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Role of High Resolution Role of High Resolution 
Photoemission Spectroscopy (PES) Photoemission Spectroscopy (PES) 

in the soft Xin the soft X--ray regionray region

• In many materials with strong electron 
correlation, bulk and surface electronic 
structures are different 

• For theoretical analyses are required reliable 
knowledge on genuine bulk and surface 
electronic structures

• High resolution spectra on high quality samples 
are required

• By use of the state-of-the-art soft X-ray PES 
technique, such studies are now feasible 

an example at BL25SU of 
SPring-8, Japan

h� / 
�

h� > 20,000 near 870eV 
with use of 1,000/mm 
grating

total resolution with 
�

EK< 80~100 meV is 
conventionally achieved 
near 1 keV

On high quality sample 
surfaces, much more bulk 
sensitive results can be 
obtained 
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SrSr11--xxCaCaxxVOVO33

• 3d1 metallic system 
• remains paramagnetic down to 50mK
• Fermi liquid behavior
• simplest strongly correlated TM oxides
• band width W may change through this system by 

V-O-V bond angle change
• 180°in SrVO3 and 160°in CaVO3
• ideal system for PES study
• effective mass shows a moderate increase
• electron specific heat � 6.4 & 7.3mJ/K2mol

HPES studies of perovskites
are very important

3d electronic states are 
thought to be more itinerant in 
SrVO3 than CaVO3 due to the 
bond angle effect (or buckling 
effect)
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Sr1-xCaxVO3   polycrystals: scraped

I.H.Inoue et al. Phys.Rev.Lett.74,2539(1995)

coherent

incoherent

0      SrVO3

1      CaVO3

0.2
0.6

strong x dependence of the spectra is observed                  

incoherent peak is too strong! Why? � surface effect

APW band cal. DOS  are        
almost equivalent between 
2 materials 

changes

HeI 
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single crystal

surface cleaning by 
repeated scraping

monochromatized Al K � � E~0.45eV : not enough for accurate discussion                   
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bulk & surface 
deconvoluted

bulk spectra 
are in 
agreement 
with DMFT cal 
by Hubbard 
Hamiltonian

S                B
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Sr0.5C a0.5VO 3

SrVO 3 (x =  0 )

C aVO 3  (x =  1 )

 hν =  900 eV
 hν =  275 eV
 hν =  40.8 eV
 hν =  21.2 eV

<? ? >V 3 d  Sp e c t r a l  We i g h t s  o f  Sr 1 - xCa xVO3

Incoherent part Coherent part

How important is the high resolution photoemission (HPES) in wide hν� region!!

single crystal

single crystal

polycrystal

sharper 
h� dependence is 
observed
because of the 
better quality of 
the surface

increased bulk 
sensitivity at 
higher h�

mean free path 
reduces down to 
21.2 ev

We have done 
high resolution 
measurements 
on cleaved or 
fractured 
surfaces

A.Sekiyama et al.     
cond-mat/0206471
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It is found that bulk electronic states are very similar 
among Sr1-xCaxVO3

Consistent with the electron specific heat and magnetic susceptibility 
which are comparable among these compounds

strong contrast to the prediction and 
low hν� HPES

no 
change
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FLAPW band cal.  
too broad band 
width

Due to the electron 
correlation effect, 
the observed band 
width is ~60% of the 
calc. and the 
spectral function is 
modified. 

The spectral weight 
moves to the 
incoherent part.

The intensity at EF
is well reproduced 
by band cal., 
suggesting that 

�
has nearly no k 

dependence.

Anisimov and Vollhardt, private commun. cond-mat/0211508
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Surface spectra derived from 
soft X-ray HPES by 
deconvolution (marks) are 
much different from those 
given by Maiti et al. 

He I spectra (broadened: solid 
line) are very similar to the 
surface spectra.

Thus high energy HPES is 
inevitable to discuss bulk and 
surface electronic states of 
correlated systems
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A IP E S

hν= 5 15 .7 eV

1 80  K  (M )

1 00  K   ( I)

Next example: V6O13

Discussion of Metal-Insulator Transition (MIT)

TMIT~145 K, TN~55 K   In M phase, V4+(3d1) and V5+ (3d0) is 2:1

Fermi cut off is at the rising part of the threshold.  Gap in I phase is 
~120 meV, which is smaller than the gap estimated as 200 meV by HeI
ARPES (Eguchi et al., Phys.Rev.B65,205124(2002).

coherent part

incoherent

Angle integrated PES (AIPES)
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Condition for high energy ARPES
high resolution in energy & θ (

� �
<±0.2º)���������
	 wave vector q=2 � / �

h =1,000eV• � • 12A• q=0.52A-1

q • =0.37A-1 for � =45º incidence
kB= � /a =0.63(1.05)A-1 for a=5(3)A

q • • 30(18)% of 2kB�����������������������
�
k • =0.51(A-1)(EK(eV))1/2sin �
EK=1,000eV • k • =16.1 sin �

q • =0.37A-1 • sin � =0.37/16.1=0.023
� • 1.3º(k • =0 electron emiss ion o ffset)
2kB (1.26A-1) ⇔ 4.4º

angular resolution � =0.2º• ∆k • =0.056(A-1)  • 0.045*2kB
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Both dispersive coherent peak and non-dispersive 
incoherent peak are observed in the M phase
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In In YbYb compounds, Kondo peak is compounds, Kondo peak is 
accessible by HPES whereas Kondo accessible by HPES whereas Kondo 
tail is accessible in tail is accessible in CeCe compoundscompounds

• In the case of Ce compounds, RPES technique 
is applicable, which is not effective in Yb
compounds.

• However, the cross section of Yb 4f is large 
even in the soft X-ray region.

• Thus in both cases, bulk sensitive soft X-ray 
PES is feasible

move to the 2nd subject

L.H.Tjeng et al., Phys
Rev.Lett.71,1419(1993). 

S

B

impurity 
phase

surface 
components 
are very 
strong

critical on 
deconvolution
of non bulk 
components

polycrystals

scraped 
surface

peak shift     
35 (10K) to 
55meV(300K)

20meV

nf~0.77(10K) 
0.85(300K)

low hν�

HPES
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YbAl3   hν�  = 700 eV

200 K

150 K

100 K
75 K

50 K
20 K

We have done high resolution PES at 700eV and seen clear T dependence

Surface components are much weaker

Yb3+

Yb2+

normalized 
by Yb3+

high purity

single 
crystal

cleave at 
200K
cooled down 
once

δ
�

E<80 
meV

CeCe compounds:compounds:
4d-4f RPES and He I,II HPES mostly provide 
surface information:

A.Sekiyama et al., Nature 403,396-398 (2000) &
J.Phys.Soc.Jpn.69,2771(2000)

CeRu2Ge2, CeRu2Si2, CeRu2

• CeNi 
• CePdX(X=P,As,Sb), CePtX(X=P,As,Sb)

T.Iwasaki et al.,     Phys.Rev.B65,195109(2002)
• NCA calculation on single impurity Anderson model 

(SIAM) could well explain the 4f state and Kondo tail of 
Ce compounds except for CeRu2 which has TK above 
1000 K

final subjects:
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In very low TK systems, one may think that the 
surface localized 4f states are not much different 
from the bulk electronic states, which are already 
localized to some extent.

One may also claim that the spectra near the EF are 
not much influenced by the surface effects, because 
the surface states are located in the deeper EB.

These speculations are not well grounded.
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CeRu2

3d-4f
(hν�  ~880 eV)

CeRu2Si2

3d-4f
(hν�  ~880 eV)

4d-4f
(hν�  ~120 eV)

4d-4f
(hν�  ~120 eV)

low energy AIPES 
including 4d-4f RPES 
provide information on 
the surface electronic 
states, which are much 
different from bulk 
electronic states 
probed by the 3d-4f 
RPES

In both cases, even 
near EF spectra are 
much different between 
the 4d-4f and 3d-4f 
RPES.  Neglect of the 
surface contribution 
near EF is not 
acceptable.

Sekiyama et al., Nature 
403,396(2000).

TK~20 K                                >1000 K

heavy Fermion                    VF
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CeRu2Si2
TK ~20 K

CeRu2Ge2

TK <1 K

Expt.

Expt.

Calc.

Calc.

A.Sekiyama et al.

J.Phys.Soc.Jpn.69,

pp2771-2774(2000)

By properly taking the 
crystal field splitting,

the bulk Ce 4f spectra 
can be well reproduced 
by the NCA cal. on 
SIAM and scaled by the 
bulk Kondo 
temperature.

If 6 fold ground state is 
considered, TK is 
predicted to be much 
higher(in contradiction).

spin-orbit satellite      Kondo tail
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Ce 3d-4f RPES
hν =  882.6 eV
20 K
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4 f
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CeNi
(TK  ~  150 K)

Bulk Ce 4f spectra near EF  

 4f spectrum of CeRu2 is qualitatively 
different from those of the other compounds.

For lower bulk TK
material, the tail of the 
Kondo peak is more 
suppressed at the 
measuring temp. of 
20K.

However, clear Kondo 
tail was not observed 
in CeRu2.
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C eR u 2  20  K
hν ~  880  eV

PES spectra v.s. 
Band-structure calculation for CeRu2  
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ca lcu la tion  w e ll 
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charac ter is tic

 fea tures  
in  bo th  R u 4d  

and C e 4 f 
spec tra  o f C eR u2

strong 
hybridization 
provides Ce4f 
and Ru4d states 
in the same EB
region

H.Harima
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Next example,  CeRhAs, which is a                       
Kondo Semiconductor with a gap of the order of 100 
meV,   TK ~ 1500 K

some Auger contribution is seen at 
absorption max. excitation

Rh 4d 
state
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middle point is shifted back slightly and suggests an opening of a gap

spin-orbit satellite is hardly observable near 0.3 eV � strong contrast with 
low h� HPES

Excitation below Abs. maximum

peak is located at 140 meV possibly due to an opening of the gap

The peak in the case of CeNiSn and CePdSn is much closer to EF (~50 meV) 
in our experiment

~23 meV
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Near EF spectrum is 
absolutely different

This spectrum at 126 eV is reflecting 
low TK surface state
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very low TK system with  
very small � V2(EF)

Bulk/surface 
weight is much 
higher for the 3d 
RPES than for 4d 
RPES

Hybridization decreases toward 
EF because of the decreased 
PDOS of conduction band

More quantitative analyses are done for CePtX and CePdX (X: P, As, Sb)
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Only in the system 
with low TK and very 
small � V2(EF), the 
near EF spectra can 
be interpreted as 
due to bulk states.

SummarySummary
• Soft X-ray high resolution photoemission spectroscopy 

(both angle integrated and resolved) can provide very 
important information on bulk electronic states of RE 
and TM compounds

• Feasibility of soft X-ray ARPES for band mapping and 
Fermiology is demonstrated for the first time

• Re-examination of electronic structures of many 
correlated electron systems by this technique is 
inevitable 


