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Strong Fano effect in the magnetic circular dichroism of the PtNg ; core absorption
of ferromagnetic CoPt;

T. Shishidout S. Imada, T. Muro, F. Oda, A. Kimuraand S. Suga
Department of Material Physics, Faculty of Engineering Science, Osaka University, 1-3 Machikaneyama, Toyonaka, Osaka 560, Japan

T. Miyahara
Photon Factory, National Laboratory for High-Energy Physics, Oho 1-1, Tsukuba-shi, Ibaragi 305, Japan

T. Kanomata
Department of Applied Physics, Faculty of Technology, Tohoku Gakuin University, Tagajo, Miyagi 985, Japan

T. Kaneko
Institute for Materials Research, Tohoku University, Katahira, Sendai 980, Japan
(Received 10 September 1996

We report the core photoabsorptigXAS) and magnetic circular dichroisMCD) spectra in the Pt
N A4f—5d) region of the ferromagnetic CoPtThe measured XAS spectra have shown typical Fano line
shapes, and the MCD spectrum has shown very unusual features that cannot be explained within the framework
of the conventional selection rule for the dipole transition. It is revealed from a theoretical analysis that the
strong Fano effect is essential to interpret these MCD features. We will discuss in detail the influence of the
Fano effect on the Pilg ; MCD line shape[S0163-18297)03306-7

[. INTRODUCTION CoPt is, however, underestimated by a factor of about two.
In this paper, we report on the MCD spectrum of ferro-
The ordered alloy8Pt; (M =V, Cr, Mn, Fe, Co have a magnetic CoRtobserved in the photon energy rangef.of
CuAu-type crystal structure and have attracted much inter=50-80 eV. The observed MCD spectrum in the Pt
est due to their wide variety of magnetic properties. In theséNs A4f—5d) region has shown very unusual features. This
intermetallic compounds, the Pt sites have induced magnetCD spectral shape deviates completely from the one ex-
moments due to the hybridization with the spin-polarizeld 3 pected by considering the conventional selection rule of the
states of transition metal sites. {RRef. 1) and CrPj (Refs.  dipole transition. From a detailed theoretical analysis, it is
2 and 3 reveal ferrimagnetic ordering in the sense that thefound that the unusual line shape of the MCD is caused by a
moment on the Pt sites is antiparallel to that on thet@n-  strong interference effe¢Fano effect’) in the form of reso-
sition metal sites. MnRt(Refs. 3 and #and CoPj (Ref. 5  nant photoemission.
are ferromagnets, whereas FefRef. 6 shows antiferro- In Sec. Il, we describe the experimental results. In Sec.
magnetic ordering. The contribution of the orbital moment tolll, we present a theoretical framework and calculation done
the total moment on the Pt sites is expected to be importantp explain the PNg ; MCD features of CoRt Section IV is
because the Pt atom is so hedagomic numbeZ=78) that  devoted to the concluding remarks.
the spin-orbit coupling of the Ptcbelectrons is fairly large
(coupling constant;4q=0.5 eV). It is interesting to investi-
gate the variation of botkL,) (the orbital angular momen-
tum) and(S,) (spin) on the Pt sites through the series of The polycrystalline sample of ferromagnetic CpRtas
MPt; to reveal the origin of their rich variety of magnetic prepared by the arc-melting technique from 99.9% pure Co
orderings. Maruyamat al.”® have measured MCD spectra and Pt in argon atmosphere. In order to develop the ordered
of MPt; (M =Cr, Mn, Co and ferromagnetic Rt (Ref. 9 arrangement of atoms, the cast was annealed for 5 weeks at
in the PtL, ; edges(2p— 5d transition by hard x ray Using 680 °C. An x-ray diffraction study showed the u-type
the magneto-optical sum rulé%!they have shown interest- ordered structure. The Curie temperature was 367 K and the
ing variations of(L,) and(S,) on the Pt site. In CrRt the  total magnetic moment was measured to be 2z/CoPt at
(L,) component dominates the magnetic moment on the Pt.2 K. From the result of neutron scatteriigis known that
site, contrastingly, it disappears in MgPtin the case of the Pt site has an induced magnetic momevit,
CoPt, the(S,) contribution is predominant and t{é&,) is  =0.26ug/fatom and the Co site has a moment
aligned parallel to théS,). Very recently, Iwashitat all>  Mc,=1.64ug/atom at 77 K. It is believed that they are
have calculated the electronic band structuresMd®t; by  coupled ferromagnetically.
using the full-potential linear augmented plane wave Core photoabsorption spectfdAS) and MCD spectra in
(FLAPW) method with including the spin-orbit interaction as the range ofio=50-80 eV were measured at the beamline
a perturbation. Their calculation reproduces the experimentdBL28A (Ref. 14 of the Photon Factory in the National
trend of the(L,) and(S,) well. The orbital moment of Ptin Laboratory for High Energy Physia¥EK). The circularly

Il. EXPERIMENTAL RESULTS
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FIG. 1. Core absorptiofiXAS) and MCD spectra of CoRftin FIG. 2. Detailed XAS and MCD spectra taken in the Pt+45d

the photon energy rangdo=50-80 eV. The solid and dashed excitation region. The XAS shows asymmetric Fano line shape and
curves show the XAS spectri’ andl ~, measured by means of the the MCD spectrum reveals very unusual features. See text for de-
total photoelectron yield method. The dots show the MCD speclails-

trum, | " —17. The horizontal dotted line represents the MCD zero.

netic moment on the Co site is confirmed to be parallét fo

polarized light was supplied by a helical undulator. AlmostbecauséV,(1.64ug/atom) dominates the total magnetic mo-
completely polarized light was obtained at the peak of thement of CoP§. Therefore, we can reach a conclusion that
first harmonic of the undulator radiation. The full bandwidth Mp{IM,, Which is consistent with the neutron scattering
of the monochromatized incident photons was set to aboutesult®
0.1 eV. A clean sample surface was obtained by in situ Noticeable MCD signals are observed in the higher en-
scraping with using a diamond file under ultrahigh vacuumergy region where the Ptf4-5d absorption(4f XAS)
condition(=1x10"° Torr). The sample was cooled down by arises. We have carried out a detailed measurement of the Pt
liquid N,. A magnetic field of about 1.1 T was applied to the 4f MCD in the narrow photon energy range %&od=70-80
sample by using an apparatus with two sets of permanergV. The results are shown in Fig. 2. In thé andl~ XAS
dipole magnetS made of Nd-Fe-B alloy. XAS spectra were spectra, one can see broad peaks related toftheahd 4f s,
measured by the total photoelectron yi€ldPY) method by components at about 74 and 77.5 eV. In the prethreshold
directly measuring the sample current while scanning theegions of both components, clear dips are observed. As a
photon energyzw). It is widely known that the TPY spec- result, the XAS spectrum has a very asymmetric line shape.
trum well represents the photoabsorption in the core excitalt is well known that such a characteristic line shape is
tion region. MCD spectra were taken by reversing the direccaused by the Fano effett!’ The MCD spectrum displayed
tion of the magnetic fieléH applied to the sample at ealw  in the lower panel of Fig. 2 also shows characteristic fea-
while the helicity of the light was fixed. We define the MCD tures. Considering the direction of the Pt momékit|IH)
spectrum a$ ™ —1~, wherel * andl~ denote the absorption and the selection rule for the—d dipole transition, one
intensity with the photon spithelicity) parallel and antipar- expects that the MCD signal should become negative in the
allel to the direction of the applied magnetic field, respec-4f;, and positive in the 5, region. The observed MCD
tively (note that our definition of MCD is opposite to the one spectrum deviates considerably from such an expectation and
in Ref. 16) shows very unusual features, namelyasitiveand anega-

The experimental results obtained in the photon energyive MCD signals in the 4, region with increasingw, and
range ofAiw=50-80 eV are shown in Fig. 1. Here the solid a negativeand apositive signals in the 4, region. As a
and dashed curves represent the XAS spedtraand|~,  whole, the MCD line shape is well represented by the letter
respectively, and the dots show the MCD spectrum. Oné€W.” It is known that the Fano effect gives rise to some
recognizes rather broad peaks in the XAS, which originateharacteristic features in MCD spectra. Mtbal 131° have
from the core excitations of the Pip§, Co 3p, Pt 5p;;,,  measured MCD spectra in thHd, ; (3p—3d) edge of Ni
and Pt 4 states as indicated in the figure. Clear MCD sig-metal and in théN, s (4d—4f ) edge of rare-earth metals. In
nals are seen near each edge. Thept-5d XAS shows a such a shallow core excitation, the Fano effect is not negli-
large spin-orbit splitting(=13 eV) with a positiveand a gible and they observed characteristic “extended MCD”
negativeMCD signals in the regions of theps,, and 5,,,  features. The overall line shape of their MCD, however, is
components, respectively. Considering the selection rule fowell understood within the framework of ordinapy—d (Ni)
the p—d dipole transition, we confirm from these MCD sig- or d—f (rare-earth dipole transition. In the case of the
nals that the magnetic moment on the Pt éife,) is aligned  present Pt 4, the MCD line shape cannot even be qualita-
parallel to the applied magnetic fiel#l), Mp{iH. The mag- tively explained in the framework of the dipole selection
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Spy,5del electronic and magnetic states projected to one Pt site is
— needed. The Anderson impurity model is suitable for this
purpose. We pick out one Pt atom which will be photoex-
cited and regard this atom as an impurity that hasitamic

5d orbital. The electronic states constructed by other Co and
Pt atoms are considered to be Bloch states which would be
well described by the band structure calculation. We regard
these Bloch states as “electron reservoir orbitaleBreafter
denoted byv). We assume a hybridization between the im-
5py,5dET purity 5d orbital andv. Due to this hybridization, the impu-
- rity Pt would have a magnetic moment, reflecting the spin-
polarized DOS of the reservoir state. The ground state of the
S5drlel system|g) is assumed to be symbolically expressed as
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A Vs (5p) |g)=c4]5d% +c,|5d%). (1)

5dPES Here,|5d'% denotes the state where the impurity Pt has the
Ve (5d) 5d'° configuration and the reservoir states below the Fermi
H energy are occupied, ad5d9v> is the state which can be
created from5d*% by transferring one of the & electrons
Ground State 5d” into the empty reservoir state above the Fermi energy. Other
configurationsg5d%y?, etc) and the bandwidth of the unoc-
FIG. 3. A conceptual diagram representing the interactions incupied reservoir states are tentatively neglected. The point
the Pt & XAS process. The vertical axis represents the total energyyroup symmetry around the Pt atom is assume®ador

of the system. In addition to thef4-5d dipole transition(4f simplicity although it is actuallyD 4, in CoPt. The Hamil-
XAS), the 5d PES and p PES processes also occur. There is atgnian of the system is expressed as

configuration interaction between the discretelike excited states and
continuum states via the CK transitions, which leads to the Fano- 1

type interference effect. H=> eng + > Ugg 2 Ng Ng ,+Ha(Zg) +Hi(Z)
m " P noC

rule. We suppose that an extremely strong Fano effect may
be the origin of this unusual MCD. In the following section, +E 2 Vyi(O')E (a4 _UaUWJr H.c.). 2
we present basic concepts to treat this problem and perform a a ! i K '

simplified theoretical calculation in order to discuss the in-|, Eq. (2), the origin of energy is taken at the reservoir level
fluence of the Fano effect on the Pt MCD spectrum. (Fermi energy. The first term represents the one-body en-
ergy of the &l states. Herep denotes the combined index
1. DISCUSSION specifying the 8 magnetic quantum number and spin state.
, . The second term represents thd-5d repulsive Coulomb
The basic concepts concerned about the Fano effect in thaeraction. The third and fourth terms represent the spin-
PtNg 7 region are schematically illustrated in Fig. 3. First we it interaction of the B (with a coupling constang,) and
regard the electron configuration of the Ptin the ground statgt core stateq;), respectively. We use the Hartree Fock
as 5". The Pt 4 XAS leads to the quasidiscrete excited values;=0.52 eV and;=1.00 eV. The last term expresses

13, +1 -
states 47°5d""~. On the other hand, the PdSphotoemis-  yhe hybridization between the impurityd5and reservoir
sion[5d valence photoemission spectroscdB¥ES] process  giates. The indexs denotes the spin state and the index

. nfl .
always occurs at anjw, producing the 8" “el continuum y runs over the basis of thd; (t,, or e,) irreducible

states. Heregl denotes the photoelectron state with energy representation of th®,, group. The empirical relatioW,
and the orbital angular momentun{l=p or f ). The Pt %

core level lies in the energy region between ttiecére and - _thzg_ 1S as_sumed. The spin-dependent hyb_ndlzatlon
the 5 valence states, so that the PES process also takes strength is considered to be related to the reservoir DOS by
' - ; 2 20 ;
place for a photon energy corresponding to tHexAS ex-  the relation ofV*()<DOS(¢).” According to the LAPW
citation, resulting in the p°5d"e*|* continuum states band structure calculation of Ceft the total DOS at the
(I* =s or d). The discretelike excited statesfsd"* 1) are ~ Fermi energy(constructed mainly by the Cod3and Pt &
embedded in the various continua and will interact with themState$ shows the ratio of DO@own/DOS(up)=0.45 (the
by Coster-Kimig transitiong4f5d5d and 45p5d CK tran- ~ Majority spin is the down spin in our_defmltmnand we
sitions. From these configuration interactions, the XAS ~ assumev(down)=0.7xV(up). Let us define the average en-
process (4—5d), which is followed by the CK decay, will €9y difference between the two  configurations ~as
interfere with the direct PES processes and will lead to thét=E(5d"°) —E(5d°%). It may be clear that is positive
asymmetric Fano line shape. because the Ptdbelectron number is close to 9 according to
In order to clarify how the Fano effect works on the Bt 4 the band structure calculation. The free parameters ifZq.
MCD spectrum of CoRt we perform a simplified calcula- @€ onlyA andVe (). We choose the parameters so as to
tion in this section. The Fano effect is essentially an intra-obtain the total magnetic momen{M,)=—(2(S,)
atomic phenomenon, so that the information about the locat(L,)) =0.26ug, that is the Pt moment observed by neutron



3752 T. SHISHIDOU et al. 55

TABLE I. The ground-state properties calculated with varying by taking into account the perturbation up to the lowest order
the parameted=E(5d'%) —E(5d%). We choseV, (1) so as to  of V5 andV§, and to infinite orders o¥/¢ . Although the

obtain(M,)=0.26ug . operatorsVx andV g are actually depending on the photo-
electron kinetic energy, we disregard theie dependences

A (eV) 1.0 15 2.0 25 3.0 for simplicity. After some algebr®, the T matrix is ex-

Ve (1)(eV) 160 195 225 255 2gp Pressedas

N5y 9.40 9.39 9.38 9.37 9.36

(LIS 0.705 0.605 0.543 0.492 0459 T(w)=(Vi —i7VE Vek) (VA—imVEVE)

z—H,+il

. . - —imVETVE. (5)
scattering’. From this restriction the number of the free pa-

rameters is reduced to only one, so that we tteas the free Here, H,, is the Hamiltonian of the intermediate state
parameter. In Table |, we show the calculated ground-statéH |m)=E|m)), andl'=7V{Vek. The absorption spec-
properties with varyingA. For largerA, both ngy (the 5d trum 1 “(w) is given by the optical theorem as
electron number,(glE#nng)) and (L,)/(S,) become
1

smaller. | o . 1(0) =~ = Im(g|T(w)|g). (6)

We briefly explain the photoexcitation processes. Dis- ™
cretelike4f/5d'% states will be excited by thef4-5d di- ) . . . .
pole transition from the ground state given by Ef). We We should first evaluate various matrix elements listed in
call these states thimtermediatestates because they will Table 1l. The radial part of the one-ele_ctron wave function
soon decay into variouinal states by the Coster-Knig ~ ¥nimo(r:6,¢)=[Pn(r)/r]Yim(6,¢)x(0) is evaluated from
transitions as shown in Fig. 3. Eigenvalues and eigenfunct-he nonrelativistic atomic Hartree Fock approximatidihe
tions of the intermediate states are denotedgsand |m) radial wave function of the continuum state is obtained from
respectively. The final states can be reached not only via th€ following _dlff.erennal equatictt in the units of Rydberg
intermediate states but also directly from the ground state b§nd Bohr radius:
the 5d PES and p PES processes. Their eigenvalues and a2 1(+1)
eigen functions are denoted B, and|fe). We ignore the - V() [P (r)=€P4(r). 7
interaction between the photoelectron and the rest of the dr r
system, so thaife) can be expressed as a direct product-l-he normalization condition is
|[fey=|f)|e) with E;.=E;+e; here |¢) denotes the
photoelectron state an{f) is the eigenstate of the rest r—oo
of the system (symbolically, |f)=c}|5d°)+c)|5d%) Pa(r) ’
+¢3/5p5d*%) +¢4|5p5d%)). G A2 o —112 112

We calculate the P, XAS spectrum using th& ma- @sinfe™T —lm/2=€e "7 In(2eT) + 4],

trix which is generally applied in the calculation of excitation whereg is a phase shift. The potentif' may be expressed
spectra with interference effeOur T matrix is defined as a4

- 1/267 1/4

1 Ve(r)=—2ZIr +Vy(r)—[24p(r)/m]*3, 8

Ty =viv — v . () H(r) = [24p(r) /7] ®)
z pe Here the second term is the Hartree potential energy in the
Here,z=w+Ey+i7 (r—+0), » is the incident photon en- field of theN—1 bound electrons. The third term represents
ergy, E, is the energy of the ground std®), H is given by the exchange energy with the bound electrons of the

Eq. (2), and H,, is the Hamiltonian of a photoelectron electron-densityp(r). V€'(r) was evaluated with using the
(H pelE>:6|6>)' Bgsed on the concepts illustrated in Fig. 3, thenonrelativistic HF radial wave functions of the bound elec-

perturbationV is given by trons, and Eq(7) was solved. The absolute values of the
evaluated(5d|r|el) and (5p|r|e*I*) were, however, too
V=VE+VE+ Vgt H.c (4)  small to explain the interference effect. We suppose that this

failure comes from the nonrelativistic treatment of the bound
The superscripk denotes the photon heliciik==*+1). The electrons. The Pt atom is rather head~=78), so that the
operatorV ; is to represent thefd—5d dipole transition(4f core s and p electrons would be relativistically contracted
XAS) which is expressed by the dipole matrix elementtoward the nucleus and the nuclear attractive potential
(4f|r|5d). The operatoV & represents the direct photoemis- —2Z/r would be strongly shielde®. So, relativistic effects
sion processes. V5 consists of two parts, V§ should be taken into account. Being based on the local den-
=V5(5d)+V5(5p), where the two operators are describedsity approximationLDA), the scalar-relativistic LAPW po-
with the use of the matrix element5d|r|el) and tential Vpy(r) of CoPt,%® was employed as the potential
(5p|r|e*1*), respectively. The operatdf., likewise repre- V€ (r). It is known that a bold approximation of LDA in the
sents the Coster-Krig (CK) transitions, Vo=V ck(5d) treatment of the exchange-correlation term induces a wrong
+Vck(5p), where Vc(5d) and Vk(5p) describe behavior ofVapy(r) for larger. Namely Vpy descreases
the 4f5d5d and 4f5p5d CK deca}is expressed with the very fast(exponentially whereas it should behave a2/r
use of the radial integrals R*(5d,5d;4f,el) and for larger in the units of Rydberg and Bohr radius. In order
RK(5p,5d;4f,€e*1*), respectively. We calculate tAematrix  to eliminate such a shortcomingapyy is modified as
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TABLE II. Values of the matrix elements evaluated by using the HF radial wave functions for the bound
states and the modified LAPW potential for continug8ee text for details The employed units areg
(Bohr radiug for (4f|r|5d), a,/\eV for other dipole matrix elements angeV for R“s. We chose the
kinetic energy of the continuum electron &s70 eV ande* =10 eV.

(4f|r|5d)=0.2235

(5d|r|ep)=0.02907 (5p|r|e*s)=0.07415
(5d|r|ef)=0.07636 (5p|r|e*d)=—0.1176
direct exchange
RK(5d,5d; 4f, €l)
k=1 k=3 k=5
I=p 0.02960 —0.001095
I=f —0.2195 —0.1568 —0.1091
I=h 0.03723 0.02034
RK(5p,5d;4f,e*1*)
k=2 k=4 k=1 k=3 k=5
I*=s 0.005459 —0.01083
I*=d —0.3443 —0.2369 —-0.3161 —0.2466
I*=g —0.01590 —0.005665 —0.005082 —0.003086
rVoapw(r)  (if rVapw=<-—2) weaker. Both peaks shift to higher energies and additional
rV,i'pW(r)= 9 structuresA’ and B’ appear in the lower energy region of

—2 (otherwisg. peaksA and B, respectively. A reasonable agreement with

As for the bound states’ radial wave functidﬁ&j, P5p’ and the eXperimental result is obtained by ChOOSing the value of
P, which appear in the required matrix elements, we tentaQp=0.4 as shown in Fig. 5. Here the dotted curves represent
tively used the nonrelativistic atomic HF radial wave func-the experimental results and the solid curves represent the
tions (for P54, the HF result is almost the same as the LAPWCcalculated results. A monotonously increasing background is
radial wave function except for the behavior near the muffin-subtracted from the experimental absorption spectrum. Al-
tin radius where the contribution of the neighboring muffin- though the calculated absorption spectrum reproduces the
tin sphere takes plageThe matrix elements obtained by this @symmetric Fano line shape well, a discrepancy can be seen
way are listed in Table II. In the calculation of the spectra,in the region of absorption peaks. Namely the calculated
the values oR¥ are reduced to 80% of the values in Table Il Spectrum is rather sharp compared to the experimental spec-
in order to match the experimental spectral broadening. ~ trum. As for the MCD spectrum, the calculation reproduces
Maruyamaet al. have so far estimated the ratib,)/(S,)
of the Pt site of CoRtas being about 0.6In our theoretical — T
framework, the same value dfL,)/(S,) is obtained by ;
choosing the parametek=1.5 eV (See Table )l Starting
from this ground state, let us examine how the Fano effect
works on the MCD spectrum. For this purpose, we introduce
a coefficientQp which scales the dipole matrix elements of
the direct photoemission processes @g(5d|r|el) and
Qp(5p|r|e*1*). When Qp equals zero, there is no direct
photoemission process so that the interference effect does not
occur. As we increas®p from zero, the Fano effect would
become gradually stronger. The results calculated with vary-
ing Qp are shown in Fig. 4. The polarization-averaged XAS
spectra, (T +17)/2, are presented in the upper panel of the
figure, and the MCD spectra! —1~, are shown in the lower
panel. In the case d)p=0, the XAS shows a simple two
peak structure. Both#,, and 4f5;,, components show sym- N
metric Lorentzian line shapes. For a fin@g, , the XAS has -5 0 5
an asymmetric line shape with a dip and a noticeable tail. For relative photon energy (eV)
larger Qp , these features are enhanced and the absorption

peak moves to higher photon energies. The MCD spectrum g|G, 4. The calculated results obtained with fixidg-1.5 eV
also shows an interesting variation. FQp =0, the MCD  ((L,)/(S,)=0.6) and varying Q. In the upper panel the
spectrum shows a negativdenoted as A” in the figure)  polarization-averaged XAS spectrd*(+17)/2 are shown. The
and a positive(* B”) peak in the 4,, and 45, region, lower panel shows the MCD spectra—| . The results foQ,=0,
respectively, as expected from the dipole selection rule. Fop.2, 0.4, and 0.6 are represented by the dofted, dashed(---),
larger Qp , peakA becomes stronger and peBkbecomes dot-dashed---), and the solid—) curves.

MCD
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FIG. 5. A comparison between the experimerithity and the FIG. 6. An example of the spectrum of the interference term
best fit calculatedsolid curves results(Qp=0.4 with the ground D(w)F3(«). Considering the #;, edge, we setF;(+1)=0.8,
stateA=1.5 eV). F3(—1)=1.0, andl'=0.5 eV. See text for details.

peaksB and B’ fairly well, whereas a deviation is seen process, in which the system is first excited from the ground

around peak# andA’ in the sense that the amplitude of the state into the continuum statéshere either  or 5d elec-

calculated spectrum is too large. The negative MCD signairon is excited and then goes to the intermediate states by

of the Pt H,, component, not taken into account in the the reverse process of the CK dedashere the excited elec-

present calculation, may partly cancel the positive MCD oftron decays nonradiatively and thé 4lectron is excited to

the A’ peak. The possibility of another major reason for thisthe 5d state. Let us call this thesecond ordeprocess in the

discrepancy will be discussed later. sense that the system follows the two sequential paths to
Thus the unusual MCD line shape of the Ht XAS in  reach the statém). This second term contains the operator

CoPg can be qualitatively understood from the spectral func-V/ § and thus is proportional tQ 3. It has the same depen-

tion of Egs.(6) and (5). We will further inspect the details dence as the first terfidue to the Lorentziah (w)]. In this

with taking the 4, region as an example. With the use of term F,(x)=3 ,(m|V &V §|g)|? which determines thec

the intermediate state eigen functiojms) belonging to the (helicity) dependence of the second term, has the same de-

4f4,,5d*% configuration, and with the assumption of a con- pendence as the first term, nameis(+1)<F,(—1). The

stantl’, Eq.(6) can be resolved into the following four terms: first and the second terms have signs opposite to each other
and the sum of the two terms is almost canceled out akany
. 1 12 for Qp=0.4 (the best fit valup As the result, the third term
(w)=— L(w)% [{m[V4l9)| almost determines the spectral shape of both the XAS and
MCD. This term contains both th@rmalabsorption process
k2 and thesecond ordemrocess and is called anterference
- WL(w)Em: Km[VkVpl9)] term. This has a unique dependence, represented Dyw),
whereas the « dependence represented b¥s(k)
=3 (g|VATIm){m|VEVE|g) is the same as the preceding

+D(w)§ (g[VATIm)(m|VEeVilg) two terms. NamelyF;(+1)<F4(—1) is realized. In Fig. 6
we show the behavior of the functiod(w)F;(x) on the
+(g|VE"VElag). (100  supposition ofF 5(+1)=0.8,F4(—1)=1.0, andl'=0.5 eV. In

the upper panel of the figure, the soldhshed curve repre-
Here, L(w) is the Lorentzian functionL(w)=T/(w’>+T?).  sents the spectrum far=-+1(—1). The dotted chain curve in
The functionD (w)=2w/(v’*+1?) becomes zero ab=0 and the lower panel represents the MCD spectrum
has extremum values 1/T" at o=*TI". Note that the origin of D(w)[F3(+1)—F3(—1)]. Werecognize that a positive and
w is taken atE,,—E4. The functionsl (w) andD(w) deter- ~ a negative MCD signals reproduce the experimental result in
mine thew (photon energydependence of each term in Eq. the 4f,, region well. The MCD in the #,, region is like-
(10). The fourth term represents the direct photoemissiorwise reproduced by this treatment. From this inspection it
processes which just produce a background for both XASecomes clear that the observed unusual MCD features in the
and MCD in the present framework. The first term represent®t Ng ; region are just reflecting the and « dependence of
the normal photoabsorption processf4:5d, in which  theinterferenceterm.
F1(x)=3,(m|V£|g)|? gives a negative MCD signal in the ~ The present theoretical approach has, however, two short-
4f,, region according to the dipole selection rule, leading tocomings. First of all, we obtained the best fit result by setting
Fi(+1)<F;(—1). The second term represents a “virtual” Qp=0.4 (See Figs. 4 and)5 starting from the reasonable
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ground state. The spectrum wi@,=1.0(not shown cannot ———r—r—
explain the experimental result because the pédkandB’ A’
become extremely enhanced. This suggests that our estima- B
tion of the dipole matrix elements(5d|r|el) and
(5p|r|e*1*) is not satisfactory. A full relativistic HF treat-
ment may reduce this disagreement. Secondly, the best fit
result withQp=0.4 still has some discrepancies around the
peakA andA’. These discrepancies may be coming from the
too simplified treatment of the continuum excitation pro-
cesses. As shown in Fig. 3, three types of the continuum
states, 8" el, 5py,5d"e* I*, and §,,5d"e*|*, are con-
sidered. The intermediate statek5d"" ! are assumed to in- <L;>/<8;>
teract with all kinds of continua. Thef4,5d"" ! intermedi- 0.71
ate states, however, may not be able to interact strongly with
the continuum 9,,,6d"e*1* states. As shown in Fig. 1, the
Pt 5p4;,— 5d absorption occurs arourftlw=72 eV, and the o
largest part of the p,,,— €*1* continuum excitation absorp- 5 0 5
tion may be located at slightly higher energies than the Pt relative photon energy (eV)
4f,,—5d absorption onset. As a result, thef45d""!
states may not be heavily embedded in thy,&d"e*1*
continuum states. So the Fano effect around the photon en- !
ergy of the 4, excitation threshold region would become ?LZ>/<SZ>:O'71 (A=1.0 eV, Spl'd cur\iﬁa 0.49 (2.5 eV, dashed
much weaker compared to the present theoretical frameworl%l.nOI 0.29(7.0 eV, dottegi We fixedQp=0.4.
Then the amplitude of the MCD around thé.,4 edge may
be substantially reduced. These discrepancies should be rgpectra show typical Fano line shapes with a clear dip, and
moved in future. the MCD spectrum reveals very unusual features unexpected
Then we comment on magnetic sum rutd&!We cannot  from the dipole selection rule. From a theoretical analysis it
simply apply the sum rules to the Rt;; MCD of CoPg, becomes clear that the Fano effect is essential in both the
because the coexistence of the direct photoemission proce¥§S and MCD. A detailed inspection shows that the ob-
and the interference effect are not considered in deriving théerved unusual MCD features are dominated by the photon
sum rules. So we should rely on the line shape fitting analyenergy and the polarization dependence of the interference
sis to determine the ratif_,)/(S,). Figure 7 shows the cal- term in the spectral function. A further elaborate theoretical
culated MCD spectra for a fixe@,=0.4 with varying the ~approach is necessary in determinithg)/(S,) of the Pt mo-
value of(L,)/(S,) as 0.71(A=1.0 eV, solid curvg 0.49(2.5 ment. We should evaluate the accurate dipole matrix ele-
eV, dashey] and 0.29(7.0 eV, dottedl The spectrum actu- Mments of the direct photoemission processes and treat the
ally shows variation reflecting the change of the groundsp5d"e*1* continuum excitation more precisely and take
state. The MCD amplitude in thefd, region around the account of the real point group symmetry around the Pt site
peakB andB’ becomes larger when we reduce the value oflD4y) in the future.
(L)/{S,). This fact suggests that it may be possible to de-
termine the ratio of L,)/(S,) from the line shape analysis.
As we have seen in Fig. 4, however, the MCD is more sen- ACKNOWLEDGMENTS
sitive to the change d@ (the dipole matrix elements of the
photoemission procesgesso that the determination of
(L/{S,) from the line shape analysis is very difficult unless
we accurately know the dipole matrix elements.

MCD

FIG. 7. Calculated MCD spectra for various ground states:
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