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Enhanced nondipole effects in photoelectron angular distributions
near giant dipole autoionizing resonances in atoms
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It is found that dipole-quadrupole photoelectron angular distribution parameters in regiops-afd giant
dipole resonances ind3(n=3) and 4 (n=4) transition-metal atoms are resonantly increased to such an
extent that they can dominate the effects of dipole transitions on the asymmetry of the photoelectron angular
distribution. This is illustrated for @ photoionization of Cr and Mn, as well as fod4hotoionization of Mo
and Tc, where the “spin-polarized” random-phase approximation with exchange calculations are performed
with allowance for correlations in both dipole and quadrupole channels.

DOI: 10.1103/PhysRevA.67.062714 PACS nuntber32.80.Dz, 32.80.Fb

[. INTRODUCTION Owing to the findings of recent years, thus, the era of tacit
belief that nondipoleE1-E2 interference effects are unde-
Over the past decade or so, investigations of electrigectable against the background of pure dipole effects at low
dipole—electric quadrupole51-E2) interference effects in - photon energies, including energies as low as tens of eV, is
n#m?roqs Stl:(d'es tt;]y bf‘.)trl exgerlmentaltl_sts ?n?hth%9r|s,|ts. Théd theoretical studies in the area of nondipole contributions
etiect anses from Ine first-order correction 1o e dipole apy, photoelectron angular distributions has grown rapidly in
proximation for a photoionization matrix element betweenthe recent vears
the initial and the final statesM;;=(f|(1+ik-r)e-pli), In i htyof recent advances showing the significant
with k ande being the photon momentufin atomic unitg g . g 9
strength ofE1-E2 interference effects at loWtens of eVf

and polarization vector, andandp being the electron posi- .
tion vector and the electron momentum operator. The correc"’-‘nd relatl\(ely lowhundreds to "?‘fe".v thousands of]a&ll 0~
don energies, the search for situations where nondipole ef-

tion termik-r in this expression gives rise to the appearanc i X
of the electricE1-E2 interference term in the differential €CtS are particularly strong, compared to pure dipole effects,

photoionization cross sectiotir,, /dQ of a nl subshell of ~Nas become a task of importance. Such a situation occurs,
the atom. These studies have quickly been extended fro®-d- When the dominant dipole photoionization amplitude
atoms to moleculefl,?] and solids[3], as well as to mag- exhibits a Cooper minimuni8,9]. Other situations occur
netic dichroism in atomic photoionizatiof6], and have When there is a strong autoionizing resonance guadru-
bridged the gap between the studies of spin-averaged arftple or dipole photoionization amplitudg10,11,2Q, a quad-
spin-resolved photoelectron angular distributions, includingupole resonance inontinuousspectrum[12], or a quadru-
the E1-E2 interferencd4,5]. pole quasiresonance in a confined atofd3]. The
The upsurge in modern studies of the nondipole paraminvestigation of other situations where nondipole effects are
etersy,, and 5,; was stimulated primarily by an experiment strong remains, however, of interest.
that, owing to the advances in synchrotron and detector tech- The aim of the present paper is to show that the nondipole
nology, has demonstrated that the laboratory measurement BfL-E2 interference effects can be comparable to, or bigger
vn @andé,,;, the nondipole photoelectron angular distributionthan, the dipoleE1-E1 effect in regions of dipol@p—nd
parameters, is now quite feasible in the photon energy rangautoionizing resonances ind3(n=3) and 4 (n=4)
of not only thousands of eV or more, but of hundreds andransition-metal atoms. These resonances, as was detailed
even tens of eV as well7]. Unexpectedly, these parameters earlier for the Cr and Mn atorr(see, e.g., Ref$14-164 and
have been found, in many cases, both experimentally anteferences therejnare giant resonances in terms of their
theoretically significant, comparable tor even larger than large oscillator strengths, along with large widths associated
Bni, the purely dipole photoelectron angular distribution with the decay into primarily thead— ef,ep continuum. The
asymmetry parameter. This is of importance since the dipoldrastic enhancement in thel-E2 interference effects near
contributions used to be thought as the only determinants dhe giant resonances is illustrated by the calculations of both
the photoionization process at photon energies below a fewhe dipoles,, and the nondipoley,, and 5, angular distri-

thousands of eV. bution parameters for@photoelectrons from the Cr and Mn
atoms, as well as fordl photoelectrons from the Mo and Tc
atoms.
*Electronic address: vkdolmatov@una.edu The Cr, Mn, Mo, and Tc atoms were chosen because they
TElectronic address: arkadiy@ariel.tashkent.su are the simplest representatives of thee &hd 4d transition
*Electronic address: smanson@gsu.edu metals, since they contain only orfén Mn (3d®) and
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Tc (4d®)] or two [in Cr (3d°4s?) and Mo (4d°5s)] half- o

filled subshells, with all the other subshells closed. This dw:f Par(r)rPy (rydr, (6)
makes it possible to apply the “spin-polarized” random- 0

phase approximation with exchang8PRPAE [16,17) for .

calculations of photoionizqtion.parameters for such atoms. q"’:f P n(r)r2P,(r)dr, (7)
SPRPAE accounts for a significant part of the correlation, 0

including interchannel coupling between photoionization

channels, which is crucial for the description of resonancévherePy(r)/r andP,(r)/r are the radial parts of the elec-
photoionization. Earlier studies, using this methodology, altron wave functions in the bound state and in the continu-
lowed us to understand very well, both qualitatively andouseX spectrum, respectively! =1=1, I"=1,1=2, andé),
quantitatively, the p— 3d dipole giant resonances in thel3 are the phase shifts of the wave functions of photoelectrons
photoionization of both the Mf16] and the C{15,18 at-  in the field of the positive ionic core, and coefficie’s
oms. We expect this method to be applicable equally well t&ndBy. ;» are given in Ref[21].

the corresponding @ elements, Mo and Tc. The above equations define tj8g;, vy, andé, asym-
metry parameters in a single-electron approximation. How-
Il. THEORY ever, because the aim of this paper is to investigate these

parameters in the autoionizing resonance domain, these

The E1-E2 interference effects are represented by the apequations must be generalized to include interchannel inter-
pearance of the so-called nondipalg and &, parameters, actions or, in general terms, electron-electron correlation.
in addition to the dipoleB, parameter, in the differential The generalization of these equations beyond a single-
photoionization cross sectiatu, /d(} of anl subshell with  electron approximation is simplgl9]; the single-electron
accounting for the lowest-orddt1-E2 correction. Explicit matrix elementd;, and q;» must be replaced by, generally
expressions fodo, /d{) have been given for unpolarized complex, matrix elements calculated with account for the
light [19], for 100% linearly polarized light20,21], and for  electron correlation,D,, and Q,., respectively, i.e.,d,
general polarizatiof22]. For 100% linearly polarized light, —D,., q;»—Q,~, along with the following replacements:

doy, _On Bni

~nt di—’|Dw|2,
40 4x| 1T 2

(3cog 6—1)|+AE,,. (1)

. . o . d,t,, cosAé— (D, T,,+D},T,,)cosAS
Here o, is the dipole photoionization cross section of the AR — Oy )

subshelinl, B,, is the dipole photoelectron angular asymme- +(D",T.,—D/,T",)sinA s,
try parameter, and E,, is theE1-E2 interference correction MO oA
term: AS=6,,— 6\, (8)
g
AE12=4—:(6M+ Y1 €O 6)Sin  COSe, (2)  wheret(T) stands either for a quadrupole matrix element

d(Q) or a dipole matrix elemend(D), D’ andQ’ are the
real parts of corresponding matrix elements, whe®asnd
Q" are their imaginary parts.

In this paper, to account for the electron correlation
terchannel interactionin photoionization matrix elements,

where the spherical angl#sand ¢ are defined in relation to
the directions of the photon momentwmphotoelectron mo-
mentump, and photon polarization vecte and B,,;, vni»

and on are we use the SPRPAIEL6,17 which is a generalization of
I(1—1)d? ,+(1+1)(1+2)d?,, standard RPAEEZS] to atoms with half-filled subshel_ls, since
= 5 5 atoms of our choice—Cr, Mn, Mo, and Tc—are just these
21+ +(1+1)diy types of atoms. Both approximations, RPAE and SPRPAE,
are described in detail in the above references. Here, the
_6l(+1)d,1di;1c08 611~ 6-1) (3  discussion is limited to the aspects, of these methods, of
21+ 1)[1d2 ,+(1+1)d?,, direct relevance to calculations of the present paper.
The SPRPAE uses spin-polarized Hartree-F¢8RPHBP
3K [24] wave functions and energies as the zero-order basis. In
Yel= 5 5 2 Ayr ndy Qpn €O Sjn—8y1), SPHF, the grouno!-state configuration of Mn=3) and
2[ldi +(I+1)di ] e Tc  (n=4) is ..np3np3 nd®T (n+1)s'1(n

(4 +1)s*|(®S), where arrows] and | correspond to theip
. and dO\E/_)vnorientations of the electronic spin, the spins of all
3 five nd® electrons are parallel according to the Hund’s rule.
5m_2[ld|2_1+(l+1)d|2+1] |§|: By 10/ Qir COL S = B11). The ground-state configuration of the Qn=£3) and Mo
' (5) (n=4) atoms, whose outermost{ 1)s subshells are half-
filled subshells as well, differ from the above configuration
Hered,, andq,» are the radial dipole and quadrupole photo-by the absence of the n(-1)s| electron:
ionization amplitudes, respectively, given by ...np3Tnp3|nd®1 (n+1)s*1(’S). Each closed subshell is,
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thus, separated into two, spin-up and spin-down, subshellés 3d| and 4d| excited (autoionizing orbitals (due to
Both the energies and the wave functions of spin-up an@p|—3d| 'P and 3| —4d| ’P autoionizing excitations
spin-down electrons with the sanmés and|’s are different  are subject to incompletéartial relaxation. The idea be-
due to the presenc@bsencg of exchange interaction be- hind the incomplete-relaxation phenomenology is that it as-
tween spin-ugspin-down electrons with only spin-up elec- sumes that the lifetime of the Crp3—3d,4d|’P reso-
trons from thend®7 (as well as from 41 in Cr and M9 nances is comparable with the time scale of relaxation of the
half-filled subshells). atomic core upon these excitations, so that the autoionizing

Within the above approach, the giant dipolp—nd au-  decay of the excited states occurs while the relaxation of the
toionizing resonances in the Cr, Mn, Mo, and Tc atoms arétomic core is in progress. Correspondingly, in the present
formed by thenp| —nd]| photoexcitations of thep| elec- paper, these excited autoionizing orbitals of Cd|3and
tron into the emptynd| state. Such excited states decay4d|, were calculated within the framework of the
rapidly primarily into the continuous spectrum of the®} incomplete-relaxation phenomenology, exactly in the same
subshell, resulting in the appearance of the giant autoionizingnanner as was done earligt5,18, since the way was
resonances in thep absorption spectra of these atoms. Be-proven to be a success. The above references detail the phe-
sides, for Cr and Mo, an additionap| — (n+1)s| autoion- nomenology of incomplete relaxation by thel3and 4d|
izing transition is possible, owing to the half-filled outermostexcited orbitals in Cr.
(n+1)s subshells, making their resonance spectra more Another feature of the Cr atom is that itp 3—4d| P
complicated than those of Mn and Tc. and 3| —4s| P excited states are well multiplet split into

To describe such spectra, one must account for the inter’P 3 4 terms, characterized by different values of the total
channel interactions(electron correlation between the momentumJ=2,3,4[25]. However, the SPHF approxima-
groups of transitions with various mutual spin orientationstion, and hence SPRPAE, either does not account for multip-
(up-up, up-down, down-up, and down-dowithe SPRPAE let splitting of theL S terms. To correct for that, exactly in
[16,17 provides a way for accounting for such interchannelthe same manner as was done eaffli£5,18, we use the
interactions in half-filled subshell atoms, within the generalsameJ-averaged SPHF wave functions for all the multiplet-
methodology of RPAE. Note that similar to RPAE, SPRPAESsplit components, but substitute the corresponding experi-
omits spin-spin and spin-orbit interactions in the atom, andnental energies P [15] for the different] components of
hence spin-flip transitions are excluded from considerationthe relatedith resonance into the final SPRPAE equations.
within SPRPAE. More detall is given elsewhdd6,17. As  Since resonances for differedtdo not interfere, the photo-
noted in the Introduction, SPRPAE was tested by the applitonization cross sectioorzq(w) and the asymmetry param-
cation to the investigation of the giant resonances in the MreterspBs4(w), yag(w), anddzq(w) (w being the photon fre-
and Cr atoms, and the results obtained were proven to be guency are given by
success, speaking of the credibility of SPRPAE.

In the present work, the calculations of the photoioniza-

tion matrix elements included coupling among all initial- ‘Tsd(w):%‘« oy(w), 9)
state and final-state single excitation channels, arising
from the np, nd, and (+1)s subshells, in both dipole 2J+1

and quadrupole manifold®f course, no coupling exists be- (w,07"), (10

o) 0)= S s e O3d
tween dipole and quadrupole photoionization chan- (2L+1)(2S+1)

nels: [npl—nd|,ed|], [ndT—n"l"T,el’T], [(n+1)s] 2,002

—n"l"T,€el"T], and[(n+1)s| —nl"|,el”|] (when the lat- o3q( @, 0P = °w|D3d(w’w$xpt)|2, (12)
ter existed. Interchannel interactions with deeper subshells J 3 J

of these atoms were found to be negligibly small in the en-

ergy range under discussion. In all cases, it was found that F3d(w!wFprt)O'Bd(wywieprt)

for the dipole manifold, thenp| channels affect thexd( Fag(w)= 4 ag(@) (12)

channels very significantly, resulting in appearance of the
giant dipole resonances in dipole photoionization amplitudeg;qre 3 (J=2,3,4), L (L=1), andS (S=7) are, respec-
Dq and cross sections. However, no significant interchanngly ey, the total momentum, the total orbital momentum, and
coupling was evident for the quadrupole photoionization amypq total spin ofi's autoionizing excited staté.e., of one of
plitudesQ,q in the quadrupole manifold in the energy range o 3p|—4s|, 3p]—3d], 3p|—4d|, and Fp|—5d]

un((j)er ollsclussllonl. i h d that. with th tion f autoionizing resonancgsAlso, « is the fine-structure con-
ur trial caicufations snowed that, wi € exceplion 1fgiant: a, is the first Bohr radius;D3d(w,w$JXpt) is the

the Cr atom, the “frozen-core” approximation is a good ap- i L X 5
proximation for the calculations of SPHF wave functions of SPRPAE dipole photoionization amplitude of thé"3 sub-

excited states in Mn, Mo, and Tc. Correspondingly, theshell of Cr taken in the Ie_ng;h. form and calculate'd in theT
frozen-core wave functions were used in SPRPAE calcula®N€rgy range of the autoionizing resonance multiplet-split

tions of nd photoelectron angular asymmetries from thesec@mponents considered for eakit ;4 stands for eithepsy,

atoms. Y34, OF 834 photoelectron asymmetry parameter, respec-
In contrast, the Cr atom, however, was shown earlietively; and Fay(w,of ") is the corresponding asymmetry

[15,18,28 to be the most unusual of thed3atoms because parameter calculated for each firhEhannel.
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FIG. 1. SPRPAE calculations of the Cd ®hotoionization cross
sectionosy, as well as the dipol@;4 and nondipoleysy and 854 FIG. 2. SPRPAE calculations of the Mnd3photoionization
photoelectron angular distribution parameters in the vicinity of thecross sectiorryg, as well as the dipol@;4 and nondipoleysq4 and
3p—4s, giant 30—3d, and Rydberg P—4d,5d autoionizing  d34 photoelectron angular distribution parameters in the vicinity of
resonances. the dipole giant §— 3d autoionizing resonance.

around 42.8 eV, a clear demonstration of a strong nondipole
SPRPAE-calculated results for botid] photoelectron effect at photon energies as low as a few tens of eV,

2Pogsl£ir£;>(;?smoeftgr p'arr]an'\}l%te;sn dagg S(I;I)S\J\? M\? rloitg:]?ggz_atmn In contrast to the B— 3d resonance, the other resonances
N ’ B g{: Cr are well separated into the thré®,, ’P,, and 'P,

tion threshold, are presented and considered in the followin . ) .
section. Note that everywhere below, for the sake of simplic: ultiplet componentgl4]. This, however, tends to dilute the

. L ; L T DT interchannel effects of the multiplet-split resonance compo-
?yé\r:vdhlen itis not confusing, we omit spin-indicating arrows nents in the photoelectron angular distributi¢®g]. For this

reason, the B—4s and 3—n(=4)d resonance structures
in the nondipole parameters of Cr are quite weak.

Looking at Mn, where the same channels as in the Cr case
are coupled together in the SPRPAE calculation, the calcu-
lated data folwrsg, Baqg, Yaq, andédzq, are displayed in Fig.

We first focus onBsq, Ysq, anddzyq angular-asymmetry 2. In contrast to the Cr atom, there is np-3 4s resonance
parameters for @ photoelectrons from Cr, below the inthe Mn (30°3d°4s?) spectrum because its#subshell is
3p 7P2’3,4(3pl) ionization threshold. Note that, to the best closed. In addition, the 83— (n=4)d resonances in Mn are
of our knowledge, the dipole angular-asymmetry parameteweak and located some ten eV higher than the gigmt 3
Bsq of Cr, in the resonance energy range under discussion,-3d resonancd14]. As in the Cr case, within the dipole
has not been investigated experimentally. manifold, only the interchannel coupling withp3channels

Displayed in Fig. 1 are the results of our SPRPAE calcu-affects the 8 amplitudes significantly and, in the quadrupole
lations for the partial @8 photoionization cross sectiansg, manifold, interchannel coupling is unimportant.
as well as for the parametefzy, v3q, anddzq, calculated Of primary interest and importance is the fact that the
in the vicinity of dipole —4s ('Py34 as well as |y,4| parameter maximizes to approximately 0.25 at a pho-
—n(=3)d ("P,3,4) autoionizing resonances in Cr. The out- ton energy of about of 48 eV. Not only is the nondipole
standing feature of the results, relevant to this paper, is thparameter large in an absolute sense, but it is also of the
nondipoleysy parameter which is significantly enhanced in same size as the dipole paramesgy in the region of the
magnitude, as i$3zq, just below the —3d giant reso- resonance enhancement. Also of importance is the fact that
nance in the photoionization cross sectiogy. In this re-  the energy region where the;y parameter is large has a
gion, | ys4| has a maximum magnitude of about 0.18, whichwidth of nearly 1 eV. This should make the structureyigy,
is extremely large for a nondipole parameter at such a lovowing to the autoionizing resonance, eminently suitable for
energy and is comparable to the magnitude of the dipole@xperimental scrutiny. A similar result was obtained in Ref.
angular-asymmetry paramete;4| ~0.12 at photon energies [20] using a simplified two-channel version of SPRPAE.

Ill. RESULTS AND DISCUSSION

A. 3d photoelectron angular distributions from Cr and Mn
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FIG. 3. SPRPAE calculations of the Tcl4g¢hotoionization cross FIG. 4'_ SPRPAE calculatlong of the Mod4ph9t0|on|zat|on
sectiono,y, as well as the dipolg,y and nondipoley,y and 8,4 Cross Sectionr,y, as well as_the_ d||c_)oI84d and nond_lpoley4d_a_n<_zl
photoelectron angular distribution parameters in the vicinity of the54d photoelec.tron angular distribution parameters in th? V'_C'_n'ty of
dipole giant 49— 4d autoionizing resonance. the 4p—5s, giant 4p%4d2 and Rydberg p—5d,6d a.ut0|on|.2|ng

resonances. The dotted lines are SPRPAE calculations withgghe 4
—5s resonance omitted.

B. 4d photoelectron angular distributions from Tc and Mo

For the 4l equivalents of Cr and Mn, the Mo and Tc weakly the dipole8,4 and nondipoley,q and 6,4 parameters
atoms, respectively, similar calculations were carried out, exin the photon energy region of the strong structure in the
cept that the coupling among the channels originating fromnondipole parameters. We, therefore, simplified the calcula-
4p, 4d, and 5 subshells was treated, both dipole and quadiions by ignoring the detailed account for thp-4 5s reso-
rupole manifolds. Similar to thecases, in the dipole chan- nance, such as multiplet and spin-orbit splitting, in the cal-
nels there is a strong interchannel coupling effect on ttie 4 culations of 8,4, 44, and d,4 at photon energies in the
amplitudes by the g autoionizing resonance channels, andvicinity of the structure in the nondipolg,q and 6,4 param-
negligible interchannel coupling was exhibited among quadeters. Besides, similar to the case of Tc, the higher-lying
rupole channels. dipole autoionizing resonance$4-5d,6d have negligible

We focus first on Fig. 3 that shows resonance variations ifnfluence ony,q, andd,q in the region of structure, so that
Bad, Yaq, and 8,4 for the Tc (4084d°5s?) atom at photon these are also treated simply, as in the case of Tc. With the
energies around 36 eV, i.e., the variations located in a regioabove calculational simplifications, our results éof, 844,
of the 4p—4d giant resonance minimum in thed4photo- 44, andd,q for 4d photoionization of the Mo atoms in the
ionization cross section. vicinity, of the giant 49— 4d resonance are shown.

Near 36 eV, the magnitude of the,q| nondipole param- Of greatest significance is the photon energy region
eter is seen to reach a very large value, approximately 0.4round 32.5 eV, wheré,yq and, even more Soy,q are dra-
thus making the nondipole effects on the asymmetry of thenatically increased by dipole interchannel coupling, with
photoelectron distribution quite competitive with the dipole|yaq4| reaching a magnitude of about 0.6, significantly larger
effects near 36 eV. As for the resonance structures sedhanp,q at these energies. This means that the asymmetry of
above 48 eV, they are the result of thp-45d,6d autoion-  the 4d photoelectron angular distribution here is dominated
izing resonances that are not treated accurately in this calcipy nondipole effects.
lation, owing to the omission of multiplet splitting; we in-  To investigate the approximation made for the treatment
clude them only to show the order of magnitude of theirof the 40— 5s resonance for both dipole,y and nondipole-
effect on the photoionization parameters. v4q @nd 8,4 photoelectron angular distribution parameters at

We now turn to the Mo (#%4d°5st) atom. This atom has photon energies near 32.5 eV, wherg, and 8,4 exhibit the
a half-filled 5s subshell that opens way for a resonance transignificant structure induced by interchannel coupling, we
sition 4p—5s, which occurs rather close to the giant reso-show in Fig. 4 the results of SPRPAE calculations with and
nance transition g—4d. The presence of thepd—5s reso-  without including the £— 5s resonance in the calculations.
nance, however, as will be seen below, influences vergClearly, the influence is seen to be negligible fafy and
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daq, and very weak fopB,q (at about 32.5 e)/ which dem-  atoms in the region of thap—nd giant dipole resonances.
onstrates that accurate accounting for tipe-45s resonance Most importantly, the calculations have found that at photon
is not important. Similarly, the structure im,q and 8,9 is  energies near giant resonandesfew tens of eV, y,q be-
largely unaffected, with or without the inclusion of the¢ 4 comes even more important thghy in the asymmetry of
—5d,6d resonances in the calculatignot shown. How-  thend photoelectron angular distribution, a clear demonstra-
ever, the $—5s and 4p—5d,6d resonances are seen to tion of a case where the dipole approximation alone is ex-
influence B,4q and o,44 beyond 35 eV strongly. Thus, the pected to fail in understanding angular-asymmetry distribu-
structures seen ifi,q ando,q at about 37 eV and around 42 tions of photoelectrons, even at such low photon energies.
eV must be considered only qualitative.
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