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A new structure type which is similar to that of many known
binary early transition-metal phosphides, sulfides, and selenides
has been found in the ternary Hf~Mo—P system. The compound
Hf; Mo, ,P; has been synthesized by high-temperature tech-
niques and characterized by single-crystal X-ray diffraction.
The space group is Pnma (no. 62) with lattice parameters a =
18.231(7), b = 3.537(1), ¢ = 9.695(5), Z = 4. The strength of
the metal-metal and metal-phosphorus bonding in different
metal sites in Hf,P and Hf;Mo,o,P; has been determined by
both Pauling bond orders (PBO) and Mulliken overlap popula-
tions (MOP) from extended Hiickel tight-band calculations.
Site preferences of the two metals in Hf; sMo,,P; are evaluated
by MOP analysis [0 1996 Academic Press, Inc.

INTRODUCTION

Early transition-metal-rich sulfides, selenides, and phos-
phides (1) show a variety of interesting structures and
bonding arrangements. Both metal-metal bonding and
metal-nonmetal bonding make important contributions
to the structures. One type of structure found for these
compounds shares the following characteristics: (a) a short
axis which is perpendicular to mirror planes which contain
all elements; (b) the nonmetal is capped trigonal-prismatic
coordinated; (c) the metal coordination is related to or
reminiscent of bec. Compounds such as Ti,S (2), TigS; (3),
Nb7P4 (4), Zr14P9 (5), Nb2188 (6), and Nb14S5 (7) belong to
this group. Recently, two ternary Nb—Ta sulfides (8, 9)
and one ternary Zr-Nb phosphide (10) were found to form
in structures of this general type with fractional occupancy
of metal sites by long-range averaging of Nb and Ta or Zr
and Nb, respectively. Since these ternary structures are
unknown among the binaries, it is believed that long-range
averages of transition metals can have different structural
chemistry than do the corresponding binaries (11). The
compounds form from the respective binaries as a result
of a combination of entropic stabilization and electronic ef-
fects.

No metal-rich molybdenum chalcogenide (with M/Ch
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ratio >1) is known, probably because of the instability of
these ‘““compounds” with respect to the disproportionation
reaction to form Mo metal and other known non-Mo-rich
compounds. As for phosphides, Mo-rich compounds such
as MosP; (12), MogPs (13), and MosP (14) are known. This
fact demonstrates that Mo-rich phosphides are at least
stable with respect to disproportionation. The ternary E—
Mo-P (E = early transition metals) system could yield,
consistent with the stabilization ideas mentioned above,
new structures and chemistry because of the stronger (rela-
tive to E) metal bonding character brought to it by Mo.
In an effort to test this idea, we investigated the Hf—Mo—-P
system and some new compounds (15) were synthesized.
Here we report a new ternary phosphide, Hfs0sMog9,P3,
its synthesis, and its structure as determined by single-
crystal X-ray diffraction. The metal-metal bonding and
metal-phosphorous bonding characteristics of different
metal sites of both HfssMoy,P; and Hf,P are evaluated
via the scales of Pauling bond orders (PBO) and Mulliken
overlap populations (MOP) from extended Hiickel calcula-
tion. Site preferences of different metals in Hfs0sMog0,P3
are also analyzed by Mulliken overlap populations.

SYNTHESIS

A sample with the initial stoichiometry Hf,MoP was
prepared from the appropriate quantities of Hf, Mo, and
previously synthesized HfP, pelletized, and arc-melted
twice for 30 seconds each time (10 V, 60 A) with inversion
of the sample between each arc melting. The arc-melted
sample was annealed at about 1700°C by induction heating.
This temperature is just below the temperature at which
the sample begins to melt. The annealing time is about
4-5 hours and the residual pressure is below 1077 Torr.
Large needle-shaped crystals were picked from a broken
chunk and later were examined by single-crystal X-ray dif-
fraction.

X-RAY SINGLE-CRYSTAL EXPERIMENT
AND REFINEMENT

Intensity data sets were collected for the crystal on the
rotating anode Rigaku AFC6R four-circle diffractometer
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Formula

Space group

a(A)

b (A)

c(A)

v (A%

z

dcalc (g/cm3)

n MoKa)

Data collection instrument

Radiation (monochromated in incident beam)

Scan method

Octants measured

Data collection range, 26 (degrees)

No. refl. measured

No. unique data, total
With F} > 30(F3)

No. parameters refined

Absorption correction

Trans. factors, max., min.

Secondary ext. coeff. (1077)

R% Rb; GOF*

Hif;s ;sMog 9,P3
Prnma (no. 62)
18.231(7)
3.537(1)
9.695(5)
625.1(1)

4

11.487

845.05 cm™!
Rigaku AFC6R
Mo (Ka = 0.71069)
o — 26
h*+k=*l
0-60.1

3916

1888

598

49

Ches

0.46-1.03
0.59624

0.050; 0.050; 1.64

“R = EHFO‘ - |FCH/E‘F(]|
bR, = Ew(|Fo| — |F)?/EwlFl’1VY% w = 1/0?(|Fy)).
¢ GOF = E((‘F(]‘ - |Fc|)/0'i)/(Nobs - Nparameter)~

(50kV, 140 mA) using monochromatic MoK« X-ray radia-
tion (A = 0.71069 A) and the w-26 scan technique out
to 60° in 26. The observed intensities were corrected for
Lorentz polarization, and an empirical absorption correc-
tion, using the program CHES (16), was applied, which
resulted in transmission factors ranging from 0.46 to 1.03.
The final least-square lattice parameters were calculated
from Guinier X-ray powder camera FR552 using CuKal
radiation and a NBS silicon internal standard. The crystal
data for this new structure are summarized in Table 1.
The structure was solved by direct methods in space
group Pnma (no. 62) and refined with anisotropic thermal
parameters of the metal positions and with isotropic ther-
mal parameters of the phosphorous positions to the final
values R = 0.050 and R,, = 0.050 using TEXSAN (17)

TABLE 2
Positional Parameters and Occupancies for Hf; (Mo, ,P;
Atom X y z Beg 9%H{ %Mo

M1 0.1619(2)  1/4  0.0257(3)  0.4(1) 100

M2 0.3551(2)  1/4  0.07953) 0.4(1) 100

M3 0.9700(2)  1/4  01224(3) 0.6(1) 100

M4 0.7658(2)  1/4  0.7451(4)  0.6(1) 100

M5 0.5067(3)  1/4  0.8888(4)  0.9(2) 62(3) 38
M6 0.1077(2)  1/4  03343(4)  0.5(2) 46(4) 54
P1 0.735(1) 174 0.034(2) 0.5(2)

P2 0.120(1) 174 0.774(2) 0.7(3)

P3 0.921(1) 174 0.848(2) 0.3(2)

TABLE 3
U Values for Hf5.03MO(]‘92P3
Atom ull u22 u33 ul3
Hfl 0.003(2) 0.007(1) 0.007(1) —0.003(1)
HE2 0.008(2) 0.005(1) 0.003(1) ~0.001(1)
Hf3 0.007(2) 0.006(1) 0.009(1) 0.001(1)
Hi4 0.008(2) 0.007(1) 0.007(1) 0.000(1)
HIf5 0.010(3) 0.012(2) 0.012(2) ~0.001(2)
Hf6 0.006(3) 0.007(2) 0.005(2) 0.002(2)

software. Initially, M1-M4 positions were taken to be occu-
pied by Hf and the M5-M6 positions were taken to be
occupied by Mo according to the peak heights in the elec-
tron density map. The thermal parameters for M5 and
M6 gave quite large negative values, indicating that more
electrons are needed in these positions. Mixing the occu-
pancy of Mo and Hf at these two positions gave all positive
thermal parameters. In a later anisotropic refinement the
thermal parameter was well behaved. The mixing of Hf
with Mo at the M1-M4 positions was also considered and
gave negative occupancy of Mo at these sites, indicating no
Mo on these sites. The final refined positions, occupancies,

TABLE 4
Interatomic Distances <4.0 A in Hf; Mo ,,P;

M1  MI1-P2  256(2) X1 M4 M4-Pl  2.386(2) X1
MI-P3  2.63(1) X2 M4-P3  3.01(2) X1
MI-P1  2.65(1) X2 M4-M6  3.007(5) X2
M1-M4  3.131(4) x2 M4-M4  3.5370(3) X2
MI-M6 3.151(5) Xl M4-M2  3298(4) X2
MI-M4 3237(5) Xl M4-M1 3.131(4) X2
MI-M3 3312(4) X2 M4-M2  3543(5) Xl
MI-M1 3.53703) X2 M4-M1 3237(5) X1
MI-M2 3561(5) X1 M5 M5-P2 2.59(2) X1
MI-M3 3.623(5) Xl M5-P3  2.77(2) X1

M2  M2-P2  2.62(1) X2 M5-M6  2.784(5) X2
M2-P1  2.65(2) X2 M5-M5  2.800(6) X2
M2-M6  3.039(4) X2 M5-M5  3.5370(3) X2
M2-M5  3.094(5) X2 M5-M3  3.159(4) X2
M2-M4  3.298(4) X2 M5-M2  3.094(5) X2
M2-M5  3325(5) X1 M5-M6  3255(7) X1
M2-M2  3.53703) X2 M5-M2  3325(5) Xl
M2-M1 3561(5) X1 M6 M6-P3  2.56(1) X2
M2-M4  3543(5) Xl M6-P1  2.64(2) X1
M2-M3  3.570(5) X1 M6-M5  2784(22) X2

M3 M3-P2 2.61(2) X2 M6-M6  3.5370(3) X2
M3-P3  2.67(1) X2 M6-M4  3.007(5) X2
M3-P3  2.80(1) X1 M6-M2  3.039(4) X2
M3-M3  3.156(5) X2 M6-MS  3255(4) Xl
M3-M5  3.159(4) X2 M6-M3  3.245(5) X1
M3-M6 3245(5) Xl M6-M1  3.151(5) Xl
M3-M3  35370(3) X2 P PI-P2  3702) X2
M3-M1 3312(4) X2 P1-P1  3.53703) X2
M3-M1  3.623(5) X1 P1-P2 3.65(3) X1
M3-M2 3570(5) Xl P2-P2  3.53703) X2

M4  M4-P2 2.67(2) X1 P2-P3 3.68(3) X1
M4-P1  271(1) X2 P3-P3  3.53703) X2
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FIG. 1.

isotropic thermal parameters, and anisotropic thermal pa-
rameters are given in Tables 2 and 3, respectively. The
interatomic distances (<4.0 A) for this compound are
given in Table 4.

STRUCTURE DESCRIPTIONS AND DISCUSSION

As mentioned in the introduction, this new ternary phos-
phide structure has general characteristics in common with
many known structures of binary metal-rich sulfides, sele-
nides, and phosphides. Examination of this new structure
as depicted in Fig. 1 reveals known coordinations for all
M and P.

All three phosphorous coordinations are slightly dis-
torted capped trigonal prisms. For P1, the prism is vertical
with two metal atoms capping the rectangular faces. For
P2, the prism is horizontal with only one metal atom cap-
ping the rectangular face, and for P3, the prism is vertical
but this time with all three rectangular faces capped by
metals. The coordination environments of the three phos-
phorous are shown in Fig. 2. As for the metal environments
(Fig. 3), M1 centers a fairly distorted bce unit of metal
atoms with two nonadjacent edges substituted by four
phosphorous. An additional phosphorus caps one “face”

Hf;s ;sMo0y 9,P3 structure viewing from [010] direction (M, shaded circles; P, open circles).

with a short M1-P distance of 2.56 A. M4 and M6 center
a distorted bcc unit of metal with one edge substituted
by two phosphorous. However M4 has three additional
phosphorous neighbors while M6 only has one, which gives
M6 a more metallic bonding environment. M5 centers a
bcee unit of all metals with only two phosphorous capping
the rectangular faces. M2 and M3 center pentagonal prisms
of six metal atoms and two nonadjacent edges formed by
four phosphorous atoms. Furthermore M3 has an addi-
tional phosphorous capping the face of a rectangular metal
face. In addition, the M—P distances at M5 and M6 are
similar to the other sites, while the M-M distances are
significantly shorter (2.784(x2) A, 2.800(X2) A, four oth-
ers around 3.1 A for M5 and 2.784(x2) A, 3.007(X2) A,
3.039(x2) A for M6) than those of other sites (usually the
shortest bond distances are between 3.0 and 3.1 A). Also
at the M1-M4 sites, there are at least four phosphorus
atoms are close to each metal, while there are only two
and three phosphorus at M5 and M6 sites, respectively.
This analysis of individual metal environments shows that
MS5 and M6 are the two metal sites with the strongest
metal-metal bonding.

One can also describe this structure through packing of
one large cluster unit shown in Fig. 4. This large cluster

FIG. 2. Three kinds of phosphorus coordinations in HfsnsMogg,P5: P1 (left) P2 (middle), and P3 (right).
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FIG. 3. Six kinds of metal environments in Hfs0sMo0g0,P3: M1 to M3 (top from right to left); M4 to M6 (bottom from right to left).

unit can be viewed as built by two “fused” cubes centered
by M5 with the corner M5 of one cube being the center
of the other and vice versa. The “fused” cubes have four
faces available, and share these faces with four trigonal
prisms. Two of these prisms are vertical and two are hori-
zontal and they are trans oriented. Along the ¢ direction,
the “fused” cubes are connected by sharing two outside
edges M1-M1 from the two prisms; in one cluster unit the
edge is vertical and the other it is horizontal, and a corner
atom M1, which is one of the outside corner atoms of a
horizontal prism, is also the outside atom, of a vertical
prism from another cube. Along the [220] and —[220] direc-
tions, the “fused” cubes pack without sharing atoms while
two outside edges, M1-M1 and M4-M4, of the horizontal
prism from one unit and one inner edge, M2-M2, of the
horizntal prism from the other unit form a vertical trigonal
prism where P1 is located.

Obviously with increasing metal/nonmetal ratio, the
metal-metal interaction becomes more significant, which
can structurally be easily seen in binaries by comparing
the Ti,S and TigS; structures (Figs. 5a and 5b) or those of
NbsSe, (18) and Nb,Se (19) (Figs. 6a and 6b). Comparing

FIG.4. (a) Two interpenetrated cubes with four faces shared by four
trigonal prisms. Two of these trigonal prisms are vertical and two are
horizontal and they are trans oriented. (b) The 3-D connection of the
top units.
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FIG. 5.

Ti,S to TigSs, one can see the metal “domain” in TigSs,
while there are only face-sharing cubes in the Ti,S struc-
ture. As for NbsSe, and Nb,Se, isolated cubes in NbsSe,
and “fused” cubes in Nb,Se clearly show the increased
significance of metal-metal bonding in Nb,Se. If we com-
pare the structure of HE,P (Ti,S-type structure) with this
new structure, the face-sharing cubes in Hf,P and the
“fused” cubes in this new structure can be seen. This sug-
gests that the increased metal-metal bonding by Mo helps
to stabilize the new building unit which leads to this new
structure. The increased metal-metal bonding characteris-
tic of this new structure is more obvious when we compare
each metal environments in Hfs,sMojo,P; with those in
Hsz (Flg 7) The Hfl, Hf3, and M6 sites in Hf5‘()gMO()A92P3
are the same as the Hf2, Hf4, and Hf6 sites in Hf,P. The Hf2
site in Hfs,sMog P35 has a pentagonal prism environment
similar to the Hf5 site in Hf,P, except that there is an
additional metal capping on the My-face in Hfs ;sMog 9, P5,
but not in Hf,P. The M5 site in Hfs ysMo, o,P5 has an envi-
ronment similar to the Hf3 site in Hf,P except that in
Hfs sMog9,P; a metal replaces phosphorus to cap the
““cube” face, and M5 is only coordinated by two phospho-
rus, whereas in Hf,P Hf3 has three phosphorus neighbors.
Hf4 in HfssMoyo,P;5 is similar to Hf1 in Hf,P except that

The structure of Ti,S (top, same structure type as Hf,P) and TigS; (bottom) viewed from the short axes.

in Hf,P, a metal replaces the pyramidal phosphorus which
caps the My-face of the Hf4 “cube” in Hfs Moy ,P5 so
that Hf1 in Hf,P is only coordinated by four phosphorus,
and Hf4 in Hf;s ;sMog ,P; is trigonal bipyramidally coordi-
nated by five phosphorus. Intuitively, M5 and Hf2 in
Hf; ;sMoy.9,P5 are more metal-metal bonded than the cor-
responding Hf3 and Hf5 in Hf,P and Hf4 in Hf;50sMog¢,P3
is less metal-metal bonded than Hfl in Hf,P. Overall,
the metal-metal bonding contribution in Hfs ,sMog,P; as
discerned from contact alone should be more significant
than that in Hf,P. This observation is consistent with both
Pauling bond order calculation and Mulliken overlap pop-
ulation by the extended Hiickel method.

Guiner X-ray powder pattern phase analysis was carried
out on annealed samples of M,P with metal stoichiometries
ranging from 92 to 9% Hf. A phase width of (Hf/Mo)¢P;
with the new structure type between 92 and 80% Hf is
shown by the fact that in all cases this is the major phase.
In the composition range of over 80% Hf other types of
structures (20) resulted from the melts. An unidentified
minor phase was also presented in several powder patterns,
and it seems possible that by varying the metal-to-metal
ratio and metal-to-phosphorus ratios in the Hf~Mo-P sys-
tem a new structure might be found (15).



FIG. 6. The structure of NbsSe, (top) and Nb,Se (bottom) viewed

from the short axes.
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TABLE 5
Pauling Bond Orders (PBO) for Hf; Mo, ,,P; and Hf,P
Hfs jsMoy 0,P Hf,P

Atoms Total M-M M-P Atoms Total M-M M-P
M1 5.67 1.98 3.69 Hf1 4.85 2.87 1.98
M2 5.27 247 2.80 Hf2 5.32 2.14 3.18
M3 5.19 2.13 3.06 Hf3 4.67 3.30 1.37
M4 4.76 2.60 2.16 Hf4 5.24 2.25 2.98
M5 6.16 5.18 0.98 Hf5 4.77 2.26 2.51
M6 5.98 4.11 1.87 Hf6 5.60 3.65 1.95
P1 4.54 P1 5.00
P2 5.21 P2 4.58
P3 4.90 P3 4.45

BONDING AND BONDING COMPARISONS OF
Hf; 4sMoy,,P; AND Hf,P

Bond-order calculations (21), making use of the Pauling
bond order equation, D(n) = D(1) — 0.6 log n, have been
found to be useful not only for locating atoms in a initial
structure determination but also in understanding the dif-
ferent site occupancies. The bond order results for the
different sites of HfsosMogq,P3; and Hf,P are given in Ta-
ble 5.

Mulliken overlap populations of M—M and M-P for each
metal site in Hf,P and hypothetical M,P (with the structure
of Hfs ,sMo0g 9,P3) were obtained from band structure calcu-
lations using the extended Hiuickel method (22) (Table 7).
Parameters for these calculations are given in Table 6 and
parameters of Hf were used for all the metal sites in
Hf;5 0sMog 0,P5 yielding calculated values for a hypothetical
Hf,P isostructural to the new compound. The correlation
of both bond distance with Mulliken overlap population
and Pauling bond order with Mulliken overlap population
for Hf,P and HfssMogo,P5 are shown in Figs. 8 and 9,
respectively. The general trend is that the shorter the bond
of the same type (the stronger the bond), the larger the
Pauling bond order and the Mulliken overlap population.
The correlation of the PBO with MOP is much better than
that of the bond distances with MOP. These correlations
suggest that both PBO and MOP can be used as scales
to evaluate the strength of the metal-metal bonding and
metal-phosphorus bonding for each metal site in Hf,P and
Hfs 0sMog o,P5. In Hf,P, POB M—M) gives values for each
Hf site as Hf6 > Hf3 > Hfl > Hf5 =~ Hf4 > Hf2 while
MOP (M-M) gives Hf6 =~ Hf3 > Hfl > Hf5 > Hf4 ~ Hf2,
POB (M-P) gives Hf2 > Hf4 > Hf5 > Hfl ~ Hf6 > Hf3,
and MOP (M-P) gives Hf2 > Hf4 > Hfl ~ Hf5 > Hf6 ~
Hf3. These results support the observations that the Hf3
and Hf6 sites (each has three phosphorous neighbors) are
the strongest metal-metal bonding and the weakest metal—
phosphorus bonding sites, while the Hf2 and Hf4 sites
(each has five phosphorous neighbors) are the strongest
metal-phosphorus bonding sites. The Hfl and Hf5 (each
has four phosphorous neighbors) are the intermediate in

TABLE 6
Atomic Parameters Used in the Extended
Hiickel Calculations

Atom Orbital H; (eV) 14 C 4 C,
P 3s —18.60 1.68
3p -12.50 1.63
Hf 6s —-8.12 2.21
6p —4.50 217
5d —8.14 4.36 0.7145 1.709 0.5458

Note. Double zeta functions are used for Hf.
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Six kinds of Hf environments in Hf,P, Hf1 to Hf3 (top, from right to left) and Hf4 to Hf6 (bottom, from left to right).

both metal-metal bonding and metal-phosphorous bond-
ing. The total MOPs for the different metal sites from Hf1
to Hf6 are 2.27, 2.38, 2.21, 2.07, 2.04, and 2.32 respectively.
In Hf5'03M00V92P3, both PBO (M—M) and MOP (M—M)
give values for each site as M5 > M6 > M4 =~ M2 > M3 >
M1, while POB (M-P) gives M1 > M3 > M2 > M4 >
M6 > M5 and MOP (M-P) gives M1 > M3 > M4 > M2 >
M6 > MS5. M5 and M6 have the largest PBO (M-M) and
MOP (M-M), M5 had the smallest PBO (M5-P) and MOP
(M5-P), and M6 has the second smallest PBO (M6-P)
and MOP (M-P). These results support the structurally
motivated suggestion that M5 and M6 are the strongest
metal-metal bonding sites, M5 is the weakest metal—
phosphorus bonding site and M6 is the second weakest
metal-phosphorus bonding site. The total MOP for the
different metal sites from M1 to M6 are 2.32, 2.22, 2.12,
2.38,2.46, and 2.62. Furthermore, in both cases, it is found
that (1) the metal-metal bonding increases and the metal-
phosphorus bonding decreases with decreased phosphorus
coordination numbers, (2) for metals with the same num-
ber of phosphorus neighbors, the differences of metal—-
metal bonding or metal-phosphorus bonding among those
metals are small, and (3) Mulliken overlap populations
generally give better correlations than PBO.

The previous intuitive metal-site comparison between

FIG. 8. The correlations of MOP with metal-metal distances (top)
and MOP with metal-phosphorus distances (bottom) in Hf,P and M,P
(Hfs 0sMoy 0,P5 structure).
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TABLE 7
Mulliken Overlap Populations (MOP) for Hf;Mo,o,P; and Hf,P*
Hf;5 jsMog o,P3 Hf,P
M Tot M-M M-M/n M-P M-Pln M Tot M-M M-M/n M-P M-Pln
Hf1l 2.32 1.01 0.10 1.31 0.26 Hfl 227 1.33 0.12 0.94 0.24
Hf2 222 1.27 0.11 0.95 0.24 Hf2 238 0.98 0.10 1.40 0.28
Hf3 2.12 0.99 0.09 1.13 0.23 Hf3 221 1.53 0.14 0.68 0.23
Hf4  2.38 1.29 0.13 1.09 0.22 Hf4 2.07 0.93 0.09 1.14 0.23
MS5 2.46 2.00 0.17 0.46 0.23 Hf5 2.04 1.13 0.10 0.91 0.23
M6 2.62 1.79 0.16 0.83 0.27 Hf6 2.32 1.59 0.14 0.73 0.24

“ Tot stands for total MOP. M stands for metal site. M—M/n and M—P/n stand for MOP per metal-metal

bond and per metal-phosphorus bond.

Hf,P and Hfs ,sMog ,P5 had shown that Hf1, Hf2, and M6
in Hfs ;sMo, ¢,P5 have the same environments as Hf2, Hf5,
and Hf6 in Hf,P, respectively, and Hf2, Hf4, and M5 in
Hfs sMoy 9,P5 have similar environment as Hf5, Hf1, and
Hf3 in Hf,P, respectively. The average MOP per M-M
bond for each metal site in Hf,P from Hf1 to Hf6 are 0.12,
0.10, 0.14, 0.09, 0.10, and 0.14, and for Hfs ysMo, o,P5 from
Hf1 to M6 they are 0.10, 0.11, 0.09, 0.13, 0.17, and 0.16.
The average MOPs per M-P bond for each metal site in
Hfs sMoy¢,P; from Hfl to M6 are 0.26, 0.24, 0.23, 0.22,
0.23, and 0.27, and in Hf,P from Hf1 to Hf6 they are 0.24,
0.28, 0.23, 0.23, 0.23, and 0.24. Comparing average MOP

per bond for the corresponding sites between the two struc-
tures, e.g., M5 vs Hf3, M6 vs Hf6, or Hf4 vs Hf1 (the latter
always from Hf,P), the same conclusion can be drawn as
the previous intuitive observation. it is also interesting to
note that the total number of M—P bonds (20 in total) as
well as the average MOP per M-P (MOP,, = 0.24) and
total MOP for M-P (A = MOPmp (Hf5_08M00'92P3) -
MOP,,, (Hf,P) = —0.02) for both structures are the same,
but there are significantly larger total MOP for M-M
(A = MOP,,,, (Hfs5sM0go,P3) — MOP,.., (HE,P) = 0.66)
for Hfs 0sMog 9,P5 than that for Hf,P. This supports the idea
that the stronger metal-metal bonding character brought
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FIG. 9. The correlations of PBO (M-M) with MOP (M-M) (top left) and PBO (M-P) with MOP (M-M) (top right) in M,P (Hfs0sMogo,P5
structure). The correlations of PBO (Hf-Hf) with MOP (Hf-Hf) (bottom left) and PBO (Hf-P) and MOP (Hf-P) (bottom right) in Hf,P.
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about by Mo indeed increases the metal-metal bonding
contribution in HfsosMog¢,P5, which contributes to the
formation of this new structure. On the other hand, the
new structure is certainly entropically stabilized by the
differential occupancies of the M5 and M6 sites relative
to the stoichiometric mixture of Hf,P and pseudo-binary
M02P.

Final problems that need to be addressed are: Why Mo
does occupy only the M5 and M6 sites, not the other sites?
And why does the M6 site have more Mo than the M5
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site? The rule of topological charge stabilization (23),
which assess the structure of ternary derivatives by hypoth-
esizing that the more electronegative atoms will occupy
the site with the larger Mulliken population, has been used
to interpret site preferences in the (Nb, Ta),S, (24) layer
structure and ZrNbP(Co,Si-type) and Hf; jsMog o4P (Fe,P-
type) structures. Here this rule is also consistent with the
observed occupancies in Hfs0sMogg,P3. On any electro-
negativity scale, y(Mo) > x(Hf), e.g., the Matynov—
Batsanov scale, electronegativity for Hf is 1.73 and for Mo
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is 1.94. As for Hfs5 ;sMog ¢,P3, the total MOPs for the sites
from M1 to M6 are in the decreasing order M6 > M5 >
Hf4 > Hfl > Hf2 > Hf3 with values of 2.62, 2.46, 2.38,
2.32,2.22, and 2.12, respectively. Obviously, the M6 site
has the largest and the M5 site has the second largest total
MOP. So Mo should prefer to occupy the M6 and M5. But
here the differences among the total MOP of the M6 and
MS sites and the other sites range from 0.08 to 0.50 in
Hf; ysMog 9,P5, compared with MOP differences in ZrNbP
and Hf; jsMogosP, which are 0.54 and 0.81. Recently,
“COOP optimization” (25-26) for metal-metal bonding
has been observed in several metal-rich compounds. By
examining the COOP curve of for each metal site of
Hfs 0sMoyg o, P5 (Figs. 10a—10f), “COOP optimization™ (i.e.,
optimization of metal-metal bonding or metal-
phosphorus bonding) of some bonds, discussed below, ap-
pears to be provided. The COOPs are optimized by Hfl1-
Hfl and Hf1-P bonding for the Hf1 site, Hf2-Hf2 and
Hf2-M' (M’ # Hf2) bonding for the Hf2 site, Hf3—-M'
(M' # Hf3) bonding for the Hf3 site, Hf4—Hf4 and Hf4-P
bonding for the Hf4 site, and M6-M6 bonding for M6
sites, while for the M5 site none of the bonds have been
optimized and there remain states that could accommodate
additional electrons. This suggests that all the metal sites
except M5 have almost-optimized (or saturated) occu-
pancy, and that further substitution of Hf for Mo in
Hf50sMog 0,P5 will occur preferentially in the M5 site.
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