
Lawrence Berkeley National Laboratory
Recent Work

Title
X-RAY PHOTOELECTRON SPECTROSCOPIC STUDIES OF THE ELECTRONIC STRUCTURE OF 
TRANSITION METAL DIFLUORIDES

Permalink
https://escholarship.org/uc/item/90813925

Author
Kowalczyk, S.P.

Publication Date
1976-06-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/90813925
https://escholarship.org
http://www.cdlib.org/


Submitted to Physical Review B LBL-5148 , 
Preprint r. 

X-RA Y PHOTOELECTRON SPECTROSCOPIC STUDIES OF THE 
ELECTR·ONIC STRUCTURE OF TRANSITION METAL DIFLUORIDES 

\, 

S. P. Kowalczyk, L. Ley, F. R. McFeely, and,< t..':' C ·-'1 V E· 0 
D. A. Shl' rley r ' .... ~ t:.. 

June 1976 

; .. -\W!?ENCf 
£IF.Rj(r~ r'( LABORA10RV 

AUb 4 1976 

LlUPARY j~ND 

DOCUMENTS SECTION 

Prepared for the U. S. Energy Research\and 
Development Administration under Contract W -7405-ENG-48 

For Reference 

Not to be taken from this room 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



0 0 =' ! U t~ :; 0 6 L ~ .. ~ ~~?~ 

0 .:;, 

X-RAY PHOTOELECTRON SPECTROSCOPIC STUDIES OF THE ELECTRONIC 
STRUCTURE OF TRANSITION METAL DIFLUORIDES* 

t S. P. Kowalczyk, L. Ley, F. R. McFeely, and D. A. Shirley 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

and 
Department of Chemistry 
University of California 

Berkeley, CA 94720 

ABSTRACT 

Thevalence-electroh densities of states of the 3d transition metal 

difluorides MnF
2

, FeF
2

, COF
2

, NiF
2

, and znF
2 

were obtained by means of 

high-resolution X-ray photoemission spectroscopy (XPS). Except for NiF
2

, 

single-crystal samples were cleaved and studied inultra~high vacuum. 

With the aid of previous XPS results from alkali fluorides, the 

partial 3d densities of states were derived, using the constancy of the 

F2s-F2p energy separation and relative intensity ratio. The results are 

in very good agreement with recent multi-configurational Hartree-Fock 

calculations (MCHF) by Viinikka and Bagus. The 3d and F2p bands are 

concluded to be largely decoupled, and these results support the analysis 

of partial densities of states by separating the F2p structure on the 

basis of the LiF spectrum. 

* This report was done with support from the U. S. Energy Research and 
Development Administration. Any conclusions or opinions expressed in 
this report represent solely those of the authors and not necessarily 
those of The Regents of the University of California, the Lawrence Berkeley 
Laboratory or the U. S. Energy Research and Development Administration. 
t 
Present address: Max Planck Institute fur Festkorperforschung, Stuttgart, 

West Germany. 
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Transition-metal compounds are of great scientific and technological 

interest, because they possess a wide range of interesting magnetic 

and electrical properties. In this paper we report a high resolution 

X-ray photoemission (XPS) investigation of several 3d transition-metal 

difluorides, MnF
2

, FeF
2

, COF
2

, NiF
2

, and znF
2

. 

The 3d-metal compounds have spatially localized 3d bands near the 

Fermi level. It is the d electrons that give rise to the interesting 

1-4 
and wide range of properties which characterize these compounds. 

Because the orbitals in 3d 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 atomic-like. 

Photoemission studies of the 3d bands are of particular interest 

, theoretically because the usual band-structure methods that work well 

for other solids fail to deal with, the highly localized (correlated) 

6 7 
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 experimentally. 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 



-2-

compounds. If these models are successful for the (very ionic) 

fluorides, they should also be applicable to other 3d metal systems. 

Experimental procedures for this study are described in Section II. 

Results for each compound are given and discussed separately in 

Section III. Finally, conclusions are drawn in Section IV. Comparisons 

with previous photoelectron spectroscopic work on the valence-band 

8-14 
region of 3d transition-metal compounds are made where relevant. 
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II. Experimental 

The high-resolution XPS measurements were performed on a modified 

15 16 Hew1ett-Parkard HP 5950A electron spectrometer.' This spectrometer 

employs monochromatized A1Ka X-rays (hV = 1486.6 eV) as the photon 

17 18 
source. The resolution of the spectrometer is 0.55 eV. The 

system has been modified for ultra-high vacuum (UHV) studies. 15 ,16 

19 
All the specimens used in these studies were single crystals of 

the rutile (D
4h

) structure. The samples were cleaved in situ under 

UHV conditions
20 

(5 X10-
10 ~ P ~ 5X10-9 Torr) in the sample preparation 

. 16 
chamber of the spectrometer and immediately transported into the 

analyzer chamber without breaking the ultra-high vacuum. Before and 

after measurement of the valence band spectra, in situ analyses for carbon 

and oxygen contamination were performed, yielding, in most cases, 

undectab1e amounts of these contaminants. 

It is well-known that photoelectron studies of non-conducting 

solids is plagued with the problem of sample charging. Even though 

we were not interested in obtaining absolute bin4ing energies, nonthe1ess, 

charging presented some problems due to inhomogeneous line broadening. 

To minimize this source of resolution degradation, the samples were 

b th d ··h 1 1 f 1 flood gun. 21 ,22 a e w~t ow energy e ectrons rom an e ectron The 

flood gun settings were determined empirically by plotting the 

F1s full-width at half-maximum (FWHM) vs the flood gun voltage 

and current settings. Use of the flood gun resulted in narrowing the 

observed 1inewidths -25%. 
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III. Results and Discussion 

We will discuss each of the transition metal difluorides 

separately below. Table I summarizes the characteristic valence-band 

energies of these compounds relative to the top of the valence band. 

A. MnF
2 

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 

23 correlation in photoelectron spectra of transition metal compounds. 

MnF
2 

is the simplest transition metal fluoride except for the dO case. 

It has a half-filled 3d shell with a t
2

3 e
2 

configuration. The valence g g . 

region of MnF2 (Fig. 1) exhibits two broad peaks. One extends from 

o to -5 eV and is centered at -3.3 eV relative to the top of the 

valence 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,24 we 

can safely and unambiguously assign the 6.6 eV peak to the F2p band. 

This follows because both the F2s-tO-F2p separation and the intensity 

ratio are essentially constant in the various alkali fluorides. In this 

analysis, they matched the separation in MnF
2 

of the F2s peak to the 

25 
6.6 eV'peak and the relative intensity of the F2s 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.
14 

Figure 2 shows the MnF
2 

spectrum after the F2p contribution has been 

subtracted from the valence region. This was accomplished by: 

(1) normalizing the intensity of F2s peaks in MnF
2 

to that in LiF, 

(2) aligning the F2speak in LiF with the F2s peak in MnF
2

, and 
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(3) taking the difference between 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 UPS studies
14 

(Fig. 3) at 40.8 eV photon energy yield 

results similar to Fig. 1 for the valence region. In the UPS spectrum 

the 6.6 eV peak, which we have assigned to F2p region, is more intense 

than the 3.3 eV peak, which has been assigned to the d states. In our 

XPS spectrum the relative inten~ities of these two peaks are reversed. 

This confirms our interpretation, because the F2p cross-section at 

40.8 eV is expected to be favored over the Mn3d cross-section when 

compared to these cross-sections at 1486.6 eV. 

Photoionization of a 3d electron in MnF2 results in either a 

SE
g 

or a ST
lg 

final state with a relative intensity (STlg}/(SE
g

) = 1.S. 

We derived a value of 1.0(1} eV for the Eg- - T
lg 

splitting by fitting our 

data with this ratio. Multiple scattering xa (MSXa) calculations of 

26 4-
Larsson and Connolly on a MnF

6 
cluster gave 1.36 eV for the splitting. 

Recently Viinikka and Bagus
27 

have performed calculations on transition-

metal fluoride clusters using a multiconfigurational Hartree-Fock (MCHF) 

treatment. This abinitio treatment yields a 1.1 eV separation between 

S ST 4-the Eg and 19 final states of MnF6 ' in better agreement with 
.1 

experiment. In the spectral region to higher binding energy from the 

Mn 3d and F2p peaks is some intensity which is not accounted for by 

either the p- or d-bands. This intensity is probably due to correlation 

("shake-up") states, which are well-known in core-level spectra of 

28-33 
transition metal compounds. Correlation states derived from 

ligand-to-metal charge transfer are predicted in this region by the 
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C . 1 l' ( '2) 27 h 1 1 ' 26,27 d ' h M HF ca cu at~ons see F~g. . Bot ca cu at~ons pre ~ct t e 

p band to be too narrow. The 2p bandwidth is -5.6 eV, with a full-

width at half-maximum (FWHM) of -3.3 eVe The MCHF calculation gives 

-3.0 eV for the width, while the MSXa calculation predicts a width of 

1.5 eVe The MCHF calculation places the p bands at -4.9 eV below 

the E final state, while the MSXa calculation positions these states 
g 

at -3.8 eVe The experimental value is -4.4eV. 

B. FeF
2 

The valence-band spectrum of FeF
2 

(Fig. 4) is very similar to 

MnF
2 

except for a new, well-resolved feature at the top of the valence 

band. We can use the procedure applied to MnF
2 

above to obtain the 

3d partial density of states~ This results 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 F2p 

states. This partitioning into p and d regions is further supported 

by the results of R. T. Poole €it al.
14 

on the basis of cross-section 

differences 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 

. +2 5, '1 d h 1 1 d ' from Mn (3d ),w~th a half-f~ le d s ell, can on y ea to qu~ntet 

final states. 
+2 6 

In Fe (3d), the one extra d electron is antiparallel 

to the other majority-spin d electrons. Thus bo.th 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 1/5 

6 
the intensity (0.23) of the quartet states is the Al final state. 

34 
A similar conclusion was drawn by Wertheim et ale from a spectrum in 

which the 6Al state was just resolved. This points up the very 
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localized 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 

h °fl" °d 35 t e tr~ uor~ es. 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 

7' 
yield F states, while for Tb, photoionization of the 4f electrons 

produces a manifold of sextet states from the majority spin states 

8 
plus anS state (minority spin state) with 1/7 the intensity of 

\ 

the sextet state. In FeF 2as in MnF 2 there are also correlation states 

in the higher binding..,energy region of the valence band. Unfortunately, 

there are as yet no theoretical results available for FeF2 . 

C. CoF 2 

The VBDOS of COF2 (Fig. 6) is not as simpl.e as those of MnF2 or 

FeF2 . However, our success in using the LiF data to decouple the 

F2p contribution from the 3d statesiil the simpler cases of MnF
2 

and 

FeF2 gives US confidence to apply this technique to COF
2

. The results 

are shown in Fig. 7. Also shown in Fig. tas lines are the most intense 

27 
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
2 

or MnF
2

. However, Co core levels of COF
2 

also exhibit intense 

correlation-state satellites, while in MnF
2 

and FeF
2 

the metal core 

levels have much weaker satellites.
29 

The MCHF calculation predict 

correlation states in this region, as indicated in Fig. 7. Again, the 

UPs14 results are in good agreement and show the expected cross-section 
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modulation. 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 7.0eV,· far too low. 

D. NiF 2 

The XPS TlBDOS of NiF
2

, like COF
2 

is not very simple as there is a 

large degree of overlapping of the metal 3d bands with F2p bands. 

Also the NiF
2

spectrum may not be as well resolved as the above 

difluorides because the sampJe was not a single-crystal. We do get 

good agreement {Fig. B) with the (polycrystalline) XPS spectrum of 

. 34 14 
Wertheim et al. Poole and co-workers have done UPS measurements at 

hv = 40.B eVon NiF
2

. Figure 9 shows the result of subtracting out 

the F2p contribution. 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 

. . 29 
~n N~F2. 

. 4 
The plevels are observed to be -5.2 eV below the Tlg 

state, which compares with -6.1 and -3.8 eV predicted by the MCHF and 

MSXo. calculations respectively. As in the case of MnF
2

, both 

calculations predict the p bands to be too narrow. The MSXo. calculation 

yields a bandwidth of 1.B eV, while the MCHF calculation is somewhat 

better with a bandwidth of-3.0 eV. As in the case of MnF
2

, the MSXo.. 

calculation tends to suggest about a 1 eV splitting in the p bands, 

which is not observed. 

E. znF
2 

znF
2 

was discussed earlier and we will just summarize our conclusions 

36 
here. The F2p contribution to the valence region was estimated by 

the above procedure of using the LiF spectrum. After subtraction, 
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considerable spectral intensity remained between the intense Zn3d feature 

and the top of the valence band. This was attributed to crystal-field 

split 3d levels. The interpretation is supported by the fact that 

if only the most intense feature is assigned to the Zn3d band, then: 

(1) the intensity ratio of Zn(2P3
/2) to Zn(3d) is too high compared 

to zinc metal, and (2) the Zn(2P3
/

2
) to Zn(3d) energy separation 

would be low by 1 eV compared to the metal. It is clear that the Zn3d 

levels are crystal-field split; however, the exact nature of this 

l ' " . k 36 sp ~tt~ng ~s not yet nown. 
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IV. Conclusions 

For the difluorides, toa good approximation the 3d metal d bands 

and the F2p band are decoupled. In cases where we have MCHF 

calculations (MnF
2

, COF
2

, and NiF2), these calculations appear to 

\ 

give very good agreement with our derived partial d densities of states. 

In these calculations the 3d electrons are allowed to rearrange among 

themselves, all the electrons are explicitly treated, and final-state 

effects are treated. Both the MCHF calculation and the Msxa calculation 

in general do not do very well for the F2p bands. They tend especially 

to be too narrow. The MCHFresults are much better than the MSxa. 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
2 

and NiF
2
). 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.
37 
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Table I. Characteristic features (in eV) of the transition metal 
diflu~~ides (relative to top of the valence band). 

1* 2 3 4 5 6 

MnF
2 

2.2(3)t 3.2 (3) 4.6 (3) 6.6(3) 9.6(4) 

7 

FeF
2 

2.0(2) 2.8(3) 5.1(2) 6.5(2) 8.0(3) 11.0(4) 14.0 

COF2 
2.5(3) 5.1(3) 7.2(3) 10.4(4) 11.2(3) 13.7(4) 

NiF2 
4.0(3) 6.8(3) 8.4(3), 10.0(3) 11.5(3) 14.5(3) 

*. 
Column headings are numbers of spectral "features" in Figs. 1, 4, 

6, and 8. 

tError in last place is given parenthetically. 
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Figure Captions 

Fig. 1. MnF
2

: XPS F2s-va1ence band (VB) spectrum. 

Fig. 2. MnF
2

: Partial d-density of states (DOS), obtained 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. 

Fig. 3. UPS spectra obtained at hv = 40.8 eV (after,Ref. 14). 

Fig. 4. FeF
2

: XPS valence-band spectrum. 

Fig. 5. FeF
2

: Partial 'd-band density of states, resolved as described 

in text. 

Fig. 6. COF2 : XPS valence-band spectrum. 

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). 

Fig. 8. NiF
2

: XPS F2s-VB spectrum. 

Fig. 9. NiF
2

: Partial d-band density of states. See caption for 

Fig. 2. 
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.._--------LEGAL NOTICE------------, 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights . 
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