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Resonant photoemission and correlated satellites in K2CoF4
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Resonant photoemission experiments at the Co 3p→3d absorption threshold are used to identify the cor-
related satellites in the one-electron removal spectrum of the valence band of the two-dimensional Ising
antiferromagnet K2CoF4. In addition, x-ray photoelectron spectra of the core levels, interpreted by a
configuration-interaction impurity-cluster model, are reported. The estimated charge transferD and the Mott-
Hubbard U charge fluctuations pose K2CoF4 in the Mott-Hubbard region of the Zaanen-Sawatzky-Allen
diagram. The values ofD and U are also used to estimate the superexchange parameterJ by considering a
metal-ligand-metal three-center model. The results for K2CoF4 are compared to those obtained for CoO and the
effect of D on the photoemission spectral features and on the magnitude ofJ are discussed.
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I. INTRODUCTION

The K2CoF4 layered perovskite represents one of the
chetypes of the two-dimensional~2D! Ising disordered anti-
ferromagnet K2Cu12xCoxF4.

1–11 A proper understanding o
the electronic structure, correlation effects and the estima
of the correlation energies in K2CoF4 is useful to better de-
scribe the underlying coupling mechanisms in the magn
cally ordered phases. Indeed, the evaluation of charge tr
fer and Mott-Hubbard charge fluctuation energies fro
photoemission data can be used to calculate the supe
change coupling termJ in this Ising antiferromagnet an
investigate the role of these mechanisms onJ.

From the point of view of photoemission spectroscopi
a breakdown of the single-particle description of the el
tronic structure of K2CoF4 is evident from the presence o
well-defined resonances of the satellite structures of vale
band photoemission spectra. It turns out that, unless elec
correlation effects are properly accounted for, the vale
electron behavior of such a narrow-band system canno
interpreted on the basis of the single-particle eigenvalues
rived from one-electron band-structure calculations@Refs.
12–16 and Refs. therein#. Whereas, when many-body ap
proaches, where a configuration-interaction expansion of
many-body states of the interacting systems are prop
considered, the correlated satellites should be correctly
scribed.

The present study is aimed to identify and discuss
effect of correlation mechanisms on the electronic struct
of K2CoF4. In particular, the correlated satellites identified
the valence-band photoemission spectra can be helpful
reference for theoretical schemes used to calculate quas
ticle spectra starting from energy-band-structure mod
570163-1829/98/57~16!/10175~8!/$15.00
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where strong correlation effects are properly accounted f
In addition, by contrasting and comparing the electro

properties of these compounds information can be conve
to the discussion on the effect of the interplay between ca
and anion electronic states determining electronic, magn
and optical properties. In particular, Co-F coordination
K2CoF4 is similar to Co-O coordination in CoO. This fac
suggests a comparative study of the electronic properties
cused onto the role of ligand~O versus F! in shaping the
ultraviolet photoelectron and x-ray photoelectron spectra
in determining the strength of the electronic correlatio
Within this framework, the effect of covalence and hybri
ization of theM21-ligand bond could be evaluated. X-ra
photoelectron spectra of the core levels are also interpr
by a configuration-interaction impurity-cluster model. Th
charge transfer and the Mott-Hubbard charge fluctuations
timated pose K2CoF4 in the Mott-Hubbard region of the
Zaanen-Sawatzky-Allen~ZSA! diagram.

These results were accomplished by performing x-
photoemission~XPS! and ultraviolet photoemission spectro
copy ~UPS! experiments on K2CoF4 single crystals. As for
the valence-band data, the use of resonant photoemis
~RESPES! and constant initial state~CIS! spectroscopy al-
lowed us to focus on the contribution of Co and F to t
one-electron removal valence-band spectrum.

The values ofD andU are also used to estimate the s
perexchange parameterJ by considering a metal-ligand
metal three-center model composed of a central ligand
rounded by two cations in a 180° geometry. By applying t
model also to CoO, the effect ofD on the magnitude ofJ is
discussed. It is shown that the decrease ofJ from CoO to
K2CoF4 is mainly related to the increase ofD.
10 175 © 1998 The American Physical Society
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II. EXPERIMENT

Transition-metal compoundsA2MF4 ~A5K,Rb; M
5Mn,Fe,Co,Ni,Cu,Zn! are ionic crystals with halide
perovskite layered structure. They crystallize in theD4h
~Ref. 17! tetragonal space group in the paramagnetic ph
Crystals of these compounds consists of successiveMF2
planes, separated by twoAF planes. Alternatively, the crysta
structure can be viewed as a two-dimensional network
transition metal-halogen octahedra, piling up in the crys
lographicc axis. K2CoF4 has a tetragonal unit cell with lat
tice parametersa54.073 Å andc513.087 Å.17 K2CoF4 is
regarded as a two-dimensional Ising antiferromagnet wit
Nèel temperature of 107 K and an exchange energyJ5
297 meV.18–20 To the best of our knowledge, very few
sources of experimental data are available concern
A2MF4 electronic structure~see, e.g., Ref. 21, and referenc
therein!. The energy gap of K2CoF4 is greater than 5.5 eV, a
indicated by optical data.21

K2CoF4 single crystals were grown by the flux metho
under argon/H2 atmosphere using a mixture of KF and 3
mol % KCoF3 at a cooling rate of 1 °C h21. Once grown, the
single crystals, several millimetres in size, were control
by Laue reflection.21

XPS experiments were carried out with a Perkin-Elm
Model 5400 spectrometer, equipped with a monochrom
Al- ka source having a 2003650mm2 spot size. The pas
energy of the analyzer was set to 5.85 eV, which gave
ultimate energy resolution of 0.35 eV, as measured on
Ag3d5/2 core line. Binding energies~BE’s! were determined
by reference to the Fermi edge of Ag, where the Ag 3d3/2
core level was set to 36860.1 eV.

Synchrotron radiation from the SPEAR storage rin
available at the beam line 1-2 of the SSRL Stanford S
chrotron facility was used to perform UPS, CIS, and R
SPES measurements in the valence-band energy range
radiation was dispersed by means of a TGM 6-m monoch
mator. This system is equipped with three interchangea
gratings, of which the 823 lines/mm, working in the 25–
eV range, was used. The UPS spectrometer was a VG/AD
400 equipped with a hemispherical analyzer~angular resolu-
tion 62°!. The pass energy of the analyzer was set to g
an ultimate energy resolution of 0.5 eV, as measured on
Au Fermi edge. Even better resolution was tried, but that
not enhance our ability to resolve the details of the vale
band.

To reduce surface charging an electron flood gun w
used during UPS and XPS runs. The energy of the elec
beam during the XPS experiments was adjusted in orde
minimize the width of the F 1s core line. Binding energies o
UPS data were measured with reference to the K 3p BE,
which was set at 18.4 eV.

The samples were cleaved in UHV at a pressure o
310210 torr and the pressure inside the chamber during
experiments was better than 3310210 torr. The fracture sur-
face was identified as thê001& surface.

III. RESULTS AND DISCUSSION

Figure 1~a! shows the F 1s XP spectrum of K2CoF4. The
binding energy is 684.4 eV and the full width at ha
e.
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maximum is 1.6 eV. The line shape is symmetric and
satellites on the high-BE side are present. This result s
gests a well-ordered K-F cleavage plane.

The K 2p XP spectrum is reported in Fig. 1~b!. The pho-
toemitted K 2p electrons originate a spin-orbit split structu
with a low-BE peak at 293 eV and a high-BE peak at 2
eV. No evidence of satellite structures is observed.

In Fig. 2~a! the Co 2p XPS spectrum of K2CoF4 is shown.
Two groups of structures, separated by nearly 17 eV
detected. The group at lower BE is attributed to the Co 2p3/2
spin-orbit component, while the group at higher BE aris
from the Co 2p1/2 component. Focusing on the Co 2p3/2
structures, a main line (A) at 780 eV, a satellite (B) at 786.5
eV, and a low-intensity structure (C) at 788 eV can be ob-
served. The spectral structures are similar to the ones
served in highly correlated transition-metal compounds
CoO and Co halides.22–24 Rather interesting is the compar
son with the Co 2p core lines of CoO@Fig. 2~b!#. In K2CoF4
the core lines appear narrower than in CoO and the main
to satellite intensity ratio (I A /I B) is larger than in CoO. The
latter feature can be ascribed to a reduced charge tran
energy in CoO with respect to K2CoF4. A similar effect was
also pointed out in the study of Ni dihalides.25 Indeed, the
main line intensity of the Ni21 XPS spectra was found to
increase with the charge-transfer energy. Therefore the m
ionic NiF2 compound has a larger IA /IB ratio than the less
ionic NiI2 and NiBr2 compounds. This trend can be eas
discussed on the basis of parametrized configurat
interaction impurity-cluster models.26

FIG. 1. XPS spectra of the F 1s ~a! and K 2p ~b! core levels of
K2CoF4.
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57 10 177RESONANT PHOTOEMISSION AND CORRELATED . . .
The Co 3s core-level spectrum of K2CoF4 is shown in
Fig. 3~a!. Three features are clearly detectable: a main l
(A) at 105 eV, a broad peak (B) at 110 eV, and a feature
(C) on the high BE side~116 eV!. In Fig. 3~b! the Co 3s
XPS spectrum of CoO is also shown. As in the case of
2p core levels, the spectral features are broader than
K2CoF4 and the main line to satellite intensity ratio (I A /I B)
is larger.

FIG. 2. XPS spectra of the Co 2p core levels of K2CoF4 ~a! and
CoO ~b!. Inset: results of the parametrized CI impurity cluster c
culations of the Co 2p3/2 core levels of K2CoF4 ~right! and CoO
~left!.

FIG. 3. XPS spectra of the Co 3s core levels of K2CoF4 ~a! and
CoO ~b!. Below each spectrum the 3s spectra calculated on th
basis of the CI impurity cluster model are reported. HS~LS! refers
to the high-spin~low-spin! contribution to the final state.
e

o
in

Figure 4 shows the UPS@hn558 eV ~a! and 63 eV~b!#,
and XPS @Al ka ~c!# one-electron removal valence-ban
spectra of K2CoF4. The CoO XPS spectrum in the valenc
band region is also shown@Fig. 4~d!#. The XPS spectrum of
K2CoF4 shows a peak (A) at 3.5 eV followed by a structure
(B) at 5.8 eV and a broad structure (C-C8) extending from
6 to 11 eV with the maximum at 7.3 eV. An addition
spectral line (D) can be observed at 12.4 eV. Quite simil
spectral features are detectable in the CoO XPS spect
The main difference between the two compounds is found
the spectral intensity in the 5–11 eV region, which could
ascribed to the larger ligand to Co~L:Co! stoichiometric ra-
tio in the perovskite~4:1! with respect to the oxide~1:1!.

The UPS spectra were collected at photon energies o
eV, in order to minimize the Co3d/F2p photoemission cross
section.27 This procedure would, in principle, allow us t
evidence the F 2p contribution to the valence band. Actually
the sharp emissions~A andB! observed in the XPS spectrum
are quenched, while the broad band in the 5–11 eV BE ra
still appears, even though a considerable loss of weigh
observed in the energy region corresponding to featureC.
These findings suggest that there exists some strong de
dence of the spectral features on the photon energy. Ind
the UPS spectrum collected athn563 eV @Fig. 4~b!# pre-
sents a strong enhancement of the spectral weight at app

- FIG. 4. UPS spectra in the valence-band region of K2CoF4 with
a photon energy of 58 eV~a! and 63 eV~b!. One-electron remova
valence-band XPS spectrum of K2CoF4 ~c! and CoO~d!.
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10 178 57SANGALETTI, PARMIGIANI, AND RATNER
mately BE56 eV. The UPS data also show a weak emiss
in the 0–2 eV range, which is not found in the XPS spe
trum. Due to the higher surface sensitivity of the UPS pro
this emission is ascribed to surface/defect states. The b
quality of the XPS data is due to the much narrower pho
beam spot on the sample surface in the case of XPS ph
emission (2003350mm2) with respect to the synchrotro
beam (131 mm2), which allowed us to choose an optim
sample region by minimizing defect-related features in
energy-gap region of the XPS spectra.

In the light of the results shown in Fig. 4, peaksA, B, C,
andD in the XPS spectrum are ascribed to the Co contri
tion, while the spectral weight in the 7–11 eV regio
~roughly corresponding to peakC8! is ascribed to the F con
tribution. Indeed, at x-ray photon energies the atomic cr
section for the 3d bands is larger than the atomic cross s
tion for 2p bands,27 whereas the reverse is reported at t
UV photon energies. Observations based on this simpli
argument would suggest that at higher photon energies
one-electron removal valence-band spectrum receives
main contribution from 3d bands, whereas at UV photo
energies the main contribution is given by the 2p bands.
However, the emission in the valence-band one-electron
moval spectrum is far to be described by a pure atomic
ture since the 2p-3d hybridization can introduce states wit
a strongly mixed character. Therefore, the comparison
tween the features of valence-band electron removal spe
collected at different photon energies can not be regarde
unambiguous evidence of their character. For this reason
SPES, CIS, and the comparison with other Co21 compound
data as well as theoretical results can be helpful to iden
the spectral features in the valence band.

It is also worth observing the close similarity between t
fine structure~A, B, C, C8, andD features! of the two XPS
spectra of Fig. 4. This finding suggests that, apart from
tensity differences ascribed to the ligand-state contributio
the 7–11 eV range, the energy distribution of the peaks
lated to Co-3d orbitals is spread all along the valence-ba
~VB! region and is also rather similar.

As compared to CoO@Fig. 4~d!#, the spectral weight be
tween theC-C8 and D structures in K2CoF4 @Fig. 4~c!# is
lower, which may indicate a minor dispersion of the F 2p
band with respect to O 2p bands.

Finally, a shift towards higher BE’s of the satelliteD is
observed in the UPS spectra@Fig. 4~b!# as compared with the
XPS spectrum@Fig. 4~c!#. Shifts in the satellite energy wer
also observed in NiO and related to energy dispers
effects.28

Figure 5 shows the valence band and K 3p region as
detected by UPS measurements at different photon ene
from 58 to 90 eV. The spectra have been normalized acc
ing to the calculated K 3p photoemission cross section d
pendence on the photon energy.27 Resonance effects ar
clearly observed in the 2–6 eV BE region, as well as in
12–15 eV BE region, for photon energy ranging from 63
72 eV. These energies correspond to the Co 3p→Co 3d ab-
sorption threshold. The observed enhancement of spe
weight is due to the resonance between the direct photoe
sion and the Auger-like channels at this absorption thresh
For the Co21 cation, resonant photoemission involves tw
channels:
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~ i! 3p63d71hn→3p63d61e2, ~1!

~ ii ! 3p63d71hn→3p53d8→3p63d61e2. ~2!

The first channel is the direct photoemission channel, wh
the second channel, which will open as the photon ene
reaches the 3p to 3d absorption threshold, is an Auger deca
following a photoabsorption process. The final states of th
channels are indistinguishable so that a quantum interfere
between them occurs. As a result of the interference, the
features are enhanced or suppressed at the absorption th
old near 60 eV.

A closer view to the resonance effect is presented in F
6, where CIS and RESPES spectra are shown. CIS spe
were collected at an initial energy of 5 eV~main line,B! and
14 eV ~satellite,D!, as indicated by the arrows. As can b
observed, both structures resonate, though at different
tents and at slightly different photon energies. In particu
the main line resonance is much broader than the sate
resonance. This could be ascribed to a larger Co-F hyb
ization in the states contributing to the main line and, the
fore, to a larger dispersion of the band available for the fi
state in the absorption process. Though these results
qualitatively similar to what already observed in, e.
K2NiF4,

29 some differences should be mentioned. In partic
lar, the resonance effect at the 3p→3d threshold is much
more evident as compared to that observed in Cu21 and Ni21

compounds. This effect is ascribed to the larger density
emptyd bands in Co21 than in Ni21 and Cu21.

It is also rather interesting to observe that the main line
the spectrum collected at 63 eV does not correspond to
main line of the XPS spectrum@peakA, Fig. 4~c!#. In fact,

FIG. 5. UPS one-electron removal valence band and K 3p spec-
tra of K2CoF4 collected by using synchrotron radiation at differe
photon energies~from 58 up to 90 eV!.



i
e
th

so

o-
a
r

a
a

tr
an
t

s
th

he
c

io
n

ting
e-
-

O
e at
to
r

al-

a
f

n
f

of

h re-
se

ply-
zed

u-
of

-

is

t is

l

t
ibe
ra-

as
.
te,

nd

e

57 10 179RESONANT PHOTOEMISSION AND CORRELATED . . .
the strong resonance athn563 eV corresponds to peakB in
the XPS spectrum. Assuming that the more ionic~i.e., 3d6!
configurations are those yielding a larger resonance, the
tensity enhancement of peakB allows us to associate a larg
3d6 weight to this spectral feature. Also, the resonance of
C band seems to follow the behavior ofB, though to a minor
extent, and therefore a significant 3d6 configuration weight
should contribute to this spectral feature. The compari
between UPS and XPS spectra of K2CoF4 ~Fig. 4! also
shows that peaksA andD have similar dependence on ph
ton energy, i.e., both are quenched in the UPS regime
both are clearly detectable in the XPS regime. Therefo
similar configurations weights are assumed to contribute
these bands and, because of their smaller resonance enh
ment with respect to peakB, they should present also
significant 3d7LI configuration weight.

The comparison with the CoO RESPES data22 allows us
to make additional remarks on the character of the spec
features involved in the one-electron removal valence-b
spectra. Shen and co-workers22 have identified a main line a
BE51 eV and a satellite at BE59.5 eV, which they ascribed
to Co states. A clear enhancement at the resonance wa
served for the satellite, to a higher extent with respect to
observed for K2CoF4 ~featureD, Fig. 4!. The main line also
shows a remarkable resonance, unlike the main line
K2CoF4 @featureA, Figs. 4~a! and 4~b!#. Therefore a differ-
ent behavior at the 3p→3d threshold is shown by the two
Co21 compounds. While in K2CoF4 the central region~peaks
B and C! of the spectrum strongly resonate, in CoO t
peaks located outside this region show a more pronoun
resonant behavior. This may indicate a different distribut
of the configuration weight throughout the valence-ba

FIG. 6. UPS one-electron removal valence band and K 3p spec-
tra of K2CoF4 collected on resonance (hn563 eV) and off reso-
nance (hn558 eV) at the Co3p→Co3d absorption threshold. In-
set: Constant initial state~CIS! spectra measured on the main lin
(M ) and on the satellite (S) of the resonant spectrum.
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spectral range. We can assume that the more resona
d6-like configuration has a higher weight in the central r
gion of the K2CoF4 spectrum whereas it is found to contrib
ute more significantly to the low-BE~1 eV! and high-BE
~9–10 eV! regions of CoO. The central region of the Co
valence band also presents a nondispersive structur
BE53.5 eV, which can be ascribed to Co states, similar
peakB for K2CoF4 ~Fig. 4!. However, the resonant behavio
of this peak in CoO is less evident than in K2CoF4.

A comparison between the XPS and RESPES results
lows us to draw the following conclusions.~a! The main
line A and the peaksB, C, andD observed in the XPS dat
are ascribed to Co 3d states. A significant weight o
3d7LI -like configurations is expected forA andD structures,
while the 3d6 weight seems to be localized in the midregio
of the valence band~B andC!. ~b! Assuming the energy o
peakC8 as a reference for the F band centroid and that
peak A for the Co band an increase (DE;1.3 eV) of the
energy separation between these states is observed wit
spect to K2NiF4.

29 The same increase was found in the ca
of NiF2 and CoF2.

30

IV. PARAMETRIZED CONFIGURATION-INTERACTION
IMPURITY CLUSTER CALCULATIONS

Calculated photoemission spectra were obtained by ap
ing the configuration interaction approach to a parametri
cluster model in the impurity limit.31–35 In the case of open
shell 3d transition-metal compounds, the electronic config
ration of the ground state is given by a linear combination
the 3dn ~ionic! and (3dn1mLI m ~covalent! configurations~LI
represents a 2p hole on the ligand!. The ground state is de
termined by three parameters: thed-d Coulomb interaction
energyU, the charge-transfer~CT! energyD, and the hybrid-
ization energyT. In the final state a core, or valence, hole
present that strongly couples to the 3d states via the coulomb
(Q) and the exchange interactions. The spectral weigh
calculated according to the formula

r~ek!} z^ccu r̂ uck& z2(
i 51

n

z^c i
f ucI cGS& z2d~hn2ek2Ei !, ~3!

wherer̂ is the dipole operator,ek is the photoelectron kinetic
energy,cc is the single-particle wave function in the initia
state,ck is the photoemitted~free! electron wave function,
c i

f is the final-state wave function of theN-1 electron sys-
tem, cI cGS is the ground-state wave function of theN-1
‘‘frozen’’ electron system,hn is the photon energy, andEi is
the eigenvalue corresponding toc i

f . The sum is carried ou
on all the (n) configurations that are necessary to descr
the system, including the charge-transfer-derived configu
tions with the proper symmetry.

For the Co21 cation in the K2CoF4 lattice a 4F ground
state is assumed. This configuration is indicated
u3d7;2S11G&, where 2S11G is the configuration symmetry
Additional configurations can be present in the initial sta
which mix with the ionic u3d7;2S11G& configuration to an
extent depending on the degree of ionicity of the Co-liga
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TABLE I. Results of the CI parametrized cluster calculation. The parameter values for CoO and K2CoF4

are reported for the Co 3s core levels and for the Co 2p core levels. All energies in eV. The intensity rat
IA /IB between the main line (A) and the satellite (B) in the Co 2p3/2 spectra~Fig. 2! are also reported, along
with the weight of the ioniccI 3d7 configuration in both peaksA andB.

3s core levels 2p core levels

D U T Qsd EX(d7) EX(d8LI ) Qpd IA /IB cI 3d7

PeakA
~%!

cI 3d7

Peak B
~%!

CoO 5.7 5.1 2.0 5.8 5.5 3.6 7.2 1.97 21 58
K2CoF4 7.5 4.5 2.0 5.8 5.5 3.6 7.2 2.92 34 57
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bonding. These configurations are usually indicated w
u3d8LI ;2S11G& ~single CT screened! and u3d9LI 2;2S11G&
~double CT screened!.

When core holes are created, depending on the symm
of the hole, the final-state configurations result from the c
pling of the ground state with the hole left behind by t
photoelectron. This coupling gives rise to a set of final-st
configurations denoted asucI 3d71mLI m;2S11G f&. In particu-
lar, in the case of 3s core holes~a1g symmetry!, the final-
state configurations2S11G f are 5F @high spin~HS!# and 3F
@low spin ~LS!#.

The result of the Co 3s data fitting is shown in Fig. 3
Two groups of emissions contributed to the 3s spectral
weight. One comes from the HS states, the other from the
states. Both groups involve ionic and screened configu
tions. The separation between the centroids of these gro
is related to the exchange energy, K(3s,3d), resulting from
the Co 3s– Co 3d electron interaction. This separation
roughly one half of the expected value K(3s,3d).36 Indeed,
by defining the parameter EX as the energy difference
tween corresponding configurations in the HS and LS fi
states ~EX(d7)5^d7uHHSud7&-^d7uHLSud7& and EX(d8LI )
5^d8LI uHHSud8LI &-^d8LI uHLSud8LI &, whereHHS (HLS) repre-
sents the Hamiltonian matrix in the HS~LS! final states35!,
the EX values relative to the HS-LS splitting obtained fro
the data fitting are EX55.5 eV for the 3d7 configurations
and EX53.6 eV for the 3d8LI configuration~see Table I!.
This is a well-known effect, which is ascribed to the pre
ence of configurations resulting from the near degenerac
electronic levels in the Co M shell and is observed in l
transition-metal~TM! 3d monoxides~Refs. 35 and 37 and
references therein!. Table I also reports the values of th
charge transfer~D!, hybridization (T), core hole–3d elec-
tron Coulomb interaction (Qsd), and 3d-3d Coulomb inter-
action (U) parameters. The error-bar for the hybridizati
energy is60.25 eV, while that of the other parameters
60.5 eV. On the basis of the parameters obtained from
3s core-level analysis, the fitting of Co 2p XPS data was
carried out. The 2p core hole is not total-symmetric as in th
3s case, therefore coupling between the 3d electrons and the
2p core hole give rise to a larger number of configuratio
Therefore we have considered only four configurations in
case of Co 2p electron emission and only the value ofQ was
changed in the data fitting~Qpd in Table I!, which resulted to
be, as expected, greater thanQsd . The results are shown in
the inset of Fig. 2. On the basis of the parameter value
Table I, K2CoF4 can be classified as a Mott-Hubbard insu
tor within the Zaanen-Sawatzky-Allen scheme38 (D
h

try
-

e

S
a-
ps

e-
l

-
of
e

e

.
e

of
-

57.5 eV.U54.5 eV), whereas CoO is placed in the inte
mediate region of the ZSA diagram, in agreement with
classification proposed by van Elpet al.39 and based on the
results of the analysis of one-electron removal valence-b
spectra.

However, the relative magnitude ofD andU do not tell us
much about the nature of the lowest ionization state in th
materials. When an electron is removed from the vale
band it may have either ad-like character@dn21 photoemis-
sion spectroscopy~PES!, final state# or a p-like character
~dnp5 PES final state!. When an electron is added to th
empty states, which in 3d TM oxides present ad-like char-
acter, adn11 state is obtained@lowest level in the final state
of inverse photoemission spectroscopy~IPES!#. Depending
on the nature of the PES final state the following excitatio
are therefore allowed:

dn21→
U

dn11 ~Mott-Hubbard type!,

dnp5→
D

dn11 ~charge-transfer type!.

In a schematic picture where the hybridization energyT is
set to zero the charge-transfer regime occurs whenD, the
energy difference between thednp5 state and thedn11 state,
is lower thanU, the energy difference between thedn21

state and thedn11 state. IfD'U the compound is classified
in the intermediate regime and forD.U in the Mott-
Hubbard regime. WhenTÞ0, strongly hybridized states ca
be pushed below thednp5 states in the final state of th
photoemission process and the lowest ionization state
acquire a lot of 3dn1pLI p, i.e., charge transfer, character.40

Thus, states previously ascribed todn21 configurations
~d-like states! can be found, hybridized with ligand orbitals
as the lowest ionization states as is the case of K2CoF4 and
the dn21 configurations are no more pured-like states. This
may help us to understand why K2CoF4, where a significant
weight of the 3d7LI -like configurations is expected for theA
peak~Fig. 4! in the one-electron removal valence-band ph
toemission spectra, can be regarded as Mott-Hubbard ins
tor.

V. MAGNETIC PROPERTIES

The parameters obtained from the XPS data analysis
be used to gain also a qualitative understanding of the m
netic properties. To this purpose, the configuration inter
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TABLE II. Results of the calculation relative to the antiferromagnetic exchange energyJ. z is the
number of magnetic nearest neighbors,S the total spin in the ground state,TN the Nèel temperature, andJ the
superexchange coupling term. The charge fluctuation parametersD andU are taken from Table I.

TN,exp

~K!
Jexp

~K! z S
D

~eV!
U

~eV!
T

~eV!
TN,calc

~K!
Jcalc

~K!

CoO 271 6 3/2 5.7 5.1 1.6/A3 280
K2CoF4 108.75 295.1a 4 3/2 7.5 4.5 1.6/A3 108.8 298

aJi5J coupling in thea-b plane.
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tion approach to the Anderson Hamiltonian in the impur
limit was applied to a TM-L-TM cluster~TM5Co, L5O,F!
with the aim to estimate the superexchange integralJ and the
Nèel temperature in CoO and K2CoF4.

Magnetic insulators have been treated in the past with
Anderson superexchange theory.41 It has been shown, how
ever, that when charge-transfer excitations are properly
counted for, better estimates of the Ne´el temperatures for
transition-metal monoxides are given.42,43 Zaanen and Sa
watzky proposed, on the basis of the configuration inter
tion scheme, the simplest three-centerdi-L-dj ~wherei and j
indicate different cation lattice sites! superexchange mode
including charge transfer excitations.

The problem can be solved numerically, but also appro
mate solutions are often given and discussed~see, e.g., Ref.
44 and references therein!. By considering the approximat
solution

J.22~T/D!2~1/D11/U !

one can appreciate the difference with respect to the An
son expression forJ when charge-transfer mechanisms a
accounted for. In the present case, the factor 1/U appearing
in the Anderson expression is substituted by 1/U11/D.
Since in NiO and CoOD'U and in HTSC cuprates an
related compoundsD.U, it becomes evident that in thes
compounds the charge-transfer energy strongly affects t
magnetic properties.

According to Zaanen43 the Nèel temperatureTN can be
expressed as

TN52JzS~S11!/~3kBn2!

wherez is the cation coordination number,S the cation spin
in the ground state,kB the Boltzmann factor, andn52S.

The results for CoO and K2CoF4, obtained by numerically
solving the energy matrixes for the TM-L-TM cluster,44 are
reported in Table II. The value of the hybridization integr
was set atT51.6/), as suggested by Zaanen.44 The excel-
lent agreement we find with the experimental results can
some extent, be accidental because the values ofD and U
resulting from the analysis of photoemission data have b
used for the calculation ofJ, without considering that thes
values are referred to theN-1–electron final state of the pho
toemission process and corrections are needed to estima
values for theN-electron ground state.45–47 However, the
present results make it possible to comment on the effec
D on the value of superexchange for the two Co21 com-
pounds. Since theU energies of CoO and K2CoF4 are similar
e

c-

c-

i-

r-

ir

l

to

n

the

of

~Table I!, the J energy is lowered from CoO to K2CoF4 by
the increase ofD, while TN is further decreased by the de
crease ofz from 6 to 4.

VI. CONCLUSIONS

The electronic structure of the 2D Ising antiferromagn
K2CoF4 has been studied by photoelectron spectroscopy.
analysis of the Co 2p core-level data carried out with a pa
rametrized configuration interaction impurity cluster mod
has shown that K2CoF4 can be regarded as a Mott-Hubba
insulator. In fact, due to the ionicity of the Co-F bond the
2p→Co 3d charge-transfer energy is larger than theU en-
ergy. This finding can also be qualitatively appreciated
considering the main line to satellite intensity ratio IA /IB in
the core-level data~Table I!. The higher ionicity of the Co-F
bond with respect to the, e.g., Co-O bond results in an
crease of IA /IB with the bond ionicity to which the charge
transfer energy is related. This behavior is observed for b
the Co 2p1/2 and Co 2p3/2 core lines. In particular, for the Co
2p3/2 core lines goes from 1.97 in CoO up to 2.92
K2CoF4. TheD increase results in an increased weight of t
ionic 3d7 configuration in the core-level main lines~from 21
at % of the peak intensity in CoO to 34 at.% in K2CoF4!.
This effect is supposed to be present also in the one-elec
removal spectrum of the valence band. Indeed, RESPES
CIS measurements have shown a remarkable resonanc
the Co 3p-3d absorption threshold in the main lin
region—as well as in the central region of the one-elect
removal valence-band spectrum—larger than that meas
for Cu21 ~Ref. 48! and Ni21 compounds29 where only the
so-called correlated satellite in the high-BE region~about 10
eV below the main line! was found to resonate at the 3p
→3s threshold.

Finally, by using theD andU values estimated from the
analysis of core-level spectroscopies, the superexchang
tegral J has been calculated on the basis of a model de
oped for a simple TM-L-TM cluster.42,43 Is is shown that the
decrease ofJ from CoO to K2CoF4 is related to the increas
of D, while further decrease ofTN is ascribed to the decreas
of the cation coordination number.
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