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Resonant photoemission of oxidized Yb: Experiment and theory
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The oxidation-induced valence change of Yb leads to a single 4f hole in the ground state. The
creation of the 4f ' configuration which does not exist for any pure rare-earth metal makes it possi-
ble to analyze the 4d~4f Fano resonance for a simple system experimentally as well as theoretical-
ly. Calculated Fano profiles for the 4f'2 final-state multiplets are in good agreement with photo-
emission measurements taken with the FLIPPER monochromator at Hamburger Synchrotron-
strahlungslabor, Deutsches Elektronen-Synchrotron, using synchrotron radiation from the storage
ring DORIS.

I. INTRODUCTION

The interaction of oxygen with Yb is of special interest
since the oxidation induces a valence change of the di-
valent Yb with a closed 4f shell. Thus the oxidation
opens the 4f shell leading to a 4f ' ground-state configu-
ration which does not exist for any pure rare-earth (RE)
metal. Moreover, it is possible to follow the Fano-type'
resonance in the vicinity of the 4d ~4f excitation in the
oxide. This resonance has already been observed in pho-
toelectron spectroscopy as well as in energy-loss experi-
ments. In this paper we will give a detailed experimental
and theoretical analysis of this resonance phenomenon.

The techniques of constant initial-state (CIS) and con-
stant final-state (CFS) spectroscopy have successfully been
applied to the series of the RE elements to follow the
4d~4f resonance. Gerken et al. have, for some cases,
determined the partial cross section of different subshells
contributing to the resonance. Here we will concentrate
on the 4f shell. Since the resonance behavior of the 4f
states strongly depends on the initial occupation number
of the 4f shell, resonant photoemission can even be used
to identify reaction products according to the valencies of
the RE atoms involved. In the case of oxidized Yb we
have a comparably simple system, Yb203. The resonance
originates from the interference of the direct emission of a
4f electron from the 4d' 4f ' ground state with the decay
of the excited discrete 4d 4f ' state. In this paper experi-
mental CIS spectra with different initial energies in the 4f
region will be presented and compared to model calcula-
tions for all 4f ' final-state multiplets (see Sec. IV). The
calculations will be described in Sec. III.

II. EXPERIMENT AND RESULTS

The experiments were carried out at the Hamburger
Synchrotronstrahlungslabor, Deutsches Elektronen-Syn-
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FIG. 1. EDC of oxidized Yb recorded with 200-eV photon
energy. [1 langmuir (L)—:10 6 Torr sec.]

chrotron, with the FLIPPER monochromator. Details
concerning the photoemission setup and procedures for
the determination of the transmission of the double-pass
cylindrical mirror analyzer to correct the energy-
distribution curves (EDC's) and, here, more important,
the CIS spectra are given elsewhere. The overall resolu-
tion of the monochromator and the analyzer in the spec-
tra shown here was 0.2—0.5 eV. The sample was prepared
by evaporation of high-purity Yb (99.99%) from tungsten
baskets onto a stainless-steel substrate. The base pressure
during measurements was lower than 2)& 10 ' Torr.
During evaporation the pressure rose to (2—4)&&10
Torr. The clean metal surface was oxidized by exposure
to high-purity oxygen (99.998%) for 100 sec at 1)&10
Torr.

The multiplet structure and photoemission intensities of
the 4f+~4f ' transition have been calculated in inter-
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(2)

B= y( Vk Vk' /I )(yk'~ 2 ~c )
k', n

(3)

e=(hv —Ep)/I" . (4)

The Fano profile index q involves Vk„and dipole matrix
elements (el

~

r
~
4f) and (4f

~

r
~

4d) (see the Appendix).
The absorption of photons, which is equal to the sum

over all final states of the photoemission intensity, has the
familiar form

p=pp+pi(q+e)'/(~'+ I) .

The resonance is similar in many respects to the behavior
of the heavy 3d metals. '

The analysis of the resonance involves the interaction of
discrete states having configuration d f '" with the contin-
uum final states d' f ' el. We use the formalism of Davis
and Feldkamp' ' which is a generalization of the origi-
nal work of Fano. ' The ground state C&s is f' (j p, mj )

where jo ———,. Dipole selection rules limit the discrete
states p„ to j = —,

'
only. We include the effects of spin-

orbit (SO) interaction in 4s and P„since it is necessary
and straightforward to do so. In the final states, however,
it becomes more difficult to treat SO in the present con-
text, so we neglect it in the 4f shell. The only effect of
this approximation is that the emission is distributed
among several final states somewhat differently than
predicted. As a consequence, we must compare to experi-
ment only certain total intensities that are unaffected (e.g.,'H+'I'+ 'G).

The final states are found by coupling the orbital angu-
lar momentum Lf of the f' ion to the l of the pho-
toelectron, giving a total L for the system. Likewise, the
spin Sf of the ion is coupled to that of the photoelectron
to give total spin S. The total angular momentum J is the
vector sum of L and S. Now P„ interacts only with con-
tinua with J=—,, L =2, and S=—, because the interac-
tion conserves angular momentum and spin. The matrix
element Vk„ is the same as in super-Coster-Kronig (sCK)
transitions, ' typically Rx(4d, el;4f, 4f) (see the Appen-
dix). The other final states contribute to the emission, but
do not show any resonance behavior.

The intensity of any final state pk is proportional to the
absolute square of the amplitude

D =A +B(q i)/(e+—i),
where

Y

OX 1d

I—
lf)
Z
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0
-5

I

E(eV)

10

lg

FIG. 4. Calculated intensity profiles of all multiplets of the
4f' final state.

p =[A —q B —(3 B) ]/(2&B—q) .

TABLE I. Calculated effective q values for Yb 4f'2 final
states.

Note that the full width at half maximum width
2I =2m+k VI,„ is the same for all final states and is in-
dependent of n =ml.

To evaluate the various matrix elements appearing in
the equations above, we started with numerical wave func-
tions from a Herman-Skillman code. (Calculations were
done for Tm which has a ground-state configuration
4f ' 6s .) The resulting q and I were within a factor of 2
of the results determined by Johansson et al. We then
scaled the radial matrix elements, one factor for the sCK
matrix elements and another for the ratio of dipole matrix
elements, to give q and I values in agreement with our
experimental results for the 'I. Having thus determined
all matrix elements, we then calculated the total intensity
for each final-state multiplet f ' (Lf,Sf). The intensity in-
volved a sum over l, L, S, J, and Mz and an average over
mj- and polarization of the photon. The results areJo
displayed in Fig. 4 and in Table I.

leak lVkp++k1(qk+e)'/(~'+ I »
where

qk = —p+(p'+ I)'"
and

(6)

Similarly, from Eq. (l), we find that the intensity batik can
be written in the same form but with an effective q which
depends upon the particular final state,

State

11

0
1G
3g
1D

3H+3I:+'G

Total

2.60
1.96
2.86
3.10
9.2
2.19

2.41



556330 OF OXIDIZED Yb:OTOEMISSIORESONANT PHO

IV. DISCUSSION

h the largest resonance.
d thFortunate y,

~)fina sa
ed 'I intensi y

''
h the measuredreement wit

Fi . 5 fits antal r'suit
h =2.6 and 1 =1.8 e

d 'G"''t"n 1

d onstrat d b comparing

diate coupling see
For example,

h total ariant, w
h hotdfo d h«intensities an

e Fi . 6(a). n1
'

h data well [see 'g

h
fm) at reson

'
i

dthat t e
inus minimum

1 with t e expe
'

f corr o d'n E

104 12(3P d lg)D) into 4d 4

~ curve since t e

g
ergy

'
e direct-recom

' '
rocess

foh h 11:ed to electrons o otransferre o e

6 13+4d 555p 4

4 ' '4d'5s 5p 4f +2 5 134d 5s 5p 4f
4d'5$ 5p

Vl

C'

lO

I

Z:
uJ

(b)

lO

cA

UJ

2.'

I

190

experimenntal d

he ir is-he direct photoemi-
th 1 1

onds to the ir
ctrons

h h 1

bond
we observed experi

emission when tuningment o t e

ld Gk
through t e re

he artial yiea~~ot de po the p
d'd for several

mission cannot eh d' 4adandt e
rately ed termined close o

I

180170
hv (e~)

ectra b andc((a) Sum of CIS sp n (

ared with ca-
w' calculated a

1 t the vertical scale was a
'

values, utheoretical q
ata.

V. CONCLUSION

Vl
~ 4
C

lg

0-
I

Vl

UJ

behaviors the resonance b
'n the 4d ~4f e

sent wor
xcitation re

'

1 correspond
emission in

ence wit aobe in c ose
ss in ig-Thculations.

'nabout tee
RE metals and their cFano resonaances in

e to e erm'
the
Further deve opm

1 t dmore comp
'

cia
'

ll in case of m mp
'

ACKNOWLED6 MENTS

180170

hv (eV)

tal CIS curve (

V
5. Exp erimenta

with q ==2.6 and I =1.8

190

) and Fano fit ( ~ ~ ~ ~ )

~ 0

inisterium urppo
ie from funds or witnd Technolog e

d h Ssync ro rh t on radiation an
Research Council.



SCHMIDT-MAY, GERKEN, NYHOLM, AND DAVIS 30

APPENDIX

In this appendix, detailed expressions for the matrix elements appearing in Sec. III are given. Let C& denote a state
with filled 4d and 4f shells. The ground state (4d' 4f ' configuration) is

@s=f,, , I@& jo= i .Jp

We use the notation where, for example, f~ ~ means an annihilation operator for a 4f state with quantum numbers joJpm)

and mJ .Jp'

The discrete states (4d 4f ' configuration) are

p„=dj
I
@),

where just j=—,
' is used since only —,~—, is allowed. The continuum states (4d' 4f ' (Lf,Sf )el) are

pkE = g (L SML, Ms
I

JMz & g ( 1 Lf mi Mr f I
™L,) ( —,

' Sf ms Msf I
SMs )

(A2)

ML, MS m(, ms,
ML f,Msf

Xl, X (33 mi m2 ILf ML,f &(Y~ 2~ oi o'2ISf Msf)
m ),cT)

m2, a2

X(2)—1/2( 1) 1 2 I 2f f Q) (A3)

where 1 is a creation operator for a continuum orbital el with l, =mi and s, =m, and where f annihilates a 4f or-m(ms

bital with 1,=m and s, =o..
The super-Coster-Kronig matrix element is

Vk„——(Qk~ I
H

I p„)=7(2l+1)' (2Sf+1)' (2Lf+1)' ( —1)

2 3 K 2
R~(4d, El;4f, 4f)( —1) (2 3 00

I
K 0) (l 3 00

I

E0)2%+1 f
~ ~ ~

Here [J' J' J' j is a 6j symbol and (A4) holds for L =2, S = —,, J=j, and MJ ———m~. Otherwise, Vk„(E) vanishes.

The dipole transition matrix element for S = —, and x =0, + 1 is

& fkE I

Tx"
I

@'g & =(2jo+1)'"(2Sf+1)'"(2L+1)'"(2Lf+1)'"&~~
I I

T"'I 14f &

(A4)

where

3 1 L J 1 Jo m + I/2 —Sf+1+L +2J
X l L 3 i '&jol —iiiq x

I
JMg)( —1) "

2
I

(A5)

(p/I
I

7'"I I4f ) =7'i (3 1001l0)(el
I

r 14f)

= —(3)'~'(ed
I

r 14f),

=2(~g lr14f» ~=4

The dipole matrix element (A5) is nonzero for S =- —, and l =2 «4. A»o,

(A6)

io
(y„ I

T'"
I

cp ) = —(4f
I
IT"'II4d)(2j +10)'~', '(jo 1 m, ,x

I j —rn, )(——1)"+
2

(A7)

where

&4f II T"'114d & =3'"(4f
I

r 14d) . (A8)

Neglecting the difference between P„and P„, we find the profile index q„(not to be confused with qk in Sec. III) to be'

~g Vk. «)& AE I

T"'
I

~'g &

k

(A9)
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This reduces for j= —', to

q„=q= —(4f iiT'"i i4d) vr g 7(2l +1)' (2Sf+1)'~ (2Lf+I)'~ (el
~

~T'"~ ~4f )
1,Lf,S~

3 1 2
X '

l L 3
'( —1) f f g R~(4d, el;4f, 4f)

~ 2m+i

3 K 2
X( —1) (2300 iKO)(l 300 ~KO) '

l L (A10)

which is independent of mJ, mj, and x.Jpt
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