporation of nitrogen in metallic chromium increases
brittleness because of local distortions in the metal lattice. The cold brittle-
ness boundary is also lowered as a result of local distortions in the chromium
lattice (96, 174). The influence of nitrogen is very much greater than that
of oxygen (172).

The hardness of the manganese nitrides varies greatly. The e-phase,
Mn,N, has a microhardness of 850-950 kg/mm? at room temperature (6).
Above 700°C it becomes ductile and the ductility increases progressively
as the nitrogen content of the e-phase is decreased. The nitrogen-poor
3-phase obtained by quenching is also ductible, as is the low-temperature
modification of y-manganese itself (87, 180). Manganese nitrides are also
used as nitrogen-containing intermediate alloys in steel making.

There are no exact hardness measurements for the iron nitrides because
sintered specimens cannot be prepared from them. Determinations of the
microhardness of nitride deposits on iron gave the following values: nitro-
gen-containing o-Fe, 160; e + y-phase, 280; nitrogen-martensite, 580;
v-phase 260 kg/mm? (98). A 0.5-mm thick nitride layer containing the
a-, e, and y-phases had a Vickers hardness of 927 kg/mm? (138).

These results show that the hardness of the iron nitrides is much below
that of the nitrides so far discussed. In spite of this they are of considerable
technical significance. This does not, however, depend directly on the
properties of the iron nitrides. The hardness and other mechanical prop-
erties of nitrogen-containing iron obtained by surface nitriding are asso-
ciated with iron lattice defects arising from nitride deposits; blocking of
the glide planes results (41). Electron microscope studies also show that
the hardness is due to deformation of the iron lattice resulting from nitride
separation (65).

A further substantial increase in hardness is obtained by nitride forma-
tion in nitrided alloy steels. These contain particularly chromium, titanium,
or vanadium, binary or ternary nitrides of which are produced in the process
of surface nitriding. These phases, in conjunction with the effects associated
with iron itself, produce the great hardness,

There is no information on the nitrides of cobalt and nickel, which
cannot be obtained in the sintered form. It will be seen, however, that a
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decrease in hardness is to be expected by analogy with the decrease in
chemical and thermal stability in the nitrides from titanium to nickel.

3. Electrical and Optical Properties

All binary nitrides have a high electrical conductivity. This is often of
the same order of magnitude as the conductivity of the pure metal and the
temperature coefficient is always negative.

Scandium nitride, ScN, which may be considered as having a polar
structure, has a small specific resistance (300 X 10—¢ Q cm). This value
was obtained with a sintered specimen containing 4.5%, Sc;0; (40). TiN
has the lowest specific resistance, with a value of 17.3 X 10~® Q ¢m, meas-
ured on rods of high purity made by the van Arkel growth process. The
temperature coefficient of resistance is positive from 20° to 800°C (117). As
the atomic number of the metal increases so does the specific resistance
of the nitrides. For VN it is 200 X 10—¢ (40), for VNje3 85 X 10-% (149),
and for VN335 123 X 10~% @ em (149). The specific resistances of CrNg.gze
(640 X 107%) and CrNe.ee7 (79 X 10~% Q cm) differ sharply (749). Among
the nitrides of the later elements in the series, only Ni;N (2800 X 10-% @
cm) has been studied (88). Exact values cannot be obtained for nitrides of
the eighth group as only powders are available for the measurements.

Cu;N is a semiconductor; its electrical behavior shows that it does not
belong to the transition metal nitrides (88). Measurements have also been
made of the resistance of thin nitride films made by evaporation in the
glow discharge in nitrogen, to which the formulas Fe;N; and Ni;N; have
been assigned (77).

Superconductivity has been found in TiN below 4.2°K (117) or 5.6°K
(56) and in VN below 8.2°K (56). The transition temperature in the case
of TiN falls with increase in the oxygen content as a result of the incorpora-
tion of oxygen in the nitrogen sublattice. TiO itself is not a superconductor.
A dependence on the oxygen content of the specimen is also observed in
the case of VN if VN-VO mizxed crystals are present (66). CrN does not
show superconductivity down to 1.2°K (66).

The differential thermoelectric coefficients for the following nitrides have
been measured: TiNgss —10.8; VN3 —5.3; VN3 —4.6; CrNos0 —2.3;
CrNyozs —92 uV/degree. All were examined in the sintered form (149).

Hall coefficients for the same five compounds were —0.67, —0.9, —0.45,
—0.72, —264 cm3/coul. (149). Trends in the values for the Hall coefficient,
electrical conductivity, and thermoelectric coeflicient of the nitrides have
been correlated with the progressive filling of the 3d shell of the metal atom
(149) (cf. Section 11,D,2).

The color of nitrides varies greatly with the particle size. Powdered
finely crystalline preparations are light brown (TiN), dark brown (VN), or
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dark gray to black (nitrides from chromium to nickel). Well-crystallized
specimens, made by the growth process (TiN, VN) or by sintering (TiN,
VN, CrN), are golden yellow or bronze in color. They exhibit a metallic
luster, which is enhanced by polishing. Recrystallized ScN, which is known
only with a ScyO; content of 4.59, is dark blue in color (40). Specimens of
TiN containing oxide are likewise blue to blue-black (40). Materials pre-
pared at relatively low temperatures from titanium tetrachloride and
ammonia, which have a nitrogen content in excess of that corresponding
to TiN and in which titanium is therefore present in part in an oxidation
state of +4, are dark blue (74). In very thin transparent TiN films de-
posited on so-called “‘sapphire windows” consisting of ground Al,O; plates,
absorption has been measured in the range 200-1000 mg. The absorption
minimum is at 400 mu. Contrary to what is observed visually, no difference
is found between pure metallic TiN and semiconducting TiN containing
oxygen (cf. Section IIT,A 3). The reflecting power in the infrared appears
to be somewhat different for the two nitrides (117).

The X-ray emission spectra of some nitrides (TiN, VN, CrN, and Cr,N)
have been measured and compared with those of a large number of related
compounds. The spectrum of TiN, for example, shows, in addition to the
KgB; line, a satellite at longer wavelengths which does not oceur in the
spectrum of titanium metal. The spectra of TiN, VN, CrN, and Cr,N are
explained by the splitting of the 3d level into s, and e, levels by the crystal
field in the octahedral environment (123).

The question of the charge on the nitrogen atom in intercalation com-
pounds is difficult to answer. X-ray determination of the atomic scattering
factor for nitrogen in Mn,N shows that nitrogen is not an electron donor:
results are consistent with N° or N'—, but not with N3+. The absence of
low-angle reflections, from which the distinction between the different
oxidation states is normally made, makes it impossible to differentiate
between N° and N~ (103). These results obtained by Kuriyama (103) do
not agree with Elliott’s determinations of the atomic scattering factor in
Fe N (30), which show N* to be the probable species. They are, however,
consistent with the general concept of a covalent metal-nitrogen bond
(cf. Section I1,D).

4. Magnetic Properties

In the transition metal nitrides one finds not only paramagnetism
(e.g., in TiN) but also antiferromagnetism (CrN), ferromagnetism (Fe,N,
e«Fe;N), and ferrimagnetism (Mn,N). Some of the compounds with the
last three properties have been studied in very great detail as they are
very important for theories of magnetism and the chemical bond (they
are further discussed in Section I1,D,2).
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a. Paramagneiism. For nitrides of the type MeN, susceptibility values
are known only in the case of TiN and CrN. Molecular susceptibilities,
Xuo! iD cgs units, are

TiN (20°C) 89 X 1078 (97, 117)
CrN (24°C) 763 X 107¢ (26)

The paramagnetic susceptibility of TiN decreases somewhat with increas-
ing temperature (117). CrN becomes antiferromagnetic below 0°C (cf.
subsection b). Further susceptibility measurements on CrN and Cr.N are
difficult to correlate with those quoted (122).

The hexagonal ¢-phase in the system manganese/nitrogen (composition
MnNj.a) obeys the Curie-Weiss law of the form

__0.0316
XMol = 1070

between —180° and 530°C, leading to a value of xuo1 for MnNy. 4 at 20°
of 1405 X 10-% (179). This gives a magnetic moment of 3.94 up, which is
only a little greater than that corresponding with the spin moment of three
unpaired electrons. For preparations of the {-phase richer in nitrogen
(MnNy.s) and for the tetragonal n-phase (MnNjy.es), measured values are
949 X 10-% and 784 X 107%, respectively (18).

The orthorhombic {-phase Fe,N is also paramagnetic (7). The mag-
netic moment is 0.19 up per Fe atom (178). The hexagonal e-phase is nor-
mally ferromagnetic (cf. Section II,C,4,c), but nitrogen-rich specimens
(Fes,zN, where 0 < z £ 1) have a low Curie point so that they are para-
magnetic at room temperature (17).

A thermomagnetic study of the paramagnetic phase Ni;N has yielded
information on its decomposition temperature. It has also been found that
nickel formed in the decomposition has a Curie point that is lowered by
about 18° because of intercalated nitrogen (9).

b. Antiferromagnetism. The only antiferromagnetic nitride identified
so far is CrN below 273°K, which has been fully studied. Following the
increase of susceptibility with decreasing temperature, there is a sharp
drop in susceptibility at the Néel point of about 273°K. The structure of
antiferromagnetic CrN is derived from that of the paramagnetic high-
temperature modification (NaCl type) by orthorhombic deformation of
the original cubic elementary cell. The orthorhombic a- and b-axes result
from the face diagonals of the rock salt lattice, while the orthorhombie
c-axis corresponds with the cubic axis. Figure 10 shows the structure.
Only the Cr positions are shown, with z = 0 as points and z = } as circles.
The crystallographic orthorhombic elementary cell is shown by dotted
lines, and the relationship to the original cubic elementary cell is also
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indicated. One of the diagonals of the cubic face (a,n) is shortened by about
19, and the other (2by) is lengthened by the same amount. Alternating
two (h00) planes are moved somewhat nearer together, as indicated by
brackets in the diagram.

Neutron diffraction photographs at 77°K show a magnetic superstruc-
ture with 4 times the volume of the crystallographic cell; the a- and b-axes
have to be doubled. Figure 10 also indicates the arrangement of spins. All
spins lie parallel to the rhombic b-axis. In CrN we have one of the two
possible “antiferromagnetic structures of the fourth order” (26). The spin
moments of the atoms of one rhombic (h00) plane are all parallel. The

F1a. 10. Projection of chromium sites of antiferromagnetic CrN on the z, y planes:
OCrinz=4%;,@Crinz =0.

resulting moments of these planes are, as one progresses in the [100] direc-
tion, arranged in the sequence ++4 — —++ — —. The interaction of the
planes is thus alternately ferromagnetic and antiferromagnetic in type.

¢. Ferromagnetism. Binary ferromagnetic transition metal nitrides are
so far known only in the system iron/mitrogen. Ternary ferromagnetic
nitrides may also be derived from them (cf. Section IITA,1).

Hezagonal e-iron nitride at low temperatures is ferromagnetic over the
whole phase range, but at room temperature only specimens with a low
nitrogen content exhibit this property. The Curie point rises from —200°C
for Fe,nsN to +270°C for Fe, gN (106). The magnetic moment per iron
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atom, obtained from saturation measurements, rises in the same sense.
Following the paramagnetic rhombic ¢-Fe.N phase, the moment at first
rises sharply, then more slowly, until in the region from Fe, ;N to Fe; sN
the rise is linear from 1.1 ug to 1.9 us. It remains constant from Fe, ;N to
FesN (178). Since the nitrogen content is related to the lattice dimensions,
both the Curie point and the magnetic moment may also be represented as a
funetion of the lattice dimensions (17).

The magnetic structure of a specimen of the e-phase with the composi-
tion FezNy .17 (FeqaNa.36) has been studied in detail by Robbins and White
(139). The hexagonal unit cell determined by X-rays contains in the ideal
case 24 Fe atoms and 10 N atoms (cf. Section II,A,2,f). Since the distribu-
tion of N atoms in the octahedral holes has no bearing on the magnetic
structure, the description of the arrangement of spin vectors for the metal
atoms requires only a unit cell containing two Fe atoms. The following
expressions describe the relationships between the axes of the two unit
cells: 20magaV/3 = Geryet; Cmagn = Coryst- From neutron diffraction observa-
tions, the spin moments of the Fe atoms all have the same orientation and
are paralle] to the c-axis: this means that the compound is ferromagnetic.
Neutron diffraction gives a moment of 1.5 ug per iron atom and extrapola-
tion of the magnetization curve to 0°K gives 1.33 ug (139). This low value
has been taken as proof that nitrogen is acting as an electron donor. The
same conclusion is reached from structural data, for, taking the radius
of the iron atom as 1.26 A, that of nitrogen is found to be 0.66 A. This
is considerably smaller than the radius of N*°, which the authors take as
0.77 & (139).

The cubic v’-phase, FesN, has also been fully studied. The Curie point
for the stoichiometric composition Fe,N is at 488°C (46). Between Fe N g7
and Fe;Ni.04, which is the region of the v’-phase, the Curie point varies
from 481° to 508°C (17). Fe,N has a magnetic moment of 8.86 up per unit
formula at 0°K (46). The mean value per atom of Fe agrees with that for
a-Fe (2.22 up) (161). On the basis of saturation measurements, Wiener
and Berger have given an interpretation of the magnetic structure of Fe,;N
which is also supported by measurements on the ternary compounds
Fe;NiN and Fe;PtN (cf. Section III,A,1) (176). Frazer (39) has verified
the structure proposed by neutron diffraction: iron atoms in the corners
of the cube (cf. Fig. 11) have spin moments that are parallel to one another;
the moment per Fe. is 3 us. A second magnetic sublattice is formed by the
three face-centered iron atoms; the moment per Fe; is 2 ug. The interaction
between these two sublattices is also ferromagnetic. This model has also
been verified by NMR studies with xFe,N (4). The relationship of the
magnetic moments could also be established by interpreting the Mossbauer
effect for Fe N (1568).
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d. Ferrimagnetism. The Curie point for the stoichiometric composition
Mn,N is at 483°C, and over the range MnsN .04 to MnyNy 77 varies from
473° to 513°C (86). Measurements of saturation magnetization with Mn,N
gave a magnetic moment of 1,14 ug per unit formula at 0°K, corresponding
to a mean moment of 0.3 up per Mn atom (47, 86). Guillaud and Wyart
recognized that the low moment of manganese was due to a partial paral-
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Fig. 12. Magnetic structure of Mn,N: O Mn,; ® Mny; o N.

lel—or antiparallel—arrangement of the spin moments, that is, to an
uncompensated antiferromagnetism (47), which Néel (121) has termed
ferrimagnetism. More certain indications of the magnitude and direction
of the moments at the Mn positions were obtained in studies with polarized
neutrons at 77°K (167, 168). Manganese atoms at the corners (Mn,) and
those at the centers of faces (Mn) both form a magnetic sublattice (cf.
Fig. 12). Within the sublattice there is a ferromagnetic coupling of the



108 R. JUZA

spin moments, and the moments between the two sublattices are coupled
antiferromagnetically. For Mn, and Mn; the moments are +3.84 up and
—0.90 ug, respectively. The residual moment of +1.14 ug per MngN gives
rise to ferrimagnetism (cf. Section II,D,2).

D. Bonping IN TRanNsMissioN METAL NITRIDES

There is as yet no complete theory of bonding in transition metal
nitrides. Concepts developed up to the present are based essentially on
intercalation compounds of the types MeN, with the NaCl structure, and
MeN, with the perovskite structure. Two approaches are apparent, one
based mainly on the theory of the covalent bond and the other on the
band theory of bonding in metals. The latter has been extended by inclusion
of elements of the covalent bond model.

1. Covalent Model

Pauling (133, 134) explains bonding in the above two groups of nitrides
in terms of his theory of the metallic bond, which he considers to be closely
related to the covalent bond. Each atom of a metal forms covalent bonds
with the neighboring atoms. Since the number of these is greater than the
number of electron pairs available for covalent bonds, resonance occurs
between the possible canonical forms. The electrical conductivity of metallic
substances is based on this resonance.

Pauling’s system of metallic valency and metallic single-bond radii
R(1), together with the bond number n (the quotient of the number of
electron pairs available for bonds and the number of possible canonical
forms), makes it possible by using the relationship

R(1) — R(n) = 0.300log n

either to calculate the lattice dimensions R(n) from tabulated single-bond
radii, assuming reasonable bond numbers, or, using X-ray determinations
of the lattice dimensions, to calculate and interpret the bond order.

Applying these concepts to nitrides, it is assumed that nitrogen has the
2s orbital and three 2p orbitals available for bonding. Bonding in the NMes
octahedra is brought about by the five valency electrons of nitrogen and
6/2 electrons of the neighboring metal. This gives a bond order n = 4/6,
i.e., four bonds distribute themselves by resonance over six canonical
forms. As an example, in vanadium nitride each vanadium atom has, after
forming bonds to nitrogen, two further electrons that are available for
the vanadium-vanadium bond. The bond order in the cubic face-centered
vanadium sublattice is accordingly n = 2/12, when electrons of the neigh-
boring atoms are taken into account.
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Calculation of interatomic distances by the use of Pauling’s single-bond
radius of 0.70 A for the nitrogen and the bond order referred to above
leads, in the case of vanadium nitride, to good agreement with the values
found by X-ray analysis. This method of calculation fails, however, when
applied to ScN, TiN, and y-CrN. Systematic deviations occur, depending
on the atomic number of the metal. Thus in SeN and TiN the calculated
Me-Me distances are too large and in CrN they are too small. Calculation
of the bond order from distances based on X-ray analysis likewise yields
results which are only qualitatively useful. In the case of Me,N results are
equally inexact. In spite of these large deviations, later authors have con-
tinued to use the basic concept of resonance in the covalent bond between
nitrogen and the transition metal and of the multiple canonical forms in
resonance for the covalent bonds between metal atoms.

Rundle’s model (7142) is a development of that proposed by Pauling.
He limited his treatment to intercalation compounds of the type MeN
and MeC with a rock salt structure formed by transition metals of Groups
3-5. However, he introduced additional postulates about the hybridization
on both the nonmetal and the metal. It was concluded, on the basis of the
increased Me—Me distance in the cermets compared with that in the pure
metals, that electrons were withdrawn from the Me—Me bonds and used
in Me—N bonds. High melting points were explained by Rundle in terms
of strong Me—N bonds, and both hardness and brittleness were associated
with the presence of directed covalent bonds.

The preferential occurrence of the NaCl structure with its octahedral
coordination is due to use of the three nitrogen p orbitals which are at
right angles to one another. The two electrons in the nitrogen s orbitals
do not in most cases participate in bonding, so that six half-bonds are formed
from the metal to nitrogen and the bond order n = }. The metal atom has
hybridized d?sp?® orbitals available for bonding to nitrogen. If the nonmetal
is less strongly electronegative with respect to the metal, sp hybridization
occurs on the nonmetal so that two two-electron bonds and four half-bonds
can be formed by using both the remaining 2p orbitals. The bond order
n is then equal to 2. Whether n = } or % can be estimated from the Me—N
distanceos. For n = % the Paulin% single-bond radii will be exceeded by
~0.18 A and for n = %Z by ~0.10 A. This distinetion is, however, somewhat
too rigid. Electrical conduectivity is attributed to bond resonance as in the
Pauling model.

Hume-Rothery (61), in contrast to Rundle, considers the arrangement
of metal atoms as the factor determining the occurrence of an NaCl struc-
ture for nitrides of the type MeN. Nitrogen enters preferentially the octa-
hedral holes in the cubic close-packed metal atom lattice, but not those in
the hexagonal close-packed lattice. According to Hume-Rothery, the
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environment of the metal atom is a determinative factor as well as the elec-
tron-deficient bonds based on the three 2p orbitals of nitrogen. In the
NaCl type, d?sp® hybridization allows octahedral coordination of nitrogen
around the metal atom, whereas in the hexagonal close-packed metal
lattice the metal atoms would be surrounded by nitrogen atoms in a trigonal
prismatic arrangement. This arrangement is not observed for the nitrides
in Groups 3-5.

The drop in melting point in going from TiN to VN is believed to be
due to weakening of the bonding with increase in the electron concentra-
tion, as was also suggested by Rundle.

Samsonov has made a detailed study of the effect of electron concen-
tration on bonding in cermets (145, 146). He considers the nitrides as
intercalation compounds with metallic character, in which isolated atoms of
nonmetal are intercalated in the metal lattice. For one and the same non-
metal, bonding is then determined by the extent to which the incompletely
filled d shell of the transition metal atom is occupied and by its position
in the Periodic Table. The possibility of electron transfer from the nonmetal
to the vacant orbitals of the metal atom is then expressed in terms of the
“acceptor ability,” 1/N sma, where N, is the principal quantum number of
the partly filled d shell, and 7, the number of electrons in this shell. Tt will
be seen that the acceptor ability decreases with increasing atomic number.
Various properties of the material vary systematically with the magnitude
of this quantity. For example, with decreasing acceptor ability, for a certain
number of intercalation compounds of Groups 4-6 there is a decrease in
electrical conductivity (148), heat of formation, lattice energy (123), and
hardness (123).

The treatments of Pauling, Rundle, and Hume-Rothery involve only
o-bonds between the metal and nitrogen in which the two ¢, orbitals of the
metal participate. Krebs (99) has suggested a resonance system of w-bonds
between the three p orbitals of nitrogen and the 5, orbitals of the metal,
and this also should provide an explanation of the occurrence of the NaCl
structure and of electrical conductivity.

A more precise application of the concept of the covalent bond to
intercalation compounds of the type MeN and MeC is due to Bilz (10),
who treated isolated XMeq coordination polyhedra within the lattice as
“XMe;s molecules” and provided a molecular orbital scheme of their bond-
ing. Only o-bonds were discussed. In each Me only that of the six d%sp?
hybrid orbitals is considered which is oriented toward the ecentral nonmetal
atom and is almost completely localized in this direction. Molecular orbitals
involving the s orbital of the nonmetal and the corresponding metal orbitals
gave little localized $-bonds, whereas molecular orbitals from p orbitals of



METAL NITRIDES OF THE FIRST TRANSITION SERIES

111

the nonmetal and the corresponding metal orbitals are localized half-bonds.
This provided a more precise picture of Rundle’s %-bonds.

Metal-metal bonds were not taken into account in the molecular model.
Bilz therefore tried to broaden the concept of the pure molecular model by
introducing the separate “XMeg molecules” into the lattice so that the
orbitals overlapped. In the authors’ view, the covalent model expanded
in this way by introducing elements of the band model is still unsatisfactory.

Fic. 13.

2. Band Model

Density of states
1 1 1 ] 1 1 1
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Band scheme of TiN and TiC (10).

Bilz (10) appended to his discussion of the covalent model a calculation
of the electronic states for cermets MeX, based on the band theory of
metals. The calculation was made for the [100], [111], and [110] directions
in the K-space. From this the pattern of density of states was derived (cf.

Fig. 13).



112 R. JUZA

The low-lying p-band with strongly oriented eigen functions below the
Fermi limit for Z(valency electrons) = 8 (TiC or ScN) corresponds with the
valency bond in the covalent model. The metallic bond corresponds to the
very broad s-band with a low density of states which overlaps both the
narrow p-bands, with a higher density of states, and the d-band, the func-
tions of which are less dependent on direction. It is therefore to be expected
that the metallic character will increase with increased electron occupation
of the d-band in the series SeN, TiN, VN. This is supported by Kume and
Yamagishi’s nuclear magnetic resonance measurements on ScN and VN
(102), which reveal more metallic character for VN and show SeN to
resemkble a half-metal. Presumably this may be correlated with the more
polar character of SeN. The increase in metallic character required by Bilz’s
treatment is not, however, shown in the trend of electrical conductivities.

Between the p- and d-bands there is a marked minimum in the density
of states at the Fermi boundary of Z(valency electrons) ~ 8.5. According
to Bilz, this minimum is essential for comparing the band model with the
observed properties of the materials: directed bonding of the p-band
determines hardness and band overlapping the electrical conduetivity. The
latter becomes higher the higher the Fermi boundary lies. It is possible
in this way to explain why the specific conductivity of TiN is greater than
that of TiC. In the system TiC/TiN a minimum in conduectivity in passing
through the Fermi boundary would be expected as a result of a minimum
density of states at about the composition TiCg Ngs. Experimentally, a
conductivity minimum is found for the composition TiCg.2sN .75 (108). On
the same basis a mixed phase TiCo.sNo.s should show a melting point
maximum with respect to its components TiN and TiC (1).

Incomplete occupation of the lattice of a cermet, which is often ob-
served, especially among nitrides, is explicable in terms of a tendency to
lower the Fermi boundary as far as possible below Z(valency electrons)
= 8.5. This allows extensive occupation of only the p-states. The light
absorption of TiN and the color change of TiN/TiC mixed crystals with
increase in the TiC content have also been correlated with the special
Fermi boundary of Z(valency electrons) = 8.5 (10).*

In describing bonding in nitrides with the rock salt or perovskite struc-
ture, Goodenough (44) starts from the metallic bond in transition metals.
According to Mott (116), the distribution of electrons between the localized
and the more delocalized bonding states is determined by a critical distance
R,: when the distance of the transition metal atoms in the lattice exceeds
this value, the electrons are localized. When R, is not exceeded “collective”
electrons are present. Goodenough (43) gives a value of B, < 2.9 4 0.1 .
In the face-centered cubic metals Ni and Co, for example, the distance to

* New discussion of band structure of TiC, TiN, and TiO (34a).
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the twelve nearest neighbors, R, ~ 2.5 10&, which is <E,. That to the six
next-nearest neighbors Euns ~ 3.5 ﬁ, i.e., > R,. Bonding to the next-uearest
nelghbors occurs through e, orbitals (d;z—,», d.2), i.e., through extensively
localized electrons which are in directed bonds involving narrow bands
with a high density of states. Bonding to nearest neighbors is through
by, orbitals (dy, dz, dy.), which give a broad f,,-band. There is also a very
broad band with a low density of states which is formed by s and p orbitals.
It is in these two bands that the collective electrons are found. A band
scheme has been proposed for the cubic face-centered metals, Mn, Fe, Co,
and Ni (43).

Nutrides with a rock salt structure were described by Goodenough as
“ionic compounds with metallic conductivity’” and in particular related to
the oxides (44). In these compounds the band is partly ionic in character,
because of the electronegativity difference between metal and nitrogen,
and also partly covalent. Electrical conductivity is associated with partial
filling of the #,-bands by collective electrons and is limited to compounds in
which the metal-metal distances are less than R, (as is the case for nitrides).

Nitrides crystallizing in the sodium chloride lattice are then formed
only if three or less d electrons are available in the formally trivalent
cation, so that the e, orbitals are empty and the ¢, orbitals are either half
or less than half filled, With large differences in electronegativity there is
a large forbidden zone and the bonding electrons belong largely to the
nitrogen sublattice; the bonding s and p-¢, electrons are predominantly on
the nitrogen (ScN). With decreasing electronegativity difference the bond-
ing electrons take on a stronger ¢, character. The increasing covalent
character of the bond may lead to cation-anion-cation exchange interaction
(e.g., CrN). ,

Special bonding relationships intermediate between the two extremes
described above exist in y-chromium nitride, CrN. This modification, which
crystallizes in the NaCl lattice and is stable at room temperature, has a
magnetic moment corresponding essentially with the spin-only value for
the Cr*t ion. The covalent part in the bonding is not localized. Below
0°C CrN is antiferromagnetic with the magnetic structure given (Section
11,C,4,b) (cf. Fig. 10). Transition from cubic to orthorhombic symmetry
is associated with localization of the covalent bond. Cations in the (h00)
planes (orthorhombic indication) have spin moments that are parallel to
one another. In the [100] direction the spin arrangement for the (h00)
planes alternates (cf. Fig. 10).

The covalent part of the Cr—N bond is now localized in the direction
of the z-axis. Formation of a Cr—Cr bonding band occurs through d,, and
d,, orbitals, which are inclined at 45° to the c-axis and are directed toward
the neighboring Cr atoms (z and y being the axes of the original cubic lat-



114 R. JUZA

tice). The magnetic arrangement is as follows: cation-anion-cation inter-
actions along the z-axis are ferromagnetic, but are antiferromagnetic
within a (00l) plane. Cation-cation interaction between cations that are
close together and bonded by d,, and d.. orbitals is antiferromagnetic, while
for those which are more separated it is ferromagnetic. The d,, orbital is
not involved in bonding (42).

Nitrides of the perovskite type Me,N are classified by Goodenough
as interstitial alloys (44). The Me—N bond in these substances is pre-
dominantly covalent in character, i.e., nitrogen is probably present in the
lattice as a neutral atom. The concept of a covalent metal-nitrogen bond
accords with Kuriyama’s determination of the atomic scattering factor of
nitrogen in Mn,N (103) (cf. Section I1,C,3), which shows nitrogen to be
present ag either N° or N*—, Nitrogen has the 2s orbital and three 2p orbitals
available for bonding, as in nitrides of the type MeN, and the metal has
the ¢, and #,, orbitals. Me.—Me;, the distance between metal atom nearest
neighbors (M, is the metal atom at the corner of the cube and M; that in
the center of a face), is far below the critical distance. These bands therefore
involve a broad t;;-band containing collective electrons. As a result, good
electrical conductivity is observed. In considering bonding to the next-
nearest neighbor metal atoms two cases arise: bonding of the type Me.—
Me, occurs through localized electrons in the e,~-band, and that of the type
Me—N—Me;y, involving metal atoms in the centers of cubic faces, occurs
via nitrogen atoms.

In the bonding Fer—N band of ferromagnetic v'-iron nitride, Fe,N
(cf. Section II,C,4,c and Fig. 11) there are spin-paired states involving a
p electron of nitrogen, so that only one e, electron per Fe; can contribute to
the atomic moment. A further contribution comes from an unpaired &y,
electron, so that Fe; has a moment of 2 ug; 0.95 electron is given up to the
4s-band. Fer—N-—TFe; interactions are all ferromagnetic and, in this way, a
magnetic Fe; sublattice comes into being. A second sublattice involving
Fe, also has spins which are parallel. The atomic moment of Fe, is 3 us,
i.e., 1 up more than that of Fe;, because the absence of spin pairing with a
p electron of nitrogen produces an increase in moment. Interactions between
the two sublattices Fe; and Fe, are also ferromagnetic in character. The
ferromagnetic interaction of the two sublattices is explained by Good-
enough’s rule (43, 44). This states that ferromagnetic coupling between the
sublattices of a cubic face-centered arrangement of metal atoms will occur
if n, the number of &, electrons, is greater than 5 but equal to or less than
6. This is true here as the 4s-band of iron has 0.95 electron per iron atom
and there are two electrons in the e,-band.

Following the neutron diffraction study of e-manganese nitride, Mn,N,
by Takei et al. (cf. Section I1,C, 4,a) (167, 168), Mekata (114) has given a
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qualitative band scheme for this substance. It is a modification of Good-
enough’s scheme for cubic face-centered manganese, but differs in the
energetic arrangement of the e, and f,-bands relative to one another.

This scheme, shown in Fig. 14, relates to manganese (Mn,) at the
corner of the unit cell (Fig. 14a) and at the center of faces (Mny) (Fig. 14b)
Mn, forms one of the magnetic sublattices and the three Mn; atoms the
other. Spin moments of the two sublattices are antiparallel to one another.
This is in agreement with Goodenough’s rule, according to which anti-
ferromagnetic coupling of the sublattices occurs if the number, n, of &,
electrons is greater than 3 but not more than 5 (44). The diagram takes
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Fic. 14. The schematic state density curves of the energy bands in MnyN: (a) corner
site Mn, and (b) face-centered Mn (114).

into account experimentally determined values of 3.84 up for Mn, and
0.90 ug for Mn;.

The degree of occupation of the sub-bands is usually different for the
two directions of spin (drawn in each figure to left and right) since these
are displaced energetically relative to one another. Intraatomic exchange
increases with localization of the electrons. Consequently the displacement
is greater for the e, sub-band than for the &, sub-band.

The scheme shows that from Mn, there is a broad #g,-band with a low
density of states to the next manganese neighbor (Mny), this band being
occupied by “collective electrons.” The number of electrons in the f,~band
is shown in the figure, account being taken of the spin orientation. A narrow
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e,~band with a high density of states is also present. This is directed toward
the next-nearest neighbor manganese, i.e., from Mn, to Mn.. A very broad
bu-band, made up from 4s and 4p orbitals and occupied by electrons with
oppositely directed spins, overlaps the other bands. The density of states
in this band is very small and it is shown on a much larger scale.

The band scheme for Mn; is shown on the right. The low-lying narrow
e;~band with a high density of states brings about bonding between Mn,
and nitrogen. One of the two electrons is supplied by nitrogen. There are
three electron pairs available per nitrogen atom and these have to par-
ticipate in six bands. They correspond with the half-bonds postulated by
Rundle (742) (cf. Section II,D,1). The fy-band is broader than for Mn,
because the site symmetry of Mn; is tetragonal with each Mn; enclosed by
two N atoms. Mn, and Mn; are also not equivalent, so that the crystal field
acting on Mn; has tetragonal symmetry. The ¢,,-band again serves to bond
the manganese atom to the nearest neighbor at the corner of the cube, i.e.,
MII( to Mnc.

Il. Ternary Compounds

The binary compounds that have been discussed are all members of a
single group. More recently many investigations have been made in which
the influence of a third element, either metallic or nonmetallic, in combina-
tion with binary nitrides has been examined. Ternary compounds are
obtained which belong to very different classes of substance.

If a transition metal is partly exchanged for a neighboring transition
metal, the properties of the ternary compound differ little from those of the
binary nitride. Introduction of one of the b-group metals has a significantly
greater effect.

Partial substitution of nitrogen by carbon or oxygen may change the
properties of the starting material to a greater extent than substitution
of the metal by a neighboring transition metal. This is related to the strong
influence of the nonmetal on the nature of the bonding in the interstitial
alloy.

Quite different products, which are polar in character, are formed if
the third component is a very base metal or a strongly electronegative
nonmetal. The classification adopted in the following pages is based on
these general considerations.

A. TErNARY METALLIC PHASES

1. Double Nitrides

a. Mized Crystals of the NaCl Type. The close relationship between
binary nitrides that crystallize in the sodium chloride lattice leads to the
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expectation that a range of mixed crystals will be formed. They may in
fact be prepared from mixtures of the nitrides by hot-pressing in a nitrogen
atmosphere at 2000°-2400°C (27, 128). Alternatively, alloys may be nitrided
with ammonia at 650°-950°C (157). In binary combinations of TiN, VN,
ZrN, and NbN complete miscibility is always observed, except in the
system VN/ZrN where the lattice constants of the binary components
differ markedly. Lattice constants in the mixed crystal ranges show only a
small positive deviation from Vegard’s rule. TaN, which is irregular in
that it crystallizes in the hexagonal system, does not display unlimited
solubility in the above nitrides. Metals of the first transition series may be
replaced by tantalum only up to the limits Tis.¢Ta¢.1N, Vo.75Ta0.25N, and
CI'o,75Ta:0,25N (157)

Study of these mixed crystals shows that their properties are by no
means always additive. In the comparable system TiC/VC a study of the
Hall effect has revealed that the density of charge carriers does not increase
linearly with the vanadium content, but passes through a well-defined
maximum. The number of conduction electrons increases from about 0.2
for TiC, through a maximum of about 1.8 to 1.2 for VC. This observation
may be explained in terms of a disturbance of the lattice periodicity of the
titanium-vanadium alloys. The strict band model is no longer adequate to
explain the effect. There is no such disturbance of lattice periodicity when
carbon is replaced by nitrogen (cf. Section III,A,2) in the system TiC/TiN,
in which the number of conduction electrons increases only a little from
TiC to TiCy.sNo.s and then rises more rapidly and linearly with the nitrogen
content (66).

b. Hexagonal Phases. The metals Mn, Fe, Co, and Ni are able to replace
tantalum partially in the hexagonal lattice of e-tantalum nitride, TaN. The
compounds TasMnN,~TaFeN; s, ~Ta;CoN; ;s ~Ta:NiNzs have small
ranges. Their crystal structures are derived from that of TaN. Metal
atoms are arranged hexagonally with the layer sequence ABACABAC.
The ordered distribution of metal atoms explains the occurrence of super-
structures. Whereas the elementary cell of Ta;MnN, contains four metal
atoms, the arrangement in the Ta,MeN.; compounds is such that there
are 12 metal atoms in the elementary cell. &Tantalum nitride, TaNo.s—g.9,
also forms with manganese a further hexagonal ternary phase. Nitrogen is
octahedrally coordinated in all these double nitrides. They are prepared
when a metal alloy of the corresponding composition is melted at 1500°C
in a high-frequency induction furnace and then nitrided in a stream of
ammonia at 650°-950°C (157).

Quite irregular structures occur for Tiy7C0.sN, Tie.7Nic.sN, Moos-
Co00sNo.e, and MoysNiosNos. These nitrides, which crystallize in the
hexagonal system, have the tungsten carbide lattice. The metal atoms are
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in a simple hexagonal arrangement and the structure has been related to
that of nickel arsenide (156).

It will be impossible here to deal with the numerous ternary nitrides
that have been isolated from special steels, although some carbidenitrides
which occur in steels will be discussed (Section ITI,A2). The effect of
nitrogen on steel has been the subject of much research in, for example, the
cases of chromium-, chromium/nickel-, and chromium/manganese-steels,
and steels both with and without a substantial carbon content have been
considered (113).

c. Mized Crystals of the Perovskite Type. Mixed crystals of the composi-
tion Mny.Me Ny_z/4[ 1z/s (where Me = Cr, Mn, Ni, Cu, or Zn, and [
denotes holes in the nitrogen sublattice), derived from Mn,N, the ¢-phase
in the system Mn/N, have been investigated. Incorporation of Me depends
on the stability of the binary nitrides of the competing metals. Chromium
substitutes manganese in the middle of the face of the unit cell to form a
nitrogen-chromium bond. The incorporation of manganese is reflected
in the breadth of the Mn,N phase (cf. Section II,A,2 e). Nickel, copper, and
zinc are incorporated in the 000 sites, which does not allow nitrogen-metal
bonds to be formed. In addition, nitrogen is substituted by carbon. Lattice
constants decrease with incorporation of Cr and Mn (cf. Fig. 15) and rise
with that of Ni, Cu, and Zn. Like Mn,N, the mixed crystals are ferri-
magnetic. Curie points rise somewhat as the Mn, Cr, and C content is
increased and fall as a result of the incorporation of Cu, Zn, and Ni. Mag-
netic moments per unit cell depend systematically on the foreign metal
content, as may be seen from Fig. 15 (80, 86).

Detailed conclusions about spin distribution among separate atom
sites cannot be drawn on the basis of saturation measurements. But the
systematic changes in saturation magnetism may be explained as follows:
the moment of Mn,N may, on the basis of neutron diffraction studies, be
formulated as the difference of two sublattices (167):

1.14up = (3.84 — 3 X 0.90)un
Mn, Mn;

Substitution of nitrogen by carbon involves the withdrawal of one electron
per atom of nonmetal (13, 168). A hole at a nitrogen site leads to a loss of
three electrons, and replacement of Mn; by Cr results in a further loss of one
electron, in addition to the effect associated with the nitrogen hole. Reduc-
tion in the electron concentration in the Mn; lattice leads to increase of the
Mn; moment with spin decoupling and a lowering of the resulting total
moment of the unit cell.

Nickel, copper, and zinc may be substituted for Mn,. These metals
give an increase in the electron concentration in the Mn, lattice with spin



METAL NITRIDES OF THE FIRST TRANSITION SERIES 119

pairing and also produce a decrease in the total moment by creating nitro-
gen vacancies, The overall result is a lowering of both the Mn, moment
and the total moment of the unit cell (86).

Neutron diffraction studies of two specimens with vacancies in the
nitrogen sublattice are in agreement with this concept as far as the total
moment is concerned, but they cast doubt on the interpretation suggested
(168). Results with the mixed crystals Mn,_.In,N and Mny ,Sn,N (114)
are not in good agreement with those above. There are, however, special
considerations which explain the discrepancy: these mixed crystals have no
vacancies in the nitrogen sublattice, the substituting atoms are very much
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Fia. 15. Magnetic moments of the mixed crystals Mns_.Me;Ni.z;a[Jz4 and
MnaNi1_;/4Caya (80, 86), Mn;_.In.N and Mn,_,Sn.N (114).

larger, and the number of electrons transferred to a band for Group 3b
and 4b elements is certainly not proportional to the group number.
Ternary ferromagnetic compounds may be derived from Fe N in which
iron in the 000 position is replaced by nickel or platinum. These were
prepared by Wiener and Berger with the object of elucidating the magnetic
structure of Fe,N (176). Mixed crystals of the type Fe, .Ni,N with 0 < z
< 3 were subject to detailed magnetic investigation over the whole com-
position range (45). The Curie point of NiFe;N is at 487°C and that of
FesPtN at 369°C (176). From the saturation magnetization the magnetic
moment per unit formula was found to be 7.2 up for FesNiN and 7.76 us
for Fe;PtN. The three iron atoms at the face centers retain their magnetic
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moments of 2 up per Fe and, for nickel and platinum in 000, 1 us is to be
expected, leading to a total of 7 us per unit formula for both compounds.
The differences of +0.2 un and 0.76 up between the measured magnetic
moments and those to be expected from the model are to be associated
with the contributions from the s-bands of the crystals (44).

Further nickel may be substituted for iron in the face centers (5);
these nickel atoms have a moment of 0 up because the metal-nitrogen
bond is covalent (44). When yet more nitrogen is incorporated, the tetra-
gonal compound FeNiN is formed. This no longer has the perovskite
structure, although structurally it is directly related to Fe, .Ni,N (4, 171).
This additional nitrogen increases the concentration of electrons so much
that ferromagnetic coupling disappears and FeNiN is paramagnetic (45).

d. T/M Phases. A group of double nitrides has been discovered recently
whose structures are determined by the coexistence of a transition metal
(T) and a b-group element (M). The symbols T and M will be used in
this section in place of Me. The phases may be derived from those of binary
transition metal nitrides that have been discussed so far as follows: nitrogen
in the T/M phases is again surrounded by six transition metal atoms in
what is essentially an octahedral arrangement, and the b-group atom is
not bonded to nitrogen (64).

“Perovskite phases,”” T3:MN: The perovskite phases TsMN and mixed
crystals of the perovskite type (discussed in Section III,A,1,¢) have much
in common. Indeed, from the point of view of erystallography the two sec-
tions belong together, but are discussed here from the point of view of
chemistry. Table III sets out the TsMN phases prepared by Stadelmeier
which are of interest here (162-164). The b-group metal belongs to Groups
1-4. The phases appear to occur preferentially for the elements from man-
ganese to nickel. Compounds with the same structure, however, have been
prepared with transition elements of lower atomic number. Thus reaction

TABLE III
T/M PHAsEs OF THE PEROVSKITE TyYPE®
Ib Mn;CulN?
MnsAgN?
IIb Fes:MgN
Mn,ZnN Fe;ZnN CosZnN Ni;ZnN
IIib Fe,AIN Ni;AIN

Cr;GaN? Mn:GaN? Fe;GaN Co:GaN
Mnp;InN Fe;InN CosInN NisInN

IVb Fe;GeN CosGeN
FesSnN Co;SnN

s From Stadelmaier (162, 163); * Samson et al. (144).
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of GalN with chromium gives Cr;GaN (144), and Ti;InN and Ti;TIN have
been prepared from titanium (76).

Most of the investigations leave open the question of the extent to
which the nitrogen sublattice is occupied (144, 163). In the extreme case,
when there is no nitrogen in the compound, the perovskite phase goes over
to the ordered CuzAu phase, in which Au occupies the corners of the cubes.
One can, in fact, speak of the perovskite phase as a CuzAu phase that is
stabilized by nitrogen.

AN
e -

Fra. 16. Lattice of “H phases,” T:MN: O M; @ T; e N.

“H phases,”” T2MN: A further group of ternary phases found by
Nowotny has the composition T:MN. These are designated as “H phases”
because they are hexagonal. Compounds of this sort in the first transition
series are

Ti:AIN (74)
Ti:GaN (75), V.GaN (73), V:GeN (73)
Ti.InN (75)

These are isotypic with Cr,AlC and Ti,SC (101). Their structures (cf.
Fig. 16) are reminiscent of hexagonal close-packed crystalline intercalated
structures, such as Fe;N, from which they may be derived. Nitrogen atoms
are present in the octahedral holes between two transition metal layers that
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are perpendicular to the c-axis of the hexagonal elementary. cell. Above
and below these TNT layers there is a layer of atoms of the b-group metal
M. The metal atoms are approximately in a hexagonal close-packed ar-
rangement (with the layers A and B) so that in the direction of the c-axis
there is the sequence MyTeNT MzT,NTgM.. Incidence of H phases is
restricted to transition metals of Groups 4 and 5, but the nature of the
b-group element may vary greatly. If it belongs to 2b or 3b, the structure
has a high ¢/a ratio and is near to hexagonal close packing. The compound
is also predominantly metallic in character. When the b-group element
belongs to Group 4 (germanium) or even Group 6 (sulfur, although this is
found only in carbides) the axial ratio is smaller and metallic character is
less pronounced (129).

“B-Manganese phases,” T:M:X: p-Manganese crystallizes in the cubic
system with eightfold and twelvefold position. Double nitrides are derived
from this elementary cell. MosFe;N4, which approximates to MoFesN,
or Mo;Fe,N, was found (35). It has recently been discovered that cor-
responding compounds may be prepared (V3Zn;N and V;Ga,N) (73) which
contain a b-group metal instead of a transition metal at the eightfold
position. The number of compounds of this type so far prepared is not
large.

“no-Carbide phases,” T M,N: Ternary nitrides may also be derived
from the E9; type of structure (W;Fe;C) or, more precisely, from the
“pe-carbide type” (Mo.JFe:C) (85). The compound TiZn,N may be cited
(73). In this, transition metal atoms are partly replaced by a b-group
atom (Zn). Corresponding oxygen compounds have, for example, the
composition Ti,Cuy0. In the n-carbide phases the nonmetal is in the center
of a deformed octahedron.

In all T/M phases formed from a transition metal and a b-group metal
that have been described above, it is clear that the metal atom lattice
has been stabilized by partially filling the octahedral holes formed by the
transition metal atoms.

2. Carbidenitrides

Wohler (177) described a golden yellow lustrous material that he called
Hochofenwiirfel, containing 0.2 of C and 0.8 of N to 1 of Ti. This has since
been repeatedly studied, and was shown by X-ray methods to consist of
mixed crystals. A continuous series of mixed crystals Ti(N,C) is indeed
formed by heating together TiN and TiC to 2400°C. Isotypic nitrides and
carbides form such continuous series in many combinations, one proviso
being that the radii of the metal atoms shall differ by less than 15%. The
same is often true when the metal and nonmetal are varied simultaneously,
as in the following combinations: TiN with HfC, VC, NbC; VN with TiC,
NbC. Lattice constants of the mixed crystals follow Vegard’s rule with
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minor deviations (27). The carbidenitride systems of Group 4 and 5 transi-
tion metals are also interesting technically because, in part accidentally,
materials prepared for cermets often contain carbon and nitrogen together.

A detailed phase study of the ternary system in the metal-rich range
has been made for ttanium (166). Systematic investigations of electrical
properties in TiN/TiC alloys show conductivity to depend mainly on the
4s electrons of titanium and to some extent on holes of the 3d band. Defect
conductivity becomes more pronounced in going from TiN to TiC (108).
There is a marked minimum in the conductivity for the composition
TiNg.75Co.25, as is required by the Bilz band scheme in connection with
the low density of states at the Fermi boundary of about 8.5 electrons
(cf. Section 11,D,2). The charge carrier concentration in TiC/TiN mixed
crystals, determined by the Hall effect (referred to in Section III,A,1,a),
may be interpreted in the same way (66).

Systematic study of the vanadium carbide nitride system VN/VC/V
shows a broad one-phase region for V(N,C), which crystallizes with the
Na(l lattice and extends to about V(N,C)o.7.. In addition, a broad area
corresponding to hexagonal close-packed Vi (N,C) joins the two binary
phases VoN and V,C without gaps (16). Specimens were obtained from
vanadium powder and carbon by repeated grinding, followed by pressing,
heating to 1400°-2000°C, and finally nitriding with nitrogen at 1250°C.

Carbidenitrides of chromium with the NaCl lattice may be obtained
from nitrided steels. They are usually isolated by an electrolytic method
in which the alloy containing nitride is made the anode (62). Since an
isotypic chromium carbide does not exist, only part of the nitrogen can be
replaced by carbon.

Replacement of nitrogen by carbon in e-manganese nitride, Mn,N,
may be effected up to the composition Mn4Ny :Co.s by solid-state reaction
of the mixture of binary compounds. Saturation magnetization of the mixed
crystals, which, like Mn,N, are ferrimagnetic, falls linearly in accordance
with the assumed spin distribution and the decrease in number of valency
electrons when nitrogen is replaced by carbon. This decrease leads to an
increase in the magnetic moment of the negatively charged sublattice of
manganese atoms at face centers, and thus to a lowering of the resultant
moment, (13, 86) (cf. Fig. 12).

Carbidenitrides of <ron have been very fully studied and have an im-
portant bearing on the properties of special steels. Because of their low
thermal stability they cannot be prepared by starting from the two binary
compounds. Either the corresponding nitride, made by nitriding with
ammonia, is carbided with carbon monoxide, or an iron carbide is nitrided
by heating in ammonia (68).

As may be seen from the studies of Jack, the results of which are repre-
sented in Fig. 17, the composition and structure of carbidenitrides are
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directly related to what has been said about the binary nitrides of iron.
Orthorhombic nonmetal-rich ¢-carbidenitride extends from Fe;N to
FeyCo.75No.25 (68). Unlike {-FesN, this iron carbidenitride is ferramagnetic.
Its Curie point increases with the carbon content and lies between 288°
and 350°C (17).

The hexagonal carbidenitride, which corresponds to the e-phase in the
iron/nitrogen system, has a phase range from Fe;(C,N) to Fe.(C,N) and
contains a maximum of 16 atom9, of C (68). It is also ferromagnetic with
Curie points in the range —90° to 388°C, depending on the composition
(7).

In the ¥'-phase, Fe,N, very little nitrogen can be replaced by carbon
(17, 68). The carbon-containing Fe,N phase is also ferromagnetic with a

.Fe,N
JFe N
¢ X\
FezoC/;/ Fe
\\ /, o4 7
;O‘/;///////// 0 \/FEZN

////////

450°C

+=a, 0=y, 0:€, @=f, X=X, C=Fe,C

Fi6. 17. The iron/carbon/nitrogen system (68).

Curie point between 471° and 490°C, depending on the N/C ratio (17).
It is found by thermomagnetic methods that the v’ type of carbidenitride
loses carbon on heating to form hexagonal Fe;(C,N), which has a high car-
bon content. There also appears a-Fe containing a little N and C.

Knowledge of iron carbidenitrides is of interest infer alia because they
enter into the carbonitriding of steels. These processes use baths containing
fused alkali cyanides or, in the case of gas cementation, mixtures of nitriding
and carbiding gases. In carbonitriding it is thought that the quick-acting
nitrogen accelerates subsequent carbiding. This is important because every
effort is made to carry through the process at as low a temperature as
possible and to do the subsequent hardening operation by relatively mild
quenching, e.g., in air or a stream of gas.
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Carbidenitrides of cobalt are closely comparable with those of iron. The
phase richest in nitrogen in the system Co/N is Co:N, which, like Co.C,
crystallizes in the orthorhombic system. The lattice constants of the two
compounds differ little. As a result it is possible when carbiding Co,N with
CO at 340°C gradually to replace all of the nitrogen by carbon. Lattice
constants for mixed crystals of Coz(N,C) change uniformly with the N/C
ratio. There is no isotypic carbide CozC corresponding to hexagonal Co;N.
As a result, only partial replacement of N by C in Co3N can be achieved
(25).

Nickel nitride, Ni;N, may also be carbided (69): both Ni;N and Ni;C
crystallize in the hexagonal system and their lattice dimensions are almost
the same.

3. Nitride Ozides

Little is known about nitrides of the first transition series containing
oxygen as a second nonmetal. TiN and TiO differ in lattice constants by
only about 29, and would therefore be expected to form series of mixed
crystals. X-ray studies show, however, that Ti(IN,O) specimens, prepared
from the binary compounds by sintering at 1700°C, exhibit the unchanged
lattice constant of TiN from TiN to TiNg.¢Op.«. A decrease in the lattice
constant to that of TiO follows, indicating a limited solubility of TiN in
TiO, but not of TiO in TiN. Pyknometric density determinations, which
can give information on the number of vacancies in the cation lattice,
provide no further clarification (155).

The influence of oxygen on the electrical properties of TiN has been
investigated up to about TiNo.;0o.5. The specific resistance passes through
a minimum at about 40 mole 9, TiO, while the differential thermoelectric
power and Hall coefficient have a minimum at about 209,. The temperature
dependence of the specific resistance was also examined: it is first strongly
positive and from above about 1200°C strongly negative (150). These
resistance measurements are not, however, reconcilable with experiments
on thin TiN films with a small oxygen content, which were found to be semi-
conducting (117). Further results on nitride oxides are available for vana-
dium (740), chromium (141), and cobalt (89). Compounds of the metals
in question were first nitrided and then oxidized, or vice versa. The products
were believed to contain nitride oxides in addition to oxides and nitrides.
These nitride oxides could not, however, be made in an equilibrium reaction.

B. PorLar TerNaARY COMPOUNDS

Brief reference may be made to ternary compounds containing, in
addition to a transition metal and nitrogen, another base metal (lithium)
or a very electronegative nonmetal (a halogen). The nature of such ternary
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compounds is determined largely by the teridency of these elements to go
over to the ionic state.

1. Polar Double Nitrides

When lithium nitride is heated in a nitrogen atmosphere with finely
divided cobalt, nickel, or copper, the metal enters the LisN lattice and is
simultaneously nitrided to an oxidation state of 4 1. While Co;N, Ni;N, and
Cu;N cannot be obtained from the metal and nitrogen (Section II,C,1),
nitrogen uptake occurs during the process of incorporation in lithium
nitride. The heavy metal atom is taken up on 003 sites in hexagonal Li;N
up to a composition of about Li, ;Mep.sN. The mixed crystals retain the
predominantly saltlike character of Li;N (743).

Corresponding reactions of Li;N with titanium, vanadium, chromium,
manganese, and iron, or reaction with the binary nitrides of these metals,
lead in a nitrogen atmosphere to compounds in which one finds oxidation
states of the metal with respect to nitrogen which do not occur in the
binary nitrides: e.g., LisTiNs (97), Li;VN, (81), Liy)CrN; (84), Li;MnN,
(79), LisFeN; (38). Whereas the limiting composition in the binary nitrides
of titanium, vanadium, and chromium is MeN, these three metals here
occur in their highest oxidation states. This is, however, not so for man-
ganese and iron, although oxidation states of five or three with respect to
nitrogen are stabilized. The electrovalent composition, high melting points,
and ready hydrolysis of the compounds indicate that they have predomi-
nantly polar structures.

In these ternary nitrides no complex ions occur in spite of the high
charge on the transition metal. This is because of the high charge on the
Ni?* jon. The compounds from titanium to manganese crystallize with a
superstructure of the antifluorite lattice. The equivalent lattice positions
are known for Li;TiN;, Li;VN,, and Li;MnN,. In all cases nitrogen ions
are cubically close packed; metal ions are in the tetrahedral holes and,
unlike nitrogen atoms in intercalation compounds, the nitrogen ions are
surrounded by eight cations. There are always two cations per anion. The
“AB; character” of the compounds is emphasized by the fact that mixed
crystals are formed with Li:O, which also crystallizes with an antifluorite
lattice (91).

2. Nitride Halides

The nitride halides TiNCl, TiNBr, and TiNI may be obtained by
ammonolysis of the halides at elevated temperatures. These titanium
compounds decompose at high temperatures and hydrolyze very readily.
The corresponding compounds of the heavier metals zirconium and espe-
cially thorium are much more stable thermally and chemieally.
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The titanium compounds mentioned crystallize isotypically with FeOCl
and thus have a pronounced layer lattice. In the rhombic elementary cell
the sequence HalTiNNTiHal occurs in the direction of the c-axis. Lattice
dimensions within the layers are determined by the two close-packed layers
of large halogen ions. Thus it happens that both close-packed nitrogen
layers are pushed together into a doubly occupied corrugated layer. It may
be assumed that the halogens are present as ions. Within the cationic
layer (TiINNTi).**+ the polar component of the bond should, however, be
small (85).
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