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Spin Polarized Auger Electrons: The XeM4,5N4,5N4,5 Case
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The spin polarization of the XeM4,5N4,5N4,5 Auger electrons was measured after photoionization of
free atoms by circularly polarized synchrotron radiation at 834.5 eV. Significant polarization effec
were found across the whole Auger group. With the hole state orientation determined from the s
polarization of theM4

1S0 Auger line the intrinsic Auger parameters were evaluated for all lines. Th
orientation derived from the1S0 Auger line is consistent with the measured spin polarization of the3d3y2

photoline in good agreement with the two-step model of the Auger decay. [S0031-9007(96)00238-

PACS numbers: 32.80.Hd, 32.80.Fb
v
h

nd
p
a
e
it

r
e

n
e
o

th
t

b
m
is
l
c
n
e

m
c
o
c
e

th

w
t

in

y
a
,6
n

in

ay
ger
ics

de-
s if
n-

re-
ons
ve
and
tor
-
the
tion

ia-
al

s-
y
-

and
er-
d
ing
lar

-
g

r
fast
in

e
l

During the past two decades the spin polarization of
lence photoelectrons excited by circularly polarized lig
has been intensively studied [1]. On theoretical grou
it was predicted that Auger electrons could be spin
larized as well [2,3]. However, the use of this effect
an experimental tool was restricted due to the absenc
an intense source for circularly polarized radiation w
sufficient energy to create oriented inner-shell holes.
this Letter we report about the first spin-resolved measu
ments on photoelectrons and Auger electrons from de
inner-shell states, which overcome this difficulty by usi
the highly circularly polarized soft x-ray radiation of a h
lical undulator. We show that spin polarization studies
Auger electrons can give valuable information about
radiationless decay mechanisms and indirectly about
photoionization process of inner shells as well.

The spin polarization of Auger electrons is created
the polarization of the initial hole state. Two mechanis
leading to Auger electron spin polarization can be d
tinguished [2]. Angular momentum conservation resu
in “transferred polarization,” while a final-state intera
tion between outgoing electron and doubly charged io
core creates the “dynamical polarization” [4]. While th
latter can be created by any kind of particle or photon i
pact, the former requires excitation by polarized parti
impact or by circularly polarized photons. The degree
spin polarization obtained by polarization transfer is mu
more pronounced in general. In an angle-resolved exp
ment, the transferred spin polarization vector lies in
“reaction plane” spanned by the propagation vectors
the incoming radiation and the outgoing electrons. T
independent components of the spin polarization vec
directions transversal and longitudinal to the outgo
electrons’ momentum can be chosen.

The spin polarization transfer in radiationless deca
has been studied experimentally on solid alkali met
and free atoms for excitation energies below 30 eV [5
Measurements on free Ba atoms showed the creatio
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Auger electron polarization due to the hole orientation
the special case of a1S0 final state [6]. As the Auger
transition to a1S0 final state proceeds via only one dec
channel the spin polarization is independent of the Au
matrix elements; i.e., no information about the dynam
of the Auger decay could be extracted.

The spin polarization transfer present in the Auger
cay sensitively test angular momentum coupling model
two-hole state configurations with total angular mome
tum J fi 0 are involved. To obtain decay processes
sulting in these more general two-hole state configurati
sufficiently deep lying, oriented primary hole states ha
to be excited. We used a newly developed apparatus
the very recently commissioned planar helical undula
“Helios I” for high intensity soft x rays at the third gen
eration synchrotron light source ERSF [7] to measure
transversal component of the transferred spin polariza
in the XeM4,5N4,5N4,5 Auger decay.

Figure 1 shows the experimental setup. The rad
tion of Helios I was monochromatized in a spheric
grating monochromator of the “dragon type” [8]. U
ing a bandwidth ofDE ø 3 eV and the photon energ
hn ­ 834.5 eV the flux in the interaction region was ap
proximately6 3 1012 photonsys per 100 mA ring current
(determined using a silicon photodiode). The energy
polarization analysis of the outgoing electrons were p
formed by a time-of-flight (TOF) spectrometer followe
by a Mott polarimeter of the accelerating and decelerat
spherical field type [9] operated at 45 kV. The angu
acceptance of the spectrometer was approximately63±.
The energy resolutionDEyE ø 1023 necessary for study
ing the XeMNN Auger decay was attained by applyin
a retarding potentialUret ­ 2510 V to the spectromete
drift tube. This high resolution was accessible as the
timing (200 ps overall time resolution) was preserved
the Mott polarimeter.

The spin polarizationP of the electrons is given by th
backscattered intensitiesI1 andI2 counted in multichanne
© 1996 The American Physical Society 3923



VOLUME 76, NUMBER 21 P H Y S I C A L R E V I E W L E T T E R S 20 MAY 1996

y o

th

ea
o

-
ed
he
n

fi-
be

u
bl
a-
po
or
ap
th

lec
on
r-

ze
d

of
un

e
in

om
in

id-
t
e-

nd
.

e

e
be

n
to

—
ng

,

e
rgy

igt
nd
ror
.

FIG. 1. Experimental setup. The inset shows the geometr
the photoionization process.

plate detector MCP1 and MCP2, respectively, and
polarization sensitivitySeff of the Mott polarimeter:

P ­
1

Seff

I1 2 I2

I1 1 I2
. (1)

To eliminate instrumental asymmetries, although m
sured to be smaller than the single statistical error
the measured spin polarizations63%d, successive mea
surements with left- and right-handed circularly polariz
radiation were carried out, taking advantage of the
lical undulator’s free variability of the light polarizatio
state allowing the production ofs1, s2, and p light
[7]. The polarization sensitivity and the detection ef
ciency of our Mott polarimeter were determined to
Seff ­ 20.27 6 0.03 [10] andIyI0 * 1 3 1023, respec-
tively, resulting in a figure of meritS2

effIyI0 * 7 3 1025.
Because of the substantial loss of signal intensity d
ing Mott scattering our experiment benefited considera
from the TOF technique’s inherent capability of simult
neous acquisition—and in this case additional spin
larization analysis—of all lines in a spectrum. Since f
TOF electron spectroscopy a pulsed light source with
propriate timing is essential, the 16-bunch mode of
ESRF storage ring was used. In theMNN Auger group
the typical integrated count rate was approximately5 s21.

For the quantitative interpretation of the measured e
tron spin polarization the degree of circular polarizati
of the ionizing radiation has to be known. We dete
mined the light polarization state usingWySi multilayers
with 40 periods each 2.0 nm thick as a reflection analy
[11,12]. By rotating the multilayers azimuthally aroun
the light axis the ellipticity and the spatial orientation
the polarization ellipse were determined. Setting the
dulator to produce linearly polarizedp radiation the el-
lipticities measured with a single and a double multilay
reflector, respectively, were compared and the analyz
power of the polarimeter was determined to range fr
0.25 to 0.6 depending on the photon energy. Assum
the conservation of the total polarizationPtot ­ Plinspd
3924
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after phase shifting [13], the measurement of the res
ual linear polarizationPlinssd when the undulator is se
to produce circularly polarized light enabled us to d
termine the degree of circular polarization:Pcircssd2 ­
P2

tot 2 Plinssd2. For photon energies between 680 a
930 eV we measuredPcirc to range from 0.85 to 0.90
At hn ­ 834.5 eV used for the Auger measurements w
found Ptot ­ 0.95 and Plinssd ­ 0.32 6 0.04 resulting
in jPcircj ­ 0.89 6 0.05. Within the experimental un-
certaintiesPcirc was identical fors1 and s2 radiation.
The linear component of the radiation was lying in th
horizontal plane. The polarization measurements will
presented in detail elsewhere [14].

The M4,5N4,5N4,5 Auger electron spectrum is show
in Fig. 2(a). The assignment of the lines refers
[15]. In order to determine the spin polarizationP of
the different Auger lines the four measured spectra
according to the signals from MCP1 and MCP2 usi
s1 as well as s2 light—were used to build spin
separated partial intensitieŝI1 and Î2. These spectra
which would correspond to detected intensitiesI1 and
I2 in a perfect Mott detector (i.e.,Seff ­ 1), were then

FIG. 2. XeM4,5N4,5N4,5 Auger lines athn ­ 834.5 eV: (a)
Intensity spectrum of theMNN Auger group with fitted
Voigt profiles; (b) s measured spin polarization across th
Auger spectrum evaluated for each 200 meV kinetic ene
interval of the intensity spectrum;d spin polarization of the
individual Auger lines evaluated from the areas of fitted Vo
profiles. The vertical error bars include both the statistical a
systematic uncertainties. At low intensities the statistical er
dominates. The horizontal bars indicate the fitted linewidths
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fitted with Voigt profiles. Equivalent Voigt profiles fitte
into the non-spin-dependent spectrum and their sum
shown in Fig. 2(a). The areas of the fitted Auger lin
in Î1 and Î2 were then used to determineP. The
results agree well with spin polarization values obtain
by fitting the four measured spectra (I1, I2 for s1

and s2 light) with a sum of Voigt profiles directly
PyPcirc, i.e., the spin polarization normalized to th
degree of circular polarization, is shown in Fig. 2(b) f
the different Auger lines as closed circles. An evaluat
of the spin polarization using the total counts in kine
energy intervals of 200 meV instead of using fitted li
areas is plotted in Fig. 2(b) as open circles. Using
method of analysis the spin polarization is averag
over all contributions of lines present at a given kine
energy. In this way structures in the spin polarizat
are visualized, which cannot be recognized in the line
oriented analysis. Comparing the two different metho
of analysis we find good agreement for all lines if w
take into account effects from overlapping peaks. T
overlap is especially pronounced at 521 and 534.5
kinetic energies, where in the continuous evaluation
spin polarization of a strong line (1D2, 1G4 of theM5 and
M4 components) dominates over the spin polarization
the less intense lines.

For comparison with theory, the measured spin po
ization can be connected to the matrix elements of the
cay processes via a parametrization which results fro
purely kinematical consideration and is identical for ph
toelectrons and Auger electrons. For the transversal
polarization component within the reaction plane we
[16]

Psu, fd

­
f2jPlin sin2f 7 sA 1 ay2d jPcircjg sinu

1 2 sby4df3 cos2u 2 1 2 3Plin cos2f sin2ug
. (2)

The definition of the coordinate system can be s
from the inset to Fig. 1. The dynamical paramet
b, j, and A 1 ay2 denote the angular anisotropy, th
dynamical spin polarization [17], and the transferr
spin polarization, respectively, while7 corresponds to
s6 light.

Since in our experimentf ­ 45±, the contribution of
Plin in the denominator vanishes. ThePlin-dependent
term in the numerator vanishes, as we average over m
surements taken with opposite helicities but constant
ear component.P determined as such depends onPcirc,
b, and A 1 ay2 only. In the two-step model of Auge
decay, i.e., the photoionization and Auger decay p
cesses are assumed to proceed independently, the tw
ter quantities can be factorized into parameters descri
the anisotropy of the primary hole state and into “intr
sic” parameters describing the Auger decay itself. T
intrinsic parameters depend on the Auger matrix elem
in a similar way as the photoionization dynamical para
eters depend on the dipole matrix elements, hence gi
re
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detailed information about the electron-electron intera
tion which is governed by the Coulomb operator. Usin
the notation of [3] we get

sA 1 ay2d ­ sb1 2 g1y2dA10 and b ­ 22a2A20 .
(3)

A10 andA20 are the orientation and alignment paramete
of the primary hole state and are proportional to
magnetic dipole moment and electric quadrupole mome
respectively [18]. b1, g1, and a2 are the intrinsic
parameters. According to theory [3]A20 is small aside
from the threshold region and any Cooper minimum. W
therefore take the denominator in Eq. (2) as unity for t
Auger lines. Using Eq. (3) andu ­ 70± it follows

P ­ 0.94Pcircsg1y2 2 b1dA10 . (4)

For transitions to a1S0 final ionic state the intrinsic
parametersg1 andb1 are fixed geometrical factors. Usin
PyPcirc ­ 20.39 6 0.06 of theM4N4,5N4,5s1S0d line and
the corresponding intrinsic parametersg1 ­ 2y

p
5 and

b1 ­ 21y
p

5 from [3] we determined the orientation o
the3d21 2D3y2 hole state to beA

Auger
10 ­ 20.47 6 0.07.

Additionally, the spin polarizationPyPcirc ­ 0.67 6

0.09 of the 3d3y2 photoline was used to determine th
photoion orientationA10s3d21

3y2d directly. Using the asym-
metry parameterb from [19] and a nonrelativistic ap-
proximation [3,16] we obtainA

photo
10 ­ 20.44 6 0.09.

The excellent agreement betweenA
photo
10 and A

Auger
10 is a

strong evidence for the validity of the two-step mod
in this case. Table I presents the intrinsic parameters
all observedM4,5N4,5N4,5 Auger lines extracted from the
measured spin polarizations. While for the3d21

3y2 primary

hole stateA
Auger
10 was used, for3d21

5y2 the nonrelativistic re-
lation A10s3d21

5y2d ­ s28y27d1y2A10s3d21
3y2d was applied [3].

So far no theoretical calculations of the intrinsic param
eters for the XeMNN Auger decay have been presente
However, we can compare qualitatively with publishe
values for the KrMNN Auger decay involving identical
angular momentum states [3,20]. According to these c
culations, Auger lines of the same final ionic state b
emerging from primary hole states with opposite spi
orbit coupling,d3y2 and d5y2, have spin polarizations of

TABLE I. Intrinsic parametersg1y2 2 b1 for the XeMNN
Auger lines derived from the spin polarization data. For t
1S0 line g1 andb1 were taken from [3].

g1y2 2 b1
Final state M4N4,5N4,5 M5N4,5N4,5

3F4 20.18 6 0.10 0.30 6 0.06
3F2,3 20.25 6 0.05 20.62 6 0.08
3P2 20.85 6 0.19 0.30 6 0.07

3P0,1 20.23 6 0.08 0.39 6 0.12
1D2, 1G4 0.69 6 0.09 20.71 6 0.10

1S0 0.89 20.88
3925
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opposite sign [with the exception of the KrMNN s3P2d
line]. A similar behavior can be observed in the XeMNN
case [Fig. 2(b)]: All the lines of theM4 andM5 groups
exhibit opposite signs, with the exception of the3F2,3
double lines. This means that the positively spin pol
ized part of the3F2,3 double lines must dominate in bot
theM4 andM5 groups.

Besides the well known Auger lines additional intens
is obvious below 532 eV kinetic energy. Earlier inve
tigations of the XeMNN spectrum also recorded an e
hanced, but unstructured intensity in this region [15,21,2
This intensity may originate from a large number
M4,5Oi-N4,5N4,5Oi andM4,5Ni-N4,5N4,5Ni satellite Auger
lines [22]. Since satellite processes are much weaker
the corresponding main processes, pronounced satellit
fects should occur most clearly apart from main line
Around 530 eV changes in the electron spin polarizat
can be seen [Fig. 2(b)]. The phenomenon certainly c
for a more detailed investigation.

In this Letter we presented spin dependent studies of
Xe MNN Auger group. We derived the orientation p
rameterA10 describing the polarization of the inner-she
hole independently from the photoelectron and Auger e
tron spin polarization data. The excellent agreement fo
between the two approaches confirms directly the two-s
model of the Auger decay after inner-shell photoionizati
The intrinsic Auger parameters describing the dynam
of the Auger process could be determined for the diff
ent MNN Auger lines within the two-step model. Thes
results can be used to prove different angular momen
coupling models by comparison with theory.

Because of the low intensity of Auger lines and the
sulting experimental difficulties of spin polarization anal
sis these measurements could succeed only by usin
very effective spin-sensitive electron detector system
the high intensity, highly circularly polarized radiation o
the ESRF helical undulator beam line. These new exp
mental tools certainly open up new perspectives for
spin-resolved Auger spectroscopy of atoms, molecu
solids, and surfaces.
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