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A structural model for the description of transition metal phosphides has been applied to the 
determination of the structural re$tion between M,,P, and M,P hexagonal phases. The correctness of 
this approach has been tested by the prediction of the substitutional ordering in M,*P, phases. 

Introduction 

The phosphides of transition metal with 
MLP composition (M = Ni, Co, Fe, Mn, 
. . .) have been usefully described in terms 
of polyhedra formed by phosphorus atoms 
(I, 2). Based on this description, the crys- 
tal chemistry of these phases has been 
widely studied during the last 10 years (3). 
Occasionally, as in the case of oxides, the 
substitutional order can be correlated with 
the nonmetal surrounding of the transition 
metal site (4, 5). The influence of the four 
major factors (size, number of d electrons, 
electronegativity, crystal field effects) has 
been evaluated. We sought to investigate if 
the same principles can be applied to other 
transition metal phosphides with a compo- 
sition slightly different from 2 : 1. The clos- 
est ones reported up to now have the for- 
mula M,.,P as for instance Cr12P,. Several 
workers have already reported structural 
data for this chromium phosphide but cer- 

tain features remain ambiguous (6, 7). The 
availability of single crystals of this phase 
has permitted the redetermination of the 
crystal structure (8) and the establishment 
of structural relations between this struc- 
ture and that of Fe,P. The determined 
structural model was checked by X-ray 
diffraction and Miissbauer spectroscopy on 
substituted phases. 

Experimental 

Shiny dark brown crystals of Cr12P, were 
grown by chemical vapor transport. Ele- 
mental components, chromium powder and 
red phosphorus were placed into 1 l-mm-id, 
l&m-long silica tubes and evacuated to 
less than 1 Tot-r. Chlorine gas was then 
introduced to produce a partial pressure of 
100 Tot-r at room temperature. The tubes 
were sealed and transport was attempted at 
several charge and growth zone tempera- 
tures. The best conditions for successful 
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transport are as follows: 

Temperature of the hot zone : 1300 K 
Temperature of the cold zone : 1240 K 
Charge composition : Cr1.5Ko 

The crystals grow in the form of needles 
of millimeter size in the hot part of the 
quartz tube. Some of these crystals were 
ground into powder and analyzed by X-ray 
diffraction using silicon as an internal stan- 
dard. These crystals were found single 
phase Cr12P, with lattice constants of the 
hexagonal cell: 

served by Chun and Carpenter (8) in Weis- 
senberg and precession photographs of the 
layer 1 = 0 revealed the existence of a 
super-lattice with a cell seven times that of 
the original one. Despite many attempts, no 
model consistent with the data has been 
found. Our approach to this problem was at 
first to try to understand the crystal chemis- 
try of this phase in relation with previous 
work done in M,P compounds. 

a = 8.966 A, c = 3.311 A; 

the composition of the single crystals was 
checked by density measurements, thermo- 
gravimetry, and chemical analysis. 

The substituted phases Cr,,-,M,P, (M = 
Mn, Fe) were synthetized in powdered 
form by solid-state diffusion in quartz am- 
poules under vacuum at 1200 K; these 
compounds were analysed by X-ray diffrac- 
tion and Miissbauer spectroscopy. The 
measurements were made at room tempera- 
ture using a parabolic motion Miissbauer 
spectrometer coupled to a multichannel an- 
alyzer operating in the time mode. The 
source was 57Co diffused in palladium and 
the system was calibrated by the Miiss- 
bauer spectrum of a high-purity iron sam- 
ple. The positions, widths and amplitudes 
of the peaks were fitted by a least-squares 
program (9). 

In this way the structure of CrlzP, can be 
usefully described in term of polyhedra 
formed by phosphorus atoms like in the 
case of M2P phosphides. Chromium atoms 
are coordinated by either five phosphorus 
atoms in a distorted square pyramid or by 
four in a distorted tetrahedral arrangement. 
Phosphorus atoms divide the crystal into 
polyhedra of three kinds: 

-square pyramids, 
-tetrahedra, 
-trigonal prisms. 

Pyramids and tetrahedra alternate along 
columns, prisms are stacked one above 
another to form another kind of columns. 
Both types of columns are parallel to the c 
axis and both project into triangles as 
shown in Fig. 1. In the MZP-type structure 
we have only observed the kind of columns 
formed by the superposition of square pyra- 
mids and tetrahedra. Based on this descrip- 
tion we may consider 26 polyhedra in a 
Cr12P, unit cell: 18 pyramids, 6 tetrahedra, 

Results and Discussion 

The structure has been determined by 
Chun and Carpenter (8) at Brown Univer- 
sity. 

The crystals of Cr,zP, were found to be 
hexagonal, space group P&/m, isostruc- 
tural with Th,Slp. One phosphorus atom is 
disordered between two positions and half 
of the chromium atoms exhibit disorder 
coupled to that of the phosphorus atoms. 
Also additional weak reflections, as ob- ture. 

FIG. 1. Different kinds of sites in the Cr,*P, struc- 
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FIG. 2. Schematic representation of the Cr,,P, struc- 
ture. Arrows are parallel to the axis of the pyramids. 
Black circles : z = 4; white circles: z = 0. Big 
circles : Cr; little circles : P. 

and 2 prisms. Half of the pyramids and 
tetrahedra are occupied by the 12 chro- 
mium atoms whereas all prisms are empty 
(Fig. 2). In the case of M,P hexagonal 
structure there is an equal number of py- 
ramidal and tetrahedral sites, half of them 
being occupied (Fig. 3). By analogy the 
Cr12P, compound may be usefully written 
as CrgPCx$U2pRP, where Crp, CrT, and q pR 
represent respectively a chromium atom in 
a pyramidal site, a tetrahedral site, and an 
empty prismatic site. In principle the sub- 
stitution of a chromium atom by another 
transition metal atom may occur in the two 
occupied sites, as observed in the MIP type 
compounds. In the case of M2P type com- 
pounds, two extreme situations can be 
found: 

-the substitution of chromium by iron in 
Cr,P is total an ordered: for the composi- 
tion CrFeP the iron atoms are located only 
in the tetrahedral site as determined by 
neutron difiaction and Miissbauer spec- 
troscopy 

-the substitution of chromium by man- 
ganese is also total but almost entirely 

CO*P 

FezAs 

FIG. 3. Schematic representation of the MgX struc- 
tures. Arrows are parallel to the axis of the pyramids. 
Black circles: z = 1; white circles: z = 0. Big 
circles : Cr: little circles :X atoms. 

disordered as determined by neutron dif- 
fraction. 

To check if the ordering mechanism is 
still valid for the M,,P, phase we have 
prepared solid solutions Crlz-zFe,P, and 
Cr12-zMn+P,. The compounds were single 
phase for 0 < x < 3 in the fist case and for 0 
< x < 6 in the second case. 

The variations of the hexagonal cell pa- 
rameters are linear as a function of substitu- 
tion for both systems. However, the varia- 
tion is much more pronounced for iron 
substitution than for manganese substitu- 
tion (Fig. 4). The same kind of effect has 
been already reported in the case of MM’P 
compounds, where it has been related to 
the substitutional order. This was the fist 
indication of an ordered substitution in the 
case of Crlz-rFe,P,. The final analysis of 
the substitutional order was made by M&s- 
bauer spectroscopy on the CrsFe3P, com- 
position, limit of the solid solution. The 
MGssbauer spectrum (Fig. 5) is the super- 
position of two symmetrical doublets with 
the following parameters at 295 K. 

Site 1: Intensity 0.85, 6 = 0.218 f 0.002 mm/set, e”4Q/2 = 0.474 + 0.002 mm/set; 
Site 2: Intensity 0.15, S = 0.44 + 0.01 mm/set, ezqQ/2 = 0.62 + 0.01 mm/set. 

The isomer shifts for sites 1 and 2 have obtained for the equivalent site (respec- 
been found to be very similar to those tively T and P site) in the M,P structures 
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FIG. 4. Hexagonal unit cell parameters in the solid 
solution Cr,,-,M,P,. 

(Table I). Assuming equal Miissbauer fac- 
tors on the two sites, the peak intensity 
ratio gives directly the iron occupancy ratio 
in the compound. As it seems very doubtful 
that iron can enter the empty prismatic 
sites, the main result is that even with nine 
pyramidal sites available for only three 
tetrahedral ones in the Cr,2P, structure, the 
substitution of chromium by iron has oc- 
curred almost entirely in the tetrahedral 
site, where 85% of iron atoms are located. 

Conclusion 

The model previously used for the de- 
scription of transition metal phosphides 
M2P has been applied to the description of 
the Cr,,Prtype structure. A strong struc- 
tural relation has been established between 
the two structures, especially the presence 
of the same hexagonal building blocks 

0 1 Vm m/s 

FIG. 5. Miissbauer spectrum of Cr,FeSP,. 

formed by the junction of three tetrahedral 
and three pyramidal sites. Based on this 
description the substitutional ordering can 
be predicted in the Cr,2P7 structure on the 
same basis as that previously used for the 
M2P structure. This relation was checked in 
the case of the ordered solid solutions 
Cr12-zFezP7, where the substitution of 
chromium by iron has almost entirely oc- 
curred on the tetrahedral site. In the same 
way, the substitution of chromium by man- 
ganese must be disordered. This is in agree- 
ment with the existence of a large range of 
substitution and with the variation of the 
unit cell parameters versus the manganese 
content, but must be definitively deter- 
mined by neutron dfiaction. The same 
substitutional ordering has been already 
observed in the Cr,P phase for the manga- 
nese and iron atoms (4). 

The main difference between the two 
structures is due to the existence of empty 
prismatic sites in the Cr12P7 structure. 
However as recently reported (10, II) this 
prismatic site may be occupied either by a 

TABLE I 

M~SSBAUER CHARACTERISTICS OF M+,Fe,+,P COMIQUNDS 

Iron in tetrahedral site Iron in pyramidal site 

S (mm/set) e%Ql2 @&ec) I S (mm/set) e”clQ/;! @m/set) Z T W) 

Cro.8%2P 0.175 f  0.008 0.25 f  0.008 0.75 0.54 f  0.01 0.68 + 0.01 0.25 295 
Mno.Pel.8 0.238 2 0.006 0.14 2 0.006 0.67 0.57 2 0.006 0.65 -c 0.006 0.33 295 
CoFeP 0.12 + 0.01 -0.1 0.14 0.52 + 0.01 0.77 + 0.01 0.86 450 
NiFeP 0.32 rt 0.01 0.16 f  0.01 0.25 0.576 + 0.005 0.86 + 0.005 0.75 295 
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properties of these phases will be reported 
soon. 
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