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X-ray magnetic circular dichroism at rare-earth L, 3 edges inR,Fe;,B compounds
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Magnetic circular dichroisniMCD) in the x-ray-absorption spectroscopy at thg; edges for almost the
entire series of rare-eartlRE) elements inR,Fe;,B is studied experimentally and theoretically. By a quanti-
tative comparison of the complicated MCD spectral shapes, we findijhae 4f-5d intra-atomic exchange
interaction not only induces the spin and orbital polarization of tdesfates, but also it accompanies a
contraction of the radial part of thedSwave function depending on its spin and orbital states, which results in
the enhancement of thgp25d dipole matrix elementiii) there are cases where the spin polarization of ithe 5
states due to the hybridization with the spin polarizeldsgates of surrounding irons plays important roles, and
(ii ) the electric quadrupole transition from th@ 2ore states to thef4states is appreciable at the pre-edge
region of the P to 5d dipole spectrum. Especially, our results evidence that it is important to include the
enhancement effect of the dipole matrix element in the correct interpretation of the MCD spectra atthe RE
edges.
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[. INTRODUCTION which are split by the relatively large spin-orbit interaction,
are well defined, we obtain from such a study detailed infor-

In recent years, much work has been accumulated on th@ation on the final states, thed5conduction band for the
magnetic circular dichroism(MCD) in x-ray-absorption electric dipole(ED) transition and the valencef &tates for
spectroscopyXAS) in various ferromagnetic and ferrimag- the electric quadrupol€¢EQ) transitions. It is usually very
netic materials, showing the unique and powerful ability ofhard to observe the information on the weak spin and orbital
the method to reveal detailed information on electronic angolarization of the 8 electron separately from others, al-
magnetic properties of a selected atom and even of a selectéiibugh such information is important for understanding mag-
shell. This method has become one of the most powerfuhetic properties of these compounds since tleetectron
methods for the purpose, thanks to the recent technicahediates the interatomic exchange process betwde#f 4
progress in x-ray sources which provide strong intensity anelectrons of RE’s on different sites as well as-3d elec-
high tunability as well as high quality of circularly polarized trons of RE and surrounding TM elements. Thus a detailed
photons. study of the MCD spectra is one of the most ideal methods

In the case of the rare-eartiRE) M, and transition for this purpose because of the selectivity of an atom and a
metal(TM) L, ; absorption spectra the trend in the branchingshell mentioned before.
ratio has been very successfully quantified in terms of Unfortunately, however, there have been some problems
ground-state spin-orbit interaction and core-valence electran the interpretation of the MCD spectra at thg; edges of
static interactions in early papers by Thole and van dethe RE elements: A naive thecdtyyhich takes into account
Laanl? the polarization effect due to thd 46d exchange interaction,

In this paper, we treat the MCD spectra of XAS atthg  failed to explain the sign of the MCD integrated intensity of
edges of almost entire series of RE elements in metallic comthe experimental resultsindicating the need for a more so-
pounds R,Fe; ;B.2 Since the initial states, thep2,, core state  phisticated interpretation of the spectra. One of the reasons
for the L, edge and the |2, core state for thd.; edge for this failure comes from the pliability of the extended 5
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states, which are the final states of the ED transition. Thesmears out a detailed structure of the spectra. Superposing
other comes from the ambiguity in estimating the contribu-the EQ contribution on the ED one, we can reproduce, in a
tion of the EQ transition to the f4 states. Carra and satisfactory manner, the experimental spectra for almost en-
co-worker§ have suggested that the EQ transition is appretire series of RE elements iR,Fe;B.
ciable at the pre-edge region of these edges sincefthevél In the next section, the experimental details and resulting
is pulled down to this region due to the strong Coulombspectra for XAS MCD inR,Fe ,B are presented. The theo-
interaction between the core hole and thie states. Since retical model is described and the results are compared with
then, it has been tried to interpret the complicated structur¢ghe experimental ones in Sec. lll. In the last section, we
as a consequence of the EQ contribution superimposed agummarize our results and give brief discussions on them.
the main ED component in a few RE-TM intermetallic
compound<~1° However, these trials have not always suc- Il EXPERIMENTAL RESULTS
ceeded in characterizing the EQ transitions, using, for in-
stance, the angu|ar dependence of the spectra. To overcomeln this section, we describe the experimental conditions
this limitation, the systematic measurements for entire REANd present the observed spectra attheedges for a series
elements will be a great help. of RE elements in the metallic compound®;Fe B (R

The purpose of this paper is to measure the MCD spectra La, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lt
of XAS at thel, ; edges of almost entire series of RE ele- MCD measurements were made at room temperature in
ments in metallic compound&,Fe;,B and to make a theo- transmission mode using left-circularly polarized x rays (
retical analysis of these spectra in a systematic way. In oupelicity) emitted from an elliptical multipole wiggler on the
theoretical model, it is essential to take into account the enbeamline 28B of the Photon Factory at KEK. The beamline
hancement of the 2-5d ED matrix element due to the IS composed of a fixed-exit double crystal monochromator
4f-5d intra-atomic exchange interactidh*?>which depends €quipped with Sit11) and S{220) and two doubly focusing
not only on the 8l spin state but also on thedSrbital state.  Mirrors™® Powdered sample uniformly spread on the Scotch
This effect is a consequence of the fact that according to théPe was used. X-ray intensity was monitored using an ion-
4f-5d exchange interaction the radial part of the wave ization chamber filled with bl gas before and after the
function contracts and has a larger amplitude at the positiof@mple: Here we denote thij is the intensity of incident
of the 2p orbital. We note here that this effect solves a seri-beam whilel is that of transmitted beam. A magnetic field of
ous discrepancy in sign of the MCD integrated intensity0.6 T was applied antiparallel or parallel to the direction of
mentioned above. the incident x-ray wave vector, while the helicity was fixed.

In addition to this, we point out another important polar- The sample plane was tilted 45° away from the direction of
ization effect of the 8 state due to the hybridization with the the incident beam. Degree of circular polarizatiBg was
spin polarized 8 states of surrounding Fe ions. It has beenestimated to be 0.35-0.6 in the photon energy range studied.
well known that the magnetic coupling between Respin  Energy resolution has been assessed to A®E~1.5
and RE 4 spin is always antiferromagnetic alignment via X 10~*. Energy dependence of absorption coefficient was
the conduction electrons, such as RH Blectrons in the recorded at an energy interval of 1 eV, and data were accu-
RE-TM intermetallic system, which makes them the ferro-mulated every 2 sec in order to minimize any time-
magnetic(ferrimagneti¢ compounds for the less-than-half- dependent drift, while the magnetic field was reversed twice
filled (half-filled or more-than-half-filledRE ions. At room  for each energy point. Such a measurement was repeated for
temperature, Fe moments predominantly contribute to bulle—15 times.
magnetization, which has been verified by the Kedge XAS and MCD spectra are defined, respectively, as fol-
MCD spectrunt?® Since Fe constitutes the majority of the lows:
magnetic moment iR,Fe; 4B, it is not difficult to realize that

the effect is important in the MCD spectra at the RE; t= }(|n|—°+ln|—o> 1)
edges. In the case of La or Lu compound, this effect must w2 I I_)’

dominate the spectra, since there is no effect from the 4

electrons. In fact, the MCD spectra in 4B and lo lo

Lu,Fe,,B observed are consistent with the result of the tight- Aut= |”E_ |”|_: )

binding calculation for LaFe!* Then, as a first step, we take
this effect into account phenomenologically: the experimenwherel (I ) represents the intensity of transmitted x ray
tal MCD spectrum of LaFe B is added complementally to with magnetization antiparalle(paralle) to the incident
the spectra of all other RE compounds, fixing its energy pox-ray wave vector. The MCD spectrum was corrected by
sition and intensity. This contribution makes sometimes thdilting angle and degree of circular polarization.
shape of the MCD spectra complicated. The MCD spectra at the, ;3 edges inR,Fe; B (R=La,

On the other hand, the EQ contribution is also inevitablePr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Ldhus
for a quantitative comparison. Then, we calculate it using thebtained are shown with crosses in Fig. l5) and Fig. 2
Cowan’s progrart? based on the atomic model, which is (L,). In these figures, the origin of the abscissa is taken to be
reasonable since thef4electrons directly concerned with the energy of the absorption edgg, which is determined as
this process are well localized. Many-body effects are cruciathe energy at the first inflection point of XAS spectrum. The
in this process but the lifetime effect of thegZore hole XAS intensity is normalized so that the maximum intensity
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AR AR AR A AAAAAARALAAY S ARRALAARANAN NAARALAARAY is the same for all RE elements, and the MCD intenéity
of La + o T T ] is normalized by the maximum intensity of each XAS
IJ\v_jk"_,,/\%\" _,j& spectrum-’

Ill. MODEL AND CALCULATED RESULTS

ATIORITID: TSNS ST PR In this section, we describe our model to calculate the
XAS-MCD spectra at the, ; edges of the RE elements,
which are composed of two contributions; ED and EQ ones.
Then we discuss them separately in the following.

First, we are concerned with the ED transition from the
initial configuration $%4f"5d* to the final configuration
2p°4f"5d2, In the calculation of the XAS process, we make
the following simplifications:(i) The &5d states are so ex-
tended that they constitute the energy band having a simple
semielliptic density of states. The Coulomb and exchange
interactions are ignored within thed5electrons. Further-

. ) more, we assume a rectangular density of states following
N N e the above-mentioned semielliptic one, simulating higher en-
af I I I ¥ ergyd-symmetry states other than thd States of RE. In this
e L Domeeer 1 G p G- sense, we take a one-body picture for thk dectrons (i)
SO0 0000 00T O 00 On the other hand, the electron correlation within thie 4
Relative Incident Photon Energy (eV) electrons is so strong that the Hund's-rule ground state is
realized.(iii) Then, the intra-atomic exchange interaction be-
tween the 4 and 5 electrons is considered as a mean field
while the intra-atomic Coulomb interaction between them is
normalized by the peaks of the XAS spectra. The origin of theneglected since it does ”(?t g_ffect th?_MCD spectra seriously.
energy axes represents the inflection pofg)(of each XAS spec- Based on the assumptiofis) and(iii), the energy of the
trum. The solid curves are calculated spectra piXAS and MCD ~ ©d state specified by thecomponent of the azimuthal quan-
spectra for RE" but the curves of MCD for La and Lu are not the tum numbermg and that of the spin quantum numbgy is

XAS-MCD Intensity (%)

FIG. 1. The observed XAS and MCD spectcaossesat the RE
L; edge inR,Fe B compound<RE: rare earth The XAS spectra
have been offset by unit for clarity and the MCD intensiti#&g are

calculated onegsee texkt given by
e — Eq,=E(Mq,Sq)=— > |ck(2mgy,3my)[?
k:1,3,5 mf ,Sf
,L La 1Pr I Nd 1 Sm ]
A y\ A XGknmf ,ng(sd!sf)! (3)
0 e S P 7 g
U hser T oeemer T meemer T gersrer ] wheredu denotes the combined indices of; and sy, m;
32 bbb ands; denote, respectively, trecomponent of the azimuthal
> ,LGd im 1oy 1 Ho ] quantum number and that of the spin quantum number ffor 4
g —//\‘_J\u\—‘/\\ electrons, cX(Im,,I'm;/) is proportional to the Clebsch-
Q1 ] ] . ] . . Gordan coefficientsG* (k=1,3,5) represent the f45d
= . AR T TR Slater integrals which have been calculated using the Cow-
8 Lo At A AR NG an’s progranr (Table ), N, s, IS the number of the #
= e T oeeemev T g T gosersev ] electrons in the state specified by ands;, and 8(x,y) is
L i Liaasian aaasat see L L the Kronecker delta function. Here we note that the energy
§ o Er 1Tm Yo 1 Eqy. depends on the number and their quantum numbers of
ﬂﬁ_}/\- the 4f electrons.
! ] ] ] As was mentioned above, thedSstates are assumed to
o~ . - - form an energy band with the semielliptic density of states
b S i e :
~ B pa.(€)=2W?—(e—Egy,)% mW?, where W denotes the
b £ -osoev | E-ostaev § E-o7sev £ =icassev ] bandwidth (3.5 eV, followed by the constant density of
U BN U/ N VB IR T R T/ B [ e T/ VR 1] states havingl symmetry in higher energies.

Denoting the core hole state @g (j=1/2,3/2) and the
photoexcited 8 state asdu, we calculate the absorption
FIG. 2. The same as Fig. 1 but for RE edge. spectrum for the left- and right-circular polarized x rays as

Relative Incident Photon Energy (eV)
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TABLE I. The atomic values of the Slater integr& (eV) for  the hybridization with the spin polarizedd3states of sur-
the 4f-5d exchange interaction and the energy differend&|  rounding Fe ions. This effect dominates the MCD spectra of
(eV) between the term-averaged energies of tipe58 ED and | a,Fg B, since La has no #electron. The MCD spectra of
2p-4f EQ transition in RE" ion. These are calculated using the La,Fe, B exhibit the following characteristic$t) They have
atomic Cowan's program based on the Hartree-Fock metRed. the intensity only in the energy range near the inflection
denotes the _reductlon factor of the exchange energy for the sPeffoint of XAS spectrum(ii) The MCD spectrum at thé
trum calculation. edge is mostly positive while the one at theedge is mostly
negative. These characteristics are hold ipHay,B and are

1 3 5
|AE] G G G Re supported by a tight-binding calculation for LgE& In our
PR+ 7.86 1.293 1.021 0.773 0.15 case, the interatomic hybridization as well as the intra-atomic
Ng3* 8.41 1.205 0.992 0.752 0.15 exchange interaction contribute to the spin polarization of
St 9.30 1.184 0.946 0.718 0.20 the X states. In this paper, we take into account the hybrid-
G+ 9.97 1.134 0.909 0.690 050 ization effect phenomenologically: The MCD spectrum ob-
T3+ 10.23 1.114 0.893 0.677 015 Served experimentally at each edge ohbE@,B is gdded
Dy3* 10.45 1.095 0.877 0.665 0.15 complementally to the calculated MCD spectrumithout
Ho3* 10.62 1.078 0.862 0.654 025 the hybnc_hzatlon effegt of ea_ch RE compound, fixing its
£+ 10.76 1.062 0.849 0.643 015 €nergy (with respect to the inflection point of each XAS
Tme* 1086  1.046 0835 0633 010 SPectrumand intensity. »
34 On the other hand, for the EQ transition, we carry out the
Yb 10.93 1.032 0.822 0.622 0.05 . ) . -
calculation based on the atomic modefwith a reduction
factor of 0.8 for the Slater integralsince the states con-
' cerned with this transition, the initial state2f" and the
Flw)= >, |M§jjz,du|2(1_aEdu) final state °4f"*1 are well localized. Although the inter-
dilz actions between a photoexciteél dlectron and the core hole

W+Eq, as well as other # electrons are crucial in this process, the
xf depg,(e)L(ho+Eg—¢g), (4) lifetime effect of the » core hole smears out a detailed

Er structure of the spectra. Then, we superpose the ED spectrum

and the corresponding MCD spectrum whose definition isand the EQ spectrum, obtaining the total one; the energy

consistent with the experimental condition as difference| AE| between the ED and EQ spectra is estimated
_ _ _ by the atomic Hartree-Fock calculatibhas listed in Table I.
AFP (w)=F(w) - F(w). (5)  The variation of the intensity of the EQ contribution over the

RE elements is also calculated by the atomic calculation, and
the integrated intensities of XAS and its MCD are shown in
- . ; Z Fig. 3. It is to be noted that the MCD of EQ transition has a
helicity, whose matrix element ¥l ;; 4, (Mpj; q.) befOre 004 angle dependent® and we have fixed the ange
taking into account the effect of the enhancement, and thgetween thez axis (magnetization directionand the direc-
factor, (1-aEy,), parameterizes this enhancement effecttion of the incident x-ray wave vector to be 45°, so as to fit
depending ord.*! This type of the enhancement factor is to the experimental geometry. The relative intensity between
an extension of the actual observation in the band=Q and ED transitions is chosen so as to reproduce the ex-
calculatiort® for Gd whose 4 electrons have only spin mo- perimental MCD spectrum for Hfor other RE elements it is
ments: The p-5d ED matrix element for the & spin paral-  uniquely determined with the result in Fig).3
lel to the 4f spin is 2—30% larger than that for thel Spin Now, we are ready to compare the total MCD spectra,
antiparallel to the # spin, which corresponds to that the which are the superposition of the ED and EQ contributions,
value ofa is 0.4—0.6(1/eV). In this paper, we fix the value with the experimental spectra for a series of RE elements in
a to be 0.4(1/eV) for all RE elements, whereas we scale R,Fe B in Figs. 1 and 2. The agreement between the calcu-
down the magnitude of the exchange eneligy, with a re-  lated and experimental results is satisfactory for most of RE
duction factorRe. The value oRg is treated as an adjustable elements. The values &g used in the analysis are listed in
parameter for each RE element to fit the calculated spectrumable I, and some discussion on them is given in the next
with the experimental one, as described later. section. In order to see the spectral structure in more detail,
The Fermi energy denoted I is determined so that one we present the results for SFe;,B (Fig. 4), Gd,Fe,,B (Fig.
5d electron exists in the ground statg,; is the energy of 5), and EpFe 4B (Fig. 6), which are typical examples of
the core state specified tpj andL is the Lorentzianl(x) less-than-half-filled RESm), of half-filled case(Gd), and of
=(I'/m)/(x?+T?), where 4" denotes the spectral broaden- more-than-half-filled REET).
ing due to the lifetime of the |2 core hole and is setto be 4.0  In these spectra, we see the following: The ED contribu-
eV. The spectrum thus obtained is further convoluted with &ion is decomposed into two componer(is the effect due to
Gaussian function of the width (1.5 ¢\imulating the in- the 4f-5d exchange interactiofthe dashed curve in Figs.
strumental resolution to obtain the full spectrum. 4-6) and(ii) the effect of hybridization between the RE 5
As was mentioned in the introduction, we next considerand Fe 3 bands(the dotted curve In the contribution(i),
the additional spin-polarization effect ofd5states owing to  the enhancement effect of the ED matrix element is domi-

Here FP)(w)[FP(w)] represents the absorption spectrum
due to the ED transition of an x ray with positiyeegative
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MCD Intensity (%)

1F

.I .lnlnu|||-|-|||A||||-|-|-|-|||.
-15-10 -5 0 10 -10 -5 0 5 10 15

Relative Incident Photon Energy (eV)

FIG. 5. MCD ofL 3 XAS spectra for G&" having no 4 orbital
moment. Others are the same as in Fig. 4.

XAS-MCD Integrated Intensity (EQ)

and the hybridization effects are opposite. This situation is
clearly found at Erthe left panel of Fig. or Tm L5 edge.
The enhancement effect is dominant in the edge of Pr,
it it ] Nd, Sm, Gd,_ and in thé edge of Gd, Th, Dy, Ho_, Er,_Tm.
La Ce Pr Nd Pm SmEuGATb Dy Ho Er Tm YbLa The MCD signals hav_e the peak near the white line but
slightly below the maximum of XAS spectra. On the other
FIG. 3. The integrated intensities of RE, 3 XAS-MCD con- hand, the hybridization effect is well recognized not only in
cerning the p-4f EQ transition for the entire series of REfree ~ the La and LuL, ; edges but also in the, edge of Er, Tm,
ion by the full-multiplet calculation, when the incident angle is 45°. Yb, and in thelL ; edge of Pr, Nd, Sm, Yb, since the contri-
These are normalized at the values of La XAS for (closed bution of the 4-5d exchange effect is originally small to the
circles andL (open circley respectively. MCD integrated intensities in these casé3he EQ contri-
bution is recognized in the MCD spectra at the pre-edge
nant compared with the magnetic polarization effect of theof several RE’'s and has an opposite sign to the ED one by

5d band!! On the other hand, the EQ contributi¢the chain  the enhancement effect. In the, edge of the more-than-
curve is appreciable in the MCD spectra only at thg half-filled RE elements, the EQ signal is very small. We will

pre-edge region. For the ED contribution, there are casediscuss this in the next section.
where the signs of the MCD spectra due to the enhancement

IV. SUMMARY AND DISCUSSIONS

LIARAN AL RALAN RARRE AN LA
1k L 1l We have analyzed the MCD spectra observed atLtjg
- L =3 edges for almost entire series of RE elementRjfre B,
I [ taking into account for the ED transitidn the enhancement
> 3 4 L
‘® 0'5_- - 0'5_ MRLARE RLAAR R ] T T
5 3 :
'.E +*¢+ ? 03 [~ L2 -1
- AN = |
(] 0 -~ '*"++ ++ 0 g/
O +++ 4+t 3
2 g) 0 oy VL_\_—A_FZ —
L - 3 - m +-
-0'5-|....|....|....|....|....|...- -0'5-...|....|....|....|....|....|- E
-15-10 -5 0 10 -10 -5 0 5 10 15 o
O
=

Relative Incident Photon Energy (eV)

FIG. 4. MCD spectra of , 3 XAS for Sm** in SmyFey B, as a
typical example of less-than-half-filled RE elements. The origin of
the energy is chosen ds,. The solid curves are the calculated

aalosaelasy |||||A||||-
-10 -5 0 5 10 15

results, which consist of the ED contribution due to thi54 Relative Incident Photon Energy (eV)

exchange interactiofthe dashed curyethe ED contribution due to

the hybridization with the Fe @ electrons(the dotted curveand FIG. 6. MCD ofL, 3 XAS spectra for Ef' as a typical example
the EQ contribution(the chain curvg while the crosses represent of more-than-half-filled RE elements. Others are the same as in
the experimental results. Fig. 4.
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of the 2p-5d ED transition matrix element caused by the state blocks p-5d ED excitation to the lower energy states,
4f-5d intra-atomic exchange interaction afid the spin and  while the enhancement factor becomes larger for the lower
orbital polarization of the 8 states due to this interaction as energy states and eventually overcomes the blocking effect
well as the hybridization with the spin polarized 3tates of in our calculation. If we consider only thef4bd intra-
the surrounding Fe ions, andi) the EQ transition at the atomic exchange interactidincluding the enhancement ef-
pre-edge region. fect), we can say the following: In the case of less-than-half
The main parameters in our calculation are Rg, and filled RE elements, the positive MCD spectra in lower en-
the EQ-ED intensity ratio. Considering that the adjustableergy range are enhanced significantly and this results in the
parameters are onl\Rg (for each RE elemeptand the large positive integrated intensity of MCD at the edge.
EQ-ED intensity ratio(for Er), the agreement between the For the half filled cas€éGd), the enhancement effect causes
calculated and experimental MCD spectra is quite good fothe large positive and negative MCD in the andL ; edges,
all RE elements except for tHe, edge of Dy and Ho. The respectively(see Fig. 5. On the other hand, in more-than-
reason for the disagreement for thg edge of Dy and Ho is  half-filled RE elements, the MCD spectra at thg edge
not clear at present, but the scattering of the experimentahow a similar behavior to that in tHe, edge of less-than-
MCD intensity for these spectra is exceptionally large, anchalf-filled RE elements except for the reversed signs. The
more detailed investigation is necessary both theoreticallyntensity of MCD at thel ; edge of less-than-half-filled RE
and experimentally. elements and thé, edge of more-than-half-filled RE ele-
Now we would like to give some discussion on the reduc-ments is small, because it is determined by a delicate balance
tion factor Rg. It is well known that the Slater integrals of the positive and negative contributions. Then the hybrid-
obtained by the Hartree-Fock calculation is in general todzation effect with the @ electrons becomes very important,
large, and usually some reduction factors are introduced tas seen in Fig. 4L(;) and Fig. 6 (,).
represent empirically the effect of the configuration interac- Now, let us consider the hybridization effect qualitatively.
tion (note that we have used the reduction factor 0.8 for thét has been mentioned that this effect occurs in the restricted
calculation of spectra due to the EQ transijiolherefore  energy range near the inflection point of XAS, which is rea-
one of the origins oRg is the reduction of the Slater inte- sonable since thecbenergy band only near the Fermi energy
gralsG*. However, the reduction factor of the Slater integralis strongly affected by the hybridization effect. Also it is
is considered to be larger and less RE element sensitive cornteresting to point out that this effect yields the sign of the
pared withRg in Table . MCD spectrum, being consistent with what we expect in the
We consider that the other origin B, which is element case where the spin of thed%lectron is antiparallel to that
sensitive, is due to the thermal fluctuation of tHeragnetic  of the Fe 31 electrons. Our preliminary tight-binding calcu-
moment. As mentioned in Sec. |, the bulk magnetization ofiation for MgCu-type Laves phase compoun&e, sup-
R,Fe B is predominantly caused by the Fd Bhoment, and  ports these characteristitsSince this effect is free from the
at room temperature the thermal fluctuation of the RE 4 enhancement of the ED matrix element, this gives rise to the
moment is largé® In order to compare our calculation, contribution with the different signal to the MCD spectra
which is formulated essentially at zero temperature, with exthan the contribution from thef45d intra-atomic exchange
perimental data obtained at room temperature, it is necessaiiyteraction. These observations are quite consistent with ex-
to introduce a reduction of the exchange enedfgy, due to  perimental results.
the thermal reduction of thefdmagnetic moment. It is to be Our treatment for the REdFe 3d hybridization contri-
noted that the factoRg should be larger for the RE element bution is crude, and it is necessary to improve this. As men-
with higher Curie temperatureT¢), because the thermal tioned above, we are performing some improved calcula-
fluctuation of the 4 magnetic moment should be smaller at tions, where RE 8 and Fe & states are treated by the tight-
room temperature. According to Table I, the valueRefis  binding band method, in the case d&Fe, systems?
largest for Gd, and decreases in going away from Gd, as According to our preliminary result foRFe, (for instance
rough trend. This is in qualitative agreement with the behavfor HoFe,), two MCD contributions from the RE #45d ex-
ior of T¢ in R,Fe,B.%° It is a problem left in the future change interaction and the REd%e 3d hybridization is
investigation to study quantitatively the valuesRy and . almost additive. Therefore we expect that this is also the case
In this paper we have fixed to be 0.4(1/eV), but if we  in R,Fe,B. We will publish the results of improved calcula-
change the value af, the value ofRg will also be changed. tions in the near future.
There has been no microscopic estimatioredbr R,Fe;,B. We now turn to the case of the EQ contribution. In this
In the present work, we tried to analyze the experimentatase, the # electrons play a direct role since thp 2lectron
data by using the value af from 0.3 to 0.6, and found that is excited to the # state. The most important interaction is
the result witha around 0.4 is the best. In order to discusssurely the Coulomb and the exchange interactions amdng 4
the values ofe and Rg quantitatively, microscopic calcula- electrons, resulting in forming the multiplet structure which
tions of these quantities are required. can be calculated with the aid of the atomic Cowan’s
In the following, we give some remarks on the poifils ~ program®®> Each spectrum of less-than-half-filled RE ele-
(i), and(iii) mentioned above. We note that thd Blectron  ments consists of two groups, which correspond to the final
in the initial state introduces much varieties to MCD spectrastates having a parallel spin and an antiparallel spin of the
The & electron in the initial state occupying the low-energy photoexcited electron to thef 4pin in the initial state. In the
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case of more-than-half-filled RE elements, there is only oné@bservation of XES at the, edge is desired.

kind of spin in unoccupied # states so that the structure in  In conclusion, we have confirmed the important role of
the spectra is not simply divided into two groups. The finethe 4f-5d exchange interaction, which leads to the spin and
structures discussed above is unfortunately smeared by thgbital dependent enhancement of the-2d ED matrix el-
short lifetime of the deepj2 core hole and the spectra in fact ement in addition to the usual polarization effect in MCD.
show a very simple Lorentzian-like shape. In the experimenyye find that, in some cases, the hybridization of tdesfates

tal MCD spectra, the EQ transition is apparent at the ity the spin polarized 8 states of the surrounding Fe ions

edge, while the traces of the EQ transition are not found af|ays a vital role. Furthermore, the EQ transition is appre-
theL, edge in the more-than-half-filled RE elements. This ISciable, especially, at thie; edge.

consistent with our calculatior{see Fig. 3. If the angleé is
changed to 0°, according to the theoretical calculatiche
MCD intensity of the EQ transition should be increased for
Tb at theL, edge. It is desirable that this is confirmed by
experimental observations in future. The authors thank Dr. T. lwazumi of KEK-PF for his tech-
The x ray emission spectroscofyES), in which the final  nical suggestions and supports. The experiments in this work
state of XAS is the intermediate state and then tbec8re  have been performed with the approval of Photon Factory
electron fills the ® core hole with emitting x ray, is another Program Advisory CommitteéProposal No. 94-G161This
tool to identify the EQ contribution experimentally since the work was partially supported by a Grant in Aid for Scientific
broadening of the spectra is reduced by virtue of the relaResearch from the Ministry of Education, Culture, Sports,
tively long lifetime of the 31 core hole to the @ core hole?>  Science, and Technology in Japan.

ACKNOWLEDGMENTS

1G. van der Laan and B. T. Thole, Phys. Rev. L&, 1977 Dennis, R. W. McCallum, and K. D. Finkelstein, Phys. Rev. B
(1988. 50, 13 805(1994.
2B. T. Thole and G. van der Laan, Phys. Rev3®& 3158(1989.  ''H. Matsuyama, |. Harada, and A. Kotani, J. Phys. Soc. 8fn.

3A short report of the experimental data was given in J. Chaboy, L., 337(1999).
M. Garcm, F. BartolomeJ. BartolomeH. Maruyama, K. Koba- M. van Veenendaal, J. B. Goedkoop, and B. T. Thole, Phys. Rev.

yashi, N. Kawamura, A. Marcelli, and L. BozukdRroceedings Lett. 78, 1162(1997. ) )
of the 9th International Conference on X-ray Absorption Fine 9. Chaboy, H. Maruyama, L. M. GaeciF. BartolomeK. Koba-
Structure J. Phys. IV7, C2-449(1997. yashi, N. Kawamura, A. Marcelli, and L. Bozukov, Phys. Rev. B

54, R15 637(1996.
Ch.14H' Ogasawara, K. Fukui, |. Harada, and A. Kotani, Meeting Ab-
stracts of Phys. Soc. Jpn. Vol. 55, Issue 2, Part 4, @080.
R. D. Cowan,The Theory of Atomic Structure and Spedfihni-

4T. Jo and S. Imada, J. Phys. Soc. JpB.3721(1993.

5See, for example, F. Baudelet, Ch. Giorgetti, S. Pizzini,
Brouder, E. Dartyge, A. Fontaine, J. P. Kappler, and G. Krill, J. 5
Electron Spectrosc. Relat. Phenod2, 153 (1993. versity of California Press, Berkeley, 1981

6 .
P. Carra, B. N. Harmon, B. T. Thole, M. Altarelli, and G. A. 16T |wazumi, A. Koyama, and Y. Sakurai, Rev. Sci. Instrue6,
Sawatzky, Phys. Rev. Let86, 2495(1991). 1691 (1995

7 .
J. C. Lang, S. W. Kycia, X. D. Wang, B. N. Harmon, A. I. Gold- 171iq hormalization of the MCD percent value is different from
man, D. J. Branagan, R. W. McCallum, and K. D. Finkelstein,  {hat of Ref. 3.

Phys. Rev. BA6, 5298(1992. 18H. Konig, X. Wang, B. N. Harmon, and P. Carra, J. Appl. Phys.
8Ch. Giorgetti, E. Dartyge, Ch. Brouder, F. Baudelet, C. Meyer, S. 76, 6474(1994).
Pizzini, A. Fontaine, and R. M. G'a‘m?, PhyS Rev. Letz5, 3186 19|\/|_ van Veenendaal and R. Benoist, Phys Rew741(1998
(1995. 203, F. Herbst, Rev. Mod. Phy&3, 819 (1991).
°K. Shimomi, H. Maruyama, K. Kobayashi, A. Koizumi, H. 2!K. Fukui, Ph.D. thesis, Okayama University, 2000.
Yamazaki, and T. lIwazumi, Jpn. J. Appl. Phys., Pa8212 314  22F. Bartolome J. M. Tonnerre, L. 8, D. Raoux, J. Chaboy, L.
(1993. M. Garcr, M. Krisch, and C. C. Kao, Phys. Rev. Let®, 3775
103, C. Lang, X. D. Wang, B. N. Harmon, A. I. Goldman, K. W.  (1997.

104405-7



