
Study of some Ce intermetallics by core-level photoemission

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1993 J. Phys.: Condens. Matter 5 4013

(http://iopscience.iop.org/0953-8984/5/24/002)

Download details:

IP Address: 171.66.16.159

The article was downloaded on 12/05/2010 at 14:08

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/5/24
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


I .  Phys.: Condens. Matter 5 (1993) 40134020. Printed in the UK 

Study of some Ce intermetallics by core-level photoemission 

R K Singhalt, N L Sainijll, K B Gargt. J Kanskit, L Ilverf, P 0 Nilssont, 
Ravi Kumars and L C Guptas 
t Department of Physics, University of Rajasthan, Iaipur-302004, India 
$ Department of Physics, Chalmen University of Technology. S412 96 G6teborg. Sweden 
8 Tam Institnte of Fundamental Resemh, Bombay400 005. India 

Received 6 October 1992 

Abstract. Ce intermemliics CeALNi. CeAlCu and CeNi2Siz have been studied by core-level 
phMoemission spectroscopy to investigate their elemonic sUuctm. The Ce 36 XPS data clearly 
indicate thaf the final slate is a quanNm mechanical admixNre of 4@, 4f’ and 4f2 configurations 
in these systems with an increasing 4@ contribution as Cu is replaced by Ni. The two Ni-based 
systems are found to be mixed-valence systems with nr c I while the ground state of the 
Cucaotaining system appenrs to retain a purely trivalent character with nt E 1. These results 
are in agreement with OUT earlier reported x-ray absorption and resonant photoemission data. 
Thc present study highlighn the fact that the replacing of Ni by Cu seems to be propitious for 
driving the Ce from an intermediate-valence (N) to a non-IV ground state. The results of Ce 3d 
and Ce 4d XPS are discussed. 

1. Introduction 

In cerium and actinide compounds;the hydridization of the f electrons with the conduction 
band gives rise to various kinds of interesting phenomenon. A great deal of scientific effort 
has been focused on the Ce 4f problem because of the diverse properties and elusive role of 
the 4f electrons. Ce compounds and intermetallics are distinguished for exhibiting a variety 
of interesting and most peculiar phenomena such as an intermediate valence (N), a Kondo 
lattice, heavy-fermion superconductivity and magnetism, raising questions about the nature 
of their ground-state electronic configuration. 

Some Ce-based intermetallics exhibit Iv behaviour which cannot be reconciled within 
the framework of the Anderson impurity model. While the 4f states in the N systems of 
heavy rare earths retain their atomic character as they have a very small 4f band width 
(about 0.1 eV), other Ce systems have been found to exhibit a more delocalized behaviour 
where the 4f band width can be as large as 1 eV and hence the 4f wavefunction can mix with 
the extended states of the solid. It is interesting that the 4f state appears localized in some 
compounds and delocalized in others, e.g. localized in hydrides and chalcogenides, slightly 
delocalized in the pnictides and more band like in some intermetallics. Understanding of this 
ambivalent and complex character continues to be elusive and represents a major challenge 
to solid state physicists. 

In the evolution of the study of the properties of the 4f electrons in Ce and its compounds, 
photoemission spectroscopy has played a key role [I-161. The intent of these investigations 
has been to identify the binding energy of the 4f states, their width, the degree to which 
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they do or do not hybridize with other states and the relationship between the spectroscopic 
information and the ground-state properties. In principle, hybridization of the 4f levels in 
Ce could be inferred from measurements of the 4f level widths in photoemission from the 
valence bands. In practice, the width of the f band is small so that some resolution problems 
occur. In addition, the lifetime broadening and surface effects further compkate the matter 
[7,8,14-161. The core-level photoemission line shapes have been widely used to diagnose 
hybridization of the 4f levels in Ce systems t9.13-161. The use of core-level line shapes is 
based on the concept that for a Ce atom, which has one 4f electron in the ground state, the 
lowest energy in a core ionized state is obtained when the core hole is screened by an extra 
4f electron. The state$ with and without occupation of this screening state are termed ‘well 
screened’ or ‘poorly screened‘. The probability of occupation of this screening state will 
depend on the coupling of the other occupied states. This coupling is described in terms of 
the degree of hybridization. If this degree of hybridization is small, then the probability of 
electron transfer to this screening state is also small. The x-ray photoelectron spectroscopy 
(xPS) of Ce core levels for studies of screening effects is restricted to the 3d and 4d levels. 
The strong Coulomb interaction between the 4f and 4d levels gives rise to complicated 
multiplets in the 4d x-ray photoelectron spectra which are therefore not easy to analyse. 
The Ce 3d spectra show two sets of lines (3d3p and 3dsp doublets) which correspond to 
poorly screened (f’) and well screened (6) states. In addition, Ce also shows a 4 P  peak 
which is related to partial emptying of the 4f level and is attributed to the mixed-valence 
character of Ce [8,13-16]. 

transition metal) have been the focus of many 
experimental studies as the various properties of Ce vary with M to give a heavy-fennion 
superconducting system (with M Cu) [17], Iv systems (with M =Fe, CO, Ni, etc) 118, 191 
and magnetically ordered systems (with M = Au, Cd, Ag) 1201. In the present study, we 
have investigated three interesting Ce intermetallic compounds, namely CeNizSi2, CeAlNi 
and CeAICu, using core-level XPS to study the valence state of Ce and the properties (i.e. 
localization, etc) of the 4f electron states. Earlier XANES and RESPES studies have shown 
that CeAINi is a mixed-valence system, while the XAS spectrum of CeAlCu looks almost 
identical with that of heavy-fermion system with a purely trivalent ground state [21]. 
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Ce intermetallics CeMzSil (M 

2. Experimental details 

The samples were prepared by arc melting high-purity metallic constituents (about 99.9% 
purity) in an inert gas (Ar) atmosphere. The samples (button shaped) were melted repeatedly 
(five to six times) in the same atmosphere to ensure homogeneity. The weight losses of 
the final buttons were found to be less than about 1%. The resulting buttons were then 
wrapped in Ta foils and sealed in a quartz tube under vacuum. These samples were 
annealed in a standard manner at about 900°C for 15 d to reduce the concentration of 
peritectic precipitates. The phase purity of the samples was checked by x-ray diffraction 
where about 5-10% impurity phases (CeA13, etc) were found in the CeAICu sample. The 
other samples, CeAlNi and CeNizSil, were found to be single phase. 

The XPS measurements were made in a Vacuum Generators ADES 400 system. 
Unmonochromated AI Ka x-rays were used to excite the spectra. The pressure in the 
ultrahigh-vacuum chamber was about 5 x lo-’’ Torr during the measurements. The 
spectra were recorded with a total energy resolution of about 1 eV. Clean surfaces were 
obtained by argon ion bombardment. The high oxygen affinity of all the rare earths is 
well known and rapid oxide layer formation on the surface is very common. In order 
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to remove the surface contamination, the samples were sputtered with an argon ion beam 
(about 3 keV). The surface contamination was monitored by both 0 Is xps and the 0 
signal in ultraviolet photoelectron spectra at about 6 eV. During the measurements, fast 
recontamination was observed. We noted this time effect by monitoring the 0 ultraviolet 
photoelectron spectroscopy (UPS) signal and found that we needed to resputter the samples 
after every 15 min. We did not observe the 0 1s XPS signal after sputtering but still 
cannot rule out a small (about 5%) contamination as the 0 UPS signal could not be removed 
completely even after this routine sputtering. It is worthwhile mentioning that we did not 
find any signs of preferential sputtering and the relative intensities of the core levels were 
constant to within less than about 5%. 

3. Results and discussion 

Figure 1 shows the Ce 3d spectra of the compounds CeAINi, CeNilSiz and CeAICu. The 
spectra are normalized to the intensity of the most intense peak at about 884 eV. The spectra 
show two main peaks, corresponding to the 3d5p and 3d,/z spin-rbit components. These 
main peaks are associated with the poorly screened 3d9f' final~state. Two additional sets of 
lines can be clearly seen in the specaa of CeAlNi and CeNiZSiz, labelled P and f'. These 
lines represent the Ce atoms in the 3d94P and 3d94f' states, respectively. The energy 
separations between these lines are 

.~ 

E(P) - E(fl) = 12 eV E(?) - E(P) 2 4  ev.  

The presence of these three sets of lines in x-ray photoelectron spectra may be attributed 
to the coexistence of the different configurations in the ground state of Ce. However, a 
significant contribution from the final state effects such as shake-up or shake-down, core 
hole screening, etc, cannot be ruled out and may be so pronounced as to mask completely 
the initial state in some cases. 

The P peak suggests that the Ce atoms are in the 4+ valence state while the 'well 
screened' P peak indicates hybridization of the 4f levels and overlap of the 4f level with 
other orbitals [13-161. Therefore the intensity of the f', f' and P peaks provides qualitative 
information about the valence state (i.e. f counts) of Ce and hybridization of the 4f levels 
with the conduction band [8,10,13,15,16]. To address the problem of hybridization and 
valency in detail we have applied a deconvolution procedure [22]. The deconvoluted spectra 
of different samples 'are shown in figures 2 4  together with the fitted spectra. The fitted 
energy positions together with the fitting parameters used have been summarized in table 1. 

Table 1. Ce 3d XPS peak binding energies (fitted) of Ce intermetallic compounds with respec1 
to EF. The energy values m m p o n d  to 363,~.  The spin-orbit coupling is about 18.5 eV and 
the branching ratio is 1.5 eV. The accuracy in measurements is 0,5 eV. The Gaussian widths 
rc, and hrentzian widths r L  are also included in the table. 

Peak binding energy (eV) 
E ( @ ) - E ( f ' )  ro 1'L 

Comoound tu f' f (eV) (eV) (eV) 
CeAlNi 915.2 903.2 901.1 12.0 3.00 1.16 
CeNilSiz 915.6 903.0 900.2 12.6 3.00 1.16 
CeAlCu 914.4 902.4 901.4 12.0 3.W 1.16 
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Figure 1. Ce 3d x-ray photoelectron specua of he 
intermotallies studied. 

Figure 2. Deconvoluled Ce 3d x-ray photoelectron 
s p e c a  of CeAINi. Note the intensity of the fl p e a .  

Let us first discuss the results of the Ni-containing compounds, namely CeALNi and 
CeNizSiz. A significant intensity weight of the P peak was found in the spectra of CeALNi 
(figure 2) which is indicative of the mixed-valence nature of this compound. However, 
the intensity of the is slighhtly lower in the case of CeNizSiz (figure 3) which is also a 
known mixed-valence compound of Ce 1211. As discussed above, quantitative estimation 
of the valence is not possible from the XPS data, but we can say that Ce has, qualitatively 
speaking, a lower valence in CeNizSiz than in CeAINi. This is also borne out from our 
x-ray absorption studies [Zl]. Before proceeding further it is worth noting that the 4d x-ray 
photoelectron spectra of these Ce compounds also contain evidence for the presence of 
different final states. Figures 5 and 6 show the Ce 4d spectra of CeAlNi and CeNizSiz. 

Although these cannot be interpreted in detail because of the strong 4 d 4 f  interaction 
as mentioned earlier, some qualitative information can still be obtained. We have made an 
attempt to decompose the Ce 4d spectra into a few components suggested by the shapes of 
the raw spectrum. The spectra contain, of course, a large number of unresolved components 
due to multiplet interaction; so the present decomposition is only intended to emphasize the 
gross features. Each component cannot be associated with a single transition. The energy 
region between 105 and 115 eV also contains a contribution from Ni 3s emission. The peak 
at about 118 eV has been ascribed to the 4 P  final states [8,15] and can be seen clearly in 
the spectra of both compounds. The higher intensity of the 118 eV peak in the spectra of 
CeAlNi (figure 5) than in CeNizSiz is consistent with the higher valence of Ce in CeAINi. 
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Figure 3. Deconvoluted Ce 3d x-ray photoelectroo Figure 4. Deconvoluted Ce 3d x-ray photoelectron 
spectra of CeNizSiz. spectra of CeAICu. Note the negligible intensity of 

the P p ~ k .  
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F i p  5. DeMnvoluted Ce 4d x-ray phataekcuon 
spectra of CeAINi. 

Figure 6. Deeonvoluted Ce 4d spectra of CeNiXSil. 

Now, we turn our attention to the spectra of the CeAICu system. The deconvoluted Ce 
3d spectra of this system are shown in figure 4 which look quite different from those of 
the Ni-containing mixed-valence compounds CeAlNi and CeNizSiz (figures 2 and 3). The 
spectral weight of the 3d94f' peak is negligible in the Ce 3d spectrum of CeAICu. The 
intensity of the 3d94P peak is also quite small. These results support the above assumption 
that the different configurations observed in the spectrum reflect the initial states as there 
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is no reason to expect significantly smaller final state interactions in CeAlCu than in other 
compounds. In figure 7 we also see that the 11 8 eV peak is quite small in this case. The 
intensities of the different final states of the three compounds are compared in table 2. 

R K Singhal et al 

100 10L 108 112 116 120 
BINDING ENERGV(eV) Figure 7. Deconvoluled Ce 4d specln of CeAICu. 

Table 2, Relative intensities of the P. f’ and f2 pe& final slates in Ce 3d XPS. The intensities 
were estimed from the area of the respective peaks. The hybridization p m e t e r s  A are also 
included in he table. 

~ ~~ ~~ 

Compound P:fl:P A (meV) 

CeAlNi 0.10:0.64:0.26 140 
CeNilSiz 0.070.75:0.18 100 
CeAlCu 0.03:0.860.11 45 

It is well known that 4f levels in Ce and its compounds are less localized than in the 
heavier rare earths. However, it is not possible to determine the f counts from the core-level 
intensities of different peaks because of large initial as well as final state mixing of di€ferent 
configurations which has also been pointed out in earlier studies [8,9,13-161. However, 
the ratio r = I(p)/[l(fl)  + I@)] has been reported to depend on A, the hybridization 
parameter [15]. A is defined as rr.V2pm where ,omax is the maximum value of the density 
of conduction svztes and V is the hybridization matrix element. The Ce 3d spectra of CeAlNi 
(figure 2) show the distinct intensity of the 3d94P peak and indicate a higher hybridization 
of the f levels. The spectra of CeNi& (figure 3) and CeAlCu (figure 4) also show a 
significant intensity of 4f‘ peaks. Earlier core-level spectroscopy studies [ 151 have shown 
that the intensity of the 4f2 peaks increases with increasing Ni content in the CeNi, system 
which, in turn, indicates increased hybridization. If we compare the spectra of CeAlNi 
and CeAICu, we find the same trend as the substantially higher intensity of the P peak 
is indicative of higher hybridization in the Ni-containing system. In the Ce 3d spectra of 
CeNixSiz, the P peaks have more weight than in the Cu compound (CeAICu) but a little less 
than that in the Ni compound (CeAlNi) despite its higher Ni content. This may be due to 
the different local structure of Ce in CeNiZSiz as compared with CeAlNi and CeAlCu 1211. 
The hybridization parameter A is approximated from calculated correlation between A and 
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the well screened f peak intensity, given by Fuggle et al [ 151. We have also incorporated 
the approximate hybridization parameters A of the different compounds in table 2. 

Finally, we would like to comment on the mixed-valence aspect of the Ce compounds 
studied here. On the basis of the above spectroscopic data it can be readily seen that the 
two Ni-based systems CeAlNi and CeNizSiz are mixed-valence systems while the copper- 
containing system shows no evidence of any mixed-valence behaviour, and Ce appears 
to retain a purely trivalent character. These findings are consistent with our earlier x-ray 
absorption and RESPES results [21]. Thus the present investigations, in conjunction with 
earlier studies, serve to show that Cu is very suitable for driving Ce intermetallics from an 
IV to a non-Iv ground state. This behaviour may be attributed to the charge transfer in a 
rigid band picture where the 5d electrons are transferred to the 3d band of Ni from electro- 
negativity-affinity considerations [21,23]. This in turn lowers the EF in these systems 
compared with the EF of pure Ce and renders the hybridization favourable, driving Ce to 
a mixed-valence state where the Ce valence is more than 3+. On the other hand, when 
the 3d band is filled, no transfer is possible and Ce remains of a purely 3+ nature as in 
most Cu-containing systems (CeAICu, in the present case). It is imperative to investigate 
whether the Cu system (CeAlCu) is a y-type magnetic material or a new heavy-fermion 
system! In either case, some other measurements (specific heat, magnetic susceptibility, 
etc) are necessary to answer this question which may provide vital information about any 
heavy-fermion nature of this compound. 

4. Conclusions 

In conclusion, the electronic structures of CeAlNi, CeNiZSiz and CeAlCu intermetallics 
have been investigated by core-level photoemission spectroscopy. The Ce 3d x-ray 
photoelectron spectra show three sets of lines corresponding to the 3d94f0, 3d94f1 and 
3d94f configurations. The 4t" configuration indicates that Ce is in the 4+ valence state, 
Our XPS data indicate that the CeAlNi and CeNiZSiz systems are mixed-valence systems 
where the f count is less than unity. On the other hand, the 3d94t" intensity in the 3d x-ray 
photoelectron spectra of CeAlCu is negligibly small and rules out the possibility that it is a 
mixed-valence system. We also conclude from the Ce 3d x-ray photoelectron spectra that 
the coupling of 4f levels with conduction states is quite different in Cu and Ni compounds. 
In CeAINi, the 4f hybridization is stronger than in CeNizSiz. 4f hybridization is found 
to be very small in CeAICu. Because of the presence of the additional multiplets in the 
Ce 4d x-ray photoelecuon spectra we have not drawn any quantitative conclusions from 
them. However, our deconvoluted spectra have encouraged us to make some qualitative 
comparison of the compounds studied. The conclusions of both the measurements (3d and 
4d core-level XPS) agree qualitatively with each other. 
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