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Chemical bond and hybridization in nickel compounds
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By means of ultraviolet reflectance and valence band photoemission one can get a scale of ionicity for nickel
halides. The fraction of ionic character of the chemical bond, from 0.72 in NiI2 to 0.80 in NiCl2 , evaluated
with the Phillips theory has been related to the ground stated electron countŝndn& calculated from Ni2p core
photoemission. While the chemical trends of cluster model parameters are in general well reproduced, a
systematic discrepancy in band gap values~2–3 eV! has been found by comparing core-level results with
optical and photoconductivity data.
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Optical and photoemission spectroscopy are useful te
niques for studying the chemical bond in materials. Co
level x-ray spectroscopy~c-XPS! has been used for instanc
to obtain information about the local electronic structu
such as oxidation states and effective ionic charges. In p
ciple, valence band x-ray photoelectron spectroscopy~VB-
XPS! yields more direct and detailed information about t
chemical bond and electronic structure of compounds t
core spectra. To this aim, an ionicity coefficientf i

XPS, mea-
sured in VB-XPS spectra, has been also defined by con
ering the splitting of low-lyings-like peaks in the density o
states of semiconductors.1,2 Moreover, valence spectra ob
tained with higher resolution ultraviolet photoelectron sp
troscopy~VB-UPS!, have been interpreted in terms of ba
structures, covalency and ligand field splitting models. Ho
ever, in 3d transition metal compounds~TMC!, the interpre-
tation of photoemission spectra is not always easy, since
often seriously hampered by several problems. First,
spectra are in general rather broad due to a large numb
closely spaced bands, each composed of cation and a
based atomic orbitals. Secondly, the large Coulomb inte
tion between 3d electrons often invalidates the band inte
pretation in terms of one-electron theory.3,4 For these rea-
sons, core-level spectroscopy has been preferred in m
cases.5 Its advantage is that the wave function of core el
trons is well known and is relatively insensitive to chemic
bonding. The disadvantage is that the valence electro
structure can only be obtained in an indirect manner, nam
via the response ofvalence electronsto the sudden creation
of a core hole.

In this work we have investigated the electronic struct
and chemical bonding of nickel halides, classified in Zaan
Sawatsky-Allen~ZSA! theory,6 ascharge transfer~CT! com-
pounds. We have here focused on the electronic propertie
less studied NiBr2 and NiI2 compounds, by measuring the
reflectance, in addition to VB-XPS and VB-UPS spectra
order to give an estimate of cluster model~CM! parameters
~D, U, andTeff! for these compounds. Previous CM calcu
tions performed on NiO and NiCl2 have described the natur
of their band gap more similar to apd charge-transfer gap
than a dd Mott-Hubbard gap.5,7 Although NiX2 (X
5Cl, Br, I) compounds have been studied in the past and
overall features have been on the whole understood, ther
still interesting points which require new attention. For i
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stance, we have correlated the CM parameters and
ground-state d-electron counts ^nd&, obtained from
Ni2p-XPS spectra by Zaanen, Westra, and Sawat
~ZWS!,5 to Phillips ionicity coefficients (f i),

2,8 and have
found that the chemical trend of these parameters is in g
eral respected. However, by comparing quantitatively
band gap values calculated from the Ni2p-XPS spectra with
those obtained from reflectance and photoconductiv
measurements,9 a systematic discrepancy has been found
these compounds. Interesting experiments on the press
induced metallization and closure of the charge-transfer
ergy gap in NiI2 have been also reported.10,11

Since the ionicity coefficientf i plays a crucial role for the
chemical considerations that follow, let us briefly recall
definition and physical meaning. The fraction of ionic cha
acter (f i) of the chemical bond of Ni halides is defined in th
framework of the Phillips–Van Vechten~PVV! dielectric
theory.2,8 The PVV theory defines the average separationEg
~Phillips gap! of the valence and conduction bands as
pythagorean sum of an ionic partC and a covalent partEh

Eg~Phillips!5~Eh
21C2!1/2. ~1!

The homopolar energy gapEh scales with the nearest neigh
bor distancedMX as

Eh5a~dMX!22.5 ~a>40.5!, ~2!

and the ionic energyC can be defined through the Phillip
electronegativity by

C~AB!5b$ZA /r A2ZB /r B%eKsR, ~3!

with R5(r A1r B)/2 andb>1.5. The atomic radiir A andr B
are defined as half of the bond length of the group IV e
ment belonging to the same row of the periodic table
atomsA and B and ZA and ZB are the valence numbers o
elementsA andB. Ks is the Thomas-Fermi screening param
eterKs5(4K f /pa0), wherea0 is the Bohr radius andK f is
the wave number on the surface of the Fermi sphere in
free electron approximation. The fraction of ionic charac
of a chemical bond is defined by

f i5C2/~Eg!25C2/Eh
21C2. ~4!
©2002 The American Physical Society07-1
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I. POLLINI PHYSICAL REVIEW B 65 045107
It should be noted that the crystal structure does not ap
explicitly anywhere and therefore the model can be exten
to include crystals belonging to the NaCl structure or is
plicable to compounds other thanANB8-N. In TMH’s the
number of electrons involved in the chemical bonds is
eight per bond~neglecting 3d electrons! and theEg values
have been calculated from Eqs.~1!–~4! with the value of the
prefactorb (1.5560.07) adjusted to fit the experimental da
and the nearest neighbor distancedMX . All relevant param-
eters of PVV theory, such as the Phillips gap,Eg , the values
of C and Eh , the experimental gap and the ionicity param
eter f i of NiX2 and other late TMC’s, have been listed
Table I of the Thomas and Pollini article2 to which we refer.
In Fig. 2 of the same paper we have also shown the ave
peak energy ofG excitons observed in TMH’s versus th
Phillips’ gapEg . The first excitonic transition, which yield
the strongest structure close to the interbandps edge in UV
reflectance and absorption spectra, occurs around 8.3 e
TM chlorides, 7.4 eV in TM bromides and 6.0 eV in TM
iodides. These values are mainly dependent on the natu
anions and rather independent on that of cations. On
other hand, the strongestcharge transfertransitions, occur-
ring just before the excitonicG peaks, shift according to th
second ionization potential of cation and thus denote thed
final states. In order to calculate the energy gap betwe
halogenp levels and metal 4s levels, we have at first ne
glected the contribution of partially filled 3d Ni levels in Eq.
~3!. The f i values for Ni halides have been then recalcula
by considering the contribution of the open 3d shell with the
Penn model,2 obtaining the new parametersf i

DT . The calcu-
lated coefficientsf i

DT show practically the same values
f i

XPS, with the exception of NiCl2 where f i
DT50.80.

Crystals of NiCl2 and NiBr2 have been grown from the
vapor phase by the dynamical transport method. Direct c
rination and bromination of nickel powder~Merck, 99.999%
pure! at 700 and 600 °C gives gold-yellow and yellow-brow
crystalline flakes. Growth of black, shiny crystals of Ni2
was carried out by chemical transport from elements i
sealed ampoule with a thermal gradient of about 750 °C.
cause crystals are slightly hygroscopic, samples were clea
in a glove box filled with dry nitrogen and directly attache
to the spectrometers. Nickel halides occur as strongly bon
two-dimensionalX-M-X layers with a weak interlayer cou
pling: within the X-M-X sandwich each metal atom is su
rounded by six nearest neighbor halogen atoms and the
ordination of halogen ions around the Ni atom is octahed
The crystal structure is of Cd~OH!2 type in NiI2 and CdCl2
type in NiCl2 and NiBr2 .

Ultraviolet radiation from the synchrotron of the Unive
sity of Paris was used as a continuum light source. T
monochromator bandwidth was better than 6 Å. In the
periment we have investigated the optical reflectance of c
tal planes perpendicular to thec axis. Reflectance measure
ments were taken at near normal incidence~<20°! by means
of EMI 9256S and HamamatsuR268 photomultipliers, pro-
vided with a sodium salicylate phosphor. Photoemiss
measurements were performed with a XPS spectrometer
CALAB MKII manufactured by the vacuum generator
04510
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equipped with a monochromatized AlKa1,2 ~1486.6 eV! ra-
diation. VB-UPS spectra were obtained in an ultrahi
vacuum system (10210mbar) with an hemispherical energ
analyzer and a He discharge lamp~21.2 eV!. Photoelectrons
were analyzed along the normal of the sample with an ene
resolution of about 0.7 and 0.3 eV in XPS and UPS exp
ments, respectively. Crystalline NiBr2 and NiI2 samples were
cleavedin situ and no significant charging effects were e
perienced during the photoemission measurements.

Figure 1 reports vacuum ultraviolet reflectance spectra
Ni halides, where details of exciton, charge transfer (p-d)
and interband (p-s) transitions are shown. We see that tha
main group of peaks~p-d excitons!, observed in the low-
energy region, is separated from interband (p→s) transitions
by charge transfer structures (p→d), occurring around 3–4
eV in NiI2 , 4–6 eV in NiBr2 and 5–7 eV in NiCl2 , respec-
tively. The optical gapsEG

R of NiX2 obtained from reflec-
tance spectra are indicated. These values are estimate
considering thatEG

R should occur at energies between tho
of p-d excitons and those ofp-d charge transfer transitions
We have found that the values ofEG

R are in general agree
ment with the conduction band gapsEG

Ph determined by

FIG. 1. Synchrotron reflectance spectra of Ni halides measu
in the energy range of exciton and charge transfer transiti
(p→d) up to the region of the fundamental absorption thresh
(p→s). Assignments forG and Z excitons have been made b
considering the band structure calculation made by Antoci and
hich ~Ref. 4!. The estimated optical energy gapEG

R is indicated by
vertical bars.
7-2
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CHEMICAL BOND AND HYBRIDIZATION IN NICKE L . . . PHYSICAL REVIEW B 65 045107
Rondaet al.9 with photoconductivity measurements. How
ever, this is true for NiCl2 and NiBr2 , while there is a 0.9 eV
difference in the gap value of NiI2 which cannot be reduce
by the sight of the optical spectra. For this reason, in the c
of NiI 2 , we have considered as a safe value of the b
~conductivity! gap the value indicated by theEG

Ph parameter
~1.8 eV!. Reflectance spectra have been instrumental
evaluating thef i parameter for Ni halides with the PVV
theory. Moreover, from the combined use of reflectance, V
XPS or VB-UPS spectroscopy, we have also given an e
mate of CM parameters~D, U, and Teff!, which we have
compared with the ZWS results in Table I.

Let us now discuss the VB-XPS spectrum of NiBr2 shown
in Fig. 2. The spectral features extending from 7.5 to 4
binding energy are mainly due to bromine 4p states. Peak A
earlier interpreted as due to Ni 3d7 states, is assigned to th
3d8L21 configuration ~where L21 stands for ligand hole
states!. Since the conduction gapEG

Ph , which is predomi-
nantly due to 3d813d8→3d8L2113d9 intracluster transi-
tions, is 3.5 eV~the optical gapEG

R>3.8 eV!, we can predict
that the first inverse photoemission peak 3d9 will be located
just above the Fermi level. By considering the ground st
and final state hybridization shifts, a 5.2–5.5 eV value can
a reasonable estimate for the charge transfer param
DVB-XPS. The position of the 3d9 states is obtained by addin
to the main photoemission peakA, the conduction gap value
(EG

Ph53.5 eV). This means that the gap energy correspo
to a 3d813d8→3d8L2113d9 transition, as implied for in-
stance by Merlin.12 However, XPS spectra measure fin
states, which in principle lack one electron with respect
the initial ground state, so that the system under investiga
will try to screenthe photohole, a process which originat
the formation ofsatellitesin photoemission spectra. In thi
way, the peak B can be assigned to a 3d7 satellite structure in
agreement with the attributions proposed in VB-XPS spe
of NiO and NiCl2 compounds.13,14The approximately 8.0 eV

TABLE I. Summary of electronic and chemical parameters
nickel halides. The parameterf i is the Phillips ionicity coefficient of
the chemical bond. The energy gap (EG

R) is evaluated from reflec-
tion spectra and the photoconductivity gaps (EG

ph) are taken from
Ref. 9 ~Rondaet al., 1987!. DVB is the CT parameterD estimated
from reflectance and VB-XPS spectroscopy. The cluster model
rametersDc-XPS and the ground-state counts (^nd8&,^nd9&) are de-
termined from 2p-XPS spectra using the impurity approximatio
from Zaanenet al. ~Ref. 5!. All energies are in eV.

MX2 EG
R EG

Ph DVB Dc-XPS f i ^nd8& ^nd9&

NiCl2 4.6 4.7 6.0a 3.6 0.78–0.80b 0.71 0.23
NiBr2 3.8 3.5 5.2–5.5 2.6 0.75 0.61 0.3
NiI 2 2.7 1.8 ;3.5 1.5 0.72 0.47 0.44
NiO 4.0c–4.3 7.0a 4.6 0.73 0.21

aValues of theDVB-XPS parameter estimated from the photoemiss
valence band spectra reported by Hufner~Ref. 13!.

bThe coefficientf i
DT50.80 has been calculated by considering t

contribution of the open 3d shell with the Penn model~Ref. 2!.
cOptical gap due top-d transitions according Hufner-Riestere
~Ref. 14!.
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of the U parameter in NiBr2 scales well with the values
observed in NiO and in NiCl2 , which are about 13 and 9.
eV, respectively. This is an oversimplification, however, b
cause the energy levels in NiO and NiX2 are hybridized. This
hybridization tends to increase the energy splittings and
one makes a proper correction for hybridization a limit
6.0 eV<Ueff<9.0 eV is obtained.15 The separation betwee
the 3d7 and 3d9 configurations reflects the size of the Co
lomb repulsion parameterU, which gives the correlation en
ergy U plus a hybridization shift. Since the exact magnitu
of the energy shift is not known the correlation energy
NiX2 can only be given approximately. In the case of NiB2
and other halides we believe that 6–8 eV is a fair estim
for U.16 For instance, according to Sawatsky and Allen,17 the
experimental charge transfer gap in NiO is 4.3 eV and the
dd Coulomb repulsion parameterU is between 7 and 8 eV
leading to a large correlation gap in the Ni3d band. The
relative magnitude ofU andD parameters and the fact thatD
is related to the electronegativity of halide ions has made
classify nickel compounds ascharge transfer insulators,
with a conductivity band gap ofpd type.6,7,13

The same interpretation can be suggested for the VB-U
spectrum of NiI2 in Fig. 3. The largeB peak observed be
tween 2 and 4.5 eV binding energy is mainly due to iodi
5p states, while the peakA is assigned to 3d8L21 final
states. In NiI2 the 3d7 hole state could occur as a wea
shoulder over the peakC at binding energy at about 6 eV
The intensity of this satellite is expected to be low at 21.
eV, which explains why we do not observe it clearly, a
though the weak hump at 6 eV could be a candidate. If thi
the case, since the optical gap is about 2 eV, we may estim
the order of magnitude ofU around 6–7 eV, and that of th
CT parameterDVB around 3.5 eV. In VB-UPS measure
ments, however, we think that the estimate ofU and DVB

parameters can only be given as an order of magnitude,

r

a-

FIG. 2. VB-XPS spectrum of NiBr2 compounds. The position o
3d9 states is obtained by adding to the main photoemission peak
gap energy, as determined by ultraviolet reflectance spectroscop
photoconductivity measurements by Rondaet al. ~Ref. 9!.
7-3
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I. POLLINI PHYSICAL REVIEW B 65 045107
ing to matrix element effects, even if theU andDVB values
scale well with those estimated for Ni compounds. In su
mary, we can say that the primary consequence of the p
ence of electrondd correlation are the large charge transp
gaps in TMC’s, as suggested by Mott-Hubbard, where
strong Coulomb interactionU is a necessary, butnot suffi-
cient, condition to obtain a finite gap. In fact, it turns out th
for large values ofU the presence and magnitude of ba
gaps is basically determined by the parameterD, the energy
cost to transfer an electron from ligands to metal ions. Th
it is the energy separation between the ligandp band and the
metal 3dn11 state that governs the electronic gap in NiX2
compounds as in late TMC’s. It is interesting to note th
NiI 2 and the other Ni halides were still referred as M
insulators until 1990.10

Now, let us discuss the satellites occurring in valen
band spectra of NiBr2 and NiI2 within the configuration in-
teraction~CI! cluster model scheme.18–20The final state peak
position for a BIS experiment in NiBr2 ~and other halides!
has been extrapolated by considering the ultraviolet refl
tance spectra of Fig. 1, while for NiO compounds we ha
considered the BIS and UPS spectra reported by Hu
et al.14 and Sawatsky and Allen.17 In general, these spectr
show a mixed 3dnL21 density of states peak around 3–4 e
below the Fermi energyEF , followed by the ligand
p-derived density of states peaks at larger binding ener
~5–7 eV!. A satellite structure~S! is observed around 8–9 eV
binding energy and separated from the Ni3d main line by
ES>5.1 eV in NiCl2 , 4.2 eV in NiBr2 , 4 eV in NiI2 , and 7.1
eV in NiO, respectively. The main peak-satellite splittingES
in VB-XPS spectra is given by

ES5@~D2U !214~Teff!
2#1/2, ~5!

when the Hamiltonian is restricted todn and dn11L1

configurations.18,19

In early TMC’s ~Ti, V, Cr! the hybridization paramete
Teff may become considerably large and, in the limituD
2Uu!2Teff , theES values can be approximated by 2Teff . In
many early TMC’s the parametersD, U, andTeff have com-

FIG. 3. VB-UPS spectrum of crystalline NiI2 measured with a
He-I ~21.2 eV! discharge lamp. The order of magnitude of the
parameter and conduction gap energy is shown.
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parable values and the effect of covalency becomes im
tant in the properties of the ground state and first ionizat
state, suggesting that the hole introduced in the ioniza
state is spread over the neighboring ligand sites.19–22 On the
other hand, for values typical of late TMO’s (Teff
>2–4 eV), satellite structures appear at 6–9 eV from
main peak and theES splitting will be sensitive to changes i
both D and U parameters. For instance, in NiX2 and NiO
compounds we have estimated the effective hybridizat
Teff between 1.6 eV (NiI2) and 3.5 eV~NiO!. The main Ni3d
emission is in factscreenedby a ligand electron transferre
into the 3d8L21 final state configuration, while the satellit
is assigned to the 3d7 configuration. Trends for thepds
integrals and hybridization parametersTeff are primarily gov-
erned by intra-atomic distances, and these are largely d
mined by the ionic radii of the metal and ligand ionsdMX .
As the distance decreases, the larger overlap of the 3d orbit-
als with ligandp bands increases the value ofTeff . Values of
the nearest neighbor distance2 dMX are 3.51 Å in NiCl2 , 3.72
Å in NiBr2 , 3.94 Å in NiI2 , giving the following values for
the hybridization parametersTeff52.5 eV in NiCl2 , 2.1 eV in
NiBr2 , and 1.6 eV in NiI2 . These values scale well with ou
estimated value ofTeff53.5 eV in NiO and the 3.8 eV value
reported in literature.20 Late TMC’s are in general classifie
as CT insulators (Teff>T,D,U): NiO, CoO, and NiX2 are
typical examples. In Table I we have given a summary
electronic, chemical and CM parameters together w
ground-state occupation numbers.5

The analysis of satellites observed in VB-XPS spectra
of course be replicated forc-XPS spectra, where simila
trends for the parameters are in general found, although
calculated values may be in general somewhat different.
basic phenomenon measured with this technique is the
sponse of the valence-electron system to the sudden cre
of a core-hole~sudden approximation!. If the interaction be-
tween the core-hole and thecorrelatedvalence electrons is
sufficiently strong~high Q values!, satellitesaccompanying
the main line structures are observed in photoemission s
tra. This opens the possibility for usingc-XPS as a probe for
the study of the electronic structure in these materials
simple picture for the analysis ofc-XPS spectra is offered by
the Kotani-Toyozawa model,23 where a CM approach with
the configuration interaction~CI! is in general used. How-
ever, the analysis of photoemission spectra is difficult a
requires a fair understanding of themany-body problemin
these systems.

Now we would like to compare the values obtained in t
impurity approximationwith the ionicity parameters of the
Phillips–Van Vechten theory. The ionicity coefficientsf i
~which also scale well with the dielectric constants2! have
values around 0.78, 0.75, and 0.72 for NiCl2 , NiBr2 , and
NiI2 , respectively. However, in Table I, we have a valuef i
50.72 in NiI2 , instead of about 0.50, as implied by th
d-electron count number. Although we have found a gene
agreement for the chemical bond parameters, we have h
ever noted a large difference for the band gap magnitu
Our results indicate that the ionicity coefficients in NiCl2 and
NiBr2 compounds are in good correspondence w
d-electron count numbers, and that NiI2 is the more covalent
7-4
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CHEMICAL BOND AND HYBRIDIZATION IN NICKE L . . . PHYSICAL REVIEW B 65 045107
of nickel compounds. Yet, our figures indicate a lower deg
of covalency than expected from the values of thed-electron
count parameters.

We have finally considered the photoconductivity data
nickel halides, which give the experimental values of t
conductivity energy gap, that is, 4.7 eV (NiCl2), 3.5
(NiBr2), and 1.8 eV (NiI2).9 These values are found in goo
agreement with band gaps observed in ultraviolet reflecta
reported in Table I. Energy gaps have been assigned
charge-transfer transitions from anionp bands to transition-
metal 3d states with the electrical conduction due to holes
the anionp band. The holes are light, mobile particles in t
broad anion valence band~W! and the electrons are heav
particles of lower mobility as they occupy states of the n
row ~w! metald bands. In this way, the gap energy is relat
to the electronegativity of the anions and the magnitude
the band gaps is mainly determined by the charge tran
energyD and not by the energy differences between state
the type di

ndj
n and di

n21dj
n11. We know that in the ZSA

model the conduction-band gap in TMC’s is expected to
either of Mott-Hubbard (Egap}U) or charge-transfer (Egap
}D2 1

2 W) nature. However, we see in Table I that the val
of the parameterD, as determined fromc-XPS of NiX2 ,
presents a problem. In fact, the photoconductivity (EG

Ph) or
optical (EG

R) energy gaps show the same trend as the ene
parameterD found in 2p-XPS spectra, but things work les
well if one considers the magnitude of the band gap, a
.

s

v
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considerable discrepancy is found between the calcula
values of the energy gapD2W/2 and the observed conduc
tivity and optical energy gaps. In fact, using the core XP
values forD, one finds energy band gaps 2–3 eV smal
than experimental gaps.

In conclusion, we have shown how recent results obtain
with reflectance, ultraviolet, and x-ray photoemission sp
troscopy, coupled to a cluster model analysis of valence b
photoemission spectra, allow to get an estimate of charac
istic parameters of ZSA theory for nickel compounds. W
have in particular recalculated from experiment the values
D, U, andTeff , and we have found thatU.D, i.e., that the
correlation energy is larger than both the charge transfer
ergy and dispersional 3d bandwidth@w<0.5 eV~Refs. 6 and
24!#. Moreover, their effective hybridization energyTeff var-
ies from about 1.6 to 3.8. eV and is lower than theU andD
parameters. All parameters have shown a good agreem
with literature results. We have further related the fraction
ionic character of chemical bond to covalency paramet
obtained from Ni2p-XPS spectra by Sawatsky an
co-workers.5 It turns out that the quantity which is strongl
altered in going through the nephelauxetic series is
charge-transfer energy. This is also in qualitative agreem
with the behavior of the optical gap in these materials. To o
knowledge, no other attempt has been previously underta
to correlate the ground-stated-electron counts with experi-
mental parameters related to the degree of ionicity of
chemical bond.
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