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For tetragonal CaFe,P, and CaNi,P, with ThCr,Si, structure
self-consistent full-potential LAPW band-structure calculations
have been performed. Both compounds show metallic behavior.
Bands predominantly originating from P s states are found
approximately 0.8 Ry below the Fermi energy. After a gap a ca.
0.5 Ry wide region of overlapping, occupied bands is observed.
The bottom part of this band complex is formed by bands
originating from P p states while in the upper part bands with
a high Fe or Ni d character, respectively, are dominant. An
analysis of the bonding situation in the two compounds is per-
formed in terms of local partial densities of states, partial
charges, and electron density plots. The main contributions to
covalent bonding are due to Fe—Fe/Ni-Ni, Fe—P/Ni-P, and P-P
interactions in the respective compounds, where the latter are
considerably stronger in CaNi,P, (corresponding to the shorter
P-P distances in this compound) while the opposite is true
especially for the Ni-Ni bonds (first and second neighbors) as
compared to the Fe-Fe bonds in CaFe,P,. Also nonnegligible
covalent Ca—-Ca, Ca-Fe/Ca—Ni, and Ca-P interactions are
found in both compounds. © 1997 Academic Press

INTRODUCTION

Roughly 700 compounds of composition AB, X, crystal-
lize in the ThCr,Si, structure (1), where in general A4 is an
alkaline earth or a rare earth element, B a transition metal
or a main group element, and X an element from groups 13,
14, or 15 of the periodic table (mainly B, Al, Si, Ge, P, and
As). This structure, which is an ordered ternary variety of
the BaAl, (D13) structure, is also referred to as CeAl,Ga,
type by some authors, a designation introduced by Zarech-
nyuk et al. (2) in 1964. Many compounds of this type show
a variety of extraordinary physical properties, such as val-
ence fluctuations and mixed valency (3) (e.g., for EuNi,P,),
superconductivity (4) (LaRu,P,, T, =4.1 K), and a wide
range of different magnetic structures (see, e.g., (5, 06)).

Within the ThCr,Si, structure type striking differences
exist regarding the bonding situation. While in SrFe,P,,
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e.g., the shortest P—P distance is 3.43 A, the corresponding
value for CaFe, P, is 2.71 A and only 2.30 A for CaNi, P, (7),
which is very close to the experimental value for a P-P
single bond. Therefore, and because CaFe,P, and CaNi,P,
show only Pauli paramagnetism (8, 9), these two compounds
were selected for a first investigation by means of the Lin-
earized Augmented Plane-Wave (LAPW) method (10,11),
using the full-potential version (FLAPW method (12)).

Previous theoretical investigations of these compounds
are scarce, despite their very interesting properties, and are
confined to calculations on the basis of the Extended
Hiickel Method (13-15).

In the first theoretical paper (13) on compounds with
ThCr,Si, structure, Hoffmann and Zheng started their dis-
cussion of the bonding properties of BaMn,P, with a two-
dimensional Mn,P%~ layer. In a next step the effects are
analyzed which are observed when the Mn,P3 ™ sublattice is
formed from the layers and finally when the Ba?* counter-
ions are inserted into the structure. The fact that the P-P
distance is strongly dependent on the composition of the
crystal is demonstrated using a rigid-band model. In a fur-
ther paper (14) the differences in the energetics and the
bonding situation for the ThCr,Si, and the closely related
CaAl,Si, structure are discussed. The thermodynamic
properties of the compounds with ThCr,Si, and CaBe,Ge,
structures are compared in a recent publication by Zheng
(15). The author comes to the conclusion that the former
structure is more stable at lower temperatures and the latter
structure at higher temperatures.

COMPUTATIONAL DETAILS

For the electronic band-structure calculations the
FLAPW method (12) with a Barth-Hedin exchange-cor-
relation potential (16) was used. For the [ expansion of the
potential and the electron density within the muffin-tin
spheres terms up to [ = 8 were taken into account. For the
wave function plane waves in the interstitial region were
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included up to a length of 4(27/a). The chosen plane-wave
basis corresponds to approximately 600 basis functions. For
the self-consistency procedure 45 k points in the irreducible
part of the Brillouin zone (BZ) were used which is sufficient
for the calculation of electron densities. For the band-struc-
ture plots the energy eigenvalues for 381 k points (CaFe,P,)
and 379 k points (CaNi,P,) were calculated. The BZ integ-
ration was performed by means of the linearized tetrahed-
ron method (17).

The tetragonal unit cell for CaFe,P, and CaNi,P, is
shown in Fig. 1 and the input parameters for the FLAPW
band structure calculations are given in Table 1. The lattice
parameters used for the present calculation are the experi-
mental parameters taken from (7). Local coordinate systems
for the different atoms are defined as follows. The z axes are
always parallel to the ¢ axis of the unit cell. For Ca and
Fe or Ni the x and y axes are chosen such that the d,-_ .
orbital lobes point toward the nearest neighbors of the same
atomic species (see Table 2).

RESULTS
(a) Band Structures and Densities of States

The band structures of the valence bands of CaFe,P, and
CaNi, P, are shown in Fig. 2. Two bands, which appear in
the energy region between — 0.390 and — 0.178 Ry for
CaFe,P, and — 0.418 and — 0.166 Ry for CaNi,P, (with
respect to the average potential in the interstitial region),
originating from the P 3s states appear that are denoted
as “P s band.” The corresponding peaks in the densities
of states (DOS; see Fig.3) are dominated by the P s
partial DOS with small contributions from Ca and Fe (Ni)
states.

The “P s band” is separated from the other bands at
higher energies by a gap of 0.27 Ry (3.6 eV) for CaFe,P, and
0.24 Ry (3.3 eV) for CaNi,P,, respectively.

FIG. 1. Tetragonal unit cell for CaFe,P, and CaNi,P, crystallizing in
the ThCr,Si, structure.
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TABLE 1
Input Parameters for the FLAPW Band-Structure Calculations
for CaFe,P, and CaNi,P, (in a.u.)

Quantity CaFe,P, CaNi,P,
Lattice parameters a 7.28489 7.40017
¢ 18.86891 17.69350
Muffin-tin sphere radii Rc, 2.88000 2.88000
Reeni 1.97892 1.97892
Rp 1.97892 1.97892

The following six bands are caused by P 3p states (“P
p band”). This “band” overlaps with the “Fe/Ni d band,”
a complex of 10 rather flat bands originating from Fe/Ni
3d states and extending to an energy of about 0.75 Ry which
is roughly 0.2 Ry above the Fermi level (0.5574 Ry for
CaFe,P,, 0.5623 Ry for CaNi,P,).

Figure 3 shows the total DOS and the most important
local I-like components, ie., P s, P p, and Fe or Ni d,
respectively, which roughly correspond to the positions of
the “bands” defined above. The first double-peak corres-
ponds to P-P s—s ¢ and ¢* bonds. This can be seen from
electron density plots for the two relevant I states which are
given in Fig. 4. (In Table 3 a charge analysis for these states
can be found). After the gap a series of relatively sharp peaks
follows. The lower part of this energy region is dominated
by P p. and (p,, p,), as well as Fe/Ni d DOS components.
Electron densities for two characteristic I" states (see Fig. 5)
show a bonding P-P p_—p,. state, energetically at the low
edge of the energy interval, and an antibonding one at the
top. For the peaks in an energy range of ca. 0.3 Ry below
the Fermi level the transition metal d character is by far
the most important component. This is the region where
the states occur which are mainly involved in the forma-
tion of bonding and antibonding Fe—P/Ni—P (Fig. 7) and
Fe-Fe/Ni—Ni first and second nearest neighbor interactions
(Figs. 8 and 9), but also of some weaker bonding inter-
actions, namely P-P (p., p,)—(p., p,) for second nearest
neighbors (Fig. 6) and covalent bonds involving the Ca
atoms (Ca—Ca d,>_,»—d,»_» 0, Ca-Fe/Ca—Ni d,>_,»—d.> and

TABLE 2
Structural Parameters for CaFe,P, and CaNi,P, (Space Group
I14/mmm, No. 139)

CaFe,P, CaNi, P,
X y z X y z
Ca 2a 0 0 0 0 0 0
Fe/Ni 4d 0 1 1 0 1 1
P de 0 0 03643 0 0 03774




STRUCTURE AND BONDING FOR CaFe,P, AND CaNi, P,

15
S R
A /] N>
NN %
1.0 ] -
05 =
= [ e
Y\:\*ch =
SO LA
0.0 |- i
>~ | — el
O3 A ST ZF UZXP N T

149

1.5
N < %
ﬁ% % b
i L
2 Kk '>; >%S< 2
& 05 4/'-@4 P ;/ =<
= < DF—
LSRR
T~ \ TN T~1 "
g | I N e T
A x I T ZF UZXP N T

FIG. 2. Band structures of CaFe,P, (left) and CaNi, P, (right). The energy scale is with respect to the averaged potential in the interstitial region.
(The Brillouin zone is the one for the body-centered tetragonal Bravais lattice.)

(dys, dy.)—d.,; Fig. 10). The main difference between
CaFe,P, and CaNi,P, is the position of the Fermi level
which lies below the peak corresponding to antibonding
Fe-Fed,:_,—d,._ . interactions in the first compound while
the additional four electrons per unit cell in the CaNi,P,
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FIG.3. Total DOS(——),Ps(----- ), P p(——-),and Fe/Nid(— -— -)local partial DOS components for CaFe,P, (left) and CaNi, P, (right) in units

of one-electron states per Rydberg and per unit cell.

compound are responsible for the Fermi level to be situated
above this peak. The important consequences are a weaken-
ing of the nearest neighbor Ni—Ni d—d ¢ bonds compared to
the respective Fe—Fe bonds and, as will be discussed later,
a reduced ionicity of Ca, and thus of P, in the Ni compound.
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FIG. 4. Electron density plots in the (100) plane for the I states at — 0.3895 and — 0.1783 Ry for CaFe,P, (left), and at — 0.4307 and — 0.1419 Ry
for CaNi,P, (right). A logarithmic grid of contour lines has been used (x; = x¢273, x, = 0.02 3/1&3). For a charge analysis of these states see Table 3.

(b) Electron Densities and Chemical Bonding

Figure 11 shows the valence electron densities of
CaFe,P, and CaNi,P, for the (100) plane and for the (001)
plane through the Fe/Ni atoms. The plots clearly demon-
strate the distinctly stronger P-P bonds in CaNi,P,. Maxi-
ma inside the transition metal spheres are only visible in
CaFe, P, where they point toward the second nearest neigh-
bor Fe atoms, while a spherical electron density about the
Ni atoms is observed which is due to the fully occupied
d shell in CaNi,P,. The electron densities between the

TABLE 3
Nearest Neighbors and Shortest Interatomic Distances in
CaFe,P, and CaNi,P, (in a. u.)

CaFe,P, CaNi,P,
Ca 8 Fe 5.9598 Ca 8 Ni 5.7668
Ca 8 P 5.7525 Ca 8 P 5.6645
Fe 2 Ca 5.9598 Ni 2 Ca 5.7668
Fe 4 Fe 5.1512 Ni 4 Ni 5.2327
Fe 4 P 4.2331 Ni 4 P 4.3326
P 4 Ca 5.7525 P 4 Ca 5.6645
P 4 Fe 42331 P 4 Ni 4.3326
P 1 P 5.1210 P 1 P 4.3384

transition metal atom and P indicate slightly stronger
bonds between these atoms in CaFe,P,, in accordance with
the observed bond distances (see Table 3).

The valence electron density in the (110) plane (Fig. 12,
top) shows the covalent bonds between the P atoms and the
(relatively small) Ca—P bonding contributions. From this
figure the characteristic differences in the bonding proper-
ties of the two compounds become obvious, i.e., stronger
bonds between nearest neighbor P atoms and weaker bonds
between second nearest neighbor P atoms in CaNi,P, com-
pared to CaFe,P,. From the bottom part of Fig. 12 the
more pronounced covalent Ca—Ca interactions in the Ni
compound can be seen. The spherical electron density be-
tween the four Ca atoms originates from the P-P p.—p,
bonds which are perpendicular to the presented plane and
are stronger for CaNi,P,.

A more detailed analysis can be performed by comparing
electron density plots for some selected states for CaFe,P,
and CaNi,P,. For these states the I-like partial charges
within the muffin-tin spheres are given in Table 4. Notice
that the percentages not allotted are mainly due to the
interstitial region.

Figures 4—-6 show the various different P-P bonds which
occur in these two compounds, i.e., the P-P s—s ¢ and ¢*
bonds (Fig. 4), the p.—p.o and ¢* bonds (Fig. 5), and the
weaker (p.,p,)—(px, py) bonds between second nearest
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FIG. 5. Electron density plots in the (100) plane for the I" states at 0.0926 and 0.2958 Ry for CaFe, P, (left), and at 0.0420 and 0.3236 Ry for CaNi, P,
(right). A logarithmic grid of contour lines has been used (x; = xo 273, xo = 0.02 ¢/A%). For a charge analysis of these states see Table 3.

P neighbors (Fig. 6). In Fig. 4 the bonding state reflects what
can also be deduced from the valence electron densities,
namely a distinctly stronger P-P bond for CaNi,P, com-
pared to CaFe,P,. The state which is antibonding with
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FIG. 6. Electron density plots in the (110) plane for the I' state at
0.3521 Ry for CaFe,P, (left) and at 0.3237 Ry for CaNi,P, (right). A logar-
ithmic grid of contour lines has been used (x; = x0 273, xo = 0.02 ¢/A3). For
a charge analysis of these states see Table 3.

respect to the P-P bond forms Fe-P/Ni—P d,,(p.)—s bonds
that are almost equally strong for both compounds. A sim-
ilar behavior is found for the P-P p.—p. bonds (Fig. 5): the
P-P bonding state forms Fe-P/Ni-P d_.—p. bonds. The
antibonding P-P state, however, is involved in Fe-P/Ni-P
d,,—p. bonding interactions which are more pronounced in
the iron compound. A striking feature of Figs. 4 and 5 is that
the antibonding P—P s—s and p.—p. states form considerably
stronger Fe/Ni—P bonds than the corresponding bonding
PP states.

The electron densities for two states typical for
Fe-P/Ni-P (d,., d,.)—(p, p,) bonding and antibonding in-
teractions are shown in Fig. 7. For the bonding state one
notices an Fe—P bond in CaFe,P, stronger than the Ni—P
bond in CaNi,P, in accordance with the total valence
electron densities. In the case of CaFe,P, one also notices
a weak covalent Ca—Fe bonding contribution for the anti-
bonding state with respect to Fe—P.

The next two figures deal with states forming Fe—Fe/
Ni—Ni bonds. Characteristic states for the first and second
nearest neighbor interactions are displayed in Figs. 8 and 9.
In both figures the Fe-Fe bonds are stronger than the
corresponding Ni—Ni bonds. In Fig. 9 the interactions that
are o and ¢* interactions for second nearest neighbors are
simultaneously = and =* interactions for the nearest
Fe-Fe/Ni—Ni neighbors. Apart from this it is important to
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FIG.7. Electron density plots in the (100) plane for the I' states at 0.2646 and 0.5354 Ry for CaFe, P, (left), and at 0.2413 and 0.4624 Ry for CaNi, P,
(right). A logarithmic grid of contour lines has been used (x; = x, 273, xo = 0.02 e/A3). For a charge analysis of these states see Table 3.

Fe Ni

y,

Ni M N

FIG. 8. Electron density plots in the (001) plane for the I states at 0.3323 (top left) and 0.5964 Ry (bottom left) for CaFe,P,, and at 0.3262 (top right)
and 0.4968 Ry (bottom right) for CaNi,P,. A logarithmic grid of contour lines has been used (x; = xo 273, xo = 0.02 ¢/A®). For a charge analysis of these

states see Table 3.
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FIG. 9. Electron density plots in the (001) plane for the I' states at 0.2958 (top left) and 0.5439 Ry (bottom left) for CaFe,P,, and at 0.3236 (top right)
and 0.4500 Ry (bottom right) for CaNi,P,. A logarithmic grid of contour lines has been used (x; = xo 273, xo = 0.02 ¢/A%). For a charge analysis of these
states see Table 3.
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FIG. 10. Electron density plots in the (100) plane for the Z state at 0.4416 and the X state at 0.5053 Ry for CaFe,P, (left), and the corresponding states
at 0.3793 and 0.4618 Ry for CaNi,P, (right). A logarithmic grid of contour lines has been used (x; = xo 23, xo, = 0.02 ¢/A%). For a charge analysis of these
states see Table 3.
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FIG. 11. Valence electron densities for CaFe,P, (left) and CaNi,P,
(right). Top row: (100) planes, bottom row: (001) planes through the Fe/Ni
atoms. A logarithmic grid of contour lines has been used (x; = x,2%3,
Xo = 0.2 ¢/A3).

bear in mind that the antibonding state for the nearest
neighbor interaction shown in Fig. 8 is unoccupied for
CaFe,P, while it is below the Fermi level for CaNi,P,.

Figure 10 is dedicated to the weaker and less important
bonding contributions in CaFe,P, and CaNi,P,. For each
compound the electron density for a Z state is shown,
representing Ca—Ca d,._pd,._,,0, Ca-Fe/Ca—Ni
d,»_,—d,», and Fe-Fe/Ni-Ni d..—d,. third nearest neighbor
(4.99 A for CaFe,P,, 4.68 A for CaNi,P,) bonding interac-
tions as well as, for a state of X symmetry, Ca—Fe/Ca—Ni
(dyz, dy.)—d,, interactions.

CONCLUSIONS

The calculated band structures (Fig. 2) show that both
CaFe,P, and CaNi,P, behave as metals.

For CaNi,P, a peak is found in the DOS (Fig. 3) below
the Fermi level which corresponds to antibonding Ni—Ni
d,»_,—d,._,c* interactions, whereas the respective states
for CaFe,P, are unoccupied.

From the presented electron density plots (Figs. 4—12) for
all valence states as well as for some characteristic single
states it can be deduced that (i) the P-P s—s and p—p o bonds
are stronger for CaNi,P, than for CaFe,P,, (ii) the
Fe/Ni-P interactions are slightly stronger in the iron
compound, and (iii) the Fe-Fe bonds in CaFe,P, are
distinctly stronger than the Ni-Ni bonds in CaNi,P,

GUSTENAU, HERZIG, AND NECKEL

TABLE 4
Partial Charges (in Percent) for Those States for Which
Electron Density Plots Are Presented in This Paper

CaFe,P, CaNi,P,
k | E(Ry) Ca Fe P E (Ry) Ca Ni P
r s —03895 32 72 435 — 04307 3.6 61 452
r s —01783 00 00 55.1 —01419 00 00 525
P 07 22 1.0 05 23 24
d 00 79 0.1 00 84 0.1
r s 0.0926 19 5.1 0.6 0.0420 02 79 07
p 00 00 26.4 0.0 0.0 302
d 34 99 0.0 34 77 03
r p 02646 19 04 24.4 02413 23 04 221
d 0.0 40.0 0.0 0.0 442 00
r s 0.2958 0.0 0.0 2.5 03236 00 00 42
P 4.6 1.5 12.7 4.8 19 54
d 0.0 36.5 1.6 0.0 49.6 1.9
r d 0.3323 0.5 746 2.0 0.3262 0.6 80.2 1.3
r p 03521 00 73 32.6 0.3237 00 6.8 263
d 3.5 144 6.7 3.1 2438 1.0
r p 0.5354 00 20 1.7 04624 00 35 46
d 6.7 709 0.0 6.6 645 0.1
r d 0.5439 1.7 862 2.1 0.4500 0.2 926 1.0
r d 0.5964 0.0 96.1 0.0 0.4968 0.0 96.8 0.0
Z s 04416 0.0 3.5 0.0 03793 00 35 00
d 120 48.6 2.6 8.1 605 20
X p 0.5053 00 1.8 23 04618 00 3.6 86
d 10.6  58.7 1.5 126 462 03

Note. Only lines for significant contributions are given. The energies are
given with respect to the average potential in the interstitial region.

mainly due to the occupation of antibonding states. Addi-
tional but less pronounced covalent bonding occurs be-
tween the Ca atoms within the (001) plane and between Ca
and Fe/Ni in both compounds.

The d electron configuration of the transition metal in
both phosphides can be deduced fairly accurately. In the
nickel compound the d band is almost completely filled (as
can be seen from the DOS in Fig. 3 and from the practically
perfect spherical symmetry of the valence electron density in
the Ni sphere in Fig. 11) which means a d'° configuration to
a reasonable approximation. In the iron compound about

TABLE 5
I-Like and Total Valence Electron Charges per Atomic Sphere
CaFe,P, CaNi, P,
Ca Fe P Ca Ni P
s 0.180  0.196 1.069 0.186  0.239  1.056
P 0.244  0.219 1.544 0267 0.235  1.547
d 0511  5.851 0.135 0.576 7940 0.124
Total 0.990  6.277 2.762 1.095 8422 2739
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FIG. 12. Valence electron densities for CaFe,P, (left) and CaNi,P, (right). Top row: (110) planes, bottom row: (001) planes through the Ca atoms.
A logarithmic grid of contour lines has been used (x; = x0 273, xo, = 0.2 ¢/A3).

two d electrons less than in the nickel compound are
found (see Table 5), leading to an approximate configura-
tion of d®. These two d electrons correspond to the unoc-
cupied peak in the DOS (Fig. 3) and have predominantly
d,>_,> symmetry.

The rise of the Fermi level due to the presence of four
additional electrons per unit cell in CaNi,P, has important
consequences for the bonding properties. An analysis of the
electronic charge in the Ca spheres shows that 0.10 more
electrons are present in CaNi, P, compared to CaFe,P,. An
opposite effect is observed for the P spheres (see Table 5).
This means that the Ca atoms form stronger covalent
Ca—Ca and Ca-P bonds in CaNi, P, compared to CaFe,P,.
This can also be deduced from the valence electron density
plots for the (001) plane through the Ca atoms (Fig. 12). The

higher covalency of the Ca atoms in the Ni compound leads
to a stronger covalent interaction, and thus reduced dis-
tance, between nearest neighbor P atoms belonging to dif-
ferent Ni, P, layers. We do not find, however, a depletion of
filled PP p.-—p.- ¢* orbitals when going from the iron to the
nickel compound as has been suggested as a general trend
for the transition-metal series by Hoffmann and Zheng (13).

Summarizing, it can be concluded that CaFe,P, is
slightly more ionic and less covalent than CaNi,P,. The
covalent interactions are stronger between the Ni,P, layers
than between the Fe, P, layers. This is reflected by the bonds
between nearest P—P neighbors as well as by the Ca—Ca and
Ca—P interactions. In CaFe,P,, however, the covalent
Fe-Fe bonds within the Fe,P, layers are more pronounced
than the corresponding bonds in CaNi,P,.
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In a further paper the energetics of these compounds and
in particular the dependence of the total energy from the
P-P distance will be investigated using the full-potential
FLAPW method (18).
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