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ELECTRON SPECTROSCOPY STUDY OF THE H E A V Y  FERMION C O M PO U N D  
U2Zns7 

Y L A S S A I L L Y t  #, J W A L L E N t ,  W ELLIS +, L COX +, B 
and I L INDAU* 

?Xerox PARC, 3333 Coyote Hdl Road, Palo Alto, CA 94304, USA 
*Los Alaraos Nanonal Laboratory, Los Alamos, N M  87545, USA 
* Stan[ord Synchrotron Ra&atwn Laboratory, Stanford, CA 94305, USA 
# C R T B T ,  C N R S ,  BP166, 38042 Grenoble, France 

PATE*,  Z FISK + 

We report X-ray photoemtsslon, resonant photoemlssxon and Bremsstrahlung isochromat spectra of the 4f core levels, 
the valence band and the conduction band, respectively, of the heavy fermton compound U2Znt7 and the reference 
compound Th2Znl7, and we assess current efforts to interpret such spectra 

The low temperature properties of cerium and 
uranium materials have much in common,  in- 
cluding a diversity of ground states varying from 
magnetic to superconducting, and the occur- 
rence in some materials of unusually large 
specific heats, the so-called 'heavy fermlon' 
behavior [1] It is generally agreed that the Ce 
and U 4f and 5f electrons, respectively, are 
responsible for these properties The 3d X-ray 
photoemlsslon (XPS) and 4f photoemlsslon (PES) 
and Bremsstrahlung lsochromat (BIS) spectra of 
cerium materials have been interpreted with 
considerable success using the impurity Ander- 
son Hamlltonlan, leading to a new unified picture 
[2-5] of those spectroscopic and low temperature 
properties that do not involve lattice coherence 
effects In this p~cture the low temperature pro- 
pertles are determined by spin fluctuations w~th a 
characteristic energy scale set by the Kondo 
temperature TK, and ~t ~s assumed that coherence 
effects set in at some temperature lower than TK 

For uranium materials, no such umfied pic- 
ture exists Hill introduced the idea that the 5f 
electrons are localized or mnerant  depending on 
the U - U  separation, which one might model with 
the Hubbard Hamdtonian But heavy fermion 
materials typically have large U - U  separations 
putting them in the localized regime of the Hill 
plot and yet can display low temperature Itinerant 
properties This and other results, such as the 
effect [6] of substitutions on Zn sites in U2Zn~7, 
suggest that the important factor is hybridization 
with neighboring atoms, which could be modeled 

with the Anderson Hamlltonlan However, the 5f 
spectra do not resemble the cerium 4f spectra as 
measured or as calculated from the Impurity 
Anderson Hamlltoman, particularly in having 
much more f-weight around the Fermi energy E v  

Also, as we have pointed out, the only mani- 
festation of the Coulomb energy U, which must 
be present for either the Anderson or Hubbard 
Hamlltonlans, is that the total measured 5f width 
greatly exceeds the one-electron 5f width 
obtained in density functional calculations [7] 

There are two important differences between 
uranium and cerium The U 5f wavefunctlon is 
more extended than the Ce 4f wavefunctlon so 
the hybridization may be larger and the screened 
Coulomb interaction smaller In addition, the 
valence states for uranium are 5f 2, 5f 3 and 5f 4, so 
multlplet effects will be much more Important 
than for certain with valence states 4f °, 4f ~ and 
4f 2 Mechanisms have been suggested whereby 
these effects may lead to a negative effective 
Coulomb interaction [8], or to the greatly in- 
creased 5f weight around Ev [7] A realistic 
treatment of the impurity Anderson HamIitonlan 
accurately including these effects for uranium has 
yet to be done so it is not known if the measured 
5f spectra and low temperature properties can be 
accounted for as well as can be done for cerium 
There has been some success in applying the 
Impurity Anderson Hamlltonlan treatment used 
for Ce 3d core level XPS spectra [5] to the 4f 
core level XPS spectra of Th [9,10] and U [11] 
materials 
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In this paper  we report  combined BIS/PES 5f 
and XPS 4f spectra for the magnetic  heavy fer- 
talon matertal  UEZn17 [12] and for Th2Zn17 
where the 5f level is nearly empty  Resonant  
photoemisslon measurements  were made at the 
Stanford Synchrotron Radiation Labora tory  in 
the photon energy range 80-140 eV to identify 
the U 5f valence band features by tuning the 
photon energy through the U 5d threshold at 
9 0 e V  Polycrystalhne samples were fractured 
and measured at 300 K in a vacuum of 8 × 
10 -11 Tor r  The  resolution, determined almost 
entirely by the cylindrical mirror analyzer used to 
measure electron kinetic energies, was 0 4 eV 
BIS and XPS spectra were obtained for the same 
samples at a photon energy of 1486 6 eV using a 
Vacuum Genera tors  E S C A L A B ,  operated under 
conditions to yield resolutions of 0 5 and 0 8 eV, 
respectively The  samples were fractured, cooled 
to ~ I 0 0 K  and XPS spectra taken under a 
vacuum of 6 x 10 - t l  Tor r  During BIS data- tak-  
ing the chamber  pressure was always below 1 × 
10 - l °  Tor r  

Fig 1 shows PES/BIS spectra for U2Zn17 The  
PES spectrum for photon energy hu = 92 eV is 
the Fano minimum where 5f emission is sup- 
pressed The  spectrum labeled 5f is the result of 
subtracting the hu = 92 eV spectrum from the 
hu = 108 eV Fano maximum spectrum The in- 
tense feature 9 7 eV below EF IS the spin-orbit  
split Zn 3d emission, whtch anti-resonates weakly 
at the U 5d edge, implying hybridization with the 
U 5f states This conclusion is substantiated by 
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Fig 1 The PES/BIS spectra of U 2 Z I l l 7  (see text) 

the similar photon energy dependences of the 
emission near EF and the Zn 3d emission f rom 
h u = l l 5 e V  to h u = 1 4 0 e V  We have no reli- 
able information about  the number  nf of f-elec- 
trons and have arbitrarily made a rough scaling of 
the BIS and U 5f PES spectra to give nf ~ 2 5 as 
found in density functional calculations for other 
uranium lntermetalhcs The  BIS spectrum 
somewhat  resembles that of UPt~ [7], showing a 
shoulder at 0 5 eV, two peaks at about  1 5 and 
2 1 eV, and a total width extending at least 6 eV 
above EF In UAI2 and UPt3 we have previously 
associated the separation of the shoulder and the 
lowest-energy peak with the 5f spin-orbit  split- 
tlng, and the large width wlth the 5f Coulomb 
interaction [7] Sarma et al [13] have recently 
explored the latter possibility In the f ramework of 
a Hubbard  Hamlltonlan for the f-electrons, 
arguing that if the hybridization is very large, a 
hybridized band structure is a bet ter  startmg 
point than the impurity Anderson Hamiltonlan 
The  particular model of Sarma et al neglects the 
fact that the Coulomb Interaction occurs only for 
the 5f parts of the hybridized band structure, and 
for the parameters  used, it probably cannot  
achieve sufficient mass enhancement  to explain 
heavy-fermlon materials But it does have the 
merit  of placing much 5f weight around EF and is 
an interesting effort  to address the differences 
between U and Ce set forth above 

Fig 2 shows PES/BIS data for Th2Zn17 As for 
U, the emission near EE exhibits Fano resonance 
behavior  at the 5d threshold, and we assume this 
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Fig 2 The PES/BIS spectra of Th2Znl7 (see text) 
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indicates  r e sonance  of the T h  6d states, bu t  
canno t  exclude the possibili ty that  ~t arises f rom 
h y b n & z e d  Th  5f states The  spec t rum shown ~s 
for the Fano  m a x i m u m  at hv = 101 eV, and the 

large Z n  3d peaks are not  shown The  data  were 
taken from the c leanes t  f racture  bu t  still oxygen 
con t amina t i on  ts de tec ted  at 6 eV below EF The  
Z n  3d emiss ion has a weak pho ton  energy  
d e p e n d e n c e  m this range  and hence  can be used 

to place the PES spectra  of the two matermls  on a 
c o m m o n  intensi ty  scale for values  of hv not  too 
&fferent  In  the figure mset  we show the emiss ion 
near  Ev at the T h  and U Fano  maxima,  h v =  
101 eV and hv = 108 eV, respectwely ,  scaled so 
that  the Zn  3d's  m each spec t rum have the same 
intensi ty We beheve  thts ~s the first dzrect com-  
par ison of the s t rength  of the 6d and  5f 
resonances  m actm~des T h o r i u m  5f states cause 
the BIS s t ructure  be tween  5 and 7 eV above  Ev 
while the 6d and 7s states gwe  the flat and 
featureless backg round ,  showmg that  the large 

peak near  EF m the U2Zn~7 BIS spec t rum is 
mdeed  due to 5f states 

We have also measured  the U 4f and Zn  2p 
core level XPS spectra  of U2Zn17 T h e  Z n  2p 
peaks are nar row and ra ther  symmetr ic  while the 
U 4f spectra  repor ted  m ref [17], are asym- 
metric  and show weak and  s t rong satelhtes at 
about  3 and 7 eV higher  b ind ing  energy,  res- 
pec twely  Satelhtes at 7 eV have been  observed  
m several  u r a m u m  matermls,  e g ,  UGa2 [14], 
U B e l s  [15], UO2 [16], URu2SI2 [17] and  UAI2 
[12,17], and  3 e V  satelhtes also occur  m other  
u r a m u m  c o m p o u n d s  [ l l ]  We also observe  a 

satelhte m the T h  4f spectra  of Th2Znt7  at about  
7 eV higher  b ind ing  energy  This  ts surpris ing 
and posstbly mteres tmg,  as 4f satelhtes m m- 
te rmeta lhc  T h  c o m p o u n d s  typically occur  at ~ 3  
to 4 e V  higher  b ind ing  energy  [9,10], bu t  we 
canno t  be sure that th~s ~s not due to some oxide 
m our  sample,  since ThO2 has a 7 eV satelhte 
[18] 

T o  summarize ,  there remains  the hope that  the 
~mpunty A n d e r s o n  H a m d t o m a n  t r ea tmen t  will 
p r o w d e  a means  of deduc ing  Hamf l toman  
paramete r s  f rom U 4f spectra,  as was done  for Ce 

3d spectra,  and that a reahst~c impur i ty  theory ot 
the 5f spec t rum will accoun t  for at least the gross 

differences be tween  the exper imenta l  spectra ot 
U and Ce 

We thank  J - S  K a n g  for her va luable  assis- 
tance w~th the measu remen t s  The  Stanford 
Synchro t ron  Radia t ion  Labora to ry  and the work 
at Los Alamos  are suppor ted  by the US Depar t -  
men t  of E n e r g y  YL gratefully acknowledges  
suppor t  of a Nato  fellowship 

References  

[1] For a review of the experimental properties, see G R 
Stewart, Rev Mod Phys 56 (1984) 755 

[2] JW Allen, S-J Oh, I Lmdau, JM Lawrence, LI 
Johansson and S B Hagstrom, Phys Rev Lett 46 
(19811 1100 

[3] M Croft, J H Weaver, D J Peterman and A Franclost, 
Phys Rev Lett 46 (1981)1104 

[4] J W Allen and R M Martm, Phys Rev Lett 49 (19821 
1106 

[5] O Gunnarsson and K Schonhammer, Phys Rev Lett 
50 (1983) 604, Phys Rev B28 (1983) 4315 

[6] J O Wflhs, Z Fisk, G R Stewart and H R Ott, J Magn 
Magn Mat 54-57 (1986) 395 

[7] J W Allen, S -J Oh, L E Cox, W P Elhs, M S Wire, Z 
FIsk, JL Smith, BB Pate, I Lmdau and AJ Arko, 
Phys Rev Lett 54 (19851 2635 

[8] D van der Marel and G A Sawatzky, Sohd State 
Commun 55 (1985) 937 

[9] O Gunnarsson, K Schonhammer, D D Sarma, F U 
Hfllebrecht and M Campagna, Phys Rev B 32 (1985) 
5499 

[111] D D Sarma, F U Hdlebrecht, O Gunnarsson and K 
Sehonhammer, Z Phys B 63 (1986) m press 

[11] D D Sarma, prwate communication 
[121 H R Ott, H Rudlgler, P Delsmg and Z Flsk, Phys 

Rev Lett 52 (1984)1551 
[13] D D Sarma, F U Hdlebrecht, W Speler, N Martensson 

and D D Koelhng, preprmt 
[14] W D Schneider and C Laubschat, Phys Rev Lett 46 

(1981) 1023 
[15] E Wuilloud, Y Baer, H R Ott, Z Flsk and J L Smith, 

Phys Rev B29 (19841 5228 
[16] Y Baer and J Schoenes, Solid State Commun 33 (198(I) 

885 
[17] J W Allen, J Kang, Y Lassadly, B Maple, M Torlk- 

a~.hvdl, W Ellis, B Pate and I Lmdau, Solid State 
Commun (19861 m press 

[18] G C Allen and P M Fucker Chem Phys Lett 43 
(19761 254 




