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Angle-resolved Auger spectrum of the N molecule
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Angle-resolved Auger electron spectra of Rave been measured with good statistics at photon energies
corresponding to ther* resonance and the* shape resonance, below and above the NtHreshold,
respectively. Angular anisotropy is observed in both cases, but disappears as expected far above threshold.
Satellite Auger transitions also show some angular anisotropy close to tisehMeshold. This is attributed to
the creation and decay of conjugate shakeup initial states, which have non-ground-state symmetry.
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PACS numbs(s): 33.80.Eh, 33.60.Fy

I. INTRODUCTION Combined with such data, angle-resolved Auger electron
spectra can therefore yield the intrinsic anisotropy parameter
In 1980 Dill et al.[1] predicted that Auger electron decay c, of individual Auger lines.
from molecularK hole states in aligned molecules should  Stimulated by the work of Dilet al.[1], the first attempts
show anisotropic angular distribution patterns. Alignmentto measure angular anisotropy in molecular Auger spectra
occurs when primary excitation involves a transition into awere performed on C@4,5] and N, [6] but failed to reveal
bound or a continuum state of particular symmetry. Withingny conclusive effect. Later, however, Becker and co-
the dipole approximation the angular distribution of Augerorkers were able to observe angular anisotropy in Auger
electrons from a cylindrically symmetric molecule can bedecay following the C §— 7* and C ls— o* excitations in

written as CO by using higher electron energy resolutigh-9]. Be-
cause of the close similarity to CO, the effect is also ex-
do(hv,8) o pected to appear in N[ 1] but its identification has obviously
—aa - E[1+’8(hv) P,(cos9)] 1) been hampered by more stringent experimental requirements.

The nitrogen Auger lines have higher kinetic energies than
_ _ _those of carbon in CO, making time-of-flight spectrometers
assuming that randomly oriented molecules are probed withess suitable for their study. We have now measured the Au-
linearly polarized lighthv represents the photon energy andger spectra of N at the 7* and o* resonances using an
Py(cos) is the second Legendre polynomial,being the  angle-resolving electrostatic electron spectrometer and high-
angle between the electric vector of the exciting radiatiorintensity undulator radiation. These measurements indeed
and the direction of observation. The experimentally observprove the existence of angular anisotropy in the Auger
able angular anisotropg is the product of two parameters: transitions from the aligned resonant states. As expected, the
angular anisotropy disappears in the sudden limit. Such
B=PBm(hv)c,, (2) ~ “normal” Auger transitions can, nevertheless, still show an-
gular anisotropy if the decay of specifically oriented iol-

) ecules is observed, as was recently done by Wadaal. [10]
where g, describes the photon-energy-dependent moleculgising the fragment ion—Auger electron coincidence method
orientation with respect to the electric vector of the excitingith electron impact excitation.

radiation. Its value can range from1l to 2. B,=0 indi-
cates no alignment of the molecule; i.e., no angular anisot-
ropy is observed. The parametey represents the intrinsic
anisotropy of the Auger decay and is a constant for a given
Auger transition. As an example, Dét al.[1] calculated the The Auger electron spectra of Nvere measured on the
molecular alignment parametg, in the o* resonances of X1B undulator beamlingl1] at the 2.5-GeV electron storage
CO and N, using the continuum multiple-scattering method.ring of the National Synchrotron Light SourcgNSLS),
They obtained values exceeding 1 for both the £(CO) Brookhaven National Laboratory, using a cylindrical-mirror
and N 1s (N,) shape resonances, which would imply a con-analyzer(CMA). The radiation is monochromatized with a
siderable degree of molecular orientation. Later Lynch alsdragon-type spherical grating monochromdtb?] and then
reported calculate@,, values for these two molecules at the passes along the symmetry axis of the CMA to intersect with
o* resonancé2]. Recently, Yagishit&t al.[3] have shown target gag13].
that the molecular alignment can actually be determined di- Only those electrons can enter the analyzer that are emit-
rectly from symmetry-resolved ion-yield absorption spectrated in the reverse direction at the magic anghg,€54.7°)
with respect to the light propagation vector. Choosing the
coordinate axes so that the photon beam is inztdeection
“Permanent address: Department of Physical Sciences, Universignd the major polarization vectoEJ is oriented in thex
of Oulu, 90570 Oulu, Finland. direction, Eq.(1) can be expressed in the forfh4]

Il. EXPERIMENT

1050-2947/96/5)/21375)/$10.00 54 2137 © 1996 The American Physical Society



2138 KIVIMA KI, NEEB, KEMPGENS, KQPPE, AND BRADSHAW 54

do ( 1 3 60x10°
—=—|1— = B| P,(cosd,) — = P(cog b,— cosf )D
dQ~ 4xl~ 2772777 2 X Y - N, resonant Auger
%07 N 1s — @
whereP is the degree of polarization arng}, 6,6, denote hv=401 7: oV
the angles between the corresponding axes and the direction '
of observation. In the present casg= 6,, for which the A [ 1,
Legendre polynomialP, has the value 0. The remaining P l
terms can be organized to give £ 30-
Q
do o 1 1 P 4 ©
o), , " an|ttaPPeos) @ 204
ngem
whereg is the angle between theaxis and the projection of 104

;
E
‘ 2

the direction of observation on they plane. A circular mi- \
crochannel plate detector, divided into eight segments each o ‘ ‘ = H | H
spanning 45°, is situated in this plane in front of the focal 0 T A * T
point of the analyzer. The dependence of intensityBoand 0-8'_
P can be calculated exactly for each detector segment by 0.4
integrating Eq.(4) over the appropriate values of the angle e i
¢ [15]. Experimental angular anisotropies can be determined 0.07 ™ 'I' I
in a straightforward way from the intensities of the segments 0.4
bisected by the andy axes: 320 340 360 380
Kinetic energy (eV)
= lﬁ, (5) FIG. 1. The angle-resolved resonant Auger spectrum ¢f N
\/E Ity measured at the* resonancel{r=401.1 eV. Intensity parallel to

) o » the electric vector of the exciting radiatioh,) is plotted with a
provided that the degree of polarizatiéh of the exciting  solid line and perpendiculai {) with a dotted line. The thin lines
radiation is known. Note that although the electrons are colunder the intensity curves denote fitted peak positions while the
lected in segments that span 45°, the determination of thgicker bars in the lower part give the asymmetry paramgter
B values is not affected, as the integrations ayeshow. The  derived for these transitions. Most* resonant Auger lines show
added intensity of all the segments, on the other hand, islear angular anisotropy.
directly proportional to the cross section This arrangement
thus allows angle-resolved electron spectra to be measured @cay proceséparticipator decayor merely acts as a “pas-
the same time as the angle-independent intensity without theive” spectator while one valence electron fills the core hole
need to physically move any components. and another one is ejectéspectator decay Thus, the initial

All spectra shown in this paper were measured using thetates of the resonant Auger transitions are neutral and the
same two detector segments. Apart from normalization tGinal states are singly ionized, in contrast to the normal Au-
light intensity and target gas pressure, no scaling or any othejer decay where the initial and final states are singly and
data manipulation was performed. The degree of polarizatiogdoubly ionized, respectively. Figure 1 shows angle-resolved
P of the exciting radiation was determined to be 81-82% inz* resonant Auger spectra of Nrecorded with the mean
the photon energy range 400-480 eV by measuring thghoton energy of 401.1 eV. The lines around 385-eV kinetic
angle-resolved Ne 2photoelectron line, the asymmetry pa- energy are caused by participator transitions, as discussed
rameter of which is 2. The photon bandwidth was set toearlier by Eberhardét al.[18], and correspond to the single
about 0.4 eV at ther* resonance. For the measurementshole final states #, ! and ?ggl. The peaks below 380 eV
above the N § threshold, the slits were fully opened and the mostly arise from spectator transitions where the, brbital
photon energy resolution was 2 eV or higher. The electrofs also occupied in the final state.
spectrometer was operated in the constant pass energy modet is quite clear from Fig. 1 that most of the resonant
with retardation to 80 eV, resulting in kinetic energy reSOIU'Auger lines show some degree of angu'ar anisotropy. To
tion of 0.6-0.7 eV. The kinetic energy scale was calibratechptain more quantitative results a fit procedure was adopted

using the N, KLL Auger spectrum of Siegbalet al.[16].  in which the position and width of each transition were as-
sumed to be the same in the two spectra and the intensities
Ill. RESULTS AND DISCUSSION were allowed to vary independently. The vertical lines under

the spectra show the locations of the fitted peaks, but do not
represent real intensities; they are simply shown as a guide to
The N 1s absorption spectrum of N[17] is dominated by the eye. The asymmetry parameters derived are displayed as
the intense &— 7* excitation, located 9 eV below the ion- bars in the lower part of Fig. 1. The low kinetic energy
ization threshold at 409.9 eV. The* excited state decays transitions up to 370 eV possess mostly negafiwalues, as
predominantly via Auger-like transitionso-called resonant in the case of the Cd— =* resonant Auger spectrum of the
Augen, where the excited electron actively takes part in theisoelectronic CO moleculg8]. However, the most intense

A. @* resonance
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lines have positive angular anisotropies. Integration over the

3
two curves yields a value of 0.04(0.03) for the average 35x10
B. The error limits given indicate the contribution due to the N, resonant Auger
(non)scaling of the segment intensities. This errordralso 309 N 1
. .o . . . . S — o*
appears for individual lines for which there is an additional hv=421.6 eV

uncertainty due to fitting. The latter can be as highta& 1
for badly resolved features but is negligible for the two par-
ticipator transitions.

The allowed values of the intrinsic Auger anisotropy pa-
rameterc, are given by the condition-1<p8,c,<2 [1].
After a 1s— «* excitation, a diatomic molecule preferen-
tially lies with its axis perpendicular to the electric vector of
the linearly polarized exciting radiation, which corresponds
to the molecular orientation parametgf,=—1 [1]. Thus,
for the Auger decay from purer* excited states, the,
values are restricted to the range? to 1. Theexperimen-
tally determined molecular orientatiofl,, at the 7* reso-
nance of N is —0.9[3,19,20. Using this experimentgB,
and theg values of 0.67¢0.04) and 0.81£0.04) from Fig.

Counts

1, Eq. (2) givesc,=—0.74 and—0.90 for the two intense a |

participator transitions to the final statesr]' and 3", 0.0 T

respectively. Direct photoemission also yields electrons at 0.2

the same kinetic energies but here it accounts for less than " T " T " T
320 340 360 380

2% of the total intensity of the #,* and 30" lines and
thus does not appreciably alter the angular distribution. The
spectator resonant Auger transitions have the intrinsic anisot- FIG. 2. The angle-resolved Auger spectrum of Measured at
ropy parameters, between—0.6 and 0.4. Thus, our results the o* resonance with photon energy 421.6 eV. For details, see the
support the view that Eq2) is also valid for resonant Auger caption of Fig. 1. Angular anisotropy is observed for some Auger
processes, even though it was derived for the sudden-limlt"€s in the kinetic energy range 357-367 eV.

regime neglecting the interference effects that have been

Kinetic energy (eV)

shown to occur in N [21]. ration 20,172 . In the dominant Auger group three other
lines, all of%, final-state symmetry, have positiy& values.
B. o* resonance We refrain, however, from drawing a correlation between the

IT or 3 symmetry of the final state and the sign of the asym-
metry parameter, because the situation in the CO molecule
appears to be partly contradictdr§,29]. The molecular ori-

The photoabsorption cross section of ¢ enhanced by
the presence of the, shape resonand®2] in the region
5-15 eV above the Ndlionization threshold. Consequently, entation is in principle described b§,,=2 for a 1so— o*
in this energy range core-ionized molecules are also expectgfl cition but the additional, almost constant contribution

to show_ a net aIi_gnment, which should affect the angulag ., m-type absorption in the continuuf23] lowers this
distribution of emitted Auger electrons. Our angle-resolveok/alue Using the experimental result of 0.8 fgk at
. . m

spectrum, displgyed .in Fig. 2, was mea;ured at 421.6-ey,,_ 451 g eV[3,19], the intrinsic anisotropies, of the Au-
photon energy, i.e., slightly above the maximum of the shap er lines are found to extend from0.1 to 0.4. The mean
resonancg23]. It can easily be seen that some Auger lines in

R . ngular asymmetry for the NAuger transitions at 421.6-eV
the klnetlc_energy range 857-367 e\( show the predicte hoton energy equals zero within the error bars
angular anisotropy. Similarly, the satellite Auger structure a

. L . (8=0.02£0.03) when the integration is carried out up to
375 eV[24] also seems to be anisotropic in its angular dis 370 eV. This demonstrates the need for high resolution in

tribution; its behavior will be discussed in more detail in the oD .
next section. The feature in the spectrum at 383.5-eV kinetic(:)rder to observe the subtle angular distribution effects in

energy (furthest righy that shows the largest effect folecularK-shell Auger decay.
(B~1.5) is not caused by Auger decay but by direertg‘éL y
C ol TABLE I. The observed3 values for the N Auger transitions

photoionization. .

% % at hy=421.6 eV. The assignments are taken from Refs.

In contrast to ther™ spectrum, thes™ resonant Auger 14,25,26,28

spectrum is characterized by structures that are also prese[nt T
in the “normal” Auger spectrum measured far above thresh-,

old [14,25-27. The B values determined from the fit are

inetic energy(eV) Transition B

shown as bars in the lower part of Fig. 2 and are also give857.3 1s 1 =20,%(*Sy) 0.35(+0.08)
in Table I. Their absolute values are slightly uncertain due t®59.1 1571~>20'330'é(12u) 0.22(+0.05)
the complexity of the spectral features, but the trends aree60.4 1s '—2031my(* )  —0.06(x0.08)
clear. The Auger line at 360.4-eV kinetic energy shows a366.9 15*1H309‘2(1zg) 0.30(+0.08)
negative 8 value. Agren[28] has assigned this peak to a —375 Satellite Auger 0.17¢0.08)

1l'Ig symmetry final state with the leading electron configu
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FIG. 3. The angle-resolved intensity curves for the normal Au-
ger spectrum of N measured abv=477.5 eV. No conclusive an-
gular anisotropy is observed.
For comparison, we present in Fig. 3 the normal Auger
spectrum of N measured at 477.5-eV photon energy, i.e., T T T
far above the N & threshold. The two curves are almost 365 370 375 380 385
identical; only in the low kinetic energy part is the intensity Kinetic energy (eV)
perpendicular to the electric vectot,J on average very FIG. 4. The satellite Auger part of the,NKLL Auger spectrum

slightly higher. This effect might be caused by nonhomogemeasured with angular resolution. The feature moving to higher
neities in the electric field of the analyzer, although asym-inetic energies in the uppermost spectra is thg Photoelectron
metric electron emission due to the manifold of ionizedline and the most intense structure at 366.9-eV kinetic energy is the
states far above threshold cannot be excluded. If it is indeetﬂs‘l—>30;2 diagram Auger line. Note the changing angular an-
caused by instrumental imperfections, the potential error foisotropy of the conjugate-enhanced satellite Auger peak at 375-eV
the 8 determination is still very small%0.03) and any cor- kinetic energy.

rection procedures for the detection sensitivity are redundant., I .
(The scaling error in the present studies has been estimat&y: the results are shown in Fig. 4, along with the relevant

from this spectrum assuming that the intensities of the twoOortions of the spectra from Figs. 2 and_ 3. . .
segments should be equal far above threshdithte also The satellite Auger peak at 375-eV kinetic energy indeed

that the spectra shown in Figs. 1-3 were measured immegfhows angular anisotropy at close-to-threshold photon ener-
ately after each other gies and the corresponding asymmetry parameter varies as

the photon energy is changed. The other satellite Auger peak
at 379-eV kinetic energy, arising from the normal singlet-
coupled77* shakeup state above its threshold at 426.2 eV,
In a previous pap€24] we studied the intensity behavior [24,27] displays no angular anisotropy outside the scatter of
of the satellite Auger structures of the,Nnolecule located the data. Since this peak lies between the 375-eV satellite
at 370-380-eV kinetic energies. The 375-eV Auger peakAuger feature and the®, photoelectron line, the tail of the
was correlated mainly with participator decay from thelatter can also be excluded as the origin of the changing
“triplet-coupled” 17751177;(32@13*1 shakeup state. Close angular anisotropy. From the fjg of the satellite Auger line
to the satellite threshold, the corresponding photoelectroat 375 eV is 0.17£0.08) for the three lowest photon ener-
line increases in intensity due to the conjugate part of thajies in Fig. 4, decrease@ & 0.07 at 443 eY and then goes
transition moment and is accompanied by pure conjugatéo zero far above threshold. This behavior agrees well with
shakeup satellites. The latter have non-ground-state symméie emergence and disappearance of the pure conjugate
tries [30] and give rise to aligned molecules, in contrast toshakeup satellite lines in the photoelectron spectf@d.
the normal shakeup satellites. Since the pure conjugatBased on the different behavior of the two satellite Auger
shakeup lines lie close to the triplet-couplea* satellite in  peaks, we therefore attribute the observed behavior in the
the photoelectron spectrum, the participator decay from thesangular anisotropy of the satellite Auger emission to the ex-
states is also expected to contribute to the 375-eV Augeistence of pure conjugate shakeup satellites. We also con-
peak. This can be clarified by a study of possible angulaclude that some Auger transitions from the pure conjugate
effects, which, in turn, requires better statistics than washakeup initial states have quite lar@evalues since a net
available in Ref[24]. The satellite Auger spectra have there-angular anisotropy is still observed at 375-eV kinetic energy
fore been remeasured in the photon energy range 423—-44%en though the predominant decay comes from the triplet-

C. Satellite Auger features
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coupledw7* shakeup initial states of ground-state symme-above the N & ionization threshold. As predicted by Dill
try. et al. [1], the Auger spectrum at the* resonance shows

A different interpretation for the angular asymmetry wasangular anisotropy. The effect is only observed for certain
originally given by Becker and co-workef8] for the satel- Auger lines, whereas at the* resonance angular anisotropy
lite Auger peaks in CO. They related the angular anisotropys observed throughout the spectrum. In both cases the mean
to the shape resonances in the conjugate shakeup satelldagular anisotropy is almost zero, which explains why the
cross sections. More recently, however, the same authoeffect could not be verified with low electron energy resolu-
have reinvestigated the CO satellite Auger spectf&B], tion[6]. The satellite Auger feature at 375-eV kinetic energy
this time attributing the angular anisotropy to the decay ofalso displays angular anisotropy, in contrast to the satellite
the aligned ionic states. In the case of,M is clear that the Auger peak at 379 eV. In this case we suggest that the effect
shape resonance is not the main origin of the observed amlerives from decay of pure conjugate shakeup initial states.
gular anisotropy. If it were to play a significant role ibN  Far above threshold both the normal and satellite Auger
then not only the 375-eV satellite Auger peak but also theemission becomes isotropic.
one at 379 eV should show angular anisotropy. Moreover,
the angular anisotropy of the 375-eV satellite Auger peak ACKNOWLEDGMENTS
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