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Ternary and quaternary metal nitrides: 
A new challenge for solid state chemistry 

R u d i g e r  K n i e p  

E d u a r d - Z i n t l - l n s t i t u t ,  TH D a r m s t a d t ,  
H o c h s c h u l s t r .  10,  D-64289 D a r m s t a d t  

A b s t r a c t :  The c r y s t a l  c h e m i s t r y  o f  t e r n a r y  and q u a t e r n a r y  

phases  o f  t h e  sys tems  A / A E  - T E  - N (A = a l k a l i  m e t a l ;  AE = 

a l k a l i n e  e a r t h  m e t a l ;  TE = t r a n s i t i o n  e l e m e n t )  i s  p r e -  
d o m i n a n t l y  c h a r a c t e r i z e d  b y  t h e  p r e s e n c e  and f o r m a t i o n  o f  
complex n i t r i d o m e t a l a t e  a n i o n s .  A s u i t a b l e  c l a s s i f i c a t i o n  o f  

t h e  n i t r i d o - c o m p o u n d s  i s  based  on t h e  c o r r e l a t i o n  be tween  
c o o r d i n a t i o n - n u m b e r s  ( T E ) ,  o x i d a t i o n  s t a t e s  ( T E )  and t h e  

s p e c i f i c  s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  t h e  a n i o n i c  p a r t i a l  
s t r u c t u r e s .  

I n t r o d u c t i o n  and p r e p a r a t i v e  a s p e c t s  
Compared w i t h  t h e  l a r g e  number o f  w e l l - k n o w n  and w e l l -  

i n v e s t i g a t e d  o x o m e t a l a t e s  t h e  c r y s t a l  c h e m i s t r y  and p h y s i c s  o f  
n i t r i d o m e t a l a t e s  i s  r a t h e r  young and j u s t  a t  t h e  b e g i n n i n g .  The 
p a r t i c u l a r  i n t e r e s t  i n  n i t r i d o m e t a l a t e  compounds i s  m a i n l y  r a i s e d  

b y  t h e  h i g h  p o l a r i z a b i l i t y  o f  t h e  n i t r i d e  i o n  w h i c h  i s  e x p e c t e d  t o  

cause  s p e c i f i c  p r o p e r t i e s  i n  s t r u c t u r e  and b o n d i n g  r e l a t i o n s .  

A f t e r  t h e  e a r l y  w o r k s  o f  R o b e r t  Juza [ I 1  t h e  e s s e n t i a l  

b r e a k t h r o u g h  i n  t h e  f i e l d  o f  n i t r i d o m e t a l a t e  c h e m i s t r y  was 
a c h i e v e d  b y  t h e  d e v e l o p m e n t  o f  s u i t a b l e  me thods  o f  p r e p a r a t i o n .  A 

f u n d a m e n t a l  examp le  i n  t h i s  c o n n e c t i o n  i s  t h e  r e a c t i o n  o f  
i n t e r m e t a l l i c  m e l t s  (A/AE-TE) w i t h  m o l e c u l a r  n i t r o g e n  a s  an 

o x i d i z i n g  a g e n t  C21. Under  t h e s e  c o n d i t i o n s  n i t r o g e n  i s  g e n e r a l l y  

r e d u c e d  t o  t h e  n i t r i d e  s t a g e  b u t  t h e r e  a r e  a l r e a d y  i n d i c a t i o n s  

t h a t  t h e  r e d u c t i o n  may a l s o  t a k e  p l a c e  v i a  t h e  a z i d e  s t a g e  

(BagNCN31CTaN43 C31) .  

F ragmen ts  and  v a r i a t i o n s  o f  t h e  L i 3 N  t y p e  s t r u c t u r e  
The c r y s t a l  s t r u c t u r e  o f  L i 3 N  C S l  ( G  L i 2 C L i N I  C 5 l )  has  been 

r e g a r d e d  a s  a u n i q u e  s t r u c t u r e  t y p e  f o r  a l o n g  t i m e .  Today, i n  

a d d i t i o n  t o  t h e  s u b s t i t u t i o n  s e r i e s  L ~ ~ C ( L ~ I - ~ T E ~ ) N I  (TE = Co, N i ,  
Cu C1,2,51) we know t h e  d e f e c t - s u p e r s t r u c t u r e  Li4CFeN21 ( Z  
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Li2CFe0.5NI)  C S l ,  t h e  c r y s t a l  s t r u c t u r e s  o f  L iqSrN2 C71 ( l a y e r e d  
f ragments  o f  L i 2 C L i N I )  and L i S r N  C81 (2 S r C L i N I ) ,  t h e  
i n t e r g r o w t h  s t r u c t u r e  ( L i 1 - ~ N i ~ ) L i q S r 2 N 3  C9l ( C  L iqSrN2.  

S ~ C ( L ~ I - ~ N ~ ~ ) N I )  and t h e  c r y s t a l  s t r u c t u r e  o f  CaCLiNl C7l wh ich  i s  
a m o d i f i e d  f l u o r i t e  t y p e  s t r u c t u r e  c o n t a i n i n g  L i -N - r i bbons  wh ich  

a r e  a l s o  p r e s e n t  i n  t h e  L i 2 C L i N I  t y p e .  Even B a 2 ( N i l - x L i x ) [ N i N ] p  
C l O l  r e p r e s e n t s  a v a r i a n t  o f  t h e  L i 2 C L i N I  c r y s t a l  s t r u c t u r e .  

S t r u c t u r e s  r e l a t e d  t o  b i n a r y  T E - n i t r i d e s ;  CN(TE)=6, 5 
Some o f  t h e  t e r n a r y  n i t r i d e s  w i t h  e lements o f  groups 4-6 i n  

h i g h  ( p r e d o m i n a n t l y  t h e  h i g h e s t )  o x i d a t i o n  s t a t e s  c o n t a i n  t h e  

t r a n s i t i o n  me ta l  i n  o c t a h e d r a l  ( o r  t r i g o n a l  p r i s m a t i c )  n i t r i d o -  

c o o r d i n a t i o n  (CN=6): Li2CZrN21 and Li2CHfN21 C111, NaCNbN21 C58l 

and NaCTaN21 C121. Li2Ta3Ng C131 and LiMoN2 C141 can be d e s c r i b e d  
i n  te rms o f  i n t e r c a l a t i o n  compounds. Z r ( l V )  i n  t h e  c r y s t a l  

s t r u c t u r e  o f  BaCZrN21 C151 i s  i n  a t e t r a g o n a l - p y r a m i d a l  
c o o r d i n a t i o n  (CN=5) by n i t r o g e n .  

T e t r a h e d r a l  s t r u c t u r e s  (Ana logy  t o  o x o s i l i c a t e s ;  CN(TE)=4) 
A l a r g e  number o f  n i t r i docompounds  w i t h  e lements o f  g roups  4-7 

(and 8, Fe) i n  h i g h  ( i n  many cases t h e  h i g h e s t )  o x i d a t i o n  s t a t e s  
c o n t a i n  t e t r a h e d r a l  a n i o n s .  Here, o n l y  a few b u t  r e p r e s e n t a t i v e  

examples a r e  p r e s e n t e d :  I s o l a t e d  t e t r a h e d r a  - Li7CVN41 [I], 
Li6CCrN41 C I S 1  Ba5CCrN41N C171, Ba3CMoNql and Ba3CWN41 C181, 

Li7CMnN41 C11; Dimers C(TEI2N7I - -  - LiBaqCMo2N71 . BaC12 C191 and 

LiBa4CW2N71 C201; R ings  - BaloCTi~+N121 C211; Chains C(TEIN31 - - 
Ba2CTaN31 and Sr2CTaN31 C221; Framework C(TEIN21 - - CsCTaN21 C121. 

The c r y s t a l  s t r u c t u r e  o f  Li3CFeN21 C231 c o n t a i n s  i n f i n i t e  c h a i n s  
1 
oo CFeNf+/z3-1 o f  edge-shar i n g  FeNq- te t rahedra .  

T r i g o n a l - p l a n a r  an ions  C(TEI 
The compounds o f  genera l  compos i t i on  (AE)3C(TE) l ”N31 (TE = V ,  

I )N3I6- ;  CN(TE)=3 

C r ,  Mn, Fe) can be c l a s s i f i e d  i n  two groups :  - i. c r y s t a l  s t r u c t u r e s  
w i t h  space group Cmcm and C2v-symmetry o f  t h e  complex an ions  

(Ca3CVN31 C241, Ca3CCrN31 C251, Ca3CMnN31 C26 l )  and - ii. c r y s t a l  
s t r u c t u r e s  w i t h  space group P63/m and D3h-symmetry o f  t h e  complex 

an ions  (Sr3CCrN31 and Ba3CCrN31 C271; Sr3CMnN31 and Ba3CMnN31 

C281; Sr-jCFeN31 and Ba3CFeN31 C291). The d i f f e r e n c e s  i n  symmetry 

o f  t h e  complex p l a n a r  an ions  seem t o  be caused by t h e  s i z e  and 

“ha rdness /so f tness ”  o f  t h e  AE-ca t ions  r a t h e r  than  by  a Jahn- 

T e l l e r - d i s t o r t i o n .  The c r y s t a l  s t r u c t u r e  o f  (Ca3N12CFeN31 C301 

a l s o  c o n t a i n s  p l a n a r  an ions  w i t h  D3h-symmemtry. IR -spec t ra  C291, 
Mossbauer-spect ra [311 as w e l l  as c a l c u l a t i o n s  o f  t h e  e l e c t r o n i c  

s t r u c t u r e  o f  Ba3CFeN31 C311 a r e  c o n s i s t e n t  w i t h  t h e  presence o f  a 
Fe(lll)-low-spin-complex and w i t h  a Fe-N bond ing  o r d e r  g r e a t e r  

t han  one. 
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N i t r i d o f e r r a t e s ( l 1 ) ;  CN(TE)=3, 2 

The c r y s t a l  s t r u c t u r e s  o f  n i t r i d o f e r r a t e s ( l l 1 )  and ( 1 1 )  c o n t a i n  

complex a n i o n s  wh ich  a r e  i s o s t r u c t u r a l  t o  ma in  g roup systems C321: 

Li3CFeN21 1231 (J  CFel I 'N4 /23- l /S iS2) ,  Ba3CFeN31 C291 
(CFe' "N316-/C032-), Ca21Fel IN21 C331 (CFe2' 'N4I8- /C ln2P4 l6- ) ,  

LiBa2CFe2N31 C341 (db  CFe2 N3 1/"B2S3") and Li4CFeN21 C6l  
(CFel 'N2I4-/CO2). Fe(  I I ) i n  t h e  c r y s t a l  s t r u c t u r e s  o f  
n i t r i d o f e r r a t e s ( l 1 )  is i n  a d i s t o r t e d  t r i g o n a l - p l a n a r  ar rangement  

(CN=3) and i n  a l i n e a r  c o o r d i n a t i o n  by n i t r o g e n  (CN=2), 
r e s p e c t i v e l y .  The low o x i d a t i o n  s t a t e  and t h e  l i n e a r  c o o r d i n a t i o n  

o f  i r o n  i n  t h e  a n i o n s  CFe11N214- o f  t h e  c r y s t a l  s t r u c t u r e s  o f  
Li4CFeN21 C6l and Sr2CFeN21 C331 e s t a b l i s h  t h e  b r i d g e  t o  t h e  low-  

v a l e n c y  n i t r i d o c o b a l t a t e s ,  n i t r i d o n i c c o l a t e s  and n i t r i d o c u p r a t e s .  

I I 5- 

Low-valency n i t r i d o c o b a l t a t e s ,  - n i c c o l a t e s  and - c u p r a t e s ;  

CN (TE )=2 
The main  f e a t u r e s  o f  t h i s  c l a s s  o f  compounds a r e  t h e  l i n e a r  

c o o r d i n a t i o n  o f  t h e  t r a n s i t i o n  e lements  (CN=2), t h e i r  low 

o x i d a t i o n  s t a t e s  and t h e  h i g h  cova lency  o f  t h e  TE-N bond ( b o n d i n g  
o r d e r  g r e a t e r  t h a n  o n e ) .  The c o n n e c t i n g  l i n k  between n i t r i d o -  

f e r r a t e s ,  n i t r i d o c o b a l t a t e s  and n i t r i d o n i c c o l a t e s /  - c u p r a t e s  is 
c l e a r l y  shown by  t h e  f o l l o w i n g  sequence: I s o l a t e d  dumb-be l ls  

CFe11N214- (Li4CFeN21 C 6 l )  ---> dumb-be1 Is 1ColN2I5-  wh ich  a r e  
comple ted  t o  i n f i n i t e  ( l i n e a r )  a r rangements  C...Li...CN-Co - 
N l .  .. L i  ... I (LiSr2CCoN21 C351) ---> i n f i n i t e  ( l i n e a r )  c h a i n s  

db C(TE)IN2/21 (CaCNiNI C2, 361, CaCCuNl C371). I n f i n i t e  c h a i n  
a n i o n s  m CNiN2/21 a r e  a l s o  p r e s e n t  i n  t h e  c r y s t a l  s t r u c t u r e s  o f  
BaCNiN] C381 and SrCNiNl  C2, 391. However, t h e s e  ( p l a n a r )  c h a i n s  
a r e  a n g l e d  w i t h  a change i n  d i r e c t i o n  a t  e v e r y  f o u r t h  N - p o s i t i o n  

a l o n g  t h e  c h a i n s  wh ich  causes s h o r t  N i - N i - c o n t a c t s  a t  t h e  bend- 

p o s i t i o n s .  The p a r t i c u l a r  c o n f o r m a t i o n  o f  t h e  z ig -zag -cha ins  
1 [CoN2/21 i n  t h e  c r y s t a l  s t r u c t u r e  o f  BaCCoNl C401 r e s u l t s  i n  

s h o r t  Co-Co- as w e l l  as s h o r t  Co-Co-Co-contacts a l t e r n a t i n g  a l o n g  

t h e  c h a i n s .  Aga in ,  l i n e a r  c h a i n s  m CNiN2121 a r e  p r e s e n t  i n  t h e  
c r y s t a l  s t r u c t u r e s  o f  S r3L i3CNiN lq  C411 and 

B a 2 ( N i 1 - ~ L i ~ ) C N i N l 2  [ l o ] ,  t h e  c r y s t a l  s t r u c t u r e  o f  BagNCNiNlg 
c o n t a i n s  i n f i n i t e  h e l i c a l  c h a i n  a n i o n s .  The c r y s t a l  s t r u c t u r e s  o f  

n i t r i d o c u p r a t e s  a r e  i s o t y p e s  o f  t h e  n i t r i d o n i c c o l a t e  phases C37, 
431. The s u b s t i t u t i o n  o f  TE(N1,Cu) a g a i n s t  l i t h i u m  ( e . g .  
C a C ( N i l - x L i x ) N 1  C441) opens a way t o  m o d i f y  t h e  e l e c t r o n i c  

p r o p e r t i e s  o f  t h e  low v a l e n c y  n i t r i d o m e t a l a t e s .  

I 

1 

1 
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S u b n i t r i d e s  ( T e r n a r y  Systems Ca-Ag,Au-N) 

As r e p o r t e d  above,  t h e  n i t r i d o  s p e c i e s  p a r t i c i p a t e s  a s  a s t r o n g  

l i g a n d  i n  t h e  f o r m a t i o n  o f  c o v a l e n t  a n i o n i c  comp lexes .  A t  t h e  same 

t i m e ,  however ,  t h e  n i t r i d o  n i t r o g e n  t e n d s  t o  occupy  - a s  i s o l a t e d  

( i o n i c )  s p e c i e s  - t h e  c e n t e r s  o f  c o o r d i n a t i o n  p o l y h e d r a  w h i c h  a r e  

f o r m e d  e x c l u s i v e l y  b y  a l k a l i n e  e a r t h  m e t a l  c a t i o n s .  Such 
s t r u c t u r a l  e l e m e n t s  w i t h  an o v e r a l l  p o s i t i v e  c h a r g e  f o r m  ( (EA16N)-  
o c t a h e d r a  w h i c h  appear  a s  " m a c r o - c a t i o n s " :  I s o l a t e d  (Ag16CagN 

C471),  condensed t o  g i v e  o n e - d i m e n s i o n a l  co lumns  (NaBa3N C451),  
t w o - d i m e n s i o n a l  l a y e r s  ((Ca3N12CFeN31 C301) and t h r e e - d i m e n s i o n a l  

f r a m e w o r k s  (Ca3XN; X = As, Sb, B i ,  Ge, Sn, Pb) C4611, 
r e s p e c t i v e l y .  The s u b n i t r i d e  Ag16Ca6N C471 c o n t a i n s  d i s c r e t e  

(Ca6N) '+-oc t a h e d r a  , t h e  subn i t r  i de-au r i de Ca3AuN 
( Z  (Ca2+)3Au-N3-. 2e - )  C481 c r y s t a l l i z e s  i n  t h e  c u b i c  p e r o v s k i t e  

t y p e  s t r u c t u r e .  

Ca2CZnN21 and s e l e c t e d  n i t r i d o m e t a l a t e s  o f  g r o u p  13 

Ca2CZnN21 C491 i s  t h e  o n l y  g r o u p  12 - n i t r i d o m e t a l a t e  w h i c h  i s  
-- 

known up t o  now. The s t r u c t u r e  c o m p l e t e s  t h e  s e r i e s  o f  dumb-be l l  

a n i o n s :  CFel ' N 2 I 4 -  C61, CCo'N2I5- C351, CZn' ' N 2 I 4 - .  Even t h e  
c r y s t a l  s t r u c t u r e  o f  t h e  t e r n a r y  n i t r i d o g a l l a t e  Sr8Ga3N8 

( P  Srg[GaN2]CGaN3]2 C501) i n d i c a t e s  t h e  e x i s t e n c e  o f  dumb-be l l  

a n i o n s  CGaN21. The f o r m a t i o n  o f  i n t e r m e d i a t e  compounds i n  t h e  
t e r n a r y  sys tems  (Ca ,Sr ,Ba) -A l -N  i s  i n v e s t i g a t e d  o n l y  r e c e n t l y  C37, 

511 .  The c r y s t a l  s t r u c t u r e  o f  Sr3CA12N41 C521 c o n t a i n s  c o r r u g a t e d  
c h a i n s  mCA1N4/23-1 w h i c h  c o n s i s t  o f  d i s t o r t e d  A l N q - t e t r a h e d r a  

s h a r i n g  common edges .  A t  l e a s t  t h r e e  d i f f e r e n t  m o d i f i c a t i o n s  ( a ,  

p ,  y-) were  o b t a i n e d  w i t h  t h e  c o m p o s i t i o n  Ca3CA12N41 C531; t h e  y- 
phase i s  a n  i s o t y p e  o f  Ca3CA12As41 C541. The c r y s t a l  c h e m i s t r y  o f  

n i t r i d o g a l l a t e s  i s  o f  p a r t i c u l a r  i n t e r e s t  because  o f  t h e  w e l l -  

known t e n d e n c y  o f  g a l l i u m  t o  f o r m  homonuc lea r  bonds ,  f o r  example 
t e t r a h e d r a l  Ga4 c l u s t e r s  (Ca18.5Ga8N7 C5511, p l a n a r  z i g z a g  c h a i n s  

(Ca5CGa2N41 C5611, o r  even  l a y e r s  o f  t e t r a g o n a l  p y r a m i d e s  (CaCGaNI 
C571) .  The c r y s t a l  s t r u c t u r e s  o f  (Sr6N)CGa51 and (Ba6N)CGasI C591 

c o n t a i n  i s o l a t e d  o c t a h e d r a l  c a t i o n s  ( ( E A ) 6 N I 9 +  and t r i g o n a l -  
b i p y r a m i d a l  c l u s t e r - a n i o n s  CGa517-; a s i m p l e  model o f  t h e  c h e m i c a l  

b o n d i n g  i n  t h e s e  i s o t y p i c  phases  i s  g i v e n  b y  t h e  f o r m u l a  

{ ( (AE)6N)9+CGa517-  . 2e-1.  

1 

C o n c l u d i n g  r e m a r k s  and p r o s p e c t  
The b a s i c  i d e a  f o r  t h i s  s h o r t  r e v i e w  was t o  g i v e  a 

c o m p r e h e n s i v e  s n a p s h o t  on t h e  h i g h  a c t i v i t i e s  w h i c h  a r e  j u s t  g o i n g  

on i n  n i t r i d o m e t a l a t e  c h e m i s t r y .  T o g e t h e r  w i t h  t h e  r e c e n t  r e v i e w  

a r t i c l e  on t h e  CRYSTAL CHEMISTRY OF INORGANIC NITRIDES [SO] t h e  
s t a t e  o f  t h e  a r t  i s  now w e l l  documented.  " N i t r i d e s  a r e  f a s c i n a t i n g  
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Ternary and quaternary metal nitrides 189 

m a t e r i a l s "  C60l and a new c h a l l e n g e  n o t  o n l y  f o r  s o l i d  s t a t e  
c h e m i s t r y  b u t  a l s o  f o r  s o l i d  s t a t e  r e s e a r c h  and m a t e r i a l s  

sc i ences . 
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