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High resolution photoemission study of YbA13 at low 
temperature 
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The valence v and the 4f 14-'--)4f173/4 transition energy TK of YbAI~ at low temperature were determined by the high 
resolution valence band photoemission spectroscopy. The obtained values v = 2,65-+0.03 and T K = 30 -+ 15meV are 
consistent with the zero-temperature magnetic susceptibility X,,(0), supporting the Anderson Hamiltonian description for 
its electronic structure. 

1. Introduction 

The Anderson Hamiltonian description of the elec- 
tronic structures of Ce compounds has been so suc- 
cessful [1] that it is natural to ask whether a similar 
approach can be applied to other rare earth com- 
pounds. In particular, Yb compounds have received 
most attention in this respect because of the electron- 
hole symmetry between Yb and Ce compounds [2]. 
That is, the results obtained for Ce compounds can be 
applied to Yb compounds by simply interchanging the 
role of the 4f electron with that of the 4f hole. For 
example, the 4f spectral weights calculated for Ce 
compounds can be used for interpreting photoemission 
and inverse photoemission spectra of Yb compounds 
by reversing the direction of the electron energy axis. 
Recent photoemission spectroscopy (PES) and Brems- 
strahlung isochromat spectroscopy (BIS) studies [3,4] 
on YbAI 3 have been interpreted in this framework, 
and it was proposed that the hybridization between 
the 4f electron and the conduction electron of this Yb 
compound is smaller than that of most Ce mixed- 
valent compounds but still substantial. 

Although YbA13 has been studied by many different 
experimental techniques, the PES/BIS study is unique 
in that it can determine the parameters linking the 
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so-called 'high-energy' and 'low-energy' experiments 
within the Anderson Hamiltonian framework. For 
example, the inelastic neutron scattering experiment 
can give information on the Kondo temperature T K, 
but the valence of the Yb 4f ion v cannot be de- 
termined. On the other hand, the M6ssbauer experi- 
ment can determine the valence, but cannot give 
information on the Kondo temperature. But in the 
photoemission experiment, both v and T K can be 
determined simultaneously, which in turn can give 
information on the hybridization strength A between 
the 4f level and conduction electrons and the bare 4f 
energy level e ° through the relations derived from the 
Anderson Hamiltonian [2,5,6]. In this way, both low 
and high energy parameters can be checked for con- 
sistency, and the applicability of the Anderson Hamil- 
tonian to describe the electronic structure of this 
compound can be studied. 

Unfortunately, the two previously published results 
on PES/BIS studies of YbAI 3 do not agree with each 
other [3,4], and even the consistency of the Anderson 
Hamiltonian parameters deduced from the PES/BIS 
measurements with a static property such as the zero- 
temperature magnetic susceptibility of YbAI 3 is in 
doubt [7]. In this paper, we report the result of a high 
resolution, low temperature (T--- 15 K) photoemission 
spectroscopy study of YbAI~ to settle the controversy, 
and to determine the applicability of the Anderson 
Hamiltonian description for this compound. 
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2. Experiment 

The experiment was carried out at the Ames/  
Montana beamline in the Synchrotron Radiation Cen- 
tre (SRC) of the University of Wisconsin, USA. The 
photon energy monochromator was the extended 
range grasshopper, and the experiment was done with 
the angle resolved chamber (base pressure ~<1 × 
10 1o Torr) equipped with a 50 mm radius hemispheri- 
cal analyzer made by VSW. The YbAI 3 sample was a 
polycrystalline ingot and a clean surface was obtained 
by fracturing in situ. This sample was from the same 
ingot that had been used for previous PES and BIS 
studies by our group [3]. The temperature of the 
YbA13 sample was lowered to about 15 K using a 
closed-cycle helium refrigerator in order to minimize 
the thermal broadening. The Fermi level reference 
was determined by measuring the valence band spec- 
tra of the sputtered Pt foil at the same time as the 
YbAI 3 spectra. 

3. Data analysis 

We first found the valence o of the Yb 4f ion for 
YbAI 3 using the intensity ratio between the divalent 
and the trivalent components in the valence band PES 
spectrum. For this purpose, we obtained the wide 
range spectrum with the 100eV photon energy as 
represented by dots in fig. 1. The peaks between E~ 
and 3 eV binding energy are from the 4f~4--->4f ~3 (di- 
valent) transition and the peaks between 5 eV and 
11 eV are due to the 4f13---~4f 12 (trivalent) transition. 
The results of the curve fitting with the spin-orbit 
structure of the 4f ~3 final state and the multiplet 
structure of the +f12 final state are shown by the solid 
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Fig. 1. Wide range valence hand spectrum of YUAI 3 by using 
the photon energy 100 eV. Dots represent the raw data and 
the solid line represents the fit. 

lines in the same figure. We considered the surface 
and bulk effects which are already known for Yb 
compounds in the 4f 13 final state [3]. We obtained the 
intensity ratio between the bulk divalent peak I(4f 13) 
and the bulk trivalent peak l(4f ~2) from the result of 
this curve fitting, and found that l(4ft3)/ 
l(4f 12) = 0.576-+ 0.050. Neglecting the hybridization 
effect which may transfer weights between two final 
states (the hydridization effect for Yb compounds is 
expected to be smaller than that for Ce compounds 
because of the lanthanide contraction of the 4f wave 
function), we can obtain valence v = 2 + nf and the 
number of the 4f hole n e from the relation 

1 
nf = 13 l(4f 13) (1) 

1 + ~ × i(4f12-- ~ 

The value of n~ obtained in this way is 0.65 + 0,03. 
This valence is smaller than that obtained in [3], 
v = 2.78-+ 0.03, using the PES spectra taken at room 
temperature.  In fact, the change in valence with tem- 
perature of this order of magnitude is expected 
theoretically due to the thermal occupation of low- 
lying magnetic states [2]. 

Since the 4f14---~ 4f 13 electron removal peak position 
in the PES spectra of Yb compounds (41 "°---> 4f ~ elec- 
tron addition peak position in the BIS spectra of Ce 
compounds) is located at T K from the Fermi level 
according to the result of calculations for the 4f spec- 
tral weight of the Anderson impurity Hamiltonian 
[2,5,6], the value of T K can be obtained by measuring 
the binding energy of the 4f14---> 4f 13 peak precisely in 
PES. Since the value of T K for YbA13 is a few hundred 
degrees Kelvin, it requires a high resolution ex- 
perimental set up. It is also necessary to know the 
Fermi level position accurately (work function of the 
instrument) and the resolution of the experimental 
instrument. For this purpose, we measured the spec- 
trum of the Pt metal with 50 eV photon energy with 
exactly the same setting used for the YbAI 3 spectra, 
the raw data of which are shown in fig. 2 by dots. 
Considering the DOS of the Pt metal as fiat (which is 
not a bad approximation for this narrow range) and 
the resolution of the experimental instrument given by 
the Gaussian function, we fitted this spectra by the 
convolution method, the result of which is represented 
by the solid line in fig. 2. By this method, we were 
able to determine the Fermi level position with an 
accuracy of ---15 meV and the total instrumental res- 
olution was found to be F (full width at half maxi- 
mum: FWHM) = 84 -+ 10 meV. We have negelcted 
thermal Fermi function broadening at this low tem- 
perature. 
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Fig. 2. Spectrum of Pt metal near the Fermi level with high 
instrumental resolution F (FWHM) = 84 -+ 10 meV by using 
the photon energy 50 eV. Dots represent the raw data and the 
solid line represents the fit. 

We now analyze the high resolution data of YbAI 3 
taken with the 50 eV photon energy shown by dots in 
fig. 3. Using the position of EF and the instrumental 
resolution obtained as mentioned above, we tried to fit 
the spectrum with the least-squares curve fitting proce- 
dure. We assumed Lorentizian peak shapes for two 
broad surface peaks and the bulk 4f~ 2 peak at 
- 1 . 3  eV from the Fermi level. However, when we 
assumed the Lorentzian shape for the bulk 4f~32 peak 
close to the Fermi level, we found that the rising edge 
at the Fermi level could not be fitted with the known 
instrumental resolution of F (FWHM) = 84 -+ 10 meV. 
In fact, this is expected since the theory shows that the 
Kondo resonance has non-Lorentzian shape [2], and 
its width is larger at the higher binding energy side for 
Yb compounds. We tried to mimic this shape by 
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Fig. 3. Spectrum of  Y b A I  3 near the Fermi level wi th high 
instrumental resolution F (FWHM) = 84 _+ 10 meV by using 
the photon energy 50 eV. Dots represent the raw data and the 
solid line represents the fit. 

assuming the quasiparticle peak line shape in the 
Fermi liquid theory [8], where the lifetime width y is 
proportional to the square of the distance from the 
Fermi level. That is, we use the following intrinsic line 
shape function for the bulk 4f~7~ peak: 

A ( E  - -  E F )  2 

f ( e )  = (e - TK) 2 + A2(e - EF)" ' (2) 

where T K is the peak position and E v is the Fermi 
level. Also, since the YbA13 compound is metallic, we 
must consider the many body effect resulting from the 
Coulomb interaction between the valence electron and 
the core hole. Hence we convoluted with the asym- 
metry function of the e x p ( - e / ~ ) / e  1-~ form, where ~: 
is the Mahan cutoff energy (we use s c to be 6.0 eV) and 
~x represents the asymmetry parameter [9]. The result 
obtained by the convolution of these various functions 
is represented by the solid line in fig. 3. We found 
from this curve fitting that the T K value for the bulk 

13 4f7/2 peak is 30 -+ 15 meV, and the asymmetry parame- 
ter a is 0.2, which is the same as the value used to fit 
the wide range valence band spectrum of fig. 1. The 
coefficient A used in the fitting was 44.5 eV 1, and the 
Lorentzian width (FWHM) for the bulk 4f~ 2 peak was 
120 meV. 

4. Discussion and summary 

Now that nf and T K have been obtained from 
experimental PES data, we can predict the value of 
the zero-temperature magnetic susceptibility X~(0) 
using the following relation obtained in the lowest 
order solution of the Anderson impurity Hamiltonian 
[2,5,61: 

2 
n f  /Zea x - -  , (3) 

. ) ( m ( O )  = ~ T K 

where ]'£ef, = ~ + 1 ) g ~ B  = 4.54/x, for the Yb 4fTf:~z 
ion. Using our values of TK = 30 +-15 meV and nf = 

0.65-+0.03 obtained above, we find Xm(0)= 
(4.98 +--1.70)X 10 3 emu/mol,  which is close to the 
experimental value of 4.62 x 10 -3 emu/mol for YbAI 3 
[10]. This shows that the Anderson Hamiltonian pa- 
rameters obtained in the 'high energy' PES experi- 
ment can also explain the 'low energy' magnetic sus- 
ceptibitily measurement, and the Anderson Hamilto- 
nian framework is a valid starting point for discussing 
electronic structures of Yb compounds as in the case 
of Ce compounds. 

By using the nf and T K values obtained above, we 
can also estimate the hybridization parameter A and 
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the bare 4f electron energy level l e°[ from the follow- 
ing lowest order relation of the Anderson impurity 
Hamiltonian [2,5,6]: 

nf Nf x - - ,  = T  K+ x l n  , 
1 - nf zr T K ef ~r 

(4) 
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where Nf is the degeneracy of the f level, which is 
taken to be 8 here since the spin-orbit splitting energy 
for the Yb 4f level is about 1.30eV, and B is the 
conduction band width (assumed to be 2.0 eV here). 
We find A and [e°[ to be 2 1 . 9 -  + 10.0meV and 3 9 0 -  + 
90 meV, respectively. These values should not be taken 
too literally because we have neglected all higher 
order corrections and the finite U effect. However, we 
see that the hybridization parameter A is smaller than 
that of typical Ce mixed-valence compounds as expec- 
ted from the lanthanide contraction of the 4f wave 
function, but it is still big enough to be significant in 
determining the physical properties. Also we can say 
that the spin fluctuation is more important than the 
charge fluctuation for YbA13, since the value of [e°[ is 
much larger than NrA and T K. 

In summary, we find the Anderson Hamiltonian 
parameters of YbA13 from the high-resolution, low- 
temperature photoemission spectra. These parameters 
describe both the low and high energy properties of 
YbA13 consistently, and the spectral features are con- 
sistent with the prediction based on the Anderson 
impurity Hamiltonian. We conclude that the Anderson 
impurity Hamiltonian is a good starting point to de- 
scribe the electronic structures of Yb compounds. 
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