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The electronic structure and the chemical-bonding mechanism R COu;NPd and related Gl) com-
pounds, such as GO, are studied on the basis of band-structure calculations, using both the linearized
augmented plane wave and linear combination of atomic orbit&I\O) methods. In accordance with ex-
perimental observations, GN is found to be a semiconductor, while §NIPd should exhibit a semimetallic
conductivity. The chemical bonding is investigated using various methods, among them are the valence charge
partitioning scheme of Bader and a basis set reduction technique built on the LCAO method. A partly ionic,
partly covalent bonding is found. The admixture of the Cs,(4p) states to the Cu®-N 2p bands resulted
to be essential for the covalent bonding effect, since pur 8 bands, with bonding and antibonding states
fully occupied, do not lead to a covalent energy gain. This specific hybridization appears to be the origin of the
twofold dumbbell like Cdl) coordination observed in GW and other Cd) compounds. In CyNPd, a
covalent to metallic bonding between the LBuhost crystal and the interstitial Pd atoms is found, which is
mainly caused by Pd$and 5 states hybridizing to Cu @ states.

I. INTRODUCTION atoms. This result points to the importance of covalent bond-
ing. Another, more general argument for strong covalency
The Cul) compound CyN of anti-ReG; structure exhib-  effects is that ionic bonding leads to rather closely packed
its a remarkable structural feature: the(Quons form col- compounds, while the twofold Cu coordination can only oc-
linear bonds with two nearest neighbor anidA®ther Cul) cur in rather open structures. This open crystal structure of
compounds showing the same structural element argOCu the anti-ReQ lattice is suited for the interposition of other
(Ref. 1), the delafossite compound CuTaNRef. 3 and the elements, so that ternary Cu nitrides can be formed. Zach-
cuprate YBgCu;Og (Ref. 4. It is possible to dope Pd into wieja and Jacobs have successfully synthesized the com-
CusN; both weakly doped C4NPd, o, and stoichiometric pound CyNPd,, with x values 0.02&x<0.989, using
Cu;NPd are reportedWhile pure CyN is a semiconductor, similar high pressure high temperature techniques, as used
the Pd doped nitrides show metallic behavior. In this paperfor CuzN (Ref. 5. CuzNPd, is also metastable and, inde-
we present energy band calculations for ;8u and pendent of the Pd content, has the same decomposition tem-
CuzNPd, using density functional theory. The main goal ofperature as C4N. This observation suggests that the basic
our study is to investigate the chemical bonding in theseelectronic structure of C4N is maintained under Pd doping.
materials, in particular, the nature of the (Qucollinear  The fact that CyNPd, is metallic, while CyN is a semi-
bonds. conductor, may indicate that the insertion of Pd atoms only
The paper is organized as follows: In Sec. I, we surveycauses modifications of some energy bands near the Fermi
the experimental situation concerning these materials. Theenergy. CuNPd, crystallizes in the cubic perovskite struc-
we present our band-structure calculations ongKwand  ture with the same space gro®pn3m. The lattice constant
CusNPd(Sec. Il)) and discuss the chemical bonding of thesefor x~1 is 3.850 A. The chemical bonding between the Pd
materials(Sec. I1V). Conclusions are given in Sec. V. atoms and the GIN host crystal is not understandable as-
suming completely filled Cu @ or Pd 410 shells. Such a
d'%d'°bond is discussed by several authors in the context of
Il. EXPERIMENTAL SITUATION substances like RICus0, or KAgCO;. It is argued that

low lying d°s! or d°p! configurations are responsible for
The first synthesis of C4N was achieved in 1939 by Juza {4 gon%. P g P

and Hahn, who obtained polycrystalline powderlike
material® Using a high pressure high temperature growth
technique under ammoniak atmosphere, Zachwieja and Ja-
cobs were able to produce small single crystals=df mm
length? Cu;N is metastable; it decomposes at 740 K into Cu
and N,. By x-ray diffraction the crystal structure was found
to be of the anti-Re@type, with a simple cubic unit cell of
lattice constant 3.817 Asee Fig.l Based on an atomic form

factor analysis, Zachwieja and Jacobs exclude the presence N Cu
of Cul* and, in particular, N~ ions in this material, instead
the data are more compatible with almost neutral Cu and N FIG. 1. CwN unit cell.
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Apart from Cul) compounds, there are several other
compounds or molecules, where linearly coordinated cations
(Ag™, Au™, Hg?") formally exhibit a closedi'® shell. Ex-
amples are AgO, [Ag(NH3),] ", Aul, [Au(CN),] ~, Hgs, -
and [Hg(NH3),]?>".11° Since the excitation energy of all
these cations fromd® into d°s! configurations is rather low
(2.7 eV in the case of a Cuion), Orgel has suggested in an
early work that the hybridization af (3z%) ands orbitals is
responsible for the twofold coordinatidh.

Of the class of compounds with twofold metal atom co-
ordination, Cy0O is probably the most widely investigated

material. Various energy band calculations have been *2 <

Szr

performed®1* and the question of chemical bonding was -
discussed by Nagel and Marksteinetral1>1® They agree
that a purely ionic bonding mechanism with Cd*8 and O
2p® closed shell ions is not adequate, but they do not state

N\

S
N W =

that covalency is an important part of the bond. Experimental 08 =
support for a nonspherical Cu charge density is given by a -0.7 \// \ >
large electric field gradiertt:*® The theoretical value ob- N MR v

tained by a linearized augmented plane wévAPW) cal- bas

culation of Blaha and Schwarz agrees well with

experimenll.g FIG. 2. LAPW energy bands and total density of states for
A further, well known compound of this class is the anti- CusN.

ferromagnetic YBaCuzOg,* where both Cd) and Cull)

ions are present. Twofold QU coordination also occurs in the Hedin-Lundgvist parametrizati??nand, in the LCAO

the alloy Li;_,CuN (Refs. 20 and 21 In the reference case, the Wigner interpolation formuta®?

compound LgN, there exist two inequivalent Li sites, one of  |n the LAPW calculation, we have distinguished between

them is |ineal’|y coordinated with N. It is this site, where thethe Cu ]S,ZS,Zp and N 1s inner shell electrons and the va-

Cu substitution takes place. _ ~lence band electrons from the Cw,@s,4p and N ,2p
Another important structure |slt£12e delafossite type, withgpe|l. The extended Cus3p states were handled separately

compounds of the formuldBX;.™* The X atoms form = g semicore bands. For the expansion of valence band and

double layers with th@& atom_s sandwiched in between. The gamicore wave functions, we have used bases of approxi-

double layers are bonded via the tWOfo'd coordinatedt- mately 970 and 720 plane waves, respectively. In the muffin

oms. Most of these substances are oxides., CuAlG;, tin spheres, thé expansion of the wave functions was car-

..), but one nitride is also know(CuTaN,).3 .
: o ried out up tol =12, whereas,,,=6 was chosen for the
There also exist Ql) compounds, where @ is higher charge density and potential expansion. A mesh of 20

icoonosrdér:)atr?gt. E):?nmg{?;b%r;ﬁﬁ(: nl;jorcl:dlis’ aVS\Ihi(:lrequhanéU equally distributeck points was used for the Brillouin zone

Cu,0 (Refs. 23-2% In CuAlS, the Cu ions are fourfold Integration in 't§ irreducible wgdge. .
coordinated: One is lead to the assumption that the covalent Because of its smaller basis set the LCAO method is a
bond strength between the Cu ions and the anions of row B10r€ €conomic way to solve the Kohn-Sham equations than
of the Periodic Table is weaker than that with the anions of'€ LAPW scheme. In our calculations, we have considered
row 2. Nevertheless, CuCl of zinc blende structinelicates ~ the atomic Cu 8,4s,4p,4d and N 2,2p,3s,3p,3d orbitals
that some residual covalent bonding is still present, otherfor the valence band wave function expansion. In contrast to
wise one would expect that CuCl should form the typicallythe LAPW calculations, where the core states were recalcu-
ionic structures of NaCl or CsCl type. lated during the self-consistency cycle, the frozen core ap-
proximation was used for the CusPs,2p,3s,3p and N 1s
states. The radial parts of the atomic wave functions were
11l. BAND-STRUCTURE CALCULATIONS presented as sums of up to 13 Gaussian functions, the expo-
nential coefficients of which form a geometrical series. Crys-
A. CusN tal charge density and potential were also expanded in a set
Our energy band calculations have been performed bpf Gaussian orbitals, we used 24 and 19 orbitals centered at
using both the LAPW and the linear combination of atomicthe Cu and N atomic places, as well as some Gaussian func-
orbitals(LCAO) methods in order to combine the high accu-tions located at selected auxiliary interstitial sites of high
racy of the former one, with the ability of the latter, to dis- symmetry. Like in the LAPW calculation, the Brillouin zone
cuss the chemical bond with the help of the atomlike basisintegration was carried out using wave functions at K0
We have employed the scalar relativistic full potential points in its irreducible wedge.
LAPW program packagevieEN (Refs. 26 and 27and the The LAPW energy bands are shown in Fig. 2, also given
Gaussian orbitals basedcAo code of Appelbaum and there is the total density of states. The LCAO energy bands
Hamanr?®2° Exchange and correlation were treated withinare very similar to the LAPW bands. An analysis of
the local density approximatioLDA), where we applied the eigenvectors allows us to extract information about the
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FIG. 3. LCAO energy bands, totéfull line) and partial density of statédashed lingfor CusN: (&) N 2p, (b) Cu 3d, (c) Cu 4s, and
(d) Cu 4p. Symbol size indicates the strength of orbital character of the bands.

orbital character of the bands. The main results of this analy- 3
sis are displayed in Figs(8—(d).
The calculations confirm that G is a semiconductor. 5 | 372
From the highly accurate LAPW calculation, we obtained the
value of 0.23 eV for the energy gap, while the value of the .
less accurate LCAO method is found to be 0.9 eV. In view of ]
the well known gap problem of the LDA, we expect the 0 /\,~\

experimental gap to be of the order 0.5 &V.

The energy bands of G can be divided in three parts:
a low lying N 2s band at—0.7 Ry, a broad valence band
manifold of 0.6 Ry width, and the conduction bands. The
group of the valence bands consists of three bonding and
antibonding Cu 8—N 2p bands, which are separeted by 12
nonbonding bands. A decomposition of the Cd Bartial
density of states into contributions of 3, (yz)/(zx) and Xy,
(xy)/(x?—y?) orbitals shows that thexf)/(x°—y?) states, 41 2 5 5
which are oriented perpendicular to the N-Cu-N dkis., the n XUy
z axis), have negligible admixture to the bonding and anti- 34
bonding bandgFig. 4). A similar behavior was found by
Marksteineret al, in the related compound G®.1° 2

It should be noted that the bonding and antibonding bands
are arranged asymmetrically around the nonbonding center 1 ;
and that the bandwidth of the antibonding states is consider- ¥ ,I)
ably smaller than that of the bonding states. It will be shown 0 r DX ;
below that this feature is strongly related to the covalent -0.4  -D.2 0 0.2
bonding between Cu and N, where the Guahd 4p orbitals ENERGY (Ry)
play an important role.

DOS (arb. units)
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—
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FIG. 4. Partial densities of states for the Cd 8rbitals in
Cu3N. The N-Cu-N axis is chosen asaxis for the orbital projec-

Since CyN is the parent compound of GNPd, we have tions. In the lowest panel, the total density of states is indicated by
used very similar computational parameters in the banda dashed line.

B. CuzNPd
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FIG. 5. LAPW energy bands and total density of states for
Cu;NPd.

structure calculations of both systems. Apart from some
shifts of the Cu and N-expansion energy parameters, the
major modification of the LAPW calculation is to consider
the Pd 4, p orbitals as semicore bands. The Ril 36 states - TS
were treated as valence bands. In the LCAO calculation, we 00 o ) Pd 5p
had to change the charge and potential expansion and we RS B I
utilized the valence band basis set of 8y which was com- - I
pleted by thePd 4d,5s,p,d states. Due to the larger number
of matrix elements, we have reduced the numbet pbints
used for the Brillouin zone integration in the LCAO scheme,
from 20 to 10. Again, as in the case of the Sucompound,
the agreement between the LAPW and the LCAO calculation
is good.

The energy bands of GNPd are displayed in Fig. 5. By
the comparison with Fig. 2, it is obvious that the
CusN—-band structure is only slightly affected by Pd doping

in its lower parts(_l.e., N 2s bands, N-Cu bondlng states . FIG. 6. LCAO energy bands, totéull line) and partial density
Howeve.r, the antibonding bands_r_1ear the Fermi energy N3¢ stategdashed lingfor CusNPd: (a) Pd 4d, (b) Pd &s, and(c) Pd
teract with the Pd d states. In addition, the Cud3nonbond- 5, The size of the symbols indicates the strength of orbital char-
ing states hybridize with the Pdddorbitals, as indicated by acter of the bands.

the partial density of statd€igs. §a)—(c)]. The most inter-
esting point of the CgNPd bandstructure is certainly the
intersection of bands at the Fermi energy between the sym-
metry pointsM and R and betweerR and X, leading to a As mentioned in Sec. Il, there are strong indications that a
semimetallic, rather than metallic behavior of the system. Irpurely ionic model is not adequate to describe the chemical
contrast to the band crossing betwdgand X, the intersec- bonding in the Cd) compounds. Instead one has to suppose
tion betweerM andR is not removed by spin-orbit coupling. a combination of ionic and covalent bonding mechanisms.
If the energy of thel'-point conduction band lies slightly The two contributions are now analyzed. The ionic bond
above the crossing point, a semimetallic behavior with vanstrength is investigated by considering the spatial distribution
ishingly small density of states at Fermi energy would existof the charge density in the GNPd, system and by deter-

If the T" point energy lies slightly below the crossing point mining the charge transfer between the constituents, as a
energy, the Fermi surface would consist of an electrormeasure of ionicity. Large deviations from a simple
pocket around” and a hole pocket around the crossing point.Cu'*N3~ picture are found.

We believe that the uncertainties of the LDA results are The covalent bonding is analyzed by several techniques,
larger than the observed energy difference, so that we fealhich make use of the atomlike basis set within the LCAO
unable to decide which case is more probable. scheme. We achieve an understanding of the covalent bond

IV. CHEMICAL BONDING
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TABLE I. Integrated atomic charges, as obtained from Bader’'s
method of charge partitioning, both for the LAPW and the LCAO
valence band electron density.

LAPW LCAO

CuzN Cu +0.54 +0.47
N -1.62 -1.40

CuzNPd Cu +0.63 +0.52
N -1.46 -1.28

Pd -0.45 -0.26

handled by this scheme. As we will see below, the Cu com-
pounds described here consist of N anions and Cu cations
with open 2 and 3 shells, as well as partially occupied Cu
4s,p states. Since it is not easy to generalize Madelung’s
concept for open shell systems, we restricted ourselves to
determine the total charge of the constituents, which can be
regarded as a qualitative measure of the ionic bond strength.
A very natural way of dividing the charge distribution of a
molecule or crystal and a definition of total atomic charge
was introduced by Bader and Bed#lThis method is based
on the analysis of the gradient of the charge denp(t@.
The chargejsz(Fo)dV contained in a certain volume el-
ementdV is attributed to the atom, which is the destination
FIG. 7. Contour map of the LAPW valence band electron den-of the gradient path starting fromy. Such a procedure leads
sity for (@) CugN and(b) CuzNPd. The values are given in units of to a partition of the system, and the boundary surfaces of the

0.0%e/a3 . Consecutive lines differ by a factor 1.414. The partition various parts are given by the zero flux condition,
of the unit cell in accordance with Bader's scheme is indicated by

dashed lines. n(rygracp(r)= 0, (]

as a hybridization effect of the Cus4o orbitals, with the  with ﬁ(F) being the normal vector of the surface. This analy-
bonding and antibonding N(2-Cu 3d bands. sis was applied to the G and CuNPd charge densities
By performing energy band calculations on the relatedand we obtain a division, as shown in Fig. 7. The integrated
compound CyO in its real structure, as well as in the anti- charges of each atom are listed in Table I. Good agreement
fluorite structure, of the alkali oxides, it could be shown thatbetween the LAPW and LCAO results is obtained. The val-
covalency is responsible for the twofold linear coordinationues of the Cu and N charges are approximately.5 and

of Cu(l) in numerous compounds. —1.5, which clearly demonstrates that {Juis not built of
Finally, the bonding mechanism of Pd in the {fuhost Cu'™ and N~ ions. A considerable population of the Cu
crystal is analyzed. 4s,p states is present and indicates a covalent bonding
mechanism.
A. lonic bonding In CuzNPd, one finds a small electron transfer from Cu

nd N to the Pd atoms, which are negatively charged. This

The ionic bonding mechanism can easily be understoog¢ect may be explained either by a reduction of the Cu/N
by the electrostatic attraction of ions with different Charges'integration volumes or by covalency effects.

Assuming a nearly spherical charge distribution of the ions,
which is justified in the case of compounds like the alkali
halides, the bond energy of the crystal is calculated in accor-
dance with Madelung’s concept. Substances where the ions In contrast to the ionic bond, the covalent bonding mecha-
show strong deviations from spherical charge symmetry onism is a quantum effect, which cannot be understood in the
where the total charge of the ions is unknown, cannot be&ontext of classical physics. The central point is the interfer-

B. Covalent bonding

TABLE II. Occupation of the LCAO Lavdin states, for CeN and CyNPd. The values refer to a single
atom and both spin directions.

N Cu Pd
tot 2s,p 3s,p,d tot 3d 4s 4p,d tot 4d 5s 5p.,d

CuzN 477 4.05 0.72 11.08 938 051 1.19
CuzNPd 474  3.93 0.81 1105 917 043 145 10.10 8.77 037 0.96
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FIG. 8. Bonding analysis for the LCAO energy bands forzSuSymbol size indicates the strength of the bonding or antibonding
character of the bands. The analysis comprigg®N 2p Cu 3d pdo, (b) 2p 4s pw, (c) 2p 4p ppo, and(d) 2p 3d pds bonds.

ence of orbitals at neighboring atoms. Constructive interferrather large population of these Cu states is contrasted by a
ence leads to bonding states, while antibonding states are tliepletion of both the Cu @ and even more of the N2
result of destructive interference. When the resulting chargerbitals. The formation of Cu @ holes occurs especially in
density is mainly situated along the bofitbnd chargg the  the (3z?) states, which are directed towards tNeatoms,
limit of purely covalent bonding is obtained, when the indicating a Cu-N bond.

charge density is spread rather homogeneously over the A better understanding of the Cu-N bond can be obtained
whole unit cell, we have the limit of metallic bonding. There by a projection analysis, which investigates the interference
iS no energy gain, i.e., no covalent bonding, if both bondingprocess of neighboring atomic orbitals. In the case of the
and antibonding states are fully occupied. One might think otlominating N-Cupdo bond, one can define bonding and
such a situation in CgN under the assumption of closed antibonding reference states

shell Cu and N ions, with 8'° and 20® configurations. In

order to discard this possibility and to understand the impor- 1

tant role of the Cu 4,p orbitals, we have employed a popu- |b): = \/§(|pz>+ 132%)), 2
lation analysis and two other methods, which we call “pro-

jection technique” and “basis set reduction.” Since the 1

nonorthogonal atomic orbitals of the LCAO basis set do not lab):= —(|p,)—|322)),

allow a unique charge assignment, the results of the popula- J2

tion analysis (Table 1) refer to the respective lvedin . .
states’® A nearly half filled N % orbital and a slightly posi- where |p,) and |3z°) are localized at the N and Cu sites

tive N ion require a careful interpretation of these data, th nd are Qassumed Qto be orthogonal. A  projection
insufficiencies of which must be attributed to the large over-\ik:= |<b|”f>|2— |(ablik)|? of these states onto a band wave
lap of the extended Cusp,d states with the N orbitals. A function |ik) is a measure of the bonding or antibonding
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FIG. 9. Energy levels of a N-Cu three orbital model system,
indicating the Cu 8-4s to N 2p hybridization.

character. This analysis is applied on the N-Zu o
3d,4s,p bond and the results are plotted in Fig. 8. Bonding FIG. 11. (a) Cu,O crystal structure an¢b) antifluorite structure.
as well as antibonding phase relations are found in the case
of the de’ and pdq-,- bond, whereas there is a|Ways a bond-With the real LCAO band structure when we carry out a
ing phase relation between the No2and Cu 4,p states Similar change of the basis séftig. 10. The full LCAO
below Fermi energy. basis consists of N €£p;3s,p,d and Cu 3I;4s,p,d states

A more direct indication of covalent bonding, other thanwhereas, in the reduced basis, the N§,[8d and Cu
by population and projection analysis, is obtained by the reds,p,d orbitals are omitted. For better comparison, the same
duction of the LCAO basis set. It can be shown that the us@otential as in the full calculation was used for the restricted
of a limited LCAO basis consisting of N&2p and Cu 3 basis set calculation. The latter calculation yields energy
states leads to significant changes in the band energies. Thands with bonding and antibonding states arranged nearly
essential parts of this procedure can be understood by a thrégmmetrically around the nonbonding Cu bands. On the
level toy model, the states of which are assumed to represefther hand, the full basis set calculation produces the non-
the nearly degenerate Np2 Cu 3d orbitals and the Cug  symmetric shifts, as discussed in the toy model. The com-
state of higher energgFig. 9). Hybridizing only the N 2,  parison with the projection analysis diagratfsg. 8 shows
with the Cu 3l state, does not result in a covalent bond,that the largest shifts occur in bands withp(24s) o, rather
since bonding and antibonding states are fully occupied anthan (20—4p)o N-Cu hybridization. Obviously, the hybrid-
their center of gravity coincides with the N/Cu onsite energy.ization of the Cu 4 orbitals is more important than that of
An additional coupling between the No2and Cu 4 orbitals ~ the Cu 4 states.
(described by a transfer matrix eleméhtcauses a lowering
A of the center of gravity and leads to a bonding effect. By C. Linear Cu coordination

second order pertubation theoty,is calculated to be ) .
The common feature of the @l compounds discussed in

this work is the linear coordination of Cu with anions. Cop-

1
A= 5 (Apondt Aantivond per oxide(Cu,0) rather than the copper nitride seems to be
the ideal system to study the competition between the ionic
t? 1 1 and covalent bonding mechanism: the real,Oustructure
T T A\, =0 + e — g0 a) can be compared with the closely packed antifluorite struc-
4s,p bond 4s,p bon

ture, which alkali oxides forntFig. 11).
The larger shift of the antibonding state is caused by the The technical details of the LCAO band-structure calcu-
smaller denominator. This simple model compares very wellations performed on C©O are very similar to those of

reduced complete

0.4

FIG. 10. LCAO band structure for GN cal-
culated with reduced and full basis sets. For de-
tails see text.

ENERGY (Ry)
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TABLE IIl. Occupation of the LCAO Lavdin states for
Cu,O. The values are given for the real structure and the ficticious CugN (red) & Pd4d
antifluorite structure at equilibrium lattice constant.

1.26 0

\
A

Cu (@]

CusN & Pd4d CugN (red) & Pd (full)
tot 3d 4s 4p 4d tot 2s 2p 3s,p,d

/
b

Real 11.10 9.36 0.53 0.69 0.52 5.81 1.18 3.98 0.65 020 !
Anti-CaF, 10.98 9.29 0.31 0.66 0.72 6.08 1.36 3.84 0.88 CugN & Pd (full)

CusN (red)
CusN. In order to avoid systematic errors in comparing both 1.V No
structures, charge and potential expansion were carried out
without any auxiliary interstitial sites, the number and posi- CusN CusN (red) & Pd5spd

tion of which would be different in the two cases. The en-
ergy bands of the real GO are in good agreement with the
LAPW result of Marksteineret al*® In contrast to CyN, CusN & Pd5spd
Cu,0 is a direct semiconductor. Total energy calculations of
the ficticious CyO, with antifluorite structure, yield a near- o o .
est neighbor separation, which is 15% larger than in the real F!G: 12. Scheme indicating the gains in band endngRy per
system and a total energy per formula unit, which is 0.1 R)},II’IIF cell), when going from reduced basis sets to the full basis. The
larger. Also, metallic behavior is found. various basis set§ of the lower panel are omitting the &dtates
Similarly to Cu;N, the LCAO population analysis results (see text for detais
in nearly neutral Cu atom@abile Ill). On the other hand, the . ] } o
gradient analysis vyields a Cu charge of approximatel)Por anion sites. The_ld_ea of Cuz34s hyk_)rldlzatlon, as a
+0.4, both for the real and the ficticious structure. Like inM&chanism for prla'”'”g the dumbbell like bond, was pro-
Cu;N, the formation of holes in the linearly coordinated POSed by Orget In contrast to the present work, covalency

Cu takes place predominantly in theZ£3 states. As a con- 1S not explicitly given as the mechanism which determines

sequence, the Cusdoccupation in the real structure is larger the Structure. ,
than in the antifluorite case. This section is concluded with some comments on the

For Cu,0, we have investigated, in detalil, the effects ofole of the neighboring anion. As mentioned in the introduc-

basis set reduction. We have not only compared LCAO ban§on: the dumbbell like bond occurs predominantly in com-
structures calculated with full (Cu 3d:4s,p,d; O pounds with anions from the 2nd row and not with those of

2s,p:3s,p,d) and reduced basis s6Eu 3d; O 2s,p), but row 3. We have performed additional LCAO band-structure
also employed partially reduced basis sets, where one of tHgalculations(not presented her@n Cu,S in Cu,0 structure
higher lying Cu 4,p,d or O 3s,p,d orbitals has been in- and on CuF/CuCl in zinc blende structure. It has been found
cluded. Going from a reduced to full basis set. a more proIhat the effect of basis set reduction, as a measure of covalent

nounced gain of band energy is found for the real structuré’o_nd strength, is more distinpt in the case O_f the 2nd row
than for the antifluorite onéTable 1V). When we study the 2nions. The larger Cu coordination number in compounds
changes from the reduced to partially reduced basis sets, Wdth 3rd row anions may therefore be attributed to the rela-

find the following results: In the case of the antifluorite struc-UVelY larger influence of ionic bonding. .
ture, the largest gain is obtained when Cp gtates are in- It is interesting to note that the different behavior of row 2

cluded. whereas in the real structure. the Guodbitals are and row 3 atoms is also observed in elemental solids or mol-
more éffective It, thus, appears that ,the hybridization 9f 4 ecules. Graphite is a more stable modification of carbon than
and 3 (3z?) orbitals cause the linear Cu coordination. the d'?‘mond structure, Wh'.Ch is preferred by silicon. Oxygen

Note that for linearly coordinated @ the 4s and and nitrogen form diatomic molecules, whereas sulfur and

(3z%) orbitals belong to the same representation. Then, ghosphorus exist &S, or Py.
coupling of these orbitals through the crystal field is pos-
sible, also of course, the coupling through hopping to neigh- D. Pd bonding mechanism

/
A

0.18

In normal perovskite crystals like BaTiQ alkali or earth
TABLE IV. Gain in band energy for G40, using various  g|kaline elements are placed on the position, which is occu-
LCAO basis sets, as compared to the minimum basi§&esd; O pied by Pd in CyNPd. The bonding mechanism of these
2s,p). The valuedin Ry per unit cell are given for the real and the  44i5ng appears to be predominantly ionic. Although there is
ficticio_qs antifluor_ite structure. F_’artiglly re_duced basis sets includ% minor ionic effect in the case of the slightly negatively
the minimum basis and the orbital given in the table. charged Pd atom, a covalent bonding contribution seems to
be more important. Like in the previous section, our investi-
gations are based on population analysis, projection, and
basis set reduction techniques. In Table II, the LCAO
Real 0.72Ry 0.35 022 0.11 0.07 0.23 0.04 population analysis results of GN and CuNPd are com-
Anti-CaF, 0.59 0.29 031 0.16 0.05 028 0.09 pared. One finds a certain charge transfer from Cu and N
to Pd, the LCAO total negative charge-0.10) of which is

Cu (0]
Full basis 4 4p 4d 3s 3p 3d
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. / 0.0
AN 0.2 FIG. 13. Energy bands calculated
b ! with various basis sets, by using the full

>

= : Cu;3NPd potential(see text Left side:

> g r-0.4 complete CyN basis(case ) and iso-

o § L lated Pd orbitals(case i). Right side:

ﬁ IR Partially reduced C4NPd basigcase ii)

=z #1-0.6  and complete C4NPd basis(case V.

td E S For (case iy, only the most significant

deviations are shown by dots. The pre-

R r-O.B dominant bonding character of these

bands is also indicated.

Cu;N CusNPd(4d)
++++++ Pd(4d) 000 eeeees CU3NPd( tot)

smaller than that calculated with Bader's methed((45). bands. They are shifted up by0.1 Ry, if they are allowed
The Pd atoms do not have a filled® shell, which can be to hybridize with the CyN bands(case iil. When the Pd
regarded as an indication for a covalent or metallic Cu-Pdbs,p,d states are also includédase iy, some specific bands
bond. are lowered, while the majority is only slightly affected. A

The projection technique has been applied on the Cu-Pdomparison with the projection analysis indicates that Cu-Pd
ddo, dso, sso, and some other bondsiot shown here  sso, dso, and ppw bonding relations cause the largest
Below the Fermi energy, bonding, and antibonding phasehifts. Our analysis is compatible with the proposal of sev-
relations are found in the case of tdeo anddds bonds. eral authorde.g., Refs. 7—pthat low lyings andp states are
However, a strong bonding phase relation is observed baesponsible for thel'’-d!° bond in numerous compounds.
tween the Cu/Pdl and the higher lyings,p states of the
neighboring atoms.

It has been demonstrated above that there is no covalent
bond in CyN, if the Cu and N ions have &° and 2p°® We have carried out LAPW and LCAO energy band cal-
configurations. A similar behavior is expected for a closedculations on CyN and Cu;NPd, in order to study the elec-
shell 4d%° Pd atom, which is placed into a GN host crystal.  tronic structure and bonding mechanism of these and related
A covalent Cu-Pd bond must, therefore, be caused dy 4 Cu(l) compounds. CgN is confirmed to be a semiconductor,
holes and by an occupation of the higher lying Csipid while CusNPd should exhibit semimetallic behavior. The
and Pd S,p,d orbitals. Since these Cu states are also rechemical bonding analysis of GN shows a combination of
sponsible for the Cu-N bond, one can attempt to single ouionic and covalent bonding. By applying the Bader partition-
their importance for the Cu-Pd bond by the following proce-ing scheme, the ionic charges of Cu and N were calculated to
dure. The restricted basis sets of S8lPd (Cu 3d; N 2s,p; be approximately+0.5 and— 1.5 rather thant1 and — 3.

Pd 4d) and of CyN (Cu 3d; N 2s,p) are completed both We found that the LCAO method is a very effective tool
step by step by thelCu 4s,p,d; N 3s,p,d) and (Pd for analyzing the covalent bonding contributions. We have
5s,p,d) orbitals. The resulting band energy gains are illus-used the population analysis, projection and basis set reduc-
trated in Fig. 12. All energy band calculations have beertion techniques and have achieved an understanding of the
carried out with the converged GNPd potential and the covalent bond as a hybridization effect between the Cu
Fermi energy of the “pseudo” C4N was determined by 3d-N 2p bands and the Cus}p conduction bands. The
neglecting the ten d electrons of Pd. We find that the en- dumbbell-like Cu bond has been analyzed in the case of
ergy gains do not depend much on the presence of the Rualiprous oxide CpO, by comparing its real structure with the
4d orbitals. One can conclude that a bond between Ciicticious antifluorite lattice, which is preferred by the alkali
4s,p and Pd 4 states is of less importance and that the Cuoxides. It has been found that the characteristics of the cova-
3d-Pd 5s,p bonding is dominating. As the resulting charge lent bond are more pronounced in the real,Oustructure.
density is not very much enhanced along the Cu-Pd directhe bonding between Pd and the {Buhost crystal, often
tion, the bonding appears to be more metallic than covalentalled a “d'%d*® bond, is caused by a covalent to metallic

One can get further insight into the Pd bonding mechabonding involving more the Pdssand 5 than the Cu 4
nism, by studying energy bands calculated by using four difand 4p states.
ferent basis setd=ig. 13. Keeping the fully converged crys-
tal potentials, we employe() the complete CyN basis,(ii)
the Pd 4l orbitals, (iii) a CusNPd(4d), and(iv) a complete
Cu3NPd basis set(i) Results in energy bands which are in  We would like to thank H. Jacobs, U. Zachwieja, and
good agreement with the GN bands of Fig. 2. The bands of G. Vielsack for helpful discussions. This work was sup-
the isolated Pd d states(case i) have less dispersion and ported by the Deutsche Forschungsgemeinscli&ta-
they are positioned in the upper parts of the nonbonding Cuduiertenkolleg Festkperspektroskopie

V. CONCLUSIONS
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