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X-ray yhotoelectron syectroscoyic studies of the electronic structure
of transition-metal difluoridese
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The valence-electron densities of states of the 3d transition-metal difluorides MnF„FeF„CoF2, NiF2, and

ZnF, were obtained by means of high-resolution x-ray photoemission spectroscopy (XPS). Except for NiF„
single-crystal samples were cleaved and studied in ultrahigh vacuum. %'ith the aid of previous XPS results

from alkali fluorides, the partial 3d densities of states were derived, using the constancy of the F 2s—F 2p

energy separation and relative intensity ratio. The results are in very good agreement with recent

multiconfigurational Hartree-Fock calculations by Viinikka and Bagus on cluster hole states, both for valence

bands and for correlation-state satellite peaks.

I. INTRODUCTION

Transition-metal compounds are of great scien-
tific and technological interest, because they pos-
sess a wide range of interesting magnetic and
electrical properties. In this paper we report a
high-resolution x-ray-photoemission-spectros-
copy (XPS) investigation of several 3d transition-
metal difluorides MnF„FeF„CoF„NiF„and
2nF2.

The Sd-metal compounds have spatially local-
ized 3d bands near the Fermi level. It is the d
electrons that give rise to the interesting and wide
range of properties which characterize these com-
pounds. ' ' Because the orbitals in Sd bands do
not have a very large spatial extent beyond the
ionic cores, they are not broadened very much by
nearest-neighbor overlap. Thus the d bands are
narrow and atomiclike. Photoemission studies of
the 3d bands are of particular interest theoretic-
ally because the usual band-structure methods
that work we11 for other solids' fail to deal with
the highly localized (correlated) nature of the 3d
electrons. " However, simple atomic models have
not been completely successful in explaining the
properties of these materials, either.

We selected the 3d-metal difluorides for study
because they are the most ionic, and among the
simplest, of 3d-metal compounds. They are also
the most stable, an important factor experiment-
ally. Their electronic structures may provide
fiducial marks in understanding the 3d bands in
more complicated, more covalent compounds.
These results also serve as a stringent test of
electronic structure calculations. In particular,
for cluster molecular-orbital models (i.e. , models
wherein the central metal atom and its nearest
ligands are explicitly considered), which have been
suggested as being appropriate for these com-
pounds. If these models are successful for the

(very ionic) fluorides, they should also be applic-
able to other 3d-metal systems.

Experimental procedures for this study are de-
scribed in Sec. II. Results for each compound are
given and discussed separately in Sec. III. Finally,
conclusions are drawn in Sec. IV. Comparisions
with previous photoelectron spectroscopic work on
the valence-band region of Sd transition-metal
compounds' "are made where relevant.

II. EXPERIMENTAL

The high-resolution XPS measurements were
performed on a modified Hewlett-Packard HP
5950A electron spectrometer. "'" This spectrom-
eter employs monochromatized Al Ka x rays
(he = 1486.6 eV) as the photon source. " The reso-
lution of the spectrometer is 0.55 eV." The sys-
tem has been modified for ultrahigh-vacuum stud-
ies."'"

All the specimens used in these studies were
single crystals" of the rutile (D,„) structure. The
samples were cleaved in situ under ultrahigh-vac-
uum conditions" (5x10 "~P ~5x10 ' Torr) in
the sample preparation chamber of the spectrom-
eter" and immediately transported into the ana-
lyzer chamber without breaking the ultrahigh vac-
uum. Before and after measurement of the valence
band spectra, in situ analyses for carbon and oxy-
gen contamination were performed, yielding, in
most cases, undetectable amounts of these contam-
inants.

It is well known that photoelectron studies of
nonconducting solids is plagued with the problem
of sample charging. Even though we were not
interested in obtaining absolute binding energies,
nonetheless, charging presented some problems
due to inhomogeneous line broadening. To min-
imize this source of resolution degradation, the
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TABLE I. Characteristic features (in eV) of the transition-metal difluorides (relative to
top of the valence band).

MnF2
FeF2
CoF2
NiF&

2 2(3)"
2.0(2)
2.5(3)
4.0(3)

3 2(3)
2.8(3)
5.i(3)
6.8(3)

4.6(3)
5.i(23
7 2(3)
8.4(3)

6.6(3)
6.5(2)

i0.4(4)
iO. O(3)

9.6(4)
8.0(3)

i&.2(3)
«.S(3)

|i.0(4)
13.7 (4)
i4.5(3)

14.0

~Column headings are numbers of spectral "features" in Figs. i, 4, 6, and 8.
Error in last place is given in parentheses.

samples were bathed with low-energy electrons
from an electron flood gun. "'" 1he flood gun
settings were determined empirically by plotting
the F 1s full width at half-maximum versus the
flood gun voltage and current settings. Use of the
flood gun resulted in narrowing the observed line-
widths —25%.

III. RESULTS AND DISCUSSION

We will discuss each of the transition metal di-
fluorides separately below. Table I summarizes
the characteristic valence-band energies of these
compounds relative to the top of the valence band.

A. MnF2

Manganous difluoride has proven to be a very
useful compound in earlier detailed studies of Mn
core-level spectra which led to an experimental
understanding of multiplet splitting and electron
correlation in photoelectron spectra of transition-
metal compounds. " MnF, is the simplest transi-
tion-metal fluoride except for the d' case. It has
a half-filled 3d shell with a t2, e,' configuration.
The valence region of MnF, (Fig. l) exhibits two
broad peaks. One extends from 0 to -5 eV and is
centered at -3.3 eV relative to the top of the val-
ence band, while the other is centered at about
6.6 eV and extends from -5 to -10 eV. With the
aid of the alkali-fluoride spectra, "we can safely

and unambiguously assign the 6.6-eV peak to the
F 2p band. 'This follows because both the F 2s to
F 2p separation and the intensity ratio are essen-
tially constant in the various alkali fluorides. In
this analysis, they matched the separation in MnF,
of the F 2s peak to the 6.6-eV peak and the rela-
tive intensity of the F 2s to the 6.6-eV peak. "
This deduced ordering of fluorine 2P and metal 3d
agrees also with the ordering proposed by Poole
et al. on the basis of the Born-model analysis. "
Figure 2 shows the MnF, spectrum after the F 2P
contribution has been subtracted from the valence
region. This was accomplished by (i) normalizing
the intensity of F 2s peaks in MnF, to that in LiF,
(ii) aligning the F 2s peak in LiF with the F 2s
peak in MnF„and (iii) taking the difference be-
tween the two spectra. The results should yield
the density of 3d states plus some contribution
from multielectron satellites and differences in
the inelastic losses in the two compounds.

Recent ultraviolet-photoemission- spectroscopy
(UPS) studies" (Fig. 3) at 40.8-eV photon energy
yield results similar to Fig. 1 for the valence re-
gion. In the UPS spectrum the 6.6-eV peak, which
we have assigned to F 2P region, is more intense
than the 3.3-eV peak, which has been assigned to
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FIG. 1. MnF2. XPS F 2s valence-band {VB) spectrum.
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FIG. 2. MnF2. Partial d-band density of states, ob-
tained as discussed in text. The solid vertical bars
represent calculated d states from MCHF calculations
of Ref. 27. Hatched area represents mostly shake-up
intensity. The horizontal bar represents the region of
predicted shape-up from Ref. 27.
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places the p bands at -4.9 eV below the E, final
state, while the MSXo. calculation positions these
states at -3.8 eV. The experimental value is
-4.4 eV.

B. FeF2

FIG. 3. UPS spectra obtained at hv=40. 8 eV (after
Ref. 14).

the d states. In our XPS spectrum the relative
intensities of these two peaks are reversed. This
confirms our interpretation, because the F 2P
cross section at 40.8 eV is expected to be favored
over the Mn 3d cross section when compared to
these cross sections at 1486.6 eV.

Photoionization of a 3d electron in MnF, results
in either a 'E, or a 'T~ final state with a relative
intensity 'T,~/'E, = 1.5. We derived a value of
1.0(1}eV for the E, T~ splitting -by fitting our data
with this ratio. Multiple scattering Xa (MSXo.)
calculations of Larsson and Connolly" on MnF, '
cluster gave 1.36 eV for the splitting. Recently,
Viinikka and Bagus" have performed calculations
on transition-metal fluoride clusters using a mul-
ticonfigurational Hartree-Fock (MCHF) treatment.
This ab initio treatment yields a 1.1-eV separation
between the 'E~ and 'T~ final states of MnF, ', in
better agreement with experiment. In the spectral
region to higher binding energy from the Mn 3d
and F 2P peaks is some intensity which is not ac-
counted for by either the P or d bands. This in-
tensity is probably due to correlation ("shake-up" }
states, which are well known in core-level spec-
tra of transition-metal compounds. "" Correla-
tion states derived from ligand-to-metal charge
transfer are predicted in this region by the MCHF
calculations (see Fig. 3).27 Both calculations"'"
predict the P band to be too narrow. The 2P band-
width is -5.6 eV, with a fullwidth at half-maximum
of -3.3 eV. The MCHF calculation gives -3.0 eV
for the width, while the MSXe calculation pre-
dicts a width of 1.5 eV. The MCHF calculation
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FIG. 5. FeF2. Partial d-band density of states, re-
solved as described in text.

The valence-band spectrum of FeF, (Fig. 4} is
very similar to MnF, except for a new well-re-
solved feature at the top of the valence band. We

can use the procedure applied to MnF, above to
obtain the 3d partial density of states. This re-
sults in the partial 3d density of state spectrum of
Fig. 5. Thus the region from 0 to - 7 eV is due
to the d states and the region from - 7 to -11.0 eV
is due to the F 2P states. This partitioning into P
and d regions is further supported by the results
of Poole et aL."on the basis of cross-section dif-
ferences between their 40.8-eV spectrum and our
1486.6-eV results. The new feature at 2.0 eV is
due to final-state multiplets. Photoemission from
Mn" (3d'), with a half-filled d shell, can only lead
to quintet final states In Fe."(3d'}, the one extra
d electron is antiparallel to the other majority-
spin d electrons. Thus both quartet and sextet
final states are now possible. The peak centered
at 5.1 eV represents the manifold of quartet states,
and the peak at 2.0 eV with about 5 the intensity
(0.23} of the quartet states is the 'A, final state.
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A similar conclusion was drawn by Wertheim
et al."from a spectrum in which the 'A. , state
was just resolved. This points up the very local-
ized nature of the 3d bands. In the rare-earth
metals the 4f electrons of the trivalent ion cores
are well known to be very localized, and they give
similar spectra in their compounds, such as tri-
fluorides. " We have an analogous case in going
from Gd metal with a half-filled 4f shell to Tb
with one electron beyond a half-filled 4f shell.
Photoemission from the Gd 4f states can only
yield 'I' states, while for Tb, photoionization of
the 4f electrons produces a manifold of sextet
states from the majority spin states plus an 'S
state (minority spin state) with-,' the intensity of
the sextet state. In FeF, as in MnF, there are
also correlation states in the higher binding-en-
ergy region of the valence band. Unfortunately,
there are as yet no theoretical results available
for FeF,.

C. CoF2

The valence-band density of states (VBDOS) of
CoF, (Fig. 6) is not as simple as those of MnF,
or FeF,. However, our success in using the LiF
data to decouple the F 2P contribution from the 3d
states in the simpler cases of MnF, and FeF, gives
us confidence to apply this technique to CoF,. The
results are shown in Fig. 7. Also shown in Fig. 7
as lines are the most intense final states predicted
by the MCHF calculation of Viinikka and Bagus. "
The agreement is remarkably good. The hatched
area represents correlation-state structure, which
is much more intense than in FeF, or MnF, . How-
ever, Co core levels of CoF, also exhibit intense
correlation-state satellites, while in MnF, and
FeF2 the metal core levels have much weaker
satellites. ' The MCHF calculation predict cor-
relation states in this region, as indicated in Fig.
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FIG. 7. CoF2.. Partial d-band density of states. See
caption for Fig. 2 |'the dashed vertical line indicates the
sum of the adjacent lines).

7. Again, the UPS" results are in good agree-
ment and show the expected cross-section modu-
lation. The P band falls about 4.7 eV below the
most intense feature in the d bands. The MCHF
calculation predicts this peak to fall at 7.0 eV, far
too low.

D. NiF2

The XPS VBDOS of NiF„ like CoF„ is not very
simple as there is a large degree of overlapping
of the metal 3d bands with F 2P bands. Also the
NiF, spectrum may not be as well resolved as the
above difluorides because the sample was not a
single crystal. We do get good agreement (Fig. 8)
with the (polycrystalline) XPS spectrum of Wert-
heim et al."Poole and co-workers" have done
UPS measurments at he=40. 8 eV on NiF, . Figure
9 shows the result of subtracting out the F 2P con-
tribution. Again very reasonable agreement with
MCHF calculation for the 3d states is observed.
Intense correlation structure is also observed in
agreement with the Ni core-level spectra in NiF, ."
The p levels are observed to be -5.2 eV below
the 4T~ state, which compares with -6.1 and -3.8
eV predicted by the MCHF and MS' calculations,
respectively. As in the case of MnF„both cal-
culations predict the P bands to be too narrow. The
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to Zn(Sd} energy separation would be low by 1 eV
compared to the metal. It is clear that the Zn Sd
levels are crystal-field split; however, the exact
nature of this splitting is not yet known. "
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FIG. 9. NiF2. Partial d-band density of states. See
caption for Fig. 2.

MS' calculation yields a bandwidth of 1.8 eV,
while the MCHF calculation is somewhat better
with a bandwidth of -3.0 eV. As in the case of
MnF„ the MS' calculation tends to suggest about
a 1-eV splitting in the P bands, which is not ob-
served.

E. ZnF2

ZnF, was discussed earlier and we will just
summarize our conclusions here. " The F 2P con-
tribution to the valence region was estimated by
the above procedure of using the LiF spectrum.
After subtraction, considerable spectral intensity
remained between the intense Zn 3d feature and
the top of the valence band. This was attributed
to crystal-field split 3d levels. The interpreta-
tion is supported by the fact that if only the most
intense feature is assigned to the Zn 3d band, then
(i) the intensity ratio of Zn(2P, ~,} to Zn(3d} is too
high compared to zinc metal, and (ii) the Zn(2P, ~,}

IV. CONCLUSIONS

For these difluorides, to a good approximation
the metal d bands and the F 2P band are decoupled,
as is well known. In cases where we have MCHF
calculations (MnF„CoF„and NiF, ), these cal-
culations appear to give very good agreement with

our derived partial d densities of states. In these
calculations the 3d electrons are allowed to re-
arrange among themselves, all the electrons are
explicitly treated, and final-state effects are
treated. Both the MCHF calculation and the MS'
calculation in general do not do very well for the
F 2P bands. They tend especially to be too nar-
row. The MCHF results are much better than the
MS'. The MCHF calculation also does well in

predicting the energy of the correlation states.
It would be particularly useful to obtain spectra
over a wide range of photon energies in the cases
where there is large overlap between the d and P
bands (CoF, and NiF, ). Such data would give a
good test of the usefulness of the technique used
above to obtain partial densities of states. Also
angle resolved photoemission measurements would
be important in further clarifying the exact nature
of the partial density of d states. "
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