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PHOTOELECTRON SPECTROSCOPY STUDY OF PuAND Pu-BASED SYSTEMS�L. HavelaCharles University, Ke Karlovu 5, 121 16 Prague 2, Cze
h Republi
T. Gouder, F. Wastin and J. RebizantEuropean Commission, Joint Resear
h CentreInstitute for Transuranium ElementsP.O. Box 2340, 76 125 Karlsruhe, Germany(Re
eived July 10, 2002)Photoele
tron spe
tra of various Pu-based systems are dis
ussed fromthe point of view of variations of the 5f lo
alization.PACS numbers: 71.20.Gj, 71.28.+d, 79.60.�i1. Pu � the end of 5f delo
alizationElements at the beginning of the a
tinide series exhibit band-like 5fstates. The bonding tenden
y persists up to Pu. From Am onwards, the 5fstates withdraw from the bonding similar to rare-earths. So as to investi-gate variations of ele
troni
 stru
ture a
ross the Mott transition, one wayis to deal with a light a
tinide � typi
ally U � and to try to suppress the5f bonding tenden
y by in
reasing the interatomi
 spa
ing in a 
ompound.But the hybridization of the 5f states with ligand ele
troni
 states 
ausesthat the lo
alization is a
hieved only in few singular 
ases. A stronger ten-den
y to lo
alization appears also with in
reasing Z, so another option is topro
eed to Np and espe
ially to Pu, as Am exhibits the lo
alized 5f6 state.Pu systems provide therefore a large variability of the delo
alization in 
om-pounds and abundant Pu allotropi
 phases with strikingly di�erent atomi
volume. The Æ-Pu phase 
an be taken, due to its volume being in aboutthe middle between �-Pu and Am, already half way towards the lo
aliza-tion. Photoele
tron spe
tros
opy 
an bring a straightforward informationon the situation of the 5f ele
troni
 states. Here we review results of X-ray� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(1051)



1052 L. Havela et al.photoele
tron Spe
tros
opy (XPS) and High-Resolution Ultraviolet Photo-ele
tron Spe
tros
opy (HRUPS) studies of various Pu systems spanning thethe 
ross-over between lo
alized and itinerant behaviour of the 5f states.2. Valen
e-band photoemission spe
traPhotoemission studies have been so far performed for two of the al-lotropi
 modi�
ations, namely �-Pu (mono
lini
), whi
h 
an be des
ribedas a 5f -band system, and for Æ-Pu (
ubi
), whi
h has the largest volume (by20% larger than �-Pu). It is normally stable between 592 and 724 K, but
an be stabilized to mu
h lower temperatures by doping.
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' & %$Fig. 1. Valen
e-band spe
tra of �-Pu surfa
e prepared at various temperatures.�-Pu spe
tra, des
ribed in [1℄, exhibit a triangular spe
tral intensityin
reasing up to the Fermi level without sharp distin
t features, and are notqualitatively di�erent from the pi
ture of U or Np. Quite di�erent spe
tra,displaying a satellite maximum around 0.8 eV binding energy, were reportedin [2℄. The latter type is more reminis
ent of Æ-Pu (stabilized by Ga) [1℄.Trying to spe
ify reasons for su
h disagreement, we were experimenting withsurfa
e treatments. We found that using the standard Ar-ion bombardmentte
hnique, temperature is a 
ru
ial parameter. As seen in Fig. 1, low-Tbombardment leads to spe
tra identi
al to those in [1℄. The bombardment atelevated temperatures (or annealing) leads to irreversible 
hanges amountingto some Æ-Pu features, similar to [2℄, where a laser ablation was used. The�ndings point to a re
onstru
tion of a freshly prepared surfa
e into a phase,whi
h may be asso
iated with Æ-Pu. This interpretation has support inele
troni
 stru
ture 
al
ulations, predi
ting a large in
rease of atomi
 volumeat the Pu surfa
e due to lower 
oordination at the surfa
e [3℄.



Photoele
tron Spe
tros
opy Study of Pu and Pu-Based Systems 1053Establishing thus spe
tra of the Pu phases, we have to ask about theirrelation to ele
troni
 stru
ture. As to ele
troni
 stru
ture 
al
ulations, nei-ther LDA 
al
ulations with itinerant 5f states nor LDA with 5f restri
tedto 
ore give a satisfa
tory agreement [2℄. Why it is the 
ase we understandwhen we review other Pu systems. We see that for majority of them we
an identify the same spe
tral features, o

urring at identi
al energies. Thedetailed inspe
tion of the data in [1℄ and [2℄ shows that it is not a singlesatellite maximum, but two features, one at 0.50 eV (denoted as B) and0.85 eV (C), whereas the Fermi level peak is denoted as A. Their energies
oin
ide with pronoun
ed maxima observed for example for PuSe [4℄.An interesting way to tune the lo
alization is to work with thin layers,redu
ing the thi
kness of Pu layers down to several monolayers [5℄. Fig. 2shows that the features A, B and C are easily observable for 2�3 mono-layers, whereas the progressive lo
alization for 1 monolayer leads to theirsuppression, and the spe
tral intensity shifts into a broad maximum D lo-
ated between 1.5�2.0 eV. A similar 
hara
ter of valen
e-band spe
tra wasfound for PuSb with presumably 5f5 lo
alized states [4℄. The fa
t that thepeaks A�C appear quite generally is proved in several other studies (PuN,Pu-Si).
 

ELQGLQJ�HQHUJ\��H9�

������������

LQ
WH
Q
V
LW
\
��
D
UE
��
X
Q
LW
V
�

�

���

���

����

����

����

��0/

��0/

��0/

��0/
��0/

�I��� �I���

 

0J

ELQGLQJ�HQHUJ\��H9�
�������

LQW
HQ

VLW
\��

DUE
��X

QLW
V�

�

���

���

���

��0/�

��0/�

��0/�

��0/�

' &
%$

 Fig. 2. Valen
e-band (left) and 4f (right) spe
tra of Pu layers of various thi
kness.3. Pu-4f linesComplementary information 
an be obtained from the Pu-4f spe
tra,whi
h 
onsist of two well separated peaks, 4f5=2 and 4f7=2. Ea
h peak 
anexhibit two features appearing at di�erent binding energies, explained on thebasis of the two-
hannel s
reening model [6℄. One 
hannel 
orresponds to the4f hole s
reened by 5f ele
trons, and is thus dominating for metalli
 systemswith itinerant 5f states. If the probability of the 5f s
reening de
reases, the
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hannel based on non-f s
reening takes over. It results in a �nal state witha higher energy, and the kineti
 energy of photoele
tron is by 2.0�2.5 eVlower. Thus �poorly� s
reened features only appear for PuSb, whereas the 5fs
reening is strong in �-Pu. The varying weight of the two spe
tral features
an illustrate the lo
alization with de
reasing thi
kness of Pu layers (seeFig.2). 4. Dis
ussionThe 4f -
ore level spe
tra exhibit two types of features, their mutual ratiobeing good indi
ation of the degree of the 5f delo
alization. On the otherhand, we have three types of valen
e-band spe
tra. The spe
ta
ular set ofthree sharp features within 1 eV below the Fermi level vanishes only at the5f lo
alization limit, at whi
h the spe
tral intensity moves to the energyrange around 2 eV. At the itinerant limit (�-Pu), they vanish in a broadertriangular emission peaking at EF. The origin of the 3-peak stru
ture is thusa key to understanding of Pu. It 
annot be due to one-ele
tron features,whi
h should di�er signi�
antly between various systems, and the sharppeaks (obtained in angle-integrated mode) 
annot have mu
h dispersion.A possible explanation is to asso
iate it with another �nal-state multiplet(5f5), while the intensity around 2 eV 
an be related to the 5f4 unresolvedmultiplet, left as �nal state after ex
itation from the 5f5 states. The largeratomi
 volume of the 5f6 initial state would restri
t it �rst to the surfa
e,and should be supported by enhan
ed surfa
e roughness, whi
h does notseem to be the 
ase. We 
an also 
onsider the features to be arising dueto a many-body e�e
t, an analogy of Kondo e�e
t in Ce materials. Ananomalous temperature dependen
e of intensities is expe
ted in su
h 
aseand our re
ent results prove the presen
e of su
h e�e
t.REFERENCES[1℄ J. Naegele, in: Landolt-Boernstein, New Series III/23B, Springer, Berlin, 1994.[2℄ A.J. Arko et al., Phys. Rev. B62, 1773 (2000).[3℄ O. Eriksson et al., Phys. Rev. B46, 13 576 (1992).[4℄ T. Gouder, F. Wastin, J. Rebizant, L. Havela, Phys. Rev. Lett. 84, 3378 (2000).[5℄ T. Gouder, F. Wastin, J. Rebizant, L. Havela, Europhys. Lett. 55, 705 (2001).[6℄ J.C. Fuggle et al., Phys. Rev. Lett. 45, 1597 (1980).


