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Alkaline-earth rich (Ca, Th)(N,0) and {Sr,Th)(N,O0) can be
prepared from reactions of the binary nitrides at 1000°C.
Th;N,;O impurities in the starting material, Th;N,, resulted in
oxygen incorporation in the final compound. The black prod-
ucts crystallize in the rocksalt structure type in which the cat-
ions are disordered (a = 5.101(5) Aanda=5. 241(2) A, respec-
tively). They exhibit semiconducting behavior. o195 Academic
Press, Inc.

INTRODUCTION

Despite the remarkable stability of ThaN,, there are only
a handful of ternary thorium nitride compounds known.
There are bul two pure nitride phases, Li; ThN, (1, 2) and
BcThN; (2, 3), although there are several mixed anion
systems, including ThNX(X = F, Cl, Br, 1) (4, 3), ThyN,Q
(Q = O, 8, Se, Te, Bi, Sb) (6, 7), and the many thorium
amide—imide nitrides (8, 9). Stable ternary nitrides ofien
contain metals that themselves form stable binary nitrides
{10), so it seemed reasonable to embark on an exploration
of the rcactivity of thotium in ternary nitride systems.

SYNTHESIS

Pressed pellets of Th;N, and AsN; (A = Ca, Sr) heated
to 1000°C in welded Ta containers, jacketed in evacuated
quartz tubes, produced the rocksalt phases. ThyN; was
produced from a reaction of ThCly with LiNH; in liquid
ammonia, The Th(NH,), - "NH/LiCl mixture was washed
6-10 times with liquid ammonia. The resultant amorphous
material was heated to 900°C under purified, flowing N,
to yield ThyN, and some ThN,O (est. <10 mole%), as
identificd by X-ray diffraction. Oxygen was probably intro-
duced during the high-temperature heating, due to outgas-
sing of the system or small lcaks in the O-ring scaled
system, Excess LiCl condensed at the cold end of the tube,

! Current address: OSRAM SYLVANIA, Inc., Chemical & Metallurgi-
cal Products. Hawes 81, Towanda, PA 18848,

Thermogravimetric analysis in air suggested bulk composi-
tions of Th;N,; and ThyN,O which could be written as
ThO,_N,,/3 with x = 1.65-2.00; only materials with x >
1.8 were used in making the ternary compounds. Ca;N;
and SEN/Sr;N (““Sr3N, ") mixtures were produced from re-
actions of the elements at 600°C. All materials were han-
dled in an Ar-filled drybox or standard Schienk ware.

We tried other alkaline earth nitride reactions as well.
MgaN, and Ba;N; do not react with ThyN, to form ternary
compounds under the above conditions. The chemistry is
probably complicated by the fact that Ba;N;, and possibly
MgiN,, decompose before Th;N, is significantly reactive;
Ba metal is present in the reaction product mixture. Simi-
larly, the group 4 transition metals do not react with the
alkaline earth nitrides to form ternaries under the same
or similar conditions. Only binary nitrides resulted from
ail combinations other than those to form (Ca, Th)(N,O)
and (Sr,Th)(N,O).

Since the products are single-phased and since there was
some Th,N-Q in the starting materials, it seems reasonable
to assume there is oxygen in the product. A three-fold
excess of calcium with respect to thorium was required to
form single-phased materials, since some of the calcium
nitride reacts with the Ta tubing. This makes the task
of discerning the Ca:Th ratio difficult. Chemical analysis
revealed 20.8, 64.7, and 8.7 wt.% for Ca, Th, and N, respec-
tively. The sum of these weight percentages is 94.2%. Com-
plete combustion and digestion of the sample is difficult,
so the analysis results in numbers that are a little low.
Taking the analysis numbers at face value, a composition
of (CaggsThy 35)Ng 75 is obtained. However, we expect that
the presence of oxygen will make up some of the difference
in “missing mass.” To balance charge requires
(CapesThg35){No78Cu.12), a slightly anion-deficient compo-
sition and certainly within experimental ervor of a fully-
occupicd model.

Excess strontium nitride was also used to form the Sr
analog. Only pitrogen analysis was performed on this com-
pound (6.7 wt.%), a mole percent of nitrogen similar to
the {Ca, Th)(N,O) phase.
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FIG. 1.
RESULTS

X-ray diffraction patterns were collected from a Scintag
XIDxS2000 6—@ diffractometer, fitted with a solid-state de-
tector. The samples were protected from the atmosphere
by a mylar film during the data collection, as they are
moisiure-sensitive. The peaks from an automatic peak-
finding routine that uses the Pearson VII function were

X-ray diffraction data for (Ca, Th){N.O).

indexed on cubic cells, ¢ = 5.101(5) A and a = 5.241(2)
A, for (Ca,Th)(N,0) and (Sr,Th)(N,0), respectively. The
diffraction patterns are shown in Figs. 1 and 2. Variations
in the final temperature and loading composition resulied
in multiple phases, but lattice parameters within 1-2 e.s.d.’s
of those stated above were always obtained for the rock-
salt phases.

The diffraction pattern intensities were calculated with
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FIG. 2. X-ray diffraction data for (Sr, Th}{N, O).
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TABLE 1
Observed and Calculated X-Ray Diffraction Intensities for Ca;. . Th,N
h k I 26 1(obs) Ix = 0.3) Hx = 04) Hx = 0.5) Hx = 0.75)
1 1 i 30.32 1000 1000 1000 1000 1000
2 0 0 35.16 853 925 846 792 712
2 2 0 50.57 503 626 582 551 505
3 1 1 60.11 417 464 467 469 472
2 2 2 63.08 259 208 195 187 173
4 0 0 74.32 10 96 90 87 82
E (s = Teatc)FE (Tops) 0.098 0.070 0.081 0.099

Note. The diffraction patiern calculated for composition CapgThy N best matches the observed.

LAZY-PULVERIX (11} for the compositions Ca;_, Th,N
and Sr;_, Th,N. The first 3 reflections [(111)}, (200), and
(220)] are particularly sensitive to compositional changes.
These calculated intensities are given in Tables 1 and 2 and
Figs. 3 and 4. The closest matches are for the compositions
CaggThy4X and Sry¢Thy X, in reasonable agreement with
the chernical analysis. The intensities are insensitive to the
nature and concentration of the anton X = N, O.

Since the lattice parameters of Th metal and (Ca,Th)
{N,O) are very close, we wanted to confirm the presence
of both metals in the material. Powdered samples of
(Ca, Th¥N,O) and (S, Th}N,O) were transferred to a
JEOL 733 microprobe using a custom-designed interface
{12) without being exposed to air, Indeed the appropriate
metal atoms were detected and found uniformiy distrib-
uted in each material on length scales of 1 um or larger.
A predominance of alkaline earth metal was indicated for
both materials, as indicated previously.

Four-probe electrical conductivity experiments were
carried out on &” pellets, previously heated at 1100°C for
4 days in welded Ta containers. The pellets flattened during
the heat treatment; obvious cracks indicated that the mate-
rials did not meit, however. The pellets were brittie. The

measurements versus temperature indicate semiconduct-
ing behavior, as seen in Figs. 5 and 6, with activation ener-
gies on the order of 1072 eV, The absolute differences in
the resistivities are mainly attributed to variable impurity
and compositional variations, intergrain versus bulk con-
ductivity, and difficuity in defining the pellet size (£20%).
The shapes and temperature variations are consisient,
however, with semiconducting behavior in both cases. This
would indicate that the cations are fully oxidized or that
low levels of Th** result in trapped carriers. In the former
case, any potential reduction by the substitution of oxygen
for nitrogen is compensated by the cation ratio.

DISCUSSION

At first glance, it is surprising that the other alkaline
earths do not react with Th;N;. To form a stable mixing
of cations in a rocksalt structure, one would expect their
bond lengths to be similar. This is the case for (Ca,Th)
(N,0) and (Sr,Th)(N,0) but not for BeThN;, MgThN,,
or BaThN, (expected d(M-6N) = 2.49, 190, 2.25, 2.54,
2.63,2.87 A for M = Th, Be, Mg, Ca, Sr, Ba (10)). In fact,
the bond lengths from calcium and strontium to nitrogen

TABLE 2
Observed and Calculated X-Ray Diffraction Intensities for Sr,_,Th,N
h k I 26 f{obs) {x =03) Hx = 04) I(x =0.5) Kx = 0.75)
1 1 1 30.32 1000 1000 1000 1000 1000
2 0 0 3516 776 801.3 770 745 699
2 2 0 50.57 533 554.1 536.5 522 497
3 1 1 60.11 466 464.9 466.9 469 472
2 2 2 63.08 177 186.8 1819 178 171
4 Q Q 74.32 76 868 84.8 83 81
3 Wl = Feato)l/E (Tong) 0.023 0.008 0.018 0.043

Note. The diffraction pattern calculated for composition SrpsTho4N best matches the observed; the intensities are much less sensitive than for

the Ca analog.
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FIG. 3. Calcuiated and observed diffraction intensities for Ca;.. [ Th,N.

have a smaller difference than any other alkaline earth
pair. This island of similarity corresponds to their chemical
reactivity as well.

One could predict cubic lattice parameters for these
AThN; materials by using the sum of their expected bond

lengths (see Fig. 7). For CaThN, and StThN,, one finds
a =503 A (obs. 5101 A) and a = 5.12 A (obs. 5.241 A),
respectively. These deviations of 1.4 and 2.3% suggest that
the structure is *forced” to be more open than expected,
perhaps due to metal-metal repulsions. An excess of alka-
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FIG, 4. Calculated and observed diffraction intensities for Sr;_,Th,N.
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FIG. 5. Conductivity versus temperature for (Ca,Th){N,O).

line earth would tend to increase the average bond length
and lessen these Th-Th repulsions. 1t is suggestive, there-
fore, that pure phases only form with excess alkaline
earth present.

In the case of “MgThN,,” we predict a = 4.74 A from

expected bond lengths, which would force d(Th-Th} =
d(Mg—Mg) = 3.35 A. In eutactic (“close-packed”) ThyN,,
d(Th-Th) is greater than 3.78 A, while in Li;ThN,, d(Th-
Th) = 3.70 A. This suggests that MgThN, would be forced
to form in a different strocture type, in order to avoid close
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FIG. 6. Conductivity versus temperature for {Sr, Th)(N, O).
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FIG. 7. Predicted cubic lattice parameters for MThN; materials.

Th-Th contacts. Nonetheless, we did not find any evidence
of reaction of MgsN, and Th;N, under several sets of condi-
tions.

Likewise, in “BaThN,,” we predict 4 = 5.36 with d(Th—
Th) = d{Ba-Ba) = 3.79 A. While this distance is ap-
proaching the minimum acceptable d(Th-Th), the d(Ba-
Ba) are becoming quite close. There is precedence for
d{Ba-Ba) as close as 3.53 A in materials like BagN[N;]
[TaN,, (13), but it is rarely less than 3.8 A (e.g.
Bay(BN,),0 (14)). In this case it is difficult to tell which
M-M repulsive force prevents the formation of the ter-
nary material.

Thorium is a unigue actinide in that it can be completely

377

oxidized by nitrogen. This reactivity leads, in turn, to the
stabilization of ternary nitrides. Its large size, however,
places minimum size constraints on potential structures.
(Ca,Th)(N,0O) and (Sr,Th)(N,O) are the first examples of
what should prove to be a rich family of ternary tho-
ritm nitrides,
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