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A b s t r a c t  

FePdP crystallizes in the space group P 6 2 m  with unit cell parameters a =  12.055(2) /~ 
and c=3.636(2) ~. It is a new type of superstructure of the Fe2P type. However, the 
metal sites display different degrees of atomic disorder. The structure is analysed in 
terms of the phosphorus coordination polyhedra of the metal atoms, which allows it to 
be included among the polytypic series of MM'X (M and M', transition metals; X =-P, 
As, Si, Ge,. . . )  phases. 

1. I n t r o d u c t i o n  

Most  of  the  t e rna ry  MM'X p h a s e s  (M and M',  t rans i t ion metals ;  X = P ,  
As, Si, G e , . . . )  b e l o n g  to  one  of  the  th ree  ma in  s t ruc tu re  t ypes  (Fig. 1): 
t e t r agona l  T2-Fe2As type  ( s pace  g r o u p  P 4 / n m m ) ,  hexagona l  H3-Fe2P type  
( space  g r o u p  P 6 2 m )  or  o r t h o r h o m b i c  Q - C o 2 P  type  ( space  g roup  P n m a ) .  
AS po in t ed  out  by  F rucha r t  [1 ], these  s t ruc tu re s  can  be  built  up f rom different  
p a c k i n g s  of  a p s e u d o r h o m b o h e d r a l  MM'X subcel l  (Fig. 1). This is ach ieved  
by  two s q u a r e - b a s e d  p y r a m i d s  (P)  and  two t e t r a h e d r a  (T) f o r m e d  by  the  
p h o s p h o r u s  a toms .  The  non-me ta l  a t o m s  fo rm t r iangula r  sec t ion  channe l s  
running  a long  the  d i rec t ion  of  the  sho r t e s t  axis  of  the  unit  cell. The  channe l s  
conta in  a l t e rna te ly  s t acked  t e t r ahedra l  and  py ramida l  sites, thus  defining the  
r h o m b o h e d r a l  subcel l  f rom two  con t iguous  channels .  The  th ree  s t ruc tu res  
are  p o l y t y p e s  [2] w h e n  cons ide red  as 3D ne tworks  of  the  r h o m b o h e d r a l  
subcell .  

F r o m  the  a b o v e  descr ip t ion ,  new types  of  pack ing  can  be  fo re seen  [3]. 
In fact ,  new s t ack ings  of  the  r h o m b o h e d r a l  subcel l  have  b e e n  ev idenced  in 
Pd~1 ,Mn_sGes  [4] and  FeRhP  [5] of  the  NbCoB type  [6]. 

Synthes is  o f  t e r n a r y  p h o s p h i d e s  of  c o m p o s i t i o n  FeMP ( M = R h ,  Pd)  
p r e s e n t s  a l a rge  n u m b e r  of  difficulties [7]. These  difficulties are  c o n n e c t e d  
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Fig. 1. (a) Triangular section channel formed by the X atoms and (b) pseudorhombohedral 
subcell containing two filled sites (square-based pyramid and tetrahedron) and two empty sites 
(square-based pyramid and tetrahedron). The three elementary packing modes of the subcells 
give (c) the hexagonal Fe2P, (d) the tetragonal Fe2As and (e) the orthorhombic Co2P structure 
t y p e s .  

with the  success ive  s tructural  t r ans format ions  occur r ing  at intermediate  and 
high t empera tu res  [2 ]. For  example,  FeRhP (and pa ren t  solid solutions) can 
be stabilized in Various s t ruc tures  depend ing  on the thermal  t reatment .  
Prepara t ion  of  each of  the po ly type  phases  requires  strict  control  of  the 
synthesis  parameters ,  otherwise the s t ructural  charac ter iza t ion  becomes  very 
puzzling. A p o l y t y p e  t r ans fo rmat ion  O4¢~Ha has  been  interpreted in te rms  
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of cooperative displacements of phosphorus chains of half the shortest  cell 
axis [8] and has been observed at low temperature  (500 K) in both the 
disordered compound FeRhP and some related solid solutions [3, 9]. 

Among the compounds studied, the palladium-containing materials pro- 
vide an opportunity to analyse the role of a nearly filled shell element on 
the metal ordering. Moreover, disordering effects have been observed in 
(Ni~M~_x)2P (M-=Co, Ni) and MPdAs (M-=Ti, V, Cr) [7, 10-12] .  

In the present  paper we report  on the synthesis and structural char- 
acterization of the new phase FePdP. 

2. Exper imenta l  detai ls  

2.1. Sample preparation: substitution of pal ladium for  iron in Fe2P 
Synthesis of compounds belonging to the F e - P d - P  system is known to 

be particularly ticklish because of the frequent occurrence of low melting 
point eutectics and the ability to form poorly crystallized and amorphous  
phases [13]. Powdered mixtures of FeP and palladium (1:1) annealed at 
various temperatures  ( 800 -1050  K) for a long time usually result in poorly 
crystallized specimens. Thus an alternative synthesis route was tried. Different 
mixtures were melted in an evacuated silica tube and subsequently quenched 
in order to override any possible peritectic reactions. The resulting samples 
were ground and then annealed at 1020 K. 

We have prepared a series of intermediate composit ions Fe2_xPdxP. 
The nominal formulae of the samples studied are shown in Table 1 together  
with the unit cell parameters.  For x = 0.2 the resulting compound is of Co2P 
type. By increasing the palladium content  to x = 0 . 3 3 ,  three phases are 
observed to coexist: the above Co2P type, FeP and a new phase which might 
be palladium richer. The broadening of the lines corresponding to the last 
phase is observed to be dependent  on the thermal treatment,  in contrast  to 
FeP. By further increasing the palladium content,  the Co2P type phase 
disappears, the other two phases coexisting for 0 . 4 < x < 0 . 5 .  Although the 
cell parameters  of the FeP-type compound do not vary appreciably, those 
of the new phase increase with increasing palladium content. For x =  0.8 a 
few additional broad but weak lines are observed. For x = 1 only the new 
phase and very weak and diffuse signals which correspond to the additional 
lines ( x = 0 . 8 )  are observed. 

The new phase having almost equiatomic composit ion was called "FePdP"  
or Y (Table 1). It appears to exhibit a limited homogenei ty range as indicated 
by the lattice parameter  variations. It is clear that the system Fe2P-FePdP 
does not  constitute a complete solid solution: there is only a very limited 
range of substitutionally solid solution of palladium for iron in FeeP. There 
remains a wide range of non-solubility between the Co2P-type and the FePdP 
phases. The X-ray diffraction (XRD) pattern of an as-cast sample of composit ion 
FePdP is very similar to that of a subsequently annealed and air-quenched 
one, but the degree of crystallization of the former remains rather  poor. The 
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co r re spond ing  XRD pa t te rn  looks like those  exhibi ted  by the M6 phase  of  
FeRhP [3] and a-Co2As [12[. Such a pa t te rn  can be indexed  on the basis 
of  an o r thohexagona l  unit cell with pa rame te r s  a = an, b = 31/2aH and c = cH 
( index " H "  s tands for  the lattice cons tan t  of  an Fe2P-type cell) or  a hexagona l  
cell with pa ramete r s  a=2aH and c=cm with a = 1 2 . 0 4 8 8 ( 5 )  A and 
c = 3 .6358(2 )A .  The s t ruc ture  should co r r e spond  to one  of  the three  po ly types  
M6, Hi2 or H'~2 descr ibed  in the crystal  chemica l  model  [2]. 

2.2. Powder X-ray diffraction 
X-ray powde r  diffraction pa t te rns  have been  r eco rd ed  using a Gui- 

n ier -H/ igg  camera  opera t ing with strictly m o n o c h r o m a t i z e d  Cr Kal radiat ion 
and cal ibrated with silicon as internal  s tandard.  F ro m  the diffraction line 
posi t ions  me a su red  by using a pho toscanner ,  the  latt ice pa rame te r s  have 
been  refined. 

2.3. Single-crystal analysis 
Some wel l -shaped crystals have been  isolated f rom the mel ted  sample  

co r re spond ing  to the nominal  compos i t ion  FePdP.  
Intensi ty col lect ion has  been  pe r fo rmed  using an ENRAF-NONIUS CAD4 

rota t ing anode,  four-circle d i f f rac tometer  cont ro l led  by a VAX/VMS computer .  
The data  were  col lec ted  using the scan p a r am e te r s  r epor t ed  in Table  

2. The c o m p u t e r  sof tware package  MXD [14] has  been  used for  reduc t ion  
of  the data  and refinement.  No absorp t ion  co r rec t ion  was in t roduced  owing 
to the small crystal  size. Atomic scat ter ing fac tors  and anomalous  dispers ion 
cor rec t ions  have been  taken f rom International Tables for X-ray Crystal- 
lography. 

Compar i son  of  the formula  unit vo lume calcula ted f rom the data  with 
those  of  the pa ren t  compounds  FeRhP and FeRuP [7] sugges ted  that  there  
were  12 formula  units per  cell. On the basis of  the cell pa rame te r s  and 
content ,  a crystal  chemical  model  built  [2] for  the MM'X phases  allows us 
to  p ropose  three  hypothet ica l  models  for  the s t ructure .  Only one  of  these,  
with the space  group  P62m, is cons is tent  with the  6/mmm point  symmet ry  
(Fig. 2). 

After  re f inement  of  the scale fac tor  and the 11 posi t ion paramete rs ,  the 
reliabili ty fac tors  became  stabilized at the value Rw(F 2) = 0.261 (R(F 2) = 0.172,  
X 2 = 30.3).  Ref inements  of  the  occupanc ies  in t e rms  of  metal  a tom disorder ing  
(full site occupanc ies )  lead to Rw(F2)=O.115 (R(F2)=O.106, X2=5 .9 ) .  A 
final re f inement  cycle (48 variables,  including the  aniso t ropic  t empera tu re  
factors)  y ie ldsRw(F e) = 0 .022 (R(F 2) = 0.040,  X 2 = 0.95).  The final compos i t ion  
is Fe0.966(4)PdL034(4)P. The refined pa r ame te r s  are shown in Table 3, while 
Table  4 shows se lec ted  in tera tomic  dis tances.  

3. D e s c r i p t i o n  o f  t h e  s t r u c t u r e  

In Fig. 2 the crystal  s t ruc ture  of  FePdP  is p ro jec ted  on the  (001)  plane. 
All the  a toms  are located  in planes  pe rpend icu la r  to  the [001 ] d i rec t ion at 
z = 0 and ½ respect ively.  
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TABLE 2 

Data collection parameters and reliability factors 

Composition Feo.966(4)Pd ~.034(4)P 
Crystal size (ram) 0.12 x 0.02 x 0.03 
Space group P62m 
a (/~) 12.055(2) 
c (.~) 3.636(2) 
Y (/~3) 457.6 
De (g m1-3) 8.4 
X-ray radiation Ag Ka 
A (/~) 0.5596 
Monochromator Graphite 
Scan type/scan width (deg) w/1 
0 limits (deg) 2, 25 
Standard reflections 060, 080 
No. of collected reflections 6689 
No. of unique reflections 665 
No. of unique reflections with I >  3a(/) 492 
Merging R 0.04 
Linear absorption coefficient (cm -~) 110.5 
Secondary extinction correction/coefficient Le Page and Gabe/1.93(2)x 10 -6 
No. of refined parameters 48 
Weights (w~) 2/a(F02) 
Reliability factors 

Rw(F 2) 0.022 
R(F  2) 0.040 
X 2 0.95 

The structure can be considered as a superstructure of the Fe2P type 
and can be derived from the latter by c/2 displacements of selected phosphorus 
atoms (Fig. 3). This superstructure represents a new structural type in the 
transition metal series MM'X (X-= P, As, Si, Ge , . . . ) .  According to Fruchart 
[1 ], it can be characterized by two types of blocks of rhombohedral subunits 
in the structural scheme of FePdP (Fig. 3): six of them form a star-shaped 
arrangement centred at the P(1) l a  (0, 0, 0) position, whereas the other 
block is composed of three rhombohedral units centred at the P(4) (~, ~, 0) 
and (~, ½, 0) atoms and projected on the (001) plane as hexagons. 

In the hexagons the metal atom ordering is almost complete, iron 
occupying the tetrahedral (T) phosphorus sites and palladium occupying 
almost totally the pyramidal (P) sites. In contrast, the pyramidal site M(2) 
and the tetrahedral site M(1) surrounding the P(1) site exhibit disorder and 
contain 75.9(8)% and 65.2(7)% Pd atoms respectively. In the other metal 
sites of the "star-shaped block" iron only occupies the tetrahedra and palladium 
only occupies the pyramids. 

The coordination polyhedra are those usually found in the MM'P phases 
[1, 15]. The phosphorus atoms are located in tetrakaidekahedra formed by 
the metal atoms [16]. 
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Fig. 2. Projection of the (001) plane of the crystal structure of FePdP. The numbers of the 
sites refer to Table 3. 

TABLE 3 

FePdP: positional parameters, occupancies and thermal factors a 

Atom Position x y z OCCFe OCCpd Angle (u,)  (u~) (uc) 
(deg) 

Pd(1) 3f  0.32938(4) 0 0 0 1 0 99(1) 97(1) 124(1) 
M(2) 3f  0.80279(4) 0 0 0.241(8) 1-occre 0 91(1) 106(1) 89(1) 
Pd(3) 6k 0.16319(3) 0.53883(3) 0.5 0.137(3) 1-occre 57.0(7) 118(1) 79(1) 88(i) 
M(1) 3g 0.14150(4) 0 0.5 0.348(7) 1-OCCFe 0 96(1) 81(1) 107(1) 
Fe(2) 3g 0.63382(7) 0 0.5 1 0 0 87(1) 78(2) 73(2) 
Fe(3) 63" 0.18189(5) 0.72196(6) 0 1 0 92(3) 87(1) 75(1) 76(2) 
P(1) l a  0 0 0 0 138(3) 138(3) 120(6) 
P(2) 3f 0.5256(1) 0 0 0 88(3) 84(3) 83(4) 
P(3) 6k 0.34479(9) 0.1721(1) 0.5 18(4) 111(2) 91(2) 86(3) 
P(4) 2c 1/3 2/3 0 0 83(2) 83(2) 110(3) 

~The temperature factors are expressed as the lengths of the semiaxes of the thermal vibration 
ellipsoids (in 10 -4/~) and the angles formed by the (a )  component with the crystallographic 
a axis (in degrees). 

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

t h e  1 2 - c o o r d i n a t i o n  G o l d s c h m i d t  m e t a l l i c  r a d i i .  T h e  m e t a l - p h o s p h o r u s  d i s -  

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

o n e s .  

W e  c o n s i d e r  t h a t  t h e r e  a r e  n o  P - P  b o n d s  s i n c e  t h e  s h o r t e s t  P - P  d i s t a n c e  

is 3 . 3  /~. 
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TABLE 4 

FePdP: interatomic distances a (angstroms) shorter than 3.2 /1, 

d (,~) Z r  (/~) Air d (/~) ~ r  (/~) Air 

Pd(1) 4Pd(3) 2.9297(4) 2.74 0.07 M(1) b 2Pd(1) 2.9043(5) 2.70 0.09 
2M(1) 2.9043(5) 2.72 0.07 4M(2) 2.7949(4) 2.72 0.07 
2Fe(3) 2.9045(6) 2M(1) 2.9545(4) 2.70 0.04 

1P(2) 2.365(1) 2.47 - 0.04 2P(3) 2.286(1) 2.45 - 0.07 
4P(3) 2.691(1) 2.47 0.09 2P(1) 2.4930(3) 2.45 0.02 

M(2) b 2Fe(3) 2.8096(8) 2.62 0.07 Fe(2) 2M(2) 2.7302(7) 2.62 0.04 
4M(1) 2.7949(4) 2.70 0.04 2Pd(3) 2.7265(8) 2.64 0.03 
2Fe(2) 2.7302(7) 2.62 0.04 4Fe(3) 2.6291(4) 2.54 0.03 

1P(1) 2.3774(5) 2.45 - 0 . 0 3  2P(2) 2.2377(9) 2.37 - 0 . 0 6  
4P(3) 2.664(1) 2.45 0.09 2P(3) 2.221(1) 2.37 - 0 . 0 6  

Pd(3) 2ed(1) 2.9297(3) 2.64 0.07 Fe(3) l e d ( l )  2.9045(6) 2.64 0.10 
2Fe(3) 2.7806(6) 2.64 0.05 1M(2) 2.8096(9) 2.62 0.07 
2Fe(3) 2.7283(8) 2.64 0.03 2Pd(3) 2.7806(6) 2.62 0.05 
1Fe(2) 2.7266(8) 2.64 0.03 2Pd(3) 2.7283(5) 2.64 0.03 

2Fe(2) 2.6291(4) 2.54 0.03 

2P(4) 2.5934(2) 2.47 0.05 1P(2) 2.2849(8) 2.37 - 0 . 0 6  
2P(2) 2.6243(5) 2.47 0.06 2P(3) 2.256(1) 2.37 - 0 . 0 5  
1P(3) 2.395(1) 2.47 - 0 . 0 3  1P(2) 2.2347(8) 2.37 - 0 . 0 4  

"The values are compared (A/r = 100[( - 1 + dl(r~ + r r) 1) with the sum of the Goldschmidt metallic 
radii for coordination number 12 and the covalent phosphorus radius for tetrahedral coordination. 
All distances shorter than 3.2 /~ are listed. For distances involving the disordered M(1) and 
M(2) positions a weighted radii sum is considered. 
bM(1)------~0.35 Fe: ~0 .65  Pd; M(2)-= ~0.24 Fe: ~0 .76  Pd. 

a f t  o -  - - - o -  - - - o  
/ • / • / 

f i ~ ' O _  / ' • , ' 
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/ • / • / 
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Fig. 3. The hexagonal supercell 2 × 2Ha~H~z where only phosphorus atoms axe represented 
[3]. 
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4. Di scuss ion  

The metal atom disordering observed on the M(1) and M(2) sites 
corresponds to a selective substitution effect: approximately 75% of palladium 
atoms in the tetrahedral M(2) position are close to the P(1) phosphorus 
site. Consequently, the local expansion induced by the resulting large palladium 
concentrat ion around P(1) yields a weak iron substitution (about 20%) in 
the nearest  pyramidal M(2) sites. 

A systematic study of the ternaries MM'X [1, 7, 11] has indicated that 
the criterion of electronegativity and the criterion of atom size are two 
determining parameters  that define the coordination of M and M' in non- 
metal atoms X: the atom with the highest electropositivity will be surrounded 
by the highest coordination number of X atoms; the atom with the largest 
size will choose the pyramidal site. 

A study of the binary phases MM'P and MM'As, with M being a small 
and electropositive 3d element and M' being a bigger and less electropositive 
4d element such as ruthenium, rhodium and palladium, allows us to make 
the above criteria competing. For M=-Cr, Mn the more electropositive 3d 
atoms occupy the pyramidal sites. In the case of M-= Co (smaller and less 
electropositive than chromium and manganese),  they occupy the small te- 
trahedral sites. For intermediate 3d atoms such as M = Fe the above factors 
counteract  each other, which explains the total disorder found by M6ssbauer 
spectroscopy in FeRhP and FeRhAs [7] and the partial disorder found in 
FeRuP [17] where the ruthenium atoms preferentially occupy the pyramidal 
sites. 

Other specific factors have been reported such as crystal electric field 
effects (manganese-containing compounds [1 ]) and the influence of d band 
filling (nickel-containing compounds,  e.g. (NixM~ -x)2P (M = Fe, Co) [10, 11 ]). 

It is note worthy that the electronegativity criterion is of little importance 
in FePdP. The size criterion red > ?'Fe well supports the almost entire filling 
of the smallest sites ( tetrahedra) by iron. In contrast, the ordered substitution 
of palladium atoms on one of the two tetrahedral sites should be understood 
as a new ordering factor, without any connection with the non-metal polyhedron 
surrounding the palladium atoms. 

The triangular cluster of metal atoms connecting these tetrahedra has 
been underlined in refs. 18 and 19 for the H3 type (Fe2P). At this point it 
appears  of prime importance to emphasize the local overstoichiometry of 
palladium into the tetrakaidekahedron surrounding the P(1) when Ha tunas 
to Hi2. One might also take into consideration that the stabilization of the 
new type of  superstructure is related to the late 4d character  of the transition 
element. 
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