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Linearly polarized Cu K-edge absorption spectroscopy of CuGeQ
Orbital population, band dispersion, and exchange interactions
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We studied the unoccupied electronic states of CuGesing linearly polarized Ci-edge absorption
spectroscopy. The spectra show structures related to theGahd withE|c axis and to the Cu @, band
with E|b axis. The Cu 4, band appears at higher energies than the @y Hand due to the stronger
interactions with the O @ levels. The Cu $# spectral weight is split about 5 eV into the so-calledll
screenedandpoorly screenegbeaks. The Cu @ bands exhibit changes as a function of the argleetween
the polarization vector and theaxis. The intensity changes reflect the polarization and the energy shifts reflect
the dispersion of the Cu plbands. The pre-edge feature observed in the spectra is directly related to the
unoccupied Cu 8 band. The angular dependence of the pre-edge peak shows that thd Gole3is com-
pletely polarized along the axis. The crystal axes direction seems to be more important for the angular
dependence than the local axes defined by the distorted oxygen octahedra. The main character ofdhe Cu 3
hole obtained from an orbital population analysis &3 The dispersion of the Cu B3band expected from
previous calculations and confirmed by the experimental data is very small, about 0.6—-0.7 eV. The small
dispersion and orbital polarization help to explain the relatively weak and anisotropic exchange interactions in
CuGeQ. [S0163-18209)09719-7

I. INTRODUCTION There are relatively few experimental studies of the elec-
tronic structure of CuGefusing direct spectroscopic tech-
There are several quasi-one-dimensional antiferromagniques. Optical reflectivity and x-ray photoelectron spectros-
netic systems that present very interesting physical phenongopy confirmed that CuGeQs a charge-transfer insulatdr.
ena. Among them, CuGeQOwas the first inorganic com- Additional optical absorption measurements established that
pound known to present the so-called spin-Peierls transitionthe value of the charge-transfer gap was around 4 R¥so-
This is a transition from an antiferromagnetic linear chain topant photoemission spectra of CuGegere used to estimate
a dimerized(or alternating singlet chain compound. Be- he charge-transfer energy and the Coulomb interaction
cause of the spin-Peierls t_ransition, and partly by bei_ng g 10 Early band-structure calculations based on the local-
member of the cuprate family, CuGg@as atiracted consid- density approximatiofLDA) predicted a metallic state for
erable attention. CuGeQ.™*? Later attempts, which took into account the

Iatt:—cr:ae cr;/rs;ﬂ;té?gtu;re;ii%?g% obr'ilgrtllgm'&t\) Ic ZQS ';he Coulomb interaction between thel ®lectrons, gave a band
b ' ’ ' ’ gap of about 3 evyl4

=2.94 Al This quasi-one-dimensional compound present . . . .
q P b Unfortunately, there is no information on the unoccupied

CuQ; distorted octahedra sharing edges alongctheis; the .
Cu-02) distance to the basal oxygens, 1.94 A, is shortereIeCtron'C states or on the angular dependence of these states.

than the Cu-Ql) distance to the apical oxygens, 2.76 A. Among the open questions, one can mention the character of
Hase, Terasaki, and Uchinokura found that the magnetic sudl€ first addition state as well as its polarization along the
ceptibility of CuGeQ dropped abruptly in all directions be- different cry_stal axes. The purpose of this work is to study
low 14 K.2 The expected energy gap in the magnetic excitathe electronic structure of CuGeQising angular-resolved
tion spectrum of CuGep was established by inelastic CUK -edge x-ray absorption spectroscofAS). The XAS
neutron scattering. The singlet-to-triplet character of the technique is very well suited to address the questions above
magnetic excitations was confirmed by inelastic neutrorbecause it gives site and symmetry selected informafion.
scattering in a magnetic fiefdThe dimerization of CuGe The analysis of the results provides additional information
in the spin-Peierls state was observed by electron, x-ray, angh orbital population, band dispersion, and exchange inter-
neutron diffractior~’ actions in this compound.
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Il. EXPERIMENTAL DETAILS TABLE I. Values of the cluster model parameters for CuO and

. . CuGeQ, all values in eV.
The CuGeQ sample was a single crystal grown using the

floating zone meth_od; the sample was turquoifse, '_translucer@ompound A U T
and highly insulating. The sample had a cylindrical shape

with an elliptical cross section; the dimension of the singleCuO 18 6.5 -20
crystal was approximately %67X9 mm (@XbXxc). The CuGeQ 4.0 6.5 -25

sample was cleaved parallel to the plane using a sharp
blade; the thickness of the resulting slice was less than

100 wm. The magnetic susceptibility of the sample dropped?-81. The main configuration of the first removal state is
abruptly below 14 K; this signature of the spin-Peierls tran-3d°L and the first addition state is given by thei'8 con-
sition confirmed the quality of the sample. figuration. This confirms that CuGgQOs in the charge-

The x-ray absorption spectra were taken using the DCMransfer regime, as expected for a compound WithA 2t In
beam line at CAMD; this beam line is equipped with a this regime, the value of the band gkg is closely related,
Si(220) double-crystal monochromatdtThe energy resolu- although not exactly equal, to the charge-transfer endrgy
tion at the CuK absorption edge was approximately 2.3 eV; The value ofg, obtained using the cluster model calculation,
this value was limited by the angular divergence of the pho3.5 eV, is in good agreement with the experimental value of
ton beam. The energy scale was calibrated using the know.7 eV1° We note here that the charge transfer regime is a
edge position of pure Cu. The spectra were taken in thelistinct characteristic of the late transition-metal oxiéfes.
transmission mode using two ionization chambers; as the
thickness of the sample was not changed this method pre-
served the relative normalization. The edge jump of the spec-
tra, around 2.5, was close to the value that maximizes the A. Cu K absorption edge
signal-to-noise ratio’

The absorption spectra were taken using the linearly POE,
larized light obtained from the orbit plane of the CAMD
storage ring. The photon beam was directed alongtagis
and the polarization vector of the light was lying in the
plane. The angl® between the polarization vector and the

IV. RESULTS AND DISCUSSION

Figure 1 compares the Gk x-ray absorption spectra of
GeQ taken withE||c axis andE|b axis to CuO and Cu.
These spectra, which correspond to materials with widely
different Cu densities, were normalized to the maximum in-
tensity for an easier comparison. The spectra of the reference

: X . ) materials, CuO and Cu, are in excellent agreement with the
axis was selected rotating the sample arounchathsis. It is

: o . reported spectra found in the literature. The position of the
not possible tp stu_dy the polarization Of. the electronic St.at‘_aﬁrst inflection point in the spectrum of Cu, around 8979 eV,
along thea axis using the present experimental setup; this is
not a severe limitation because these states are not expected ———

to play a significant role in this compound. C o

lll. CALCULATION DETAILS B ll c-axis

The cluster considered in this calculation consists of a
copper ion surrounded by a distorted oxygen octahedra. The
germanium levels were not considered in the calculation be-
cause they appear at higher energies. The cluster model is
solved by the configuration interaction method which takes
into account many-body effect®!® The basis functions are
ionic configurations that include the possibility of charge
transfer from the ligands. The ground statgs) can be
written as

B E || b-axis

|Was)=al3d%)+ B[3d™L), 1)

Normalized Intensity

where 31" corresponds to the metal configuration dnde-
notes a ligand hole. -

The main parameters of the calculation are the charge
transfer energy\, the Coulomb interactiot, and the hy-
bridization T.X® The splitting of the 8 levels and the anisot-
ropy of the hybridization caused by the distortion of the oc-
tahedra will be discussed below. The cluster model cu
parameters for CuGeQtaken from Parmigianét allf are - 1 . \ . . . . .
compared to those for CuO in Table I. The most relevant 8950 8970 8990 2010 2030 9050
difference is the larger value df, which gives rise to a more
ionic ground state and to a larger band §@p.

The ground state of CuGegQs rather ionic being domi- FIG. 1. CuK x-ray absorption spectra of CuGg@aken with
nated by the 8° configuration with an occupancy of around E|c axis andE|b axis compared to CuO and Cu.

Photon Energy (eV)
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was used as a reference to calibrate the energy scale. Th@®n, Cu 4, is not the natural screening electron, Cd. 3
main contribution to the spectra corresponds to transitiongyve note here that in the Cu, 3 absorption edge, where the
from the Cu 3 level to unoccupied Cu @character in the excited electron acts as the screening electron,pibarly
conduction band. The unoccupied Cyp 4haracter in the screenedatellite is barely observed The energy difference
spectra of CuO and CuGgQs pushed to higher energies AE between thewell screenedand poorly screenedgeaks,
because of the antibonding interactions with the @ I&v-  within the cluster model approximation, is given BE?
els. The structures observed in the spectra at higher energies(Q— A)?+4T2; whereQ denotes the Coulomb interaction
above 9010 eV, are attributed to transitions to unoccupiegetween the Cu 4 core hole and the screening electron in
Cu np character(with n>4). the Cu 3l orbital. Taking Q=7 eV, A=4 eV, andT
The spectrum of CuGeQtaken with Efc axis corre-  ~25 eV, we obtainAE=5 eV which is in very good
sponds to transitions to unoccupied Cyp,4character and agreement with the experimental splitting.
probes Cd" ions in a square planar coordination. This spec- The spectrum of CuGeQtaken withE||c axis presents a
trum resembles rather closely the spectrum 060,  weak pre-edge featu(®) below the absorption edge, around
taken with E||ab plane, which also probes €l ions in a 8979 eV. This pre-edge feature corresponds to electric dipole
square plane coordinatidi. Following this work on forbidden transitions from the Cusllevel to unoccupied
La,CuQ,, we attribute the main peak in tH|c axis spec- Cu 3d character. The main channels for this transition are
trum of CuGeQ (C) to the antibonding Cu @, band. On (8 indirect electric dipoletransitions to Cu # character
the other hand, the spectrum of CuGg@ken withE|b axis  mixed with Cu 3 states at neighboring sites, afii direct
corresponds to transitions to unoccupied Cp, 4haracter ~electric quadrupoletransitions from the Cu 4 level to
probing C&* ions in a linear coordination. This spectrum is Cu 3d character at the absorbing site. This assignment is in
rather similar to the spectrum of ,@uQ, taken withELab  agreement with the analysis of the pre-edge features ob-
plane, which also probes €U ions in a linear served in the TiK x-ray absorption spectra of titanium
coordinatior?® Following this work on LaCuQ,, we at- 0xide?®?” We note here thadlirect magnetic dipoldransi-
tribute the first peak in theE|b axis spectrum of tions from the Cu $ level to Cu 3 character at the ab-
CuGeQ (B) to the antibonding Cu g, band. The spec- sorbing site are much weaker and can be negléétbdtms
trum of CuO probes Cii ions in a distorted square planar €ase, thepoorly screenedsatellite associated with the pre-
coordination; since the sample is polycrystallire, may edge peak is not observed becau_se _the transition reaches the
probe states parallel or perpendicular to the coordinatiofatural screening electron. Despite its weakness, the infor-
plane. The main peak in the spectrutf) {s attributed to mation prpwded by.the pre-edge feature is very important
Cu 4p states polarized parallel to the coordination planeecause it probes directly the Cud Bole, as discussed be-
whereas the shoulder at smaller energie} {s ascribed to  1OW-
Cu 4p states polarized perpendicular to the coordination

plane.
We note that the Cu @, band in theE||c axis spectrum is B. Angular dependence
located at higher energies than the Cp,4and in theE|b Figure 2 shows the CK x-ray absorption spectra of

axis spectrum. The Cu p} band is pushed higher in energy CuGeQ taken at different angleg between the polarization
than the Cu 4, band because the Cup4O 2p antibond-  vector of the light and the axis. The polarization vector was
ing interactions are stronger than the Cp, 4D 2p interac-  lying in thebc plane, so#=0° corresponds to thE||c axis
tions. These interactions are proportional to the Slater-Kostespectrum andd=90° to theE||b axis spectrum. The edge
parameter po) which is known to scale asR#; whereR  jump of each spectrum was divided by the same constant
denotes the interatomic Cu-O distarféeThe shorter Cu- factor thus preserving the relative intensity normalization.
O(2) distance to the basal oxygens, 1.94 A, gives rise to &he spectra show dramatic changes in the region attributed
larger (ppo) parameter and to stronger CupAO 2p anti-  to the Cu 4, (C andC’) and the Cu 4, (B andB’)
bonding interactions, whereas the larger Cid)Qlistance to  bands, and much weaker changes in the region ascribed to
the apical oxygens, 2.76 A, results in a smallpp¢) pa- the Cunpbands above 9010 eV. As expected, the intensities
rameter and to weaker Cupg-O 2p interactions. A similar  of the Cu 4, band peaks are larger for small angles where
argument was invoked to explain the energy difference bek|c axis, whereas the intensities of the Cp,4and peaks
tween the Cu #,, and Cu 4, bands in the CK x-ray  are larger for large angles wheEgb axis.
absorption spectra of LEuUQ,.*> In principle, the intensity of the Cu p} band features
The peaks associated with the Cyp,4and 4p, bands in  should exhibit a cd¥ angular dependence, whereas the in-
the spectra of CuGeQO(C andB) are followed by peaks at tensity of the Cu #, band features should behave again
approximately 5 eV higher energie€{( andB’). The main A more detailed analysis of the angular variation in the spec-
peaks correspond to the so-calleéll screenedinal states, tra is hampered by the overlap, mixing, and the dispersion of
whereas the satellite peaks are attributed to ploerly  the different subbands. In particular, we note tfatthe B’
screenedinal states. Thevell screenegeak corresponds to peak corresponding to the Cupg band partially overlaps
a final state that is dominated by the8d'°%4p) configura- the C peak corresponding to the Cup4band,(b) there is
tion, whereas the main component of theorly screened considerable band mixing because the crystal axes do not
peak is given by théc3d®4p) configuration, where de-  coincide with the local coordination ax&sand (c) the dis-
notes a hole in the Cu sllevel. Thepoorly screenedatellite  persion of the bands generates energy shifts in the position of
is particularly strong in this case because the excited eledhe peaks as the angle is changed.
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FIG. 2. CuK x-ray absorption spectra of CuGe®@aken as a
function of the angle& between the polarization vector of the light FIG. 3. Pre-edge feature in the CK absorption edge of
and thec axis. CuGeQ as a function of the anglé between the polarization vec-
tor and thec axis.

The dispersion can be clearly observed in Bhpeak cor-
responding to the Cu g, band which shifts to lower ener- that the Cu 8 hole in CuGeQ is mostly polarized along
gies as the angle is decreased. This effect can be also othe ¢ axis. This behavior was expected taking into account
served in theC’ peak corresponding to the Cup4band the quasi-one-dimensional character and the observed physi-
which shifts to higher energies as the angle is increased. lpal properties of this compound. This pre-edge feature is
principle, all the different Cu g subbands observed in the particularly important because it is directly related to the
spectra are expected to present a certain degree of dispersi@u 3d band and deserves to be analyzed in more detail.
Again, the dispersion of a given subband can not always be
isolated because of the overlap and the mixing between the
different bands.

The best way to analyze the overlap, mixing, and disper- Figure 3 shows the pre-edge feature in thelCabsorp-
sion of the unoccupied Cu ptbands would be with the aid tion edge of CuGe@as a function of the anglé between
of band-structure calculations. Unfortunately, calculations othe polarization vector and theaxis. The polarization vector
the higher energy unoccupied electronic states in CuyGeOwas lying in thebc plane, so9=0° corresponds to thE||c
are not readily available in the literature. The splitting of theaxis spectrum and=90° to theE|b axis spectrum. The
spectral weight intavell screene@ndpoorly screenegieaks edge jump of each spectrum was divided by the same con-
further complicates a quantitative analysis of the spectrastant factor so as to preserve the relative intensity normaliza-
This many-body effect, caused by the switching on of thetion. The pre-edge peakP) probing the Cu 8 hole is
Cu 1s core-hole potential in the final state, is difficult to mounted on a rising background which corresponds to the
include in the calculations. Another alternative method totail of the Cu 4 band features appearing at higher energies.
analyze the spectra would be the use of the well-knowrTlhe intensity of the pre-edge peak is larger for small angles,
multiple-scattering formalism®3! unfortunately the use of whereE|c axis, dercreases for larger angles, and disappears
this single-particle approach for highly correlated systemsompletely ford=90°. These results show convincingly that

C. Pre-peak feature

like CuGeQ is not fully justified. the unoccupied Cu @ state in this compound is completely
The intensity of the pre-edge featuf®) probing the polarized along the axis.
Cu 3d hole is larger for small angles, wheEd{c axis, and The pre-edge feature in the spectra corresponds to electric

diminishes for larger angles. The energy position of the predipole forbidden transitions from the Cuslevel to unoc-
edge peak does not change as the angle is increased indicatipied Cu 3 states. The main channels af@ indirect
ing that the dispersion of the Cud®and is very small. The electric dipoletransitions to Cu § character mixed with
angular dependence of the pre-edge peak intensity indicat€3u 3d states at neighboring sites, afid) direct electric
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FIG. 4. Intensity of the pre-edge feature in the Kabsorption

edge of CuGe@as a function of the anglé between the polariza-
tion vector and the axis.

Normalized Intensity

(b) LDA + U

guadrupoletransitions to Cu @8 character at the absorbing
site. In the present setup, the expected angular dependence (
the transitions to the polarized Cud3le should be c39

for both channels. In addition, the expected splitting of these
transitions is less evident than in the pre-edge features ob- (c) Hartree-Fock
served in the TiK-edge spectra of Ti?®?’ For these rea-
sons, it is very difficult to isolate the contribution of the —r L
indirect electric dipoleanddirect electric quadrupolehan- 8970 8972 8974 8976 8978 8980 8982 8984
nels. Photon Energy (eV)

We note that the general angular dependence of the pre- . .
edge peak involves a series of products of trigonometric FIG._5. Comparison betweem the pre-edge feature in th& Cu
functions that depend on the angles between the photon dfiPsorption edge of CuGgQ(¢=0) and band-structure calcula-
rection, the polarization vector, and the crystal axes. Th&ons: (@ fitting, (b) LDA + U, and(c) Hartree-Fock.
intensity of the pre-edge peak may display a very complex
behavior with angle and even a é6sangular dependence culations. The energy scale of the theoretical calculations
can be experimentally realiz&8The relatively simple cd®  was shifted by hand so as to get the best possible match with
angular dependence obtained in this case is due to our pahe pre-edge feature. The full width at half maximum of the
ticular choice of the experimental geometry. pre-edge feature, 2.9 eV, is much larger than the calculated

Figure 4 shows the intensity of the pre-edge feature as gispersion of the unoccupied Cuddand, 0.6 eV\>!* The
function of the angle between the polarization vector of the main contribution to the broadening of the pre-edge peak
light and thec axis. The intensity of the feature was obtainedcomes from the experimental resolution, 2.3 eV, and the
by fitting the pre-edge peak with a Lorentzian function andCu 1 lifetime broadening, 1.6 V2 We note that the width
the background with a Lorentzian tail. The fitting procedureof the Cu 31 band estimated from the R x-ray absorption
with these functions gave very good results, a particular exedge, 0.7 eV, is in good agreement with the calculated dis-
ample of the fitting result fop=0° is presented below. The persion, 0.6 e\f3this estimation is more reliable because the
experimental points obtained from the fitting follow rather O K x-ray absorption edge is much less affected by the ex-
closely the expected ctangular dependence illustrated by perimental resolution and the G lifetime broadening. Ac-
the solid line¥? cording to the LDA + U calculation'® the unoccupied

The pre-edge feature can be well explained by a singl€u 3d band probed by the pre-edge feature is formed by
Lorentzian function whose width and position do not changeCu 3d,, states. This assignment is in good agreement with
with the angle. This result indicates that the unoccupiedhe result of the orbital population analysis based on the
Cu 3d band probed by the pre-edge feature exhibits a vergluster model calculation discussed below.
small band dispersion. In turn, the small Cual Band disper-
sion helps to explain the relatively weak exchange interac-
tions observed in this compound, as discussed below. Figure
5(a) illustrates the fitting of the pre-peak feature fig=0°: Figure Ga) shows the splitting of the Cu Blevels in-
experimen{points, fitting (solid line), pre-edge pealdotted  duced by crystal-field effects in octahedr@®,{ and tetrag-
line), and backgrounddashed ling The functional depen- onal (D,,) symmetry** The ordering of the energy levels
dence chosen for the fit gives a very good agreement bdellows the relative strength of the Cud30 2p interac-
tween the fitting result and the experimental points. tions; the levels with the higher energies correspond to the

Figures %b) and Hc) compare the pre-edge feature for stronger interactions. The highest energy level corresponds
6=0° to LDA + U*®and Hartree-Fock band-structure cal- to the 3,, state that points directly to the basal oxygens

D. Orbital population
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(a) xz The interatomic exchange interactidpof CuGeQ along
thec axis, about 10 meV, is relatively small compared to that
S N found in the corner sharing antiferromagnetic cuprates,
Cu 3d 7 around 100 meV. This interaction is mediated by indirect
c— Cu 3d-O 2p-Cu 3d charge fluctuations that, in turn, are
~ 77 also responsible for the dispersion of the Cd Band.
N— Therefore, the small dispersion of the Cw Band deduced
from the experimental data helps to explain the relatively
Oy D, small exchange interaction in CuGgQVe also note that the
interatomic exchange interaction of CuGg@long thec
b) axis, J.~10 meV, is much larger than along theaxis, Jy,
e ———— ~1 meV3® This is attributed not only to smaller
3d0L .7 Cu 3d-O 2p-Cu 3d interactions along the axis, but also
to the Cu 3, orbital polarization that leave no phase space
available for charge fluctuations along this direction.

V. SUMMARY AND CONCLUSIONS

8d° ¥

®, In summary, we studied the unoccupied electronic states
of CuGeQ using linearly polarized CiK-edge absorption

spectroscopy. The spectra show structures related to the

effects in octahedral and tetragonal symmetby.Hybridization of Cub 4pz. barllld with E”CbaXIj and fo the r?uhldy band .Wlthh
the electronic configurations used in the calculation of the groun [b axis. The Cu 4, band appears at. Igher gnergps than
state of CuGeQ he Cu 4, band due to the strong.er mteraqnons with the
O 2p levels. The Cu $ spectral weight is split about 5 eV
into the so-calledwvell screenedand poorly screenegeaks.
SThe Cu % bands exhibit changes as a function of the angle
6 between the polarization vector and thaxis. The inten-
§ity changes reflect the polarization and the energy shifts
reflect the dispersion of the Cup4bands.

: . S The pre-edge feature observed in the spectra is directly
Figure Gb) illustrates the stabilization of the ground state related to the unoccupied Cuddband. The angular depen-

due to the mixture of configurations in the cluster modeld f th q k sh that the @uhale |
approximation. The largest stabilization is obtained for a ence of the pre-edge peax shows that the eis

configuration with a Cu 8,, hole, because this state pro- com_pletely polanz;zd along_the axis. ';he ﬁrystal alxesddl-
duces the largest hybridzation with the Cpaorbitals, 2 SO G B TR RN, D ed oxygen
Therefore, both the crystal-field and the cluster model apbctahedra The main character of theyCd Bole obtainegg
proaches indicate that the unoccupied portion of the Cu 3f .b' | lati vsis isd3.. The di .

band is formed by Cu @&, states. This conclusion is in rom an orbital population analysis i ’?’Z € dispersion
agreement with the LDA+ U band-structure calculatioh of the Cu 3 band expected from previous calculations and

and is consistent with the quasi-one-dimensional character nfirmed by the expenmental data is very smaII,. abgut 0.6-
this compound. .7 eV. The small dispersion and the orbital polarization help

The results show that the Cud3unoccupied electronic to explain the relatively weak and anisotropic exchange in-

states probed by the pre-edge feature are completely poIa‘ie—raCtIonS in CuGe®
ized along thee axis. The crystal axes direction seems to be
more important for the angular dependence than the local
axes defined by the distorted oxygen octahedra. The same
behavior was observed in the Ns X-ray absorption spectra This work was partially supported by Fun@acde Am-
of the quasi-one-dimensional (DMe-DCNQ})dCu organic  paro a Pesquisa do Estado deoSaulo(Processo No. 96/
compound?® It is often assumed that the electronic structure12084-7, Conselho Nacional de Desenvolvimento Citoo
of highly correlated systems is completely dominated bye Tecnolgico (Processo No. 300483/96; National Science
short-range order and localized interactions. These exampléundation(Contract No. INT-9512916 New Energy and
show that long-range order and band-structure effects alsmdustrial Development OrganizatigflEDO), and a Grant-
play an important role in the electronic structure of thesen-Aid for Scientific Research of the Ministry of Education,

FIG. 6. (a) Splitting of the Cu &l energy levels by crystal-field

located at a relatively shorter distance. According to thi
energy-level diagram, the main character of the Gilihdle

in the CuGeQ@ compound should bed,. Unfortunately,
the crystal-field approach is not entirely reliable because i
does not take into account the Cul-® 2p hybridization.
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