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L, 3 x-ray absorption spectroscopy and multiplet calculations for KM F5
and K,NaM Fg (M =Ni, Cu)
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The electronic structures of nickel and copper have been studiedMdf;kand K;NaM Fg compounds by
x-ray absorption spectroscopy at the Ni andlGy edges in order to characterize thie F chemical bond. The
spectral features have been interpreted based on the mixing of two ground-state configuBatins
+|3d”+1)E. Multiplet calculations were used to simulate each spectrum in order to quantify the charge
transfer from fluorine to the transition metal yielding a 40% ground-state contribution otitheoBfiguration
for K,NaCuR, and 65% of the @’ configuration for KNaNiF;.
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. INTRODUCTION |f,)=—Bs|c3d"e,) + af|c3d"1Le,) with &+ BZ=1, and
a linear combination in the ground stateyy|3d")

+1 ; 2 2__
The iono-covalent character of the chemical bond is ofterit Bol3d" ") with ag+B5=1, wherelL, e, andc repre-
decisive in determining the electronic properties of a solid S€Nt the ligand hole, the ejected photoelectron, and the core

Coulomb interaction energies, polarization effects, the stabi’0l€; respectively. The charge-transfer multiplet model has

. . - . _13 .
lization of energy levels due to the crystal field, and orbitalP®€n €xplained in detail in previous stud18§ In this work
overlap determining the electron/holéelocalization are W€ have chosen to limit the number of configurations to two,

n n+1 H H H
physical parameters that contribute to the bond characterigt3d")+8|3d"""L), because this limits the number of
tics. semiempirical parameters while the spectral shapes obtained
Numerous studies concerning the electronic structure an@'® in good agreement with the experimental spectra. It has
bonding of high oxidation states in nickel and copper oxideé’een T?‘CG”“V reported that for tnva_\Ie_nt and tetravglent metal
have already been reported by means of x-ray absorptiolr?ns’ it is not accurate anymore to limit the calculation to two

spectroscopyXAS) 28 Considering its high electronegativ- conﬁguranoli]ﬁs'i In order to. discuss this point in the'partlc'u
ity, fluorine generates bonds with a rather ionic character Ir|1ar case of , & comparison between a two-qonﬂguratlon
' " ‘calculation and a three-configuration calculatiars|3d")

addition, because of a marked oxidizing power, fluorine al- n+1 N2y .
+ + -
lows the stabilization of high oxidation states notably in baeglgjd WHpI;/)?lzdroleL_Ii_s >rg:)c\;\rlthéghirt]hgevcahljﬁ§f Iﬂut?]e

presence of transition metals. Thus, fluoride compounds agsiher cases, two configurations already generate a complete
pear as a reference for the chemical bond study.

asis.
The characterization of the electronic states of nickel and
copper fluorides has been investigated by XAS, which is
selective in both thg proped element gnd its symmetry. We Il EXPERIMENT
report here the continuation of a previous XAS studp a _
series of Ni and Cu fluorides, extended by multiplet calcula- A. Preparation of compounds

tions. The evolution of the chemical bond has been analyzed The Starting materials were mixed under a dry argon at-

as a function of the charge of the transition cation: fluoridesmosphere in a glove box because of oxygen and moisture
where the cation adopts a usual oxidation state&{(NCW*™) sensitivity. TheAMF; (A=Na, K, Rb andVl = Ni, Cu) com-
have been chosen as references in order to interpret the opeunds were synthesized by solid-state reactions from sto-
served evolutions when the cation is stabilized in a higheichiometric mixtures of the binary fluorides. The reactions
oxidation state (Ni", CU*™). were carried out in sealed platinum tubes for 15 h in the
Multiplet calculations allowed the quantification of the temperature range 500—700 °C. All reactions were followed
charge transfer occurring in tHd-F bond when the metal by temperature quenching. TheM Fg and A,NaM Fg com-
adopts a high oxidation state and to specify the degrepounds were prepared from binary fluorides undgiNggas
of covalence obtained in fluorides in comparison withmixture in the temperature range 400-500 °C for 12 h and
oxides. With this aim, the multiplet approach has beerfollowed by slow cooling to room temperature. Several an-
used to take into account the screening of ligand electronsealings under the same conditions were necessary to obtain
towards the perturbation as seen by theé 8lectrons of the appropriate phases.
the metal. It considers systematically two configurations The samples were characterized by their powder x-ray
in the final state:|f;)=ay|c3d",)+ B¢|c3d""'Le,) and diffraction patterngPhilips PW 1050/70 diffractometeus-
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ing CuKea radiation and a graphite monochromator. Infor- L; 2psn)
mation on the structural features can be found elsewhere. _ B L, 2p1n)

B

B. XAS experiments Rb,NaCuFs

The L, 3 x-ray absorption near-edge structUpdANES) K;NaCuF

experiments were performed at the Laboratoire pour _ 1 K,CuF,
I'Utilisation du Rayonnement Electromagintie (LURE) at 5 NaCuF
Orsay. Spectra were obtained on beamline SA22 of Supel | ’

ACO (0.8 GeV, 150 mA using a double-crystal BEL010) ] RbCuF,

monochromator in total electron yield detectidanergy KCuF;

resolution 0.35 eV at 900 eVBefore and during all experi- ] NaCuF,

ments, the samples were not exposed to air in order to avoic ]

any decomposition. 925 930 935 940 945 950 955 960
E(eV)

C. Charge-transfer multiplet theory
FIG. 1. XA spectra at the Clu, ; edges for divalent and trivalent

For the 3l transition metals, electronic repulsidoth in - ¢opper fluorides. Spectra were normalized by considering the main
the 3d shell, and betweeni2and 3 electrong is important  peak intensity as unity.

and has to be taken into account in the calculations. The
charge-transfer multiplet calculations were based on th
model developed by Theo Thole and co-workers using
package of programs including the atomic-multiplet progra
of Cowan?® the group-theory program of Butlé?,and the
charge-transfer prograf.This model allows the determina-
tion of Coulomb interactions within thed3shell and be-
tween the » and 3 shells, the spin-orbit coupling in both
the shells and crystal field (D&y in O, symmetry applied
on the 3 levels. When configuration interaction is consid-
ered, the charge-transfer energ@) and the transfer integral

(:T)_ ZTa(E[e ) ilsjsﬁgé q f;h?]a” dzrgp;rrllfjaloxi dreelsatilr?nol—tfr?é dralglect the small contribution of thed3°L? configuration. In
29 > ) the excited state, the corresponding configurations are
symmetry}’ The overall crystal field is described by both an 2p53d° and 20°3d1%L. The energy difference between these
ionic crystal-field term that represents the ion in an electroyyg |ast levels is equal ta + U g4— U4 where the param-
static potential. and aterm rc_elated to the degree of cc_)valenc%tersucd' Ugq, andA characterize the Coulomb interaction
Note that the ionic crystal-field parameter () obtained peanween the A core hole and the localizedddvalence elec-
in this way will be lower than the total crystal field splitting o the Coulomb electronic repulsion between two elec-
since a part of the effect is included in configuration interac+,ons in the same @ level, and the charge-transfer energy,
tion. respectively:>° For the ground state, the energy difference
between 8° and J°L configurations is equal td. Due to
Ill. RESULTS AND DISCUSSION the proximity of the 2 fluorine bands and thed3copper
bands, and the nonbonding character of iieF(2p) upper
band determined by band structure calculat@fs A is ex-

L, 3 x-ray absorption spectra of divalent and trivalent cop-pected to be negative for QU ). Thus, the ground state is
per fluorides are compared in Fig. 1. All spectra of divalentdominated by 8°L and the 2°3d'%L level is found at a
copper fluorides are similar showing two well-defined peakdower energy than the ®3d® level in the excited state. In
of Lorentzian shapéabeledA) at 931.1 eV [3) and 951 eV  this way, theB peak has been predominantly assigned to a
(L,) separated by the spin-orbit splitting of th@z (L;)  2p°3d'°L excited state. Besides, the energy separation be-
and 20y, (L,) hole states. Considering that the ground statéween A(2p°3d!% and B peaks is equal to 2.1 eV. This
of Cu(ll) is represented by a linear combination af®3and  corresponds to the ionization potential of the ligand
3d™L states [: ligand holg, the excited state can only be & (3d"-3d"L) that can be found by comparing the energy
assigned to a singlep®3d'° configuration as reported pre- position of electronic transitions determined by XAS and
viously for divalent copper compounds such as Ci®. x-ray photoelectron spectrosco}PS) measurements. Fi-

Hence, the peaks labeléd(Fig. 1) that are also observed nally, the shoulder identified on the right Bfpeak(labeled
for trivalent copper fluorides are relative to @°3d'° final ~ B’) is due to multiplet effects; this will be discussed in the
state and indicate the presence of(lCuin our samples. In  Sec. Il B concerning divalent nickel fluoride. Th€ (C")
spite of the care to keep the samples in an inert atmosphersatellite doublet has been associated with the transitions to
a small amount of hydroxyfluorides or hydrates could bethe 2p°3d® excited state. The energy difference betw@&en
adsorbed at the surface. One should note Kratige mea- andC (C') is about 6 eV(7.4 eV), in good agreement with

Surements which probe the bulk of these compounds re-
Realed no trace of divalent coppeMoreover, Culll) com-
n})ounds are known for their instability under ultra-high
vacuum.

In the L5 region, the main peak label&iat 933.4 eV and
the satellite peak€ andC’ at 939.4 and 940.8 eV, respec-
tively, have been attributed to trivalent copper by compari-
son with spectra reported for NaCu®™® The ground state
of a nominally Cd* cation can be described as a mixing of
configurations 8% and 3°L. As discussed before, we ne-

A. Copper fluorides
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FIG. 2. Comparison betwedn) experimental angb) calculated
spectra at the Cl, ; edges of KNaCuk; using a charge-transfer
multiplet calculations model.

that observed in the case of RLCuFs (~7 eV) and
Cs)KCuFs (6.5 eV).*" It should be noted that these values

are lower than those observed for trivalent copper oxides in

which the degree of covalence is largdlaCuQ: 8-10 eV
(Refs. 5 and pand LagLiq;Cuy 0, 8.4 eV (Ref. 9] due to

PHYSICAL REVIEW B 63 125123

the effective ionic charge is lower than 3. The same result
has been reported in the case of,K8uF.’ Moreover,
electronic-density calculations using the full-potential linear-
ized augmented plane wave meth@d APW) method have
been performed for WNaCuR.2%?! The energy separation
between the @ fluorine nonbonding bands and thg, and
€y copper antibonding bands has been found to be 0.25 eV
and 2.25 eV, respectively, favoring an electronic transfer
from fluorine to copper. However, these results must be com-
pared with those obtained in more covalent systems such as
oxides. Configuration-interactiofCl) calculations from a
valence-band photoemission spectrum of Nagufluding
Cu 3d multiplet structure on a square-planar GaOcluster
model have established a ground state constituted of
27% 38, 65% H°L, and 8% °L.%° In the same way,
30%3d® were obtained for La.i;,,Cu;,0, oxide,” showing
a charge transfer much higher in oxides than in fluorides.
Moreover the energy differenck,,, between a hole on a
fluorine and on a copper site according to the reaction
M +F MO D+ FO where there is an atomic and a
Madelung contribution, is given by

2
Aion=e[vM<F>—vM(Cu>]—'s—z<C“>‘A1(F)‘%.F'

the fact that the\ value becomes more and more negative as o
the bond covalence increases. Moreover, the intensity of sats-2(Cu) represents the second or the third ionization poten-
ellites in the case of fluorides is greater than that in the castial, A;(F) is the electron affinity of fluorine, anef/dy.g is

of oxides.
A relevant question is the weight ofd8 configuration

a repulsive energy wheid,_g is the metal-fluorine distance.
V\ represents the electrostatic Madelung site potential cal-

contained in the ground state of trivalent copper fluoridesculated by using the Ewald meth8&iThe corresponding en-
Such an evaluation is possible by means of charge-transfé@getic parameters are given in Table I. The values obtained

multiplet calculations. The L, zedges simulation for

K,NaCuFR;, where Cd" cation is in an octahedral symmetry,
is shown in Fig. 2. The Qi) contribution is evidenced by
the superposition of the KCyfealculated spectrum repre-

for KCuk; and K;NaCuk; are equal to 2.95 and4.97 eV,
respectively. These indicate that in @u) fluorides the
charge transfer from fluorine to copper must exist.

B. Nickel fluorides

sented by the light-gray line. A good agreement between the
calculated and the experimental spectra has been obtained The XAS spectra of divalent and trivalent nickel fluorides
using a charge-transfer enerdy=—1.7 eV in the ground displayed in Fig. 3 show numerous complex structures. The
state. The final-state charge-transfer enetgy equal toA excited state consists of one hole in the @rbitals that can
+Ugyq4—U¢q. has been considered using a fixed difference ointeract with one or more holes of the ®rbitals resulting in
U.q=Uqqt1eV. The mixing parameters were fixed at 2.0 extended multiplet effects. Two peaks labekeendB, sepa-

eV for E4 mixing and 1.0 eV foiT 54 mixing.}” Atomic Slater  rated by 2.5 eV, are observed for(Nj fluorides at_; edge.
integrals were used with an ionic crystal-field value of 0.5These are characteristic of aNihigh spin cation in an
eV. The negative value ok means that the ground state is octahedral symmetr}?:?>24In addition, the charge-transfer
comprised of 40% @° states and 60%d?£ states. In con- energyA calculated on the basis of an ionic mod&able )
clusion, the formal charge of coppé#3) in fluorides is  for a N#* ion (3d®) is much larger than the one obtained for
stabilized by a charge transfer from fluorine implying thata Cu** ion (3d®); the inversion of levels observed in the

TABLE I. Energetic parameters used to calculate the energy difference between a hole on a fluorine and
on a metal site.

lonization Electrostatic
energy Madelung site eAVy du-r Charge-transfer
Compounds (eV) potential (V) (eV) A) energyAi, (eV)
KNiF; 18.19 22.19 33.77 2.006 4.98
KCuFR; 20.32 22.14 33.74 2.035 2.95
K,NaNiFg 35.21 30.90 43.02 1.890 —-3.20
K,NaCukF 36.88 30.88 43.00 1.870 —4.97
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FIG. 3. XA spectra at the Ni, ; edges for divalent and trivalent AN
nickel fluorides. Spectra were normalized by considering the main f A
peak intensity as unity.
04 A
case of copper compounds when a mixing of configurations 1 - AN A=-10eV
is considered does not occur for nickel compounds. In this 850 860 870 880
case, the main peak splitting into two componefitand B Energy (eV)
would have a p°3d® dominant character whereas the satel- _ _

character as shown in Fig. 4. No satellite is observed fofon in the ground state obtained using a charge-transfer multiplet
Ni(Il) fluorides because of the high electronegativity of fluo-calculations model as a function of charge-transfer energyith
rine, in agreement with results reported for Nif 10Dq fixed at 1 eV.

Interestingly, while trivalent copper has the same elec-
TE tronic configuration as divalent nickel ¢8) in the ground
state, only a low multiplet effect occurs, evidenced by the
small separation betweeB and B’ structures(Fig. 1). In
fact, the peak® andB’ are mainly comprised of 2?3d*°L
excited states. On the contrary, the satellite, which is com-
posed of D°3d® predominant states, is highly affected by
the multiplet effect since th€ andC’ peaks are separated
by 1.8 eV. The splitting is smaller than in (i) fluorides
(2.5 eV), explained by a stronger overlapping between ligand
and metal orbitals in KNaCuk;, which decreases the mul-
— tiplet effects. Such an evolution, depending on the charge-
principal transfer energy, is clearly shown by multiplet calculations as
peak displayed in Fig. 5. Nil) fluorides spectra are very close to
those calculated with 0s810Dg< 1.2 eV without any con-
figuration mixing (A=10eV) whereas the flaCuk; spec-
trum resembles those for whick becomes negative.
XAS spectra for trivalent nickel are more complex con-
sidering the presence of twab holes and ong hole in the
satellite excited state that implies more interelectronic Coulomb
3dL interactions®®> Moreover, Nilll) fluorides were probably re-
\ c3d? duced at the surface because of their high hygroscopicity
- since the presence of divalent nickel in our compounds has
been highlighted by the observation of the peakFig. 3).
Thus, the shape of the spectrum obtained results from the
superposition of the two spectra related t&N{3d®) and
g Ni®" (3d") ions. A precise attribution of each structure is
difficult in this case and few experimental results or theoret-
FIG. 4. lllustration of the positioning of the different peaks ob- ical calculations are reported in the literatdfeNeverthe-
served onlLs-edge XA spectra by comparison with a schematicless, some clear similarities are observedlgn edges of
representation of orbital diagrams forNiand C&* ions in fluo-  divalent cobalt oxides due to their commond’3
rides. configuratior?>2°

950

945
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940

c3d?

935

930

925
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865

860

855
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FIG. 6. Comparison betwedn) experimental angb) calculated g
spectra at the Ni,3; edges of KNaNiF; using a charge-transfer S 0.2

multiplet calculations model.

The XAS spectrum of KNaNiF; has been simulated us-
ing a two-configuration calculation in the charge-transfer

multiplet model and considering a Ni cation in octahedral 2 cont.
symmetry. It is compared with the experimental data in Fig. J\‘
6. The divalent nickel contribution is evidenced by superpo- 00— F
sition with the KNiR; calculated spectrungin light gray). 855 860 865 870 875
Good agreement between the calculated and the experimen- Energy (eV)

tal spectra has been obtained using the following parameters:

A=0eV in the ground state before inclusion of multiplet FIG. 7. Comparison between two-configuration calculatiwot-
effects, T(Eg)=2.0eV, and T(T,g)=1.0eV, Ugq—U;q  tom) and three-configuration calculations, respectively, Witk 8
=—1eV. Atomic Slater integrals have been used with an(middle) andU=5 (top). Given are the calculated spectra and the
ionic crystal-field value of 0.5 eV. The calculated valuetof difference of the three-configuration spectra with the two-
is relative to a ground state consisting of 65%’ 3tates and ~configuration spectrum.

35% SdBL states. KNaNiF; exhibits a charge transfer from

fluorine to nickel lower than in fNaCuF;. This is in agree- be directly related to the small differences in ground-state
ment with theA values of—3.2 eV and—4.97 eV calculated configurations. The ground-state percentages go from 65% to
for Ni(Ill') and Culll) fluorides, respectively, on the basis of 35% to 0% for the two configurations to, respectively, 58%
the ionic model previously described for @u) fluorides. to 40% to 2% forU=8 and 55% to 41% to 4% fod =5.

It is argued that for trivalent and tetravalent transition Thus significant variations are visible in the covalency num-
metal ions, it is not accurate anymore to limit the calculationbers while the spectral shape does hardly change. We con-
to two configurations? To be sure that the two-configuration clude that in case of Nf, one can just as well use two
basis that we use in this paper is correct, we have comparezbnfigurations, which is also favorable because in the other
a two-configuration calculation with two three-configuration three cases discussed ¢Ni Cu**, and C3") two configu-
calculations. Note that this comparison is only useful in therations are used. In addition, one does not have to determine
case of @’ Ni*" systems. If the ground state isd3 the value ofUyy as it does not play a role in a two-
+3d°L+3dLL" (C®" and NF), only two final-state configuration calculation.
configurations are possibled3 and J'%L. This implies, as In conclusion, as for trivalent copper, a strong configura-
far as the spectral shape is concerned, that a twaton mixing between F(R) and Ni(3d) occurs in N{ll)
configuration calculation does give exactly the same result afuorides leading to the conclusion that for higher oxidation
a three-configuration calculatidithere being only two final states, even in the so-called ionic compounds such as fluo-
state configurations However, in the case of the Nisys-  rides, electronic holes are delocalized between ligand and
tem a difference will occur. To test this, three calculationstransition metal.
are compared in Fig. 7: the bottom line is the two-
configuration calculation using the parameters as given
above @Q=0eV, Ug—Uc=—1€V, Tg=2.0¢V, IV. CONCLUSION

Trog=1.0€V, 1@q=05eV). In the case of a & In order to determine the degree of electron/hole delocal-
+3d3L+3d°LL’ three-configuration calculation, the energy ization in theM-F chemical bond, XAS measurements have
of the d°LL’ configuration is equal to®+Ug4y. We have  been investigated at Ni, 3 and Cul, 3 edges in fluorides
chosen two extreme possibilities for the valuelbfy, re-  where the high electronegativity of fluorine produces a rather
spectively, 8 eMmiddle spectrumand 5 eV(top spectrumn  ionic bond. The assignment of each structure in the experi-
All the other parameters have been kept constant. It can b@ental spectra was made based on multiplet calculations.
seen in Fig. 7 that the three spectra are almost identical. ThHé/hile in Ni(ll) and Cyll) fluorides, theM 2" -F bond exhib-
difference spectra do show some small energy shifts that cats a marked ionic character, multiplets calculations consid-
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ering crystal-field effects and charge-transfer phenomeng,NaCuk; allowed the quantification of the evolution of the
have shown the occurrence of F(2M(3d) configuration  charge-transfer energy and the delocalization degree from
mixing when the transition metal adopts a higher oxidationjgand holes towards the transition metal. The ionic character

state Ni',Cu". The ground state is characterized by of the M-F chemical bond decreases following the series
65% 3d’+35% 3d°L for Ni'' and 40% 8°+60% 3d°L  Njl'>cy'>Ni">cu", in agreement with calculations of

for Cu'™. This work demonstrates thath®* ion with an  charge-transfer energy based on a purely ionic model.

effective charge 3 is inappropriate in the description of  complementary Ni and CK& edges analyses were per-

fluoride compounds. InsteadM(Fs)®~ octahedra must be formed on the same compounds with full multiple scattering
considered as isolated entities with a rather strong covalend pand structure calculatiofs.

character. Nevertheless, the proportion of states relative to a
strong overlapping with the ligand @8L) remains smaller
than that obtained in the case of oxides, in good agreement
with the stronger electronegativity of fluorine compared to
oxygen. We gratefully acknowledge A. M. Flank and P. Lagarde

Finally, the comparison df, edges XAS spectra for the from LURE for their participation in XAS experiments and
series of fluorides KNif KCuF; K,NaNiF;, and M. A. Arrio for insightful discussions.
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