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Resonant x-ray magnetic scattering is widely used as an element selective probe of magnetism in solids. The
present work deals with a different, less frequently addressed aspect: the electronic shell selectivity. Due to the
complexity of the atomic effects inherent to the resonant process and at the origin of the electronic shell
selectivity, the data are generally considered on a qualitative basis. Here, we try to extend the arguments to a
semiquantitative level. We show, through a detailed spectroscopic study of the resonancé atiite ;
edges of samarium in a single-crystal epitaxial film, how the exploitation of the atomic effects can lead to a
deeper understanding of long-range magnetic order in this material. At thedges of rare earths, dipole
resonances carry information on the polarization of tkdeb@and, whereas quadrupole resonances reflect the
polarization of the 4 shell. The narrow width of the 4band permits the interpretation of the quadrupole
resonance below the; edge using atomic considerations. A systematic study of the dependence df the 4
guadrupole resonance on wave-vector transfer shows that, within our resolution, the magnitude f the 4
moments in samarium is independent of the local environrtartiic or hexagonal On the other hand, the
energy dependence of the dipole resonance at and abovs thied L ; absorption edges shows two maxima
and is interpreted in the framework of an extended density dfstates. Finally, the relative temperature
dependences of the dipole and quadrupole resonances sheds light upon the respective contributiorfs of the 4
and & levels to the long-range magnetic order in samarium.
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. INTRODUCTION riched single-crystal samplehas shown that, below ",
only the moments associated with the hexagonal sites order.
Samarium metal constitutes an atypical case in the rareFhe hexagonala,b) planes carry time averaged moments
earth series, on account of both its crystal structure and iteshich are ferromagnetically aligned, with their axes pointing
electronic properties. The crystal structure, referred to as thalongc. Neighboring hexagonal planes couple ferromagneti-
“Sm structure,” is intermediate between the hcp structure ofcally, and then antiferromagnetically with the next-nearest
the heavy rare earths and the dhcp structure adopted by mdstxagonal plane, in a @+0——-0++0——) sequence,
of the light rare earth5.The Sm structure is rhombohedral, doubling the unit cell in the direction, with a propagation

space groufR3m, with three atoms per unit cell. It is more Vector(0 0 1.5 in the hexagonal cefi.The zeros in the plane
simply visualized as the compact stacking of nine hexagonatequence correspond to the cubic planes, wherétBel.5
(a,b) p|anes a|0ng:' with lattice constanta=3.63 A and Fourier component of the time-averaged moments is zero.
c=26.21 A at room temperature. There are two structuraFach structural domain supports two independent magnetic
domains organized in layers perpendicular to ¢hexis and ~ antiphase domaingnoment reversal More recent resonant
corresponding to the two different stacking sequencest-ray magnetic scatteringRXMS) results are consistent with
A.BALB.C/BLCAKCH or A.ChALC.BLCHB-ALB;, along  this structure’. Below T\°, the magnetic structure of the hex-
the ¢ axis. Theh and ¢ subscripts refer to the hexagonal or @gonal sublattice is unchanged, but coexists with a more
cubic nearest-neighbor arrangement of the Sm sites. Theomplex magnet|c structure on the cubic sites. The propaga-
structural domains have been shown to coexist with equdion vector is(; 0 3) or (=3 0 ) depending on the structural
populations in a bulk single-crystal samplajthough single domain, leading to 12 magnetlc domaife., two magnetic
domain crystals also exiét. antiphase domaingnoment reversalassociated to each of
Samarium undergoes transitions to two distinct antiferrothe three in-plane axes, and this for each structural domain
magnetic structures, at,"=106 K andT\°=14 K. Owing  The moments on the cubic sites point in theirection, as on
to the important thermal neutron absorption cross sectiothe hexagonal sites. The calculated *3niree ion moment
(=~6000 barns for the natural elemgnsamarium is one of (4f° configuration is 0.71ug, the small value resulting from
the less studied rare-earth elements on a microscopic scaflee opposition of spin and orbital moments. The net magnetic
using the traditional tool of magnetic neutron scattering. Amoment on the samarium sites, deduced from the neutron-
pioneering neutron study performed on an isotopically enscattering stud§,has the even smaller value of @.4. A
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large polarization of the conduction electrons parallel to theelevated temperatures and by themoments at lower tem-
ionic spin has been invoked to account for this extremelyperatures.
reduced moment. In contrast, a recent neutron-scattering E1 andE2 transitions have energies that generally differ
study on a 5000-A-thick samarium film has indicated a muchby a few eV. With an energy resolution of 1-2 eV, the
larger moment of 1.2 0.2ug.° RXMS method becomes electronic shell selective. In this
Samarium, like all metallic rare earths, has a large interwork, we exploit this aspect of resonant scattering to study
ionic separation compared with the spatial extent of thie 4 the interplay betweenf4and 5 polarizations in the estab-
shell. This has been taken to imply the cooperation of conlishment of long-range magnetic order in samarium. The
duction electron states in the formation of long-range magidentification of the dipole or quadrupole origin of the reso-
netic order in an essential wajlhe differentiation of 4 and  nance requires a careful spectroscopic study, simultaneously
5d magnetism thus becomes a central issue in the undetaking into account the energy dependence, the polarization
standing of the magnetic properties. Insight into the contri-of the incident and scattered photon beams, and the depen-
butions of the localized #shell and the delocalizedd®Sband  dence of the scattered intensity on the wave vector tratfsfer.
to the time averaged magnetic moments is traditionallySuch studies have greatly benefited from the advent of dedi-
gained from the study of the magnetic form factors as decated beamlines at third generation synchrotron sources: with
duced from neutron-scattering experiméhtshe 5d shell  higher flux and high degree of linear polarization, one can
has a larger spatial extension than thfeshell, and, conse- make an extensive use of polarization analysis of the scat-
quently, the Bl form factor falls off more rapidly at higher tered beant® This method, being based on scattering at 90°
wave-vector transfer. A relative weakness of neutron scattely an analyzer crystal, has the further advantage of drasti-
ing is, however, the inability to measure independently thecally reducing the parasitic fluorescence signal.
contributions of the different electronic shells to the long- Rather extended spectroscopic studies of the resonance at
range magnetic order, in a model-independent fashion. Réhe L, ;3 edges of the heavy rare earths {db,** Dy,*? and
cent experimental developments show that RXMS has thigm 2 already exist, but generally do not show a clear sepa-
capability? ration of E1 and E2 contributions. The study of Er has
RXMS is based on the enhancement of the x-ray magnetigroved more complicated due to multiple-scattering effétts.
scattering cross section close to an absorption éligethe  The study of the resonance in the light rare earths is more
L, 3 absorption edges in the rare-earth metals, the resonagifficult, primarily on account of the weak intensities. For
process involves the promotion ofp2core electrons to example, published RXMS work on Nd only makes use of
empty intermediate states in the vicinity of the Fermi levelthe resonant enhancement to investigate the complex mag-
and their subsequent decay. If the core hole formed by phasetic structuré® Previously reported resonances in Sm are of
toelectron promotion is taken to be localized, the scatteringery low intensity>?® Our preliminary study of a samarium
amplitude becomes site specific and, on this assumptiorapitaxial filn??’ revealed three well defined resonances in
single-ion models of the magnetic scattering cross sectiothe magnetic scattering signal around thgabsorption edge
have been developéfl.The strongest matrix elements gen- [Fig. 1(a)]. Through simple qualitative considerations we
erally derive from electric dipoleE1) transitions, which lift  could attribute the two high-energy resonanceg totransi-
the electron to vacant states of 6r 5d character. The € tions to the 5 band, while the third one below the edge was
wave function oscillates more strongly in the core regionassigned tdE2 transitions to the #shell. At thel , edge, the
than the 8, resulting in a smaller overlap integral with the same study shows negligible quadrupole resonance and a
2p core level. The (p—5d—2p) dipole matrix elements double dipole resonang¢€ig. 1(b)]. This complicated energy
are then anticipated to be substantially larger than those afependence is not fully accounted for by the existing theory,
the (2p—6s—2p) and to give the dominant contribution to based on atomic consideratiofdn the following we extend
both the magnetic and nonmagnetic dipole cross sections. lihe above qualitative analysis to a more quantitative one,
addition to these dipole transitions, one anticipates contribubased on the itinerant antiferromagnetic state, wher@jn:
tions from the electric quadrupole matrix elemefE tran-  the E2 resonance, strikingly large in samarium compared to
sitions, involving vacancies in the #4density of states, to other rare earth®-2°is shown to fit the predictions from the
the magnetic scattering cross section. TB2 transitions narrow-band limit (atomic theory and (i) a broadband
(2p—4f—2p) may also yield a significant resonant crossmodef®is used to interpret the observed energy line shape of
section, on account of the largd folarization. the E1 resonance. Finally, the information from the
Several RXMS studies have taken advantage ofeflee  temperature-dependent resonant signal is used to shed light
mentselectivity to separate the contributions of different el-on the 4 and 5 magnetism in samarium.
ements to the magnetism in compounts,solid The organization of the paper is as follows: Sec. Il de-
solutionst*~*% or superlattice$! The present work aims at scribes the sample and the experiment. The experimental re-
clarifying a less frequently addressed aspect of RXMS: th&ults are presented in Sec. Ill. In Sec. IV, we consider the
electronic shelbkelectivity. Two studies have made use of thisnonresonant contribution to the magnetic scattering, while
possibility*’8In Nd/Pr superlatticé$ polarization of the 8 Sec. V is devoted to the study of the resonance. We split the
band of “paramagnetic” Pr layers is induced by the coherentanalysis of the resonant contribution into two sections, V A
long-range order in Nd through the superlattice. InandV B, according to the physical nature of the intermediate
DyFe,Alg,'® one observes the polarization of the Dyl 5 levels in the resonant scattering process. In Sec. VA, we
shell both under the influence of the ordered Fe sublattice ateat theE2 resonance of the localized 4evels, focusing on
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250 and “dead magnetic layeré® or the surface roughneSs
(@ ——(007.5) complicate the line-shape analysis in a nontrivial manner.
200 )\K ——(0016.5)| These material-related problems can be overcome by the use
71 —(00259%) of epitaxial films prepared under UHV, with a thin protective

150 J Sm L, edge cap layer depositeih situ to avoid oxidation once in air.

Carefully monitored growth methotfdead to very homoge-
neous single-crystal films, with a mosaic spread of
0.1-0.3°% A restriction is that the film has to be “thick

100 _ ]

Peak Intensity (cts/s/200mA)

S0 1 enough” (typically several 1000 f so that the magnetic
properties do not mainly reflect the effects of strains due to
0 e o L “OgAiy . . . .
870 6.71 6.72 6.73 6.74 lattice mlsmatch at the substrate_ and capping mterfgces. For
Ener these experiments, a 5000-A-thickaxis Sm film, with a
gy (keV) X 7 L
500-A Nb protective cap has been u$ed’ Preliminary

40 ;

x-ray scattering measurements at room temperature have

§ - b 1 shown that this film presents the “Sm structure” withca

§ 30 F =075 3 parameter of 26.21 A, similar to the bulk value. The coher-

B —+— (00 16.5) ence length of the Sm structure in tbéirection is estimated

8 | |—=(0255 1 1 to be of the order of 800 A30 unit cell3. The full width at

2055 edge AV | 3 half maximum(FWHM) of rocking curves through the 0

% a 2 RS E 9) and (0 0 18 charge Bragg reflections gives a mosaic

E 0t spread of 0.13°.

§ To extract meaningful information from magnetic Bragg

o 3 : E peak intensities requires an integral of the full scattered in-
"‘““"“'“" ! 751 7.‘32 ‘%3 tensity. In neutron scattering or nonresonant x-ray magnetic

diffraction this implies using sufficiently relaxed collimation
and/or scanning som@ngulaj variable. Corrections for ab-
FIG. 1. Energy dependence of the measured peak intensity foFOrption, extinction, and instrumental resolution effetis-
several reflections from the hexagonal sublattice at the Sedge ~ €ntz factof may then be applied. Finally the data are refined
(@ and L, edge(b). The solid lines are guides for the eye. The towards a given magnetic structure taking into account the
vertical line gives the position of the inflexion point in the fluores- form of the geometric and polarization dependencies of the
cence(taken from Ref. scattering amplitudes. In resonant x-ray magnetic diffraction
experiments, when working close to an absorption edge one
the information that may be derived from the angular depenencounters, as an additional variable, the energy of excitation
dence of the scattering cross section. In Sec. VB,Elle of the resonance: the resonant scattering amplitude depends
transitions to the delocalizeddSstates are considered and we strongly on the incident photon energy. In addition to the
introduce a phenomenological model to analyze RXMS datdntegration in reciprocal space one is now faced with integra-
from antiferromagnetic materials with extended intermediatgion (either explicit or implicit by use of relaxed monochro-
levels. The model is used in a self-consistent fashion to anawnation over the incident photon energy in order to collect
lyze the (resonant, nonmagneliavhite line in the fluores- full resonant intensities. The integration over energy is par-
cence. In Sec. VC, the, andL 5 data are brought together ticularly delicate, as one needs to distinguish resonances re-
and a consistent analysis of the resonant line shapes of ttiated to different excitations. In this paper, the explicit inci-
white line and of the magnetiE1l andE2 contributions at ~dent photon energy dependence of angular integrated scans is
both edges is given. In Sec. VI, we discuss the role of tthe 5 used to deduce information on the polarized density bf 4
band in the long-range magnetic order in samarium. Finallyand & states. Experimentally this requires a stable and well

Energy (keV)

in Sec. VII, we present our conclusions. monochromated x-ray source, which may be tuned through
the L, ;3 absorption edges. The intrinsic damping of the reso-
Il. SAMPLE AND EXPERIMENTS nance amounts to 3.3 #WHM) at theL ; edge and 4.3 eV

at thelL, edge® which demands an incident beam mono-

An experimental difficulty in the study of rare-earth met- chromaticity in the eV range at 7 keV. In addition, to separate
als using x-ray scattering arises from the crystal qualitythe nonresonant, electric dipole and electric quadrupole reso-
Single-crystal samples generally consist of an assembly afant scattering it is necessary to use full polarization analysis
small crystallites with dimensions of the order of 0.1-0.50f the incident and the scattered beam.
mm. The mosaic spread of each crystallite can be as good as The experiments were carried out at the bending magnet
0.02°, but the misorientations of neighboring crystallites carbeamline XMaS(BM28), the UK CRG beamline at the Eu-
be as large as 0.5°. This feature, common to all rare earths, ispean Synchrotron Radiation Facilififrance. A single to-
pronounced in Sm, perhaps on account of the specific ningoidal mirror placed after the double 1 1 1) monochro-
plane compact stacking. A second problem is related to thenator ensures the horizontal and the vertical focusing. The
surface quality of the sample. On account of the strong abeegree of linear polarization depends critically on the verti-
sorption at thel, ;3 edges, the presence of surface oxidationcal opening of the primary slits before the monochromator. It
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is 99.5% in the plane of the electron riftybut degrades
quickly with the vertical opening of the primary slits. Our
compromise was a slits opening of 1.5 nigertical beam
divergence 63%rad), that cuts abou} of the photon flux, but
gives a degree of linear polarization of 95%. The resulting
calculated energy resolution is 1.7 eV at 6.72 Ké&VY edge
and 1.9 eV at 7.31 keVYL, edge. The photon flux at the
sample was of the order of ¥photons/s at the maximum
storage ring current of 200 mA.

The diffractometer was used in the four-circle geometry 0.00
and equipped with a polarization analyzer on the detector
arm. The sample was oriented with the& (¢*) plane in the
vertical scattering plane. A C(2 2 0 analyzer crystal, with
a mosaic spread of 0.28° and a peak reflectivity of 3.5% at
6.7 keV was used for polarization analysis at theedge. At
the L, edge, the analyzer was an & 2 2) crystal with a
measured mosaic spread of 0.13° and 4% peak reflectivity at
7 keV. If we use the lineafo,7) polarizations as basis.e.,

0.06

0.04

0.02

Fluorescence (cts/mon)

o
.
[4)]

0.05

orrecetd Intensity (arb. units)
(=]
P

polarizations perpendicular and parallel to the scattering O .00 RO LT
plane, respective)y with incident o polarization, as is the $0.0010 o (0.250 11.25)
present case, charge Bragg reflections will only scatter into € + (0.25015.25)
the o polarization channel, whereas magnetic scattering £0.0008 [ * (0.25018.25)
(resonant and nonresonaatso scatters into the rotatedr 5';
channel. The Bragg angle of the polarization analyzer crystal G0-0008 | ]
being close to 45°, the charge background from the substrate _*300004 3 ]
is reduced by several orders of magnitude in éher con- 5
figuration. This configuration was used throughout all our ‘So.oooz L .
measurements, mostly to benefit from the low background. ‘g &i Lbou
0.0000 ; ; R 18450 o= ‘
- ()
Ill. RESULTS €004 ]
For the hexagonal sublattice at 50 K, the energy depen- = 002 | W@Mﬁmﬁﬁﬁ H l@
dence was obtained at thg edge by scanning alongf in <
wave-vector space at each incident energy. Three specular .00 ‘ ‘ ‘
reflections(0 01), with | =7.5, 16.5, and 25.5, were studied. 6.70 6.71 6.72 6.73 6.74
The integrated intensities, corrected for absorption using the Energy (keV)

method described in Ref. 22 and for the Lorentz fattare
P . - - ) FIG. 2. SmL; edge. Energy dependence of fluoresceaeand
shown in Fig. 2), while Fig. 2a) gives the energy depen of the integrated intensities of several reflections from the hexago-

dence of the fluorescence, measured away from any Bragd, ¢ pasice(b) and the cubic sublattics). The linewidth of the

pOSIEor:_. idth i fth Ioh scans along* is constant as shown i) for the (0 0 16.5 reflec-
The linewidth in wave-vector space of the scans alohg tion. The intensities have been corrected for absorption and for the

does not show any variation with the incident photon energy ,rent, factor. The solid lines ifb) and (c) are the results of a
[Fig. 2d)] and the energy dependence of the resulting intez|cylation(Sec. V Q. In (c), they show a simple Lorentzian line
grated intensity is identical to the energy scans at fixed Waveshape, with a FWHM =3.3 eV, convoluted by an energy resolu-
vector transfer shown in Fig.(4). This result enabled us to tion of 1.7 eV, and scaled with the calculated polarization factors.
deduce the energy dependence of ltheresonance at three The vertical line gives the position of the inflexion point in the
reflections from the cubic sublatticé).25 0 11.75 (0.25 0  fluorescence.

15.25, and(0.25 0 18.25 at T=8 K, from the energy de-

pendence of peak intensities. We measured scans efoag  value. A quantitative analysis of tli@ dependence of several
only a few selected energies and obtained a linewidth thatmagnetic reflections from both the hexagonal and the cubic
did not change with the energy. The energy dependence alublattices, measured at 6.712 keSéc. V A D) will confirm
“integrated intensities” was then estimated by multiplying the quadrupolar character of this resonance.

the peak resonant intensities by the measured linewidth. The Similarly to the cubic sublattice reflections at thgedge,
resulting integrated intensities have been corrected for ththe resonance associated with the hexagonal sublattice at the
Lorentz factor and for the absorption and are shown in FigL, edge was obtained by measuring the linewidth alchgt

2(c). They are approximately 1% of those measured at tha few energies and the energy dependence of peak intensi-
same temperature for scattering from the hexagonal sites ities. The corrected “integrated intensities” are displayed in
the E2 channel and essentially of zero intensity at the posiFig. 3 with the measured fluorescence. For comparison with
tion of the E1 resonance, except, perhaps, at the lar@est the L; data, the intensities have been scaled to the same
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0.09 Coeee E e ion scattering amplitudes from atojnrespectively. The ac-
] curate determination oK, requires careful scaling of the
intensities over 7—10 orders of magnitude, as described in
more detail in Ref. 37. We will here content ourselves with
reasonable orders of magnitude.

In the o-7r polarization channel studied here, the nonreso-
nant amplitude &

0.07 [

0.05

Fluorescence (cts/mon)
T

hw

] Fromed Qo) = ~ir o c 2 sirf 6[(L,+S;)cosf+ Sy sinb];
00" q e

0.03 ?quﬁ‘?mm?} e -+ - (2)

° (007.5)
e (00165)

] ro is the classical electron radiug,is the Bragg angle, and
1 L., S;, andS; are projections oL (Q) and S(Q), which
] are the Fourier transforms of the effective orbital and spin
magnetic moments:L(Q)=(2—g,)Jf (Q) and S(Q)
=(g;—1)Jf4(Q), g; being the Landdactor>® The spin and
] orbital form factors,fs(Q)=(jo) and f (Q)={jo)+{j2),
1 have been developed explicitly by Freeman and Desclaux
and include the summation over all electréfghe projec-
‘  ue tions are alongl;, U,, andus, unit vectors in the directions
7.29 7.30 7.31 7.32 7.33 of k+k’, kxk’, andk—k’, respectively. In the present ge-
Energy (keV) ometry, Ly=L(Q)sing, $;=3(Q)siné, S;=—3(Q)coss,
where § is the angle betweea (assumed to be the positive
FIG. 3. SmL, edge. Energy dependence of the fluorescéace direction of the spinsandk’ —k. For specular reflection®
and of the integrated intensities deduced from the measurement ¢f| ), the nonresonant contribution to the scattering amplitude
peak intensities for several reflections from the hexagonal sublatticeadyces to
(b). The intensities have been corrected for absorption and for the
Lorentz factor. The lines are the results of a calculaf®ec. V B.
The vertical line gives the position of the inflexion point in the Anonres 2 €N el Q, @)
fluorescence. atoms |

Corrected Intensity (arb. units)

o . h
incident photon flux, and corrected for the different analyzer = Fm(Q)ifo—wz 25(Q)sir? 6. (3)
reflectivities. Two main resonances are observed. They have meC

the sameQ dependence, similar to tHel resonances at the

L, edge, and their position with respect to the absorptlor{0 be in a pure SAT state, and considering only thef 4
edge is consistent with a dipole origiThe substantial re- contribution to the ma netis’rﬁ(Q)z —25(j Y For the(0 0
duction of theE2 resonance at thle, edge has already been 7.5. (0 0 16.5 d(Ogo 25.5 reflecti 14 J;): ' — i3
observed in other rare earths, in scattetitfgflas well as in =~ " 5, an -9 reflections,F(Q) = ~i
and we obtaim,nee0.00T, 0.004,, and 0.007, re-

dichroism experiment®. Given the weakness of the mea- ectively, at an incident photon energy of 6.7 ké\é
sured signals, no study of the cubic sublattice was attemptezjzlow chL edgs P 9y ' o
3 .
at thel., edge. The intensity expected from these values can be estimated
by comparing to the intensity measured at a charge Bragg
IV. NONRESONANT MAGNETIC SCATTERING reflection. We measured of the order of Jfhotons/s in the

At a given incident photon energyw, the integrated in-  0-0 polarization channel at the 0 14 reflection from one

tensity, corrected for absorption and Lorentz factor, can bétructural domain, where the calculated charge structure fac-
written a<? tor is 59.3,. Taking the geometrical corrections into ac-

count, we obtain an expected intensit{).004 photon/s a0
ior ) 0 7.9. Such a low value is consistent with the fact that no
atgsj e [ fronred Q. ) + 1 (k. k', ) nonresonant intensity was observed belowlth@dge at this
position. For the reflections at high€, the expected inten-
2 sities are~0.04 photon/s at0 0 16.5 and~0.05 photon/s at
: ) (0 0 25.5, which is about half the background level. We
have not found unambiguous evidence for such intensity be-
Ky is a scale factor determined from charge scattering, antbw the absorption edge with counting times of 60 s. The
Q=k—k’, wherek (k') is the wave vector of the incident present calculation, however, neglects two effe@sthe in-
(scattered radiation, and Aw is the photon energy. terference with the resonant amplitudes, &ingdthe 5d po-
froned @, @), fei(k k', w), and fgo(k,k',w) are the non- larization. Calculations presented in Sec. V C suggest that the
resonant, resonant dipole, and resonant quadrupole singlamerference terms are non-negligible while, despite the pos-

Fwm(Q) is the magnetic structure factor. Assuming samarium

|:Ko

+fE2(k,k’,w)]
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sible importance of the & polarization? we are able to ig-
nore it on account of its compact form factor.

V. RESONANT MAGNETIC SCATTERING

The resonant amplitudes in x-ray scattering are usually

expressed in the framework of an atomic mofelssuming

that the intermediate states extend over a narrow band com-

pared to the inverse lifetime of the core hdleBased on the
work by Hannon etal,’® Hamrick! and Hill and

McMorrow*? have developed some useful expressions for

PHYSICAL REVIEW B5 064436
PEY, PEJ, and PE) are (geometrical polarization factors
determined by the characteristic directions of the
experiment®4? In the o-7 polarization channel and for
collinear moments in the scattering plane,

P =isin(6+6), (83

P =i sin(6+ 8)[cog26) +sin( 6+ &)sin(6— 5)].
(8b)
PE)=icog§2(0+ 8)]sin(6— ). (80

the scattering amplitudes. The formalisms differ slightly, and

the correspondence is given in the Appendix. In the follow-

ing, we will use the notations from Ref. 42.

The single-ion scattering amplitudes,(k,k’,) and
feo(k,k',w) [Eg. (1)] are written as matrix elements
coupling the incident and scattered polarization vectors
ande’:

fEL(k,k',w)

|k| 2 [ Yim(K)Yim(k)- elF (@) (@)

L=1 or 2 for dipole or quadrupole respective¥. (k) are
vector spherical harmonics. The factoFs () reflect

atomic properties, and determine the strength of the res

nance:

I'im(a,n)/T
(x=1)

x=(E,—E,—h)/(T'/2), wherea is the initial (and fina)
state of the ion with energi,, and 7 is the intermediate
excited state with energl¢,. P(a,7) represents the occu-
pation and transition probabilitie$’ \,(«,7) is the partial
linewidth of the 2 pole radiative decay, wheredsis the

FLM<w)=;7 P(a, (5)

A. Quadrupole resonance
1. L; edge

The E2 resonance has been most clearly observed at the
L5 edge. It involves highly localized fdintermediate states
and the atomic approximation appears to be justified since
the energy width of the resonance is consistent with the the-
oretical value of", 3.3 eV at the_ ; edge®® when the experi-
mental energy resolutioflL.7 eV) is taken into account. In
this section, we confirm its quadrupole origin through the
dependence on the wave-vector transfer.

The measured splitting between tlel and E2 reso-
nances is large and we can, in a first approximation, ignore
gheE1 contribution to the magnetic intensity at the energy of
the E2 resonance. Similarly, the weak nonresonant contribu-
tion will be ignored in this section, as well as the interference
terms. With these simplifications, the integrated intensity re-
duces to

1 =KoA(Q)IFu(Q)(PE3 9

A(Q) is the crystal volume fractiofdomaing: all magnetic
domains contribute to the intensity at specular magnetic
Bragg positiong0 01) (hexagonal sublattigewhereas non-
specular reflection&ubic or hexagonalderive from a single

(1) (3)|:(3 )|2

total width of the excited level, proportional to the inverse pair of magnetic antiphase domains. The magnetic structure

lifetime of the core hole.

factor is F(Q)=1 for all cubic sublattice reflections and

The geometry of our experiment was chosen so as to keegepends o for the hexagonal sublattice reflectiof&able
the moments in the scattering plane. For the resonant prd). For one Si* ion (five 4f electrons, atomic calculations

cesses we can write

fea(kok’,w)=PEIFE. (63

fealk' ) ~PEFE+PEFEL. (@
F(Ell) ! F(Elz) 1

ear combinations of thE| y(w):

3
F<E£=W[Fn<w>-afl<w>], (78
5
F<E£=W[F22<w>-5,2<w>], (7b)
F&3= 4|k| [Fai(w)-Fo_1(0)], (79

lead toF &)~ —0.074¢ o/2\ o) andFE)~FY)/2 (Appendix
and Ref. 43, where \ 5 IS the photon wavelength at the
resonant energy.

At the maximum of theE2 resonance, 6.712 keV, we
performedL scans around the positions of nine “hexagonal”
reflections(three specular and six nonspeculand seven

andF&) are amplitude factors, expressed as lin-“cubic” reflections. The integrated intensities are summa-

rized in Table I.
The intensity{Eq. (9)] can be written as a reduced inten-
sity:

3) £(3)[2
P FE)

P(l) FE2

- |
| = =K
A(Q)|Fu(QPHZ ™ "0

The reduced intensitiels are calculated assuming equal do-
main populations, and shown in Fig. 4 as a function of

PE)/PY) . The solid line is a result of a least squares fit to
the parabolic function, Eq10). The agreement is very good,

1+

(10
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TABLE I. Integrated intensitiesta K of several reflections from the hexagonal and the cubic sublattices,
and applied correctiong.* is the absorption correction as defined in Ref. 2% the crystal volume fraction
(domaing, and the geometrical factors are those defined by EBig.and (8c).

Integrated Lorentz

h k | intensity A Fu(Q) w* (mm Y factor P PE

0 0 165 03582 1 —-iy3 1351 0583 0.320 0.187
0 0 195 0.156) 1 i3 1561 0.689 0.362  0.035
0 0 255 00086 1 i3 1984 0901 0.170 —0.562
1 0 145 020693 1/2 2 sin(5a/9) 2437 0.147 0.070  0.839
1 0 155 0.018) 1/2 2 sin(@/9) 2261 0.212  0.097  0.804
1 0 175 0.068) 1/2 2isin(2m/9) 2147 0.335 0.137  0.699
1 0 185 0.04B) 1/2 2isin(2m/9) 2131 0.395 0.149  0.627
-1 0 145 0.09®6) 1/2 2isin(5m/9) 409 0.877 0.417 —0.079
-1 0 235 001® 1/2 2 sin(5a/9) 1525 0.976  0.156 —0.619
0.25 0 875 0058 1/6 1 1532 0.118  0.101  0.487
0.25 0 925 0012 1/6 1 1456 0.147 0125  0.485
0.25 0 11.75 0.0098) 1/6 1 1389 0.278  0.222  0.467
0.25 0 1225 0.0120) 1/6 1 1398 0.302  0.238  0.461
0.25 0 1525 0.0099) 1/6 1 1502 0.440 0.305  0.390
-025 0 875 0.09%) 1/6 1 361 0500 0.430  0.059
-025 0 925 0.014) 1/6 1 421 0507 0432 0.071

confirming theE2 character of this resonance. The position4f polarization is, within experimental error, the same on the
of the minimum of this parabola gives&)/F)=0.51 hexagonal and the cubic sites, i.e., independent of the local
+0.01, which is within the experimental error the expectedenvironment.
value of 0.5 from atomic calculatiofs. Turning now to the energy line shape, a simple analysis of
The reflections from the hexagonal sublattice originatethe energy dependence of tB& resonance is possible at the
from either both structural domains or one single structuratubic sublattice reflections, where tBl and the nonreso-
domain. The fact that their corrected intensities fall on thenant contributions can be neglected. The solid lines in Fig.
same parabola confirms the assumption of equal populatio?(c) result from a simultaneous fit of all reflections to the
of the structural domains in this epitaxial film. Moreover, thetheoretical Lorentzian line shape of thE2 resonance
reflections from the cubic sublattice, once normalized by th&€FWHM I'=3.3 eV), convoluted by the instrumental energy
crystal volume fraction, also fall on the same curve. This isresglution 1.7 eV. Usingl(z32)/|:(E12):o,5 and a crystal fraction
consistent with our assumption of the equal population of the: the only adjusted parameters are the scale factor and the
magnetic domains. Importantly, these results indicate that thenergy of the resonance estimatedEab=6.7121(2) keV.
The agreement is good, allowing us to use the resonant en-
ergy Eg, as well as the theoretical linewidth in the interpre-

©8000 1 ) . .
5 tation of the resonant line shape at the hexagonal sublattice
a reflections(Sec. V Q.
5 6000 1
z
§4000 ] 2. L, edge
E At the L, edge, atomic calculatiofs give F&)~
B 2000 1 —0.054( o/2\ e, andFE)~FE)/2, which leads to scatter-
§ ing amplitudes of the same order of magnitude as at_the
o edge. However, no distinct quadrupole resonance is visible
0 [Figs. 1b) and 3. At a qualitative level this discrepancy may
p_@p (M be explained taking into account spin-orbit splitting of tHe 4
B2 " E2 levels®® The L ; edge will be dominated by transitions to the
FIG. 4. Reduced intensities at 6.712 kél; quadrupole reso- =3 state while the., edge connects the=3. Thej=3 are

nance, of several hexagondbpen circlel and cubic(full circles) eXF_’e_Cted to lie |0W_er In energy on account Qf the spin orbit
reflections as a function of the reduced polarization factorSPlitting, and the five 4 electrons of S will preferen-
PE/PY . The solid line is a fit to Eq(10). Interference effects tially occupy these states. The number of vadant levels

with the dipole resonance have been neglected but actually accouit hence reduced from 6 to 1, in contrast to the eight states
for the small discrepancies observed for the weakest reflectiongvailable for thej =5 level. Crudely this will give a contri-
(large error bars bution to the intensity ratih ;/L,= 64/1, which is consistent
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with the apparent absence of quadrupole resonance &bthe change splitting was then put in as a correcfidff and then
edge and with the more detailed calculation presented ibreathing was introduce®i.In the following, the band split-
Sec. VC. ting is assumed to be the same for all subbands of different
orbital projection and the spin-orbit splitting of the interme-
diate levels and the spin splitting of the core levels are ig-
nored.

In contrast with theE2 resonance, thE1l resonance in- The antiferromagnetic scattering amplitude at a given in-
volves 5 band magnetism. Indeed, the data show dipolecident photon energyiw is sensitive to resonant contribu-
resonances extending over some 10 eV, which demandions integrated over the lower and upper bands, with density
adopting a somewhat different point of view from the iso- of statesD,(E) andD,(E) and widthW, andW,,, respec-
lated ion (atomig standpoint® As no E1 resonance was tively. Summing over both spin states, and assuming for sim-
observed with sufficient intensity at positions correspondingplification the same density of states fdf=1 and M=

B. Dipole resonance: Model

to the long-range order in the cubic sublattiEgg. 2(c)], this  —1, we obtain
part of the analysis is restricted to magnetic intensities from
the hexagonal sublattice, both at thg and thel ; edges. E+W MsyBDI(E—E,)
Based on previous worl:?8we consider two issues: Sm FElaJ' TIX(E)—i] dE
is metallic and antiferromagnetic. First, on account of the 8
metallic nature, it may be more appropriate to treat the empty EutWy Mg4B,D,(E—E,)
(5d) intermediate states of tHel resonance as bands. The JE TIX(E)=1] dE (13)

density of intermediate level®(E), available to the reso-
nance, is determined by the site projected density of vaca%. _ _ _

) ith Bj=p/(1—4q), B,=p,(l—a,) and x(E)=(E—-E,
states of the appropriate symmetry. For example, the 2 —ﬁw)/l(l“/gl)(. E, ig theuboFt)tucEm ofuzhe Iowe(r éne(rgy band

—>5d—>2p transition considgred here re_quires _tﬂe(prl which is split by the antiferromagnetic potential by an
=2) projection. Second, antiferromagnetic ordering is repre- mount 2y from the lower edge of the upper bandeat. As

sented by a spatial, rather than energetic, splitting of up an . ; ;
down spin density onto two magnetic sublattices, which de- n explicit example, following the analysis of Hamritlwe

. o give theE1 contribution at thd_; edge:
fines a new Brillouin zone.

Before setting up an explicit model within which to evalu-
ate the RXMS data, we note that electric dipole transitionsf =r (1)(kao)2M m CZ(E))
are also responsible for the white line in the fluorescence.®*  °\5 sdier |18
Hence a model for the energy line shape of the magnetic
dipole resonance should be consistent with the observations n JE“W“ BuDu(E— Ea)} (12)
on the energy line shape of tlilsonmagnetigwhite line. In E, I'x(E)—i] |’
this light, we develop a phenomenological picture with the
constraint that one model density of effective intermediatevherea, is the Bohr radius. We note that the antiferromag-
states reproduces the white line and the energy profiles of thgatic band model anticipatdilz Ezl Substituting in the
magnetic resonances at both theand thel ; edges. In this  atomic radial matrix elemefk for an order of magnitude

paper, we content ourselves with such a consistent interpressiimate together with a peak density of statet/ ! gives
tation of the energy profiles. The decomposition of the effec peak intensity of
tive density of levels to extract matrix elements and many
body effects is not pursued. To our knowledge, the only ex-
isting quantitative analysis have been performed atKhe
f lements where th Id mor il . . o
?e(zjlgteec(j) t:g esi?np?e tSmodgls;e tofe grz?itr? f)?gi? anodeeiatl:igngg’\’here P.ojd Is the effect!ve pglanzgtpn of thedsband. An
44-46 expression may be derived in a similar manner for Bg

splitting: tteri litude:
As an elementary model for the polarization on a givenSca ering ampfitude-

antiferromagnetic sublattice, we write the respective prob-

ability of finding the spin-up or spin-down lower level, as feo~100.12 Pols(2PE) + PLy), (13b
0.5(1+p;). The probability of finding an electron in this

lower level is denoted, .*” When necessary, to express dif- where we have used the result that, for antiferromagnetic
ferences in spin-up and spin-down radial matrix elementbands, F&)~2F&). In these estimatesWsq=10eV and
connecting the core and valence levéiseathing effegta  W,;=0.5 eV. Scaling to the charge scatterif®gc. IIl), one
correction of the form (i w,), can be made to the mean has 0.12,~40 cts/s at 200 mA ring current, this places the
radial matrix elemenMsy. While such corrections may, in estimated amplitudes in reasonable accord with the measure-
some instances, play a vital rdf&® to simplify we will  ments.

ignore them in the following analysis. Analogous quantities Now turning to the white line, we analyze it in a similar
pP.. a,, andu, are defined for the upper level. In gengpgl  manner, but with coefficients<C,=Mgyq(1—a;) and C,

is the negative op,. Note that in the ionic pictur® both  =Mg4(1—a,), where we once again assume equal matrix
exchange splitting and breathing were at first ignored, exelements for the upper and lower bands:

fEI+WI B|D|(E_Ea)
E PIx(E)—i]

fe1~r00.36PokPL (133
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FIG. 5. & density of states used in the calculation of the energy  FIG. 6. Energy dependence of ti@ 0 25.5 hexagonal sublat-
line shape of thé., andL ; resonances and of the fluorescence. Thistice reflection at 50 Kopen circles and at 9 K(full circles).
density of states is simply shifted by 590 eV betweenlthand the

L3 edges. from the observed scattering at the cubic si@sc. V A and

a nonresonant contributio(Sec. I\V) has been introduced.
f"aC, |m(fE'+W' DI(E_E@) The calculatedE2 scattering amplitudes are-0.046,
E, X(E)—i —0.06T,, and+0.014, at (0 0 7.5, (0 0 16.5, and(0 O
25.5, respectively. Making allowance for the spin-orbit split-
L Im( fEu“’Vu Dy(E— Ea)) (14 ting of the 2,, and 2, core levels, a rigid shift of 590 eV,
u X(E)—i the resonant line shape could then be calculated using the
o ] same density of stated3(E) as at theL, edge for theE1l
At the empirical level, the low-energy tail of the fluorescencescattering(solid lines in Fig. 2. The calculated white line at
spectra is expected to be dominated by, and hence may Rge |, edge likewise uses the sarD¢E) and energy shift.
used to estimate, the core hole lifetime. In the present case, it Finally, consistency was ensured by coming back to the
is consistent with the determination made from the study of , edge with, this time, both a quadrupole and nonresonant
the E2 resonance at the cubic sites. Given the core holgontributions included. This gives the solid lines in Fig. 3.

u

lifetime, the profile may be used to estimdd¢E—E,). Once the model density of statefE) is chosen, only the
ratio betweenEl andE2 resonances and an overall scale
C. Analysis of the resonant line shape factor need to be adjusted at each edge to obtain consistency

The analysis of the resonant line shape has to include affver our full set of data. Itis found that, while til am-
contributions: nonresonarl, andE2. It has two parts(i) ~ Plitude is essentially the same at both theandL ; edges in
the relative angular dependence of the spectra as one pas@€ement with the antiferromagnetic band model, Eze
from one antiferromagnetic Bragg peak to another, given byontribution is approximately eight times weaker at the
the polarization factors, an@) the energy dependence of the edge, as ant|p|pated in a qualitative manner for tran5|t|ons to
scattering profiles(i) is given by the relevant geometrical SPin-orbit split band¢Sec. VA2. The only clear discrep-
factors[Egs. (89—(80)]. The energy dependenci) of the ~ &ncy i the global simulation is below t_h%_ resonances at
E1 resonance at the, edge is simpler than that of the;, the highesQ, where the calculated profile is overestimated.
since theE2 contribution is small, and is treated first.

Using the literature value df, 4.3 eV at thel, ed_ge3,2('_;1 VL. 4f AND 5d MAGNETISM IN SAMARIUM
self-consistent loop of calculation has been made in which an
initial D(E) is selected and both the white line and antifer- A neutron-diffraction experimefithas indicated that the
romagnetic response are calculated. The spectral weiginoments on the hexagonal and the cubic sites are of equal
function D(E), Fig. 5, was iterated until consistency was amplitude. Our study of theE2 resonance in the low-
obtained in the calculation of both the resonant magnetic antemperature phase shows that tHepblarization is indepen-
the white line data(Fig. 3). The model antiferromagnetic dent of the localhexagonal or cubjcenvironment, as might
band splitting parameteay has been set to 1 eV. In this pro- be expected from a pure rare earth where thements are
cessg interacts(in practice only weakly with D(E). The localized and follow the Hund’s rules. The question is more
exact value ofg is not critical at this stage, but it cannot be delicate when considering thel®hand. However, some light
claimed that a unique solution has been found. Help maynay be brought on the relative behaviors of thieahd =
come in the future from calculations dd(E) by band- polarizations by the study of the temperature dependence of
structure methods using the appropriate antiferromagnetithe E2 andE1 resonances.
unit cell. The energy line shape and the intensity of scattering from

At the L; edge, comparison with the scattering data isthe hexagonal sites are not modified on cooling belqy.
more intricate on account of the significaB2 term. The This is shown for the€0 0 25.5 reflection at theL; edge in
shape and position of thE2 contribution has been taken Fig. 6. The implication is that the establishment of long-
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40 - 1.2 VIl. CONCLUSION

5 0K +EK 1 This study of rare-earth magnetism by RXMS in molecu-

2 30— los 2 lar beam epitaxy grown films illustrates the use of suffi-

£ - E ciently thick films to approach bulk material properties in

% 20 - . 106 & much more favorable experimental conditions. The principal

5 - b f los 7 advantage of such films is the ability to prepare, in a con-

E q0: / % 2 trolled manner under conditions of ultrahigh vacuum, good
ﬁ 102 = quality, homogenous, monocrystalline samples with an inert

0: ‘ ‘ - 0 protective layer. This, in particular, eliminates problems as-
6.70 8.71 6.72 6.73 8.74 sociated with surface degradation and oxidation, which have
Energy (keV) plagued experimental progress in this field.
FIG. 7. Energy dependence of tt@ 0 16.5 hexagonal sublat- Resonant magnetic scattering occurs for both tHe 4
tice reflection at 50 Kopen circley and at 105.5 K(full circles). (quadrupolg and the & (dipole) levels on the sites with

local hexagonal symmetry and the ratio df# 5d scattered

range magnetic order in the cubic sublattice does not medDtensity does not vary with the temperature. This is consis-
surably affect the projection of thedSpolarization on the —t€nt with the idea of propagation of magneti¢ drder by
hexagonal sites. itinerant & electronic states on the hexagonal sublattice.
Moving to T\"", we investigated the magnetic polarization The scattered intensity from the hexagonal sites is, within the
of the 4f and 5 states close to the transition. The energyeXperimental resolution, identical at 8 and 50 K. This implies
dependence of the resonance at (& 16.5 position mea- that neither the # nor the & polarization associated with
sured at 105.5 K, close By is shown in Fig. 7. The inten- the hexagonal sites is changed in a radical manner on passing
sities are 33 times smaller than at low temperature, but thbelow Ty°, where the cubic sites order.
energy line shape of the resonance is unchanged. The tem- The situation is more complex for the cubic sublattice: on
perature dependence of the integrated inter(sityns along one hand the study of integrated intensities at B 4f
c*) has then been studied at two energies, 6.712 and 6.7¥8sonance suggests that the effective ordered magnetic mo-
keV, chosen as representative of the dnd the ® reso-  ment in the 4 shell is likely to be similar in magnitude on
nances, respectivelfFig. 8. One sees that both th&l and  the cubic and the hexagonal sites. On the other h&dd,
E2 resonances follow exactly the same temperature depeggattering is found exclusively at hexagonal sites. A simple
dence. These results indicate that tHeadd X electrons are  ierpretation in terms of negligibledspolarization on the
polarized with a constant ratio, even very closeTig', as  ¢ypic sublattice is not satisfactory: if the cubic sites order
anumpqtegi in a simple RKKY model. , independently from the hexagonal sublattice and given the
. No S|m|IarCstudy could be performed for the CUb!C SUbIat'Iarge interplane separation in the cubic sublattie®,A, the
tice belowTy®, due to the absence of observaBl& inten- understanding of long-range magnetic order of therdo-

sities. When alloyvance IS mgde for the sample fract|on_ Ob'ments becomes difficult. This point deserves further investi-
served at a given reflectior(structural and magnetic gation
.do”.‘a'”3 and for geometrical .fac'gors, assuming d 50"’?“' The analysis of the energy dependence of the resonance
|z§t|on parallel to_the ol polar!zatlon, the S|mple_ consider- focuses on the physical nature of the intermediate levels, the
ations presented in Sec. V fail to account for this absence. narrow-band character of thef 4evel (W<I') contrasting
with the broad, bandlike,dlevels. Several features apparent

100 in the data support this analysis. First, considering Eie
cross section as measured at the hexagonal sites, it proves
possible to usene density of intermediate levels to model
both the magnetic and the white line intensitieshatth the
L, and thelL; edges. The ratih,/L;=1, as anticipated in
the model, and the absolute intensities are in order of mag-
nitude agreement with the experiment. However, we fail to
i find a simple explanation for the lack &fL resonance at the
cubic sites. Passing to tHe2 resonance, the antiferromag-
netic model again, in the limit cad4<I", consistently with
the localized picture, yields agreement with the observed in-
tensities and predicts &)=2F&) as observed experimen-
tally. Elementary considerations of the role of spin-orbit cou-
pling shed some light on the marked absence of electric

FIG. 8. Temperature dependence(6f0 16.5 intensity at the ~guadrupole scattering at the edge.
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dipole and quadrupole resonances, taken at 6.719(keMcircles) It is hoped that these results will encourage the use of
and at 6.712 ke\(open circley, respectively. The dipole intensiies RXMS in the study of microscopic magnetism in rare earths,
have been multiplied by 2.4 to allow easy comparison. with a new, more quantitative approach of the scattering am-

064436-10



INCIDENT PHOTON ENERGY DEPENDENCE OF THE . .. PEBYCAL REVIEW B 65 064436

plitudes, and stimulate further study of this fascinatingln both references, the above relations are then expressed in
element. a different, but equivalent, formalism, where the unit polar-
ization directionz at the atomic sites appears explicitly,
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fec(kk' )= 2 FEPEY, (A4)
APPENDIX -
The following notes the relationship between two alter- , . E,mE4 1o % = (ELyS(EL)
nating forms of the resonant cross section, given by Hannon feck k' 0)= ho x—i/~ AnPr. (AS)

et al,® and by Hamrick! Hannon’s formulation, further de-
veloped by Hill and McMorrowf? is widely used, but the Hill and McMorrow give the relationship between tiFg!)
relationship is useful if one wants to use the matrix elementsind F| y(w),* and Hamrick writes the correspondence be-

calculated by Hamrick. tween the polarization facto®(E" from Eq. (A5) and the

Starting from the coherent elastic magnetic scatteringp | () from Eq. (A3). Simple algebra then leads to
cross sectioff the multipole expansion performed by Han-

non et al. and by Hamrick lead to the resonant single-ion m_ L To ~ g
amplitude, Eqs(A1) and(A2), respectively, FE1:2)\res_X_iAn , n=0,1,2  (A6a
fEL(k,k,,(U) 1 r
4w Fl =5 AR?, n=0,4,  (A6D)
o _
D [ Y)Y elF (o), (AL
o 1 ry -~
E,~E, o « P = onxi (2AT ). (A6O)
— res
fer(k ko) = —2—" 2= 3 A_y(@)PLy(w),
hw X—IM==L r
(A2) F& =5 (AFP+AE?), (A6d)
with x=(E,—E,— % w)/(I'/2). The correspondence between e
Egs.(Al d(A2) is simpl
gs.(Al) and(A2) is simply F<E32>=Lr—o.("A<lE2>+"AgE2)), (A69
E,~E. To 4 2N res X~
ho x—i Auu(@)= mFLM(w)' (A3) where\ ¢ is the photon wavelength at the resonant energy.
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