related phenomena

Magnetic circular dichroism of resonant aGd” ion in an external magnetic field. The calculated results are
X-ray emission spectra at L edges of compared with experimental data.
rare-earth compounds 2 Model

Assuming the plus or the minus helicity for the incident photon
while summing up both helicities for the emitted photons, we use
the formula of the coherent second order optical process for RXES,
which is represented by

Keiji Fukui, #* Haruhiko Ogasawara, °
Isao Harada ® and Akio Kotani @

2Institute for Solid State Physics, University of Tokyo, )
Kashiwa, Chiba 277-8581, Japan, and "Dgpart.ment of R c(onws) = Z Z 1T i) T |9)
Physics, Faculty of Science, Okayama University, Okayama RXES\%1, B — Eg— w1 1M
700-8530, Japan. E-mail: kei@issp.u-tokyo.ac.jp oo f i

xL(Ef + w2 — Eg — w1, ), 1)

We study the resonant x-ray emission spectroscopy (RXES) and th . . . .
magnetic circular dichroism (MCD) at thie,3 absorption edges w%ere|g), [i) and |f) are the ground, intermediate and final states

of rar_e-earth e_Iements, especially gac_iolinium io_n. To this_end, a(§1ent and emitted photon energy(X.I") is the Lorentzian defined
atomic model is adopted and the multiplet coupling effect is takeBy L(xT) = I/x(& + [?) wherel, (I is the half width of the

into account. Using the formula of the coherent second order op- e ) S
tical process which consists of the excitation process from the Zg‘p (3d) core hole lifetime broadening of the(M) shell, which is

o setto be 2.0 eV (0.5 eV).
core state to the emptydState and of the radiative decay from the . .
3d core state to the2core hole, we calculate RXES-MCD spec-. We define RXESTMCD by_ the dlffergn_c_e of the spectra for the
tra. By inspection, we have confirmed that the enhancement of tmemdent photon having the different helicities:
2p-5d dipole matrix element proposed for MCD of x-ray absorp-
tion spectroscopy. In addition, characteristic features of the spectra
observgd in gadolinium metallic compounds are reproduced by our Incidentally,
calculations.
Keywords: _resonan_t x-ra_ly emission spectroscopy ; F>'<1As(w1) = Z |(i| T'I |g) |2 L(E — w1 — Eg, Ti), 3)
magnetic circular dichroism ; rare earth L2,3 edges. ;

with energiesEy, Ei and E;, respectivelyw: andw> are the inci-

AFrxes(wi,wz2) = Frxes(wi,w2) — Faxes(wi, w2).  (2)

XAS spectrum is represented as

where the notation is the same as that in eq. (1). The transition ma-
1. Introduction trix element(5d| T} |2p) is proportional tq1 — «E(my, s¢))"2, in
Resonant x-ray emission spectroscopy (RXES) has become one Which E(my, sa) is the Hi-4f exchange energy specified by the
the most powerful tools to study electronic and magnetic propercomponent of the orbital and spin quantum numiper, (ns) (Mat-
ties of a selected shell and a selected atom in solids, since nef¥yamaet al., 1997):
synchrotron radiation facilities with high brilliance have been re-
alized. The polarization dependence of RXES gives us additional

K 2~k
detailed information on the magnetic character: The magnetic cir-  E(Me;Sa) = — > > [c(2my, 3my)°G*(4f, 5d)
cular dichroism (MCD) is one of the most popular examples. k=1,3.5my st
Up to now, the systematic experimental study has been done on xn(mg, ¢ )6 (Sg, St). (4)

RXES-MCD atl ;3 edges for Gd metallic compound (Krisehal.,
1997; lwazumiet al, 1997; Iwazumet al,, 2000), while some cal- Hered(x, y) is the Kronecker’s deltaG*(4f, 5d) represents thef4
culations have been done only for the normal x-ray emission sped&d Slater integrals given by the atomic Cowan’s progra(m, Sr)
troscopy (NXES) (de Groait al., 1997; Jo & Tanaka, 1998). Then, is the occupation number off&lectron in each state.
it is the purpose of this paper to discuss RXES and their MCD at In the case of GH, 4f electrons are completely spin polarized
theL,3 absorption edges of rare-earth in connection with the char¢spin-up state), so that the exchange energy of theléctron de-
acteristics of the x-ray absorption spectra (XAS) and their MCD afpends only on thedspin state and the so-called exchange splitting,
these edges. Using the formula of the coherent second order opfe; — E|, takes the value of1.13 eV, which almost coincides with
cal process, we study in this paper the RXES which consists of ththat obtained by an energy band theory for the ferromagnetic Gd
process of the XAS-type excitation from the 2ore state to the metal (Harmon & Freeman, 1974).
empty 5 state and of the radiative decay from tlee®re state to On the other hand, the density of states of theb&nd is sim-
the 2p core hole. ply assumed to be a semi-elliptic with the half width= 3.5 eV

It is known that, in XAS-MCD at_,3 edges of rare-earth ele- for each orbital and spin state, and further one electron is assumed
ments, the enhancement gb-Bd electric dipole transition matrix to exist in the 8 bands. We believe that the simple shape of the
elements due to thed54f exchange interaction is very important density of states fordbbands works because of the relatively large
(Matsuyamaet al, 1997). Since the character of the intermedi- life-time broadening of the 2and 31 core holes. In order to deal
ate state (which is the same as the final state of XAS) is reflectedith the NXES spectra, we also assume a contindrand with a
strongly to the spectral shape of RXES, the theoretical analysis afonstant rectangular density of states above the semi-elliptic bands,
RXES-MCD experimental data is a critical test of the validity of which gives the height of edge jump and no contribution to the inte-
the enhancement effect of the dipole transition matrix element. Wgrated intensity of their MCD. We take into account an integration
formulate RXES-MCD taking this effect into account and performover the kinetic energy of the excitedelectron to reproduce not
numerical calculations of the spectra for the;-Ma s transition of  only the Raman component but also the NXES component in the
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related phenomena

spectra of RXES and its MCD. Additionally, the lifetime broaden- [rrrrrTrrrrTrEr T e
ing of the final state is considered with Lorentzian as previously de- 15 |
scribed, and all calculated spectra are convoluted by the Gaussian ' )
function with the width of 0.75 eV, representing the instrumental |
resolution. ]
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b= CalculatedL,-M4 RXES and its MCD spectra using = 0 (dashed)
% and Q6 /eV (solid) for the incident photon energy 0.5 eV in Fig. 1. The
. calculated spectra are normalized so that the RXES peak intensity coin-
£ cides with the experimental one. Experimental results (Iwazitral,,
8 2000) are shown with crosses.
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Figure 1

XAS and its MCD spectra dt, andL3 edges calculated using = 0
(dashed) and.6 /eV (solid), with the experiments (shown with crosses)
in Gdi3Cos7 amorphous (lwazunet al., 2000). The origin of the energy
is chosen as the peak of the white line.

7256 eV

| resoer ,
7248 8V

| 72428V .
7240 0¥ x2
17238 vV e

A 7234 &V N

The calculated spectra @b3 XAS and its MCD for a G&" ion 501 602 605 604 605 606 6.07 608
are shown in Fig. 1, and compared with experimental results for — T T30 Emitted Photon Energy (keV)
Gd3Cos7 (Iwazumi et al, 2000). The solid curve is obtained for Relative Emitted Photon Energy (V)

a finite « (= 0.6 /eV), and the dashed curve is far = 0, re-

spectively. It is seen that the calculated MCD spectrum is strongly

enhanced on the lower energy side of the white line, because iRi9ure 3 _

this region the 8 1 density of states (we take the ferromagnetic Calculateds-Mss RXES spectra (left panel) using= 0 (dashed) and
4t spin direction ag) is higher than the & | one (due to the & 0.6 /eV (solid) compared with the experiments (lwazwhial., 1997)

. . . ... (right panel) for various values of the incident photon enetgy.(The
af e>_(chan_ge interaction by eq. (4)), so 'that th? dipole tranSItlorslalue ofw; = 0 eV in the left panel corresponds to 7248 eV in the right
amplitude is enhanced by the exchange interaction. panel.

RXES intensity (arb. units)

3. Results and Discussion
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related phenomena

‘30 ¥ 1 threshold resonance, the-Af quadru_polg excitation giv_es rise_to
L,v—r\/__ e ,‘_/\'fj a structure (indicated by the arrow in Fig. 3) on the high emitted
10 eV e — N\~ photon energy side of RXES. These features are well reproduced
- O\ ET T | gl in our calculations. The effect af is clearly seen in the RXES-
=T 1 M MCD, and the enhancement of the positive MCD part improves
S | 2ev 0.3 ‘;z—:f‘%“—/‘/\/ greatly the agreement with the experimental results.
o | 2ev AV 05| free So— 4. Concluding Remarks
X '—/\_/J\f_‘ o 203 Our analysis shows that the enhancement effect of the dipole tran-
5 AoV o~ 7242 e 2 sition matrix element by thedb4f exchange interaction plays an
o [ teY AR Z:Z:\V, . important role at the gadoliniurh, 3 edges. Also the quadrupole
% 8eV %2 —_— TN 5 excitation plays a role in the pre-threshold resonance.
P - 7204 ov x5 . Similar calculations qf RXES-MCD have bfaen made for éSm
4 x\./\v‘, i Ll 1 ion, and the results are in good agreement with recent experimental
B0 o2 TS ek OO B0S B HOR data by Nakamura (2000). The calculated and experimental results
500 30 B0 o 0 10 20 rined Photon Enorgy (keV) will be published elsewhere.
Relative Emitted Photon Energy (eV) . -
We thank Dr. T. lwazumi and Dr. T. Nakamura for providing
us with the experimental data. The computation in this work was
Figure 4 achieved using the facilities at the Supercomputer Center, Institute
MCD spectra for Fig. 3. for Solid State Physics, University of Tokyo.

Figure 2 shows the calculatdd-M, RXES spectrum and its References
MCD for o = 0.6 /eV and 0. The experimental results are alsoCowan, R. D._(19$1)The Theory of Atomic Structure and Spedtaniver-
shown with the crosses. The MCD spectrum exhibits a dispersive _Sity of California Press, Berkeley).

. o . . De Groot, F. M. F.,, Nakazawa, M., Kotani, A., Krisch, M. H. & Sette, F.
shape with positive and negative MCD for higher and lower en- (1997).Phys. RevB 56 (12), 7285-7292.

ergy sides, respectively. The positive (negative) MCD correspondgarmon_, B. N.& Freeman, A. J. (19743hys. Re\B 10 (5), 1979-1993.
to the process where @3 (1) electron is more strongly excited to Iwazumi, T., Kobayashi, K., Kishimoto, S., Nakamura, T., Nanao, S., Oh-

the = | (1) band and a@ | (1) electron makes a transition to the ;i"gé?hﬁ;%ov R. & Isozumi, Y. (1997hys. RevB 56 (22),
2p | (1) state. Fory = 0O, the intensity of the negative MCD partis |yazumi, T., Nakamura, T., Shoji, H., Kobayashi, K., Kinomoto, S.,

smaller than the experimental result. When we switch on the effect Katano, R., Isozumi, Y. & Nanao, S. (2000).Phys. Chem. Solic&,
of «, the part of the negative MCD is strongly enhanced because of 453-456

. . Jo, T. & Tanaka, A. (1998)1. Phys. Soc. Jpi67 (4), 1457-1465.
the enhancement of thgZ to 3d 1 transition matrix element. The otani, A & Shin, S. (2000). To be published Rev. Mod. Phys.

agreement with the experiment is much improved by the effect okrisch, M. H., Sette, F., Bergmann, U., Masciovecchio, C., Verbeni, R.,
a. Goulon, J., Caliebe, W. & Kao, C. C. (1996rhys. RevB 54 (18),

i i _ R12673—-R12676.
InFigs. 3 and 4, respectively, the calculateeMss RXES spec Matsuyama, H., Harada, I. & Kotani, A. (1997). Phys. Soc. Jpr&6 (2),

tra and their MCD are shown for various values of the incident  337_340.
photon energy. It is found that the Raman-like behavior of RXESNakamura, T. (2000). Unpublished.

changes to the fluorescence-like one with increasind\t the pre- Vanl\é%irae_rlcé%azl,sM., Carra, P. & Thole, B. T. (1998)ys. RevB 54 (22),

J. Synchrotron Rad. (2001). 8, 407—409 Received 31 July 2000 + Accepted 27 October 2000 409



