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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 ixn tiD.80 in NiCl, evaluated
with the Phillips theory has been related to the ground statectron countgng,) calculated from Nip core
photoemission. While the chemical trends of cluster model parameters are in general well reproduced, a
systematic discrepancy in band gap vali2s3 e\) has been found by comparing core-level results with
optical and photoconductivity data.
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Optical and photoemission spectroscopy are useful techstance, we have correlated the CM parameters and the
niques for studying the chemical bond in materials. Coreground-state d-electron counts {(ny), obtained from
level x-ray spectroscopfc-XPS) has been used for instance Ni2p-XPS spectra by Zaanen, Westra, and Sawatsky
to obtain information about the local electronic structure,(ZWS),® to Phillips ionicity coefficients {;),%® and have
such as oxidation states and effective ionic charges. In prinfound that the chemical trend of these parameters is in gen-
ciple, valence band x-ray photoelectron spectroscOff- eral respected. However, by comparing quantitatively the
XP9) yields more direct and detailed information about theband gap values calculated from the piXPS spectra with
chemical bond and electronic structure of compounds thathose obtained from reflectance and photoconductivity
core spectra. To this aim, an ionicity coefficie‘rﬁ‘fs, mea- measurementsa systematic discrepancy has been found for
sured in VB-XPS spectra, has been also defined by considhese compounds. Interesting experiments on the pressure-
ering the splitting of low-lyings-like peaks in the density of induced metallization and closure of the charge-transfer en-
states of semiconductots. Moreover, valence spectra ob- ergy gap in Nij have been also reportéd*
tained with higher resolution ultraviolet photoelectron spec- Since the ionicity coefficient; plays a crucial role for the
troscopy(VB-UPY), have been interpreted in terms of band chemical considerations that follow, let us briefly recall its
structures, covalency and ligand field splitting models. How-definition and physical meaning. The fraction of ionic char-
ever, in 3 transition metal compound3MC), the interpre-  acter (f;) of the chemical bond of Ni halides is defined in the
tation of photoemission spectra is not always easy, since it ifamework of the Phillips—Van VechtetPVV) dielectric
often seriously hampered by several problems. First, théheory?® The PVV theory defines the average separakign
spectra are in general rather broad due to a large number @Phillips gap of the valence and conduction bands as the
closely spaced bands, each composed of cation and anigythagorean sum of an ionic pattand a covalent paiE,
based atomic orbitals. Secondly, the large Coulomb interac-
tion between 8 electrons often invalidates the band inter- Eq4(Phillips) = (EZ+C?)*2 (1)
pretation in terms of one-electron thed/.For these rea-
sons, core-level spectroscopy has been preferred in mankhe homopolar energy gdf, scales with the nearest neigh-
cases. Its advantage is that the wave function of core elec-bor distancedyy as
trons is well known and is relatively insensitive to chemical
bonding. The disadvantage is that the valence electronic Ep=a(dyx) 2° (a=40.5, 2
structure can only be obtained in an indirect manner, namely
via the response ofalence electronso the sudden creation and the ionic energ{C can be defined through the Phillips

of a core hole electronegativity by
In this work we have investigated the electronic structure
and chemical bonding of nickel halides, classified in Zaanen- C(AB)=b{Zx/rp,—Zg/rg}e R )

Sawatsky-AllenZSA) theory? ascharge transfefCT) com- ) _ ) .

pounds. We have here focused on the electronic properties ¥fith R=(ra+rg)/2 andb=1.5. The atomic radif, andrg

less studied NiBr and Nil, compounds, by measuring their &€ defined as half of the bond length of the group IV ele-
reflectance, in addition to VB-XPS and VB-UPS spectra inMent belonging to the same row of the periodic table as
order to give an estimate of cluster mod€M) parameters alOmMSA andB andZ, andZg are the valence numbers of
(A, U, andT,g) for these compounds. Previous CM calcula- lémentshA andB. K is the Thomas-Fermi screening param-
tions performed on NiO and Nighave described the nature €t€rKs=(4K¢/ma,), wherea, is the Bohr radius and; is

of their band gap more similar to jad charge-transfer gap the wave number on the surface of the Fermi sphere in the
than a dd Mott-Hubbard gap:’ Although NiX, (X free electron approximation. The fraction of ionic character
—Cl, Br, I) compounds have been studied in the past and th@f & chemical bond is defined by

overall features have been on the whole understood, there are 5 s 22 o

still interesting points which require new attention. For in- fi=C?/(Ey)“=C/Ey+C~. (4)
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It should be noted that the crystal structure does not appear ' ‘ T ' i ' l I T
explicitly anywhere and therefore the model can be extended
to include crystals belonging to the NaCl structure or is ap-
plicable to compounds other tha&B®™N. In TMH’s the
number of electrons involved in the chemical bonds is 16,
eight per bondneglecting @ electrong and theE, values
have been calculated from Eq4)—(4) with the value of the
prefactorb (1.55+0.07) adjusted to fit the experimental data
and the nearest neighbor distartigy . All relevant param-
eters of PVV theory, such as the Phillips g&jg,, the values
of C andE,,, the experimental gap and the ionicity param-
eter f; of NiX, and other late TMC's, have been listed in
Table | of the Thomas and Pollini artiéléo which we refer.
In Fig. 2 of the same paper we have also shown the average
peak energy ofl" excitons observed in TMH’s versus the
Phillips’ gapE,. The first excitonic transition, which yields
the strongest structure close to the interbaseédge in UV
reflectance and absorption spectra, occurs around 8.3 eV in
TM chlorides, 7.4 eV in TM bromides and 6.0 eV in TM
iodides. These values are mainly dependent on the nature of
anions and rather independent on that of cations. On the
other hand, the strongesharge transfertransitions, occur-
ring just before the excitonit peaks, shift according to the
second ionization potential of cation and thus denote the 3
final states In order to calculate the energy gap between
halogenp levels and metal & levels, we have at first ne-
glected the contribution of partially filleddBNi levels in Eq.
(3). Thef; values for Ni halides have been then recalculated
by considering the contribution of the oped 8hell with the FIG. 1. Synchrotron reflectance spectra of Ni halides measured
Penn modef, obtaining the new parametefBT. The calcu- in the energy range of exciton and charge transfer transitions
lated coeﬁicientsfPT show practically the same values of (p—d) up to the region of the fundamental absorption threshold
fiXPS, with the exception of NiGl WherefiDTZO.SO. (p—s). Assignments forl" and Z excitons have been made by
Crystals of NiC} and NiBr, have been grown from the considering the band structure calculation made by Antoci and Mi-
vapor phase by the dynamical transport method. Direct chiobich (Ref. 4. The estimated optical energy gBg® is indicated by
rination and bromination of nickel powdéMerck, 99.9999  Vertical bars.
pure at 700 and 600 °C gives gold-yellow and yellow-brown

crystalline flakes. Growth of black, shiny crystals of Nil =1~ ] i .
y y cry N 6{:Ilatlon. VB-UPS spectra were obtained in an ultrahigh

was carried out by chemical transport from elements in 0 . . .
sealed ampoule with a thermal gradient of about 750 °C. BeYaCUUM system (10”mbar) with an hemispherical energy

cause crystals are slightly hygroscopic, samples were cleavéji2!yzer and a He discharge larffii.2 eV). Photoelectrons
in a glove box filled with dry nitrogen and directly attached WE'e analyzed along the normal of the sample with an energy

to the spectrometers. Nickel halides occur as strongly bondeSelution of about 0.7 and 0.3 eV in XPS and UPS experi-
two-dimensionalX-M-X layers with a weak interlayer cou- MeNts, respectively. Crystalline NiBand Nil, samples were
pling: within the X-M-X sandwich each metal atom is sur- cleavedin situ and no significant charging effects were ex-
rounded by six nearest neighbor halogen atoms and the c&€renced during the photoemission measurements.
ordination of halogen ions around the Ni atom is octahedral, . F19ure 1 reports vacuum ultraviolet reflectance spectra of

; N Ni halides, where details of exciton, charge transferd)
The crystal structure is of G@H), type in Nil, and Cd
type inyNiCI2 and NiBr,. @OH), typ 2 < and interband§-s) transitions are shown. We see that that a

Ultraviolet radiation from the synchrotron of the Univer- M&in group of peaksp-d excitons, observed in the low-
sity of Paris was used as a continuum light source. Th&N€rgy region, is separated from interbape-(s) transitions
monochromator bandwidth was better than 6 A. In the exPY charge transfer structurep-d), occurring around 3-4
periment we have investigated the optical reflectance of crysgV In Nilz, 4-6 eVin N'Erz and 5-7 eV in NiC}, respec-
tal planes perpendicular to theaxis. Reflectance measure- tively. The optical gap€g of NiX, obtained from reflec-
ments were taken at near normal incidef€0°) by means tance spectra are indicated. These values are estimated by
of EMI 9256S and Hamamats&®268 photomultipliers, pro- considering thaEg should occur at energies between those
vided with a sodium salicylate phosphor. Photoemissiorof p-d excitons and those gf-d charge transfer transitions.
measurements were performed with a XPS spectrometer ESVe have found that the values E@ are in general agree-
CALAB MKIlI manufactured by the vacuum generators, ment with the conduction band gar@,h determined by

units)

REFLECTANCE (arb.

PHOTON ENERGY E (eV)

equipped with a monochromatized k|, , (1486.6 eV ra-
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TABLE I. Summary of electronic and chemical parameters for
nickel halides. The parametgris the Phillips ionicity coefficient of ) |~— Gap—
the chemical bond. The energy gapd) is evaluated from reflec- NiBr, 3d?
tion spectra and the photoconductivity gafis;¢") are taken from XPS | u |
Ref. 9 (Rondaet al, 1987. AVB is the CT parameteh estimated ; ' -
from reflectance and VB-XPS spectroscopy. The cluster model pa-
rametersA*PS and the ground-state count&ng),(nge)) are de-
termined from 2-XPS spectra using the impurity approximation
from Zaaneret al. (Ref. 5. All energies are in eV.

units)
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-

—

&

Z

w x

= <

z w
MX, EgR  Eg™" AVE  ACKPS f; (Ngg) (Nao) > ”

S 0
NiCl, 46 47 66 3.6 0.78-0.80 0.71 0.23 4 f
NiBr, 3.8 35 52-55 26 0.75 061 032 2 0
Nil, 2.7 18 ~35 15 0.72 047 044 2 . &
NiO 4.0°—-4.3 7.6 46 0.73 0.21 I Satellite ™\

] L |
20 10 0=E¢

BINDING ENERGY (eV)

a/alues of theA VBXPS parameter estimated from the photoemission l
valence band spectra reported by Huffleef. 13.
The coefficientf;°T=0.80 has been calculated by considering the

contribution of the open @ shell with the Penn modéRef. 2. FIG. 2. VB-XPS spectrum of NiBrcompounds. The position of
‘Optical gap due top-d transitions according Hufner-Riesterer 3d° states is obtained by adding to the main photoemission peak the
(Ref. 14. gap energy, as determined by ultraviolet reflectance spectroscopy or

photoconductivity measurements by Roretaal. (Ref. 9.
Rondaet al® with photoconductivity measurements. How-
ever, this is true for NiGland NiBr,, while thereisa 0.9 eV ¢ the U parameter in NiBs scales well with the values
difference in the gap value of Niwhich cannot be reduced ,pserved in NiO and in NiGlL which are about 13 and 9.5
by th.e sight of the optlca}I spectra. For this reason, in the casgy, respectively. This is an oversimplification, however, be-
of Nil;, we have considered as a safe valtje of the bandyse the energy levels in NiO andWyiare hybridized. This
(conductivity gap the value indicated by ﬂ@ parameter hypyridization tends to increase the energy splittings and if
(1.8 eV). Reflectance spectra have been instrumental fopne makes a proper correction for hybridization a limit of
evaluating thef; parameter for Ni halides with the PVV 6.0eV<U.4<9.0eV is obtained® The separation between
theory. Moreover, from the combined use of reflectance, VBthe 347 and 3° configurations reflects the size of the Cou-
XPS or VB-UPS spectroscopy, we have also given an estipmp repulsion parametes, which gives the correlation en-
mate of CM parameter, U, and Teq), which we have  ergy U plus a hybridization shift. Since the exact magnitude
compared with the ZWS results in Table . . of the energy shift is not known the correlation energy in
~ Letus now discuss the VB-XPS spectrum of NiBhown  Njix, can only be given approximately. In the case of NiBr
in Fig. 2. The spectral features extending from 7.5 to 4 eVang other halides we believe that 6—8 eV is a fair estimate
binding energy are mainly due to brominp 4tates. Peak A,  for U, For instance, according to Sawatsky and Altéthe
earlier interpreted as due to N3 states, is assigned to the experimental charge transfer gap in NiO is 4.3 eV and the Ni
3d®L~* configuration (where L~* stands for ligand hole dd Coulomb repulsion parametér is between 7 and 8 eV,
state$. Since the conduction gaB&", which is predomi- leading to a large correlation gap in the Midand. The
nantly due to 8%+ 3d®—3d®L"'+3d? intracluster transi- relative magnitude of) andA parameters and the fact that
tions, is 3.5 eMthe optical ga[EEES.S eV), we can predict is related to the electronegativity of halide ions has made to
that the first inverse photoemission peal®3will be located  classify nickel compounds asharge transfer insulators
just above the Fermi level. By considering the ground statevith a conductivity band gap qid type®’3
and final state hybridization shifts, a 5.2—5.5 eV value can be The same interpretation can be suggested for the VB-UPS
a reasonable estimate for the charge transfer parametspectrum of Ni} in Fig. 3. The largeB peak observed be-
AVBXPS The position of the @° states is obtained by adding tween 2 and 4.5 eV binding energy is mainly due to iodine
to the main photoemission pedk the conduction gap value 5p states, while the peald is assigned to 8L ! final
(Eghz 3.5eV). This means that the gap energy correspondstates. In Nij the 3d’ hole state could occur as a weak
to a 308+ 3d®—3d®L 1+ 3d? transition, as implied for in- shoulder over the peak at binding energy at about 6 eV.
stance by Merlit? However, XPS spectra measure final The intensity of this satellite is expected to be low at 21.22
states, which in principle lack one electron with respect toeV, which explains why we do not observe it clearly, al-
the initial ground state, so that the system under investigatiothough the weak hump at 6 eV could be a candidate. If this is
will try to screenthe photohole, a process which originatesthe case, since the optical gap is about 2 eV, we may estimate
the formation ofsatellitesin photoemission spectra. In this the order of magnitude dl around 6—7 eV, and that of the
way, the peak B can be assigned tod 3atellite structure in  CT parameterAV® around 3.5 eV. In VB-UPS measure-
agreement with the attributions proposed in VB-XPS spectranents, however, we think that the estimatelbfand AY®
of NiO and NiClL, compounds®*4The approximately 8.0 eV parameters can only be given as an order of magnitude, ow-
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parable values and the effect of covalency becomes impor-
tant in the properties of the ground state and first ionization
state, suggesting that the hole introduced in the ionization
state is spread over the neighboring ligand site&*On the
other hand, for values typical of late TMO'ST{
=2-4¢V), satellite structures appear at 6-9 eV from the
main peak and thEg splitting will be sensitive to changes in
both A and U parameters. For instance, in)Ni and NiO
compounds we have estimated the effective hybridization
T between 1.6 eV (Ni) and 3.5 eMNiO). The main Ni3l
emission is in facscreenedy a ligand electron transferred
into the 8L 1 final state configuration, while the satellite
Ph°t°|” energy : 21.2eV is assigned to the & configuration. Trends for th@do
5 11’ é (‘)= Er integrals gnd hybridi_zati_on parametdrg; are primarily gov-
BINDING ENERGY (eV) erned by intra-atomic distances, and these are largely deter-
mined by the ionic radii of the metal and ligand iotigy .
FIG. 3. VB-UPS spectrum of crystalline Nimeasured with a  As the distance decreases, the larger overlap of therBit-
He-I (21.2 eV) discharge lamp. The order of magnitude of the U 3|5 with ligandp bands increases the value ;. Values of
parameter and conduction gap energy is shown. the nearest neighbor distadah,y are 3.51 A in NiC}, 3.72
A'in NiBr,, 3.94 A in Nil,, giving the following values for

ing to matrix element effects, even if theandA"® values e hybridization parametefig¢=2.5eV in NiCh, 2.1 eV in
scale well with those estimated for Ni compounds. In Sum'l\IiBr2 and 1.6 eV in Nij. These values scale well with our

mary, we can say that the primary consequence of the prégimated value of .4=3.5eV in NiO and the 3.8 eV value
ence of electrord correlation are the large charge tranSportreported in Iiteratur%? Late TMC's are in general classified
gaps in TMC’s, as suggested by Mott-Hubbard, where s CT insulators Tor=T<A<U): NiO, CoO, and NK, are
strong Coulomb interactiob) is a necessary, butot suffi- typical examples. ‘Tfrf] Table | we ha\’/e givén a surrzlmary of

;:ler:t, cond|t||on tofolj)t;:naflmte gap. Ir;fact, |t_:u(rjns OfuLthE:jteIectronic, chemical and CM parameters together with
or large values ofU the presence and magnitude of band g '\nd siive occupation numbars.

gaps is basically determined by t_he paraméiethe energy The analysis of satellites observed in VB-XPS spectra can
cost to transfer an electron from ligands to metal ions. Thus,: .o rse be replicated foe-XPS spectra, where similar

itis the energy separation between the ligarithnd and the trends for the parameters are in general found, although the

metal 3" state that governs the electronic gap IXBi  50jated values may be in general somewhat different. The
cqmpounds as in Iatg TM.CS' It is mtelrestmg to note thatbasic phenomenon measured with this technique is the re-
Nil, and the_otheré(l)\h halides were still referred as Mott g6 of the valence-electron system to the sudden creation
insulators until 1990. of a core-hole(sudden approximationIf the interaction be-

Now, let us discuss the satellites occurring in valencgyeen the core-hole and thmrrelatedvalence electrons is
band spectra of NiBrand Nil, within the configuration in-

; X sufficiently strong(high Q values, satellitesaccompanying
nﬁg—zo
teraction(Cl) cluster model scheme:""The final state peak e main fine structures are observed in photoemission spec-
position for a BIS experiment in NiBr(and other halides 5 This opens the possibility for usimgXPS as a probe for
has been extrapolated by considering the ultraviolet reflece sty of the electronic structure in these materials. A

(9
[ ]
O
_L &
—_a
)

units)

PES (arb.

S?

l—15p —

FIRST BIS PEAK

ConSilgerEd the BIS and UPSHspectra reported by HuMeg,q 'k otani-Toyozawa modéf where a CM approach with
etal™ and Sawatsky and Alletl. In general, these Spectra e configuration interactiofCl) is in general used. How-

. 71 .
show a mixed &"L"" density of states peak around 3—4 €V gyer the analysis of photoemission spectra is difficult and

below the Fermi energyEg, followed by the ligand requires a fair understanding of tmeany-body problenin
p-derived density of states peaks at larger binding energieg,age systems.

(5-7 eV). A satellite structures) is observed around 8—-9 &V N5y 'we would like to compare the values obtained in the
binding energy and separated from the igain line by i, rity approximationwith the ionicity parameters of the
Es=5.1eVin NiCh, 4.2eVinNiBp, 4eVinNil;, and 7.1 ppjjlips—van Vechten theory. The ionicity coefficients
eV in NiO, respectively. The main peak-satellite splittlg  (which also scale well with the dielectric const@nthave
in VB-XPS spectra is given by values around 0.78, 0.75, and 0.72 for NiCNiBr,, and
—T(A—[2 21112 Nil,, respectively. However, in Table |, we have a vafye
Es=[(A=U)"+4(Ter)"] ™5 © =0.72 in Nil,, instead of about 0.50, as implied by the
when the Hamiltonian is restricted td" and d""'L!  d-electron count number. Although we have found a general
configurationg®1° agreement for the chemical bond parameters, we have how-
In early TMC's (Ti, V, Cr) the hybridization parameter ever noted a large difference for the band gap magnitude.
Tex May become considerably large and, in the lifdit ~ Our results indicate that the ionicity coefficients in Ni@hd
—U|<2T, theEg values can be approximated by 2. In NiBr, compounds are in good correspondence with
many early TMC’s the parametefs U, andT¢x have com-  d-electron count numbers, and that Ni¢ the more covalent
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of nickel compounds. Yet, our figures indicate a lower degreeonsiderable discrepancy is found between the calculated
of covalency than expected from the values ofdhglectron  values of the energy gap—W/2 and the observed conduc-
count parameters. tivity and optical energy gaps. In fact, using the core XPS
We have finally considered the photoconductivity data ofvalues forA, one finds energy band gaps 2-3 eV smaller
nickel halides, which give the experimental values of thethan experimental gaps. .
conductivity energy gap, that is, 4.7 eV (Nifl 3.5 In conclusion, we have shown how recent results obtained
(NiBr,), and 1.8 eV (Ni}).® These values are found in good with reflectance, ultraviolet, and x-ray photoemission spec-
agreement with band gaps observed in ultraviolet reflectandE0SCOPY, coupled to a cluster model analysis of valence band
reported in Table I. Energy gaps have been assigned ,Bhotoemlssmn spectra, allow to get an estimate of character-
charge-transfer transitions from aniprbands to transition- 'SUC Parameters of ZSA theory for nickel compounds. We
metal 3 states with the electrical conduction due to holes inhave in particular recalculated from experiment the values of

; : : : X A, U, and T, and we have found thai>A, i.e., that the

':)he adnlonp bandl. The Eolr%?v)are gg?r;t m<|)b|lte pamcleshln the correlation energy is larger than both the charge transfer en-
roa | anlc:(nl va encebllg ahn € electrons ar(fa heavy ergy and dispersionaldBbandwidthiw=0.5 eV (Refs. 6 and

particles of lower mobility as they occupy states of the nar- 51 voreqver, their effective hybridization enerdyg var-

row (w) metald bands. In this way, the gap energy is related;

o ; ) es from about 1.6 to 3.8. eV and is lower than thend A
to the electronegativity of the anions and the magnitude Ot)arameters. All parameters have shown a good agreement

the band gaps is mainly determined by the charge transfe, jiterature results. We have further related the fraction of
energyA and not by thﬁ energy differences between states Qhpjc character of chemical bond to covalency parameters
the typedid] and d'""dj""". We know that in the ZSA gptained from Nip-XPS spectra by Sawatsky and
model the conduction-band gap in TMC's is expected to beo-workers’ It turns out that the quantity which is strongly
either of Mott-Hubbard Eg,<U) or charge-transferHga,  altered in going through the nephelauxetic series is the
«A — W) nature. However, we see in Table | that the valuecharge-transfer energy. This is also in qualitative agreement
of the parameter), as determined frone-XPS of NiX;,  with the behavior of the optical gap in these materials. To our
presents a problem. In fact, the photoconductivBEY) or  knowledge, no other attempt has been previously undertaken
optical (E(F_S,) energy gaps show the same trend as the energy correlate the ground-statkelectron counts with experi-
parameterA found in 2p-XPS spectra, but things work less mental parameters related to the degree of ionicity of the
well if one considers the magnitude of the band gap, as ahemical bond.
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