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A theoretical study is presented with an extended single impurity Anderson model for the spectra of x-ray
magnetic circular dichroism (XMCD) at the Ce L, 3 edges of mixed-valence Ce compounds under an external
magnetic field. The effects of magnetic polariztion of the Ce 4f states, the exchange interaction between the
Ce 4f and 5d states, and the hybridization between the Ce 4f and ligand states are taken into account. Recent
experimental results for CePd; are well explained. The theory can be applied to the XMCD of a localized Ce?*
system, weakly and strongly mixed-valence Ce systems by changing the hybridization strength, and can also be
applied to ferromagnetic Ce compounds by replacing the external magnetic field with the ferromagnetic
exchange field. The effects of the hybridization in the final state, the Ce 4f> configuration, and the spin
polarization of the Ce 5d states through the hybridization with a spin-polarized ligand band are studied in
detail, and a systematic change in the L, and L; XMCD intensities with the change in the mixed-valence
strength is discussed. The present theory gives a framework to understand varied XMCD behavior of a series

of Ce compounds in a unified fashion.
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I. INTRODUCTION

The Ce 4f state of intermetallic Ce compounds changes
from a well-localized 4f! state to a mixed-valence state be-
tween 4/ and 4f' configurations with the change in the hy-
bridization strength between the 4f and conduction electron
states.! Core-level spectroscopy, such as the x-ray absorp-
tion spectroscopy (XAS) and its x-ray magnetic circular di-
chroism (XMCD), is a powerful means to study the elec-
tronic states of various Ce compounds.*3 In this paper we
study theoretically the XAS and XMCD at the L, 5 edges of
a series of intermetallic Ce compounds.

In Fig. 1(a) we show the change in the Ce 4f state (in the
ground state) with the change in the hybridization strength or
the Kondo temperature Tk which is a measure of the hybrid-
ization strength. In the limit of the vanishing hybridization
between the 4f and conduction electrons, the Ce 4f state is
well localized, taking the Hund rule ground state of the Ce**
ion. For very weak but finite hybridization strength (with
Tx~10 K or lower), the Ce 4f state is still localized, but the
4f magnetic moment is fluctuating due to the hybridization
effect (spin-fluctuation regime) and forms a singlet bound
state (Kondo state) with the binding energy of kzTk [see case
(1) of Fig. 1(a)]. Even in this case, if the Ce®* states on the
different Ce sites couple ferromagnetically, the ground state
can be ordered ferromagnetically instead of taking the singlet
state. A typical example is CeRu,Ge,.

For a weak hybridization strength corresponding to Ty
~100 K [see case (2) of Fig. 1(a)], a weak charge fluctua-
tion occurs between the Ce 4f and conduction electron
states. As a result, the system is in the weakly mixed-valence
state between the 4f° and 4f' configurations (with a small
weight of the 4f° configuration). CePd; is a typical example.
For a strong hybridization strength corresponding to Ty
~1000 K or higher [see case (3) of Fig. 1(a)], the charge
fluctuation is strong and the 4f° and 4f' configurations are
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mixed strongly with comparable weights. A typical example
is CeFe,. It is to be remarked that the Ce 4f state in CeFe, is
in the strongly mixed-valence state, but at the same time, the
system is in the ferromagnetic state because of the strong
exchange interaction between the Fe 3d states and the hy-
bridization between the Fe 3d and Ce 5d states.

The Ce L, 5 XAS of Ce compounds is sensitive to the
charge fluctuation in the ground state. In the Ce L, (L3) XAS
process a 2p,,» (2p3) core electron is excited to the Ce 5d
band as shown in Fig. 2(a). The experimental Ce L, XAS
spectra for CeRu,Ge,, CePds;, and CeFe, are schematically
illustrated in Fig. 1(b). The Ce L, XAS spectrum of
CeRu,Ge, exhibits a single-peak structure corresponding to
the well-localized 4f' ground state,>” while that of CePd,
shows a double-peak structure corresponding to the two con-
figurations (4f° and 4f') mixed in the ground state.® For
CePd,, the 4f° peak (higher-energy peak) is much weaker in
intensity than the 4f' peak (lower-energy peak) and looks
similar to a shoulder structure because the weight of the 4/°
configuration is much smaller than that of the 4f' configura-
tion in the ground state. CeFe, also has a double-peak struc-
ture in the Ce L, XAS, but now the intensities of the two
peaks are comparable, reflecting the weights of the 4/ and
4f! configurations in the ground state.>”” The Ce Ly XAS
spectra of these materials are almost the same as their L,
XAS spectra, except that the total intensity of the L; XAS is
twice as large as that of the L, XAS due to the degeneracy of
the 2p3,, and 2p,), core levels.

CeRu,Ge, and CeFe, are ferromagnetic materials where
XMCD gives important information on the magnetic charac-
ter of electronic states especially in the Ce 5d state.’ The
experimental result on the L, XMCD of CeRu,Ge, exhibits a
single positive peak with a maximum intensity of about 5%
of that of XAS (Refs. 6 and 7) [see Fig. 1(b)]. On the other
hand, the L; XMCD is much weaker and negative. These
results were well explained by Fukui ef al.,' who assumed
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that the Ce 4f state has no mixed-valence character, and the
Ce 5d states are magnetically polarized through the ex-
change interaction with the polarized Ce 4f states. The role
of the Ce 5d-4f exchange interaction is to shift the Ce 5d
energy levels and to enhance the magnitude of the electric
dipole transition from the Ce 2p to 5d states.'"'? The inter-
action scheme of electronic states in the theory by Fukui er
al.' is shown in Fig. 2(b).

The experimental Ce L, 3 XMCD spectra of CeFe, have a
double-peak structure with the negative (positive) sign at the
L, (L;) edge [see Fig. 1(b)]. The XMCD intensity is about
1% of XAS intensity. A theoretical calculation of the Ce L, ;
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FIG. 2. (Color online) (a) X-ray absorption process at the L,
edge of Ce compounds. (b) Model of XMCD in CeRu,Ge, pro-
posed by Fukui et al. (Ref. 10) and (c) that in CeFe, proposed by
Asakura et al. (Ref. 13).

XMCD spectra of CeFe, was made successfully by Asakura
et al.'® with a quite different model from that by Fukui et
al.'® Asakura et al.'3 assumed that the magnetic polarization
of the Ce 4f state can be disregarded because of its strong
mixed-valence character and that instead the magnetic polar-
ization of the Ce 5d state is caused by the hybridization be-
tween the Ce 5d state and the spin-polarized Fe 3d states, as
illustrated in Fig. 2(c).

Recently experimental observations of the Ce L, 3 XMCD
were made by Kappler et al.® for a weakly mixed-valence
compound Ce(Pd,75Ni( »5)3, which orders ferromagnetically.
The Ce L, 3 XAS of Ce(Pd,;5Nig,s); is very similar to that
of CePd; with a strong 4f! peak and a weak 4/° peak; but the
Ce L3 XMCD behaves somewhat similarly to that of
CeRu,Ge, around the 4f! XAS position, whereas no XMCD
signal is seen near the 4f° XAS position.® The intensity of
the L, XMCD is about 1% of the XAS intensity as shown in
Fig. 1(b), but the intensity of the L; XMCD is much weaker
with some complicated structure including considerable
noises. Furthermore, it was reported by Kappler et al.® that
the XMCD spectra for CePd; under an external magnetic
field of 7 T behave similarly to those of Ce(Pd;75Nigs)3
although the XMCD intensity is about one fifth of
Ce(Pd) 75Nig 25)3-

It is the purpose of the present paper to explain theoreti-
cally the XMCD spectra of CePd; and Ce(Pd,, 75Nig »5)3, €s-
pecially for the Ce L, edge with a single impurity Anderson
model (STAM). To this end, we take into account the mixed-
valence character of the Ce 4f state as well as the magnetic
polarization of the Ce 4f state and the exchange interaction
between Ce 5d and 4f states, as shown in Fig. 3(a). Instead
of treating the ferromagnetic system, we consider a mixed-
valence Ce compound which is magnetized by the external
magnetic field; but if we replace the external magnetic field
by an exchange field responsible for the ferromagnetic order,
the situation will be essentially the same as that in the ferro-
magnetic systems. The calculated result is in reasonable
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FIG. 3. (Color online) (a) The present model to describe the
XMCD of mixed-valence Ce compounds and (b) the model of our
unified theory to describe the XMCD for all of CeRu,Ge,, CePds,
and CeFe,.

agreement with the experimental one. Furthermore, if we
change the strength of hybridization between the Ce 4f and
conduction band states, the theory can also be applied to the
localized 4f limit (such as CeRu,Ge,) as well as to the
strongly mixed-valence state (such as CeFe,, but the
Ce 5d-Fe 3d hybridization is not taken into account within
this model). Some results in the initial stage of such calcu-
lations have been published as a short paper,'* where the
effects of the final-state hybridization and the 4f> configura-
tion were disregarded for simplicity. In the present paper,
these effects are also studied in detail.

Another purpose of the present paper is to propose a uni-
fied theory which can be applied to the XMCD calculation of
various Ce compound by incorporating the effect of the mix-
ing of the Ce 5d state with the spin-polarized band (the
Fe 3d band for CeFe,) into the theory mentioned above. As
shown in Fig. 3(b), here we take into account the magnetic
polarization of all the states, Ce 4f, ligand (Fe) 3d, Ce 5d,
and all the interactions among them. As mentioned before,
the XMCD spectra of CeRu,Ge, and CeFe,, respectively,
were calculated with quite independent model systems Figs.
2(a) and 2(b) by Fukui et al.'® and Asakura et al.'3> However,
with the model in Fig. 3(b) we can describe those spectra not
only for CeRu,Ge, and CeFe, but also for weakly mixed-
valence systems, CePd; and Ce(Pd,75Nij,s5)3, by changing
parameter values included in the model.

The organization of the present paper is as follows. In
Sec. II, the formulation of the present theory is given. In Sec.
II, we show the dependence of XAS and XMCD on the
hybridization strength as a result of numerical calculations.
Here the effect of the final-state mixing and the contribution
of 4f% configuration are disregarded, but these effects are
studied in Sec. IV. In Sec. V the effect of the Ce 5d spin
polarization due to the hybridization between the Ce 54 and
the spin-polarized ligand band is combined with the present
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theory to discuss the XMCD of CeFe,. Section VI is devoted
to discussions, and some concluding remarks are given in
Sec. VIL

II. FORMULATION

We consider an extended SIAM,>!5 which consists of the
Ce 4f and 2p states on a single Ce site, the Ce 5d band, and
the ligand band (which corresponds to the Pd 4d band for
CePd;). Instead of treating ferromagnetic systems, we con-
sider a mixed-valence Ce compound which is magnetized by
an external magnetic field; but if we replace the external
magnetic field by an exchange field responsible for the fer-
romagnetic order, the situation will be essentially the same as
that in the ferromagnetic systems. The Hamiltonian of the
system is written as

H= E (ef,v - g]/‘l’szh)foV + 2 Gp,;LpIJ;;L + E Ek,fdlt,fdk,g
v M &
+ 5kaz,vak,v+ > (Vkalt,uf L+ Vifar,)
k,v kv

U D it = U fifr1=ph pp ) (1)
v,p

>

where the first, second, third, and fourth terms represent,
respectively, the single electron energies of the Ce 4f states,
the Ce 2p states, the Ce 5d band, and the ligand band, the
fifth term represents the hybridization between Ce 4f and
ligand band states, the sixth term represents the Coulomb
interaction between Ce 4f electrons, and the last term is the
attractive 2p core hole potential acting on the 4f state. We
disregard the effect of the atomic multiplet coupling which
originates from the multipole components of the Coulomb
interaction. The external magnetic field is represented by h,
and g; and up are Landé g factor and the Bohr magneton,
respectively. The Ce 4f and 2p states are represented in the
JJ coupling scheme and indices v and u denote a set of
quantum numbers (j,/,) and (j',j!) of the 4f and 2p states,
respectively. Therefore, € ,=€+(3/7)d; (for j=7/2) and €,
—(4/7)6; (for j=5/2), and €, ,=¢€,+(1/3)3, (for j'=3/2)
and €,-(2/3)6, (for j'=1/2), where &; and &, are the spin-
orbit splittings of the 4f and 2p states, respectively. The in-
dex k represents the energy levels of the ligand and Ce 5d
bands; but in the following we disregard the width of the
ligand band, for simplicity, and the energy of a single energy
level ¢ is fixed just at the Fermi level €. Except for Sec. V,
the width of the Ce 5d band is also disregarded, and the
energy of 5d states €, is put above the Fermi level. The
operators d ¢ and qy , are written as d; and a,, respectively,
and the hybridization matrix element V, is written as V. Also
we disregard the effect of the 42 configurations by putting
U= (except for Sec. IV B). The calculations are straight-
forward, extended to the cases of finite values of U and the
finite width of the 5d band, and will be treated in Secs. IV B
and V.

The ground state |g) (with energy E,) is obtained by di-
agonalizing the Hamiltonian H with 15 basis states (one 4f°
state |0) and 14 4f' states |j,/.)) in the form,
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J2)- (2)

lg) = o

JJz

Here, we note that |0) is the state where all electrons (except
D= j>jgaj’jz|0>'

In the final state, a 2p electron is excited to a 5d state so
that the 4f level is pulled down by the core hole potential
Uy.. We use the LS coupling scheme to describe the Ce 5d
state by disregarding the spin-orbit interaction with index &
denoting the combined orbital and spin quantum numbers
(mg,s,4). Then, the final states where a 2p electron with u
=(j'.j.) is excited to the 5d state specified by £=(my,s,) are
described in the following form:

|fi,§,,u, =c{ E#)dgp#|0> + E (i, éﬂ)dgp,u 3

20 3)

where index i denotes the quantum number of each final

,J.» before
switching on the hybridization are given by
€1~ € (4)
and
65— Ep,,u+ Ef,v_ Ufc_gjlu“B\jzh_ €r, (5)

respectively, and these states are coupled through the matrix
element of hybridization V. The energy eigenvalue of [f,-ygy )
is written as E; ¢ .

It is important to take into account the exchange interac-
tion energy E.,(my,54:j,j,) between the 5d [é=(my,s,)] and
4f [v=(j,j.)] states given by

Eo(mg,s43jj.) = 2 G*(4f,5d) E >

qg=—k m '

X |(3mdsilij)lck2my, (6)

where GX(4f,5d) is the 4f-5d Slater integrals, {j m,j.m;|jj.)
is the Wigner coefficient, and ¢ is proportional to the
Clebsch-Gordan coefficient. Therefore, the energy €, in Eq.
(5) is replaced by

€§ =€+ Eex(md»sd;j’jz)- (7)

This type of exchange-induced energy shift of the Ce 5d
state was first introduced by Jo and Imada!® in their theory of
XMCD and used by Matsuyama et al.'! to develop further
the theory by introducing the enhancement effect of the elec-
tric dipole transition intensity.!”

The matrix element of the electric dipole transition from
the 2p], i to Sdm 5, States by = helicity light is represented

by

)= 2 (Imy1 £ 112mg)(1my, ks i L)

mp

Mi(md?sd;j,vjzl

(8)

As pointed out by Matsuyama et al.,'! it is essential to renor-

malize M* into M™ by taking into account the enhancement
effect of the transition intensity by the exchange interaction,
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Mi(j’jz;md’sd;j,’jz,) = Mi(md’sd;jl’jz,)
X[l - aEex(md»sd;sz)]l/z» (9)
where the Ce 4f state is assumed to be in (j,j,).!® Then the

matrix element, (f;¢,|M*|g), of the renormalized dipole
transition operator from the ground state |g) to each final
state |f; ¢ ,) is given by

e =0°(E| o+ Do
Jlz

X[l - aEex(g;j’jz)]l/z}- (10)

The L, and Ly XAS spectra for * helicity light is expressed
as

r
Fi@)= 2 [, 01l a
J' igulV 18 w—E; g, +E)+T%
EIJ

(11)

where w is the incident x-ray energy, I is the spectral broad-
ening due to the lifetime of the 2p core hole, and j'=1/2 and
3/2 for the L, and L; XAS, respectively. If we disregard the
hybridization V in the final state, the formulation given here
reduces to that in Ref. 14.

III. DEPENDENCE OF X-RAY ABSORPTION AND X-RAY
MAGNETIC CIRCULAR DICHROISM SPECTRA
ON THE HYBRIDIZATION STRENGTH

We study the dependence of XAS and XMCD spectra on
the strength of hybridization between the Ce 4f and the
ligand band. In this section we disregard, for simplicity, the
hybridization effect in the final state and assume that each of
the Ce 5d and ligand bands is a single level, neglecting the
band width. Numerical calculations of XAS (FJr +F, ) and
XMCD (F -F, ,) are made using the parameter values €
—eF——IO eV U .=10.5 eV, @=0.6 eV~!,I'=3.0 eV, and
G'(4f,5d)=1.0 eV (by disregarding G> and G’). The
strength of the external magnetic field is taken as ey
=guph=0.001 eV with the g factor of a single electron spin
(g=2.0023), which corresponds to the external field strength
h=8.69 T. The present description of the external field

strength is more convenient than h= gjmph (with the Landé
g-factor g;) in Ref. 14. The hybridization strength V in the
ground state (denoted by V,) is changed as a parameter. All
calculations in this paper are made at zero temperature.

A. Localized Ce3* state

First we put Vg:0.000I eV, where the hybridization
is extremely small. In this case the ground state is given by
the almost pure Ce* (trivalence) state with |c5/2 splP=1.0
and with almost vanishing |c{¥|* and |c(g > for (j.j.)
#(5/2,5/2). Since we disregard the final-state hybridiza-
tion, the final states are given by dgp 40) and dgp” ,j.); but
the states contributing to the XAS and XMCD are only
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FIG. 4. (Color online) (a) XAS and (b) XMCD spectra calcu-
lated for a localized Ce3* state (V,=0.0001 eV), weakly mixed-
valence (V,=0.1 eV), and strongly mixed-valence (V,=0.3 eV)
states.

dzfp M|5/ 2,5/2) because the transition matrix element
M*(my,s4j".j.) [Eq. (8)] connects only the 2p(j’,;!) and
5d(my,s,) states and the weight of the final state |i) (=|0) and
j.j.)) is given by the overlap integral [(g|i)|>=|c!®)|%. There-
fore, the XAS and XMCD spectra are given by those of the
atomic Ce’* state. The calculated results are shown in Fig.
4(a) for XAS and in Fig. 4(b) for XMCD. It is seen that the
XAS and XMCD spectra for each of the L, and L; edges
exhibit a single-peak structure. The ratio of integrated inten-
sities of XMCD and XAS (Ixycp/Ixas) is 0.0636 for L,
edge and 0.0206 for L; edge. These values are consistent
with those obtained by Matsuyama et al.'' although they
treated the 4f states by the LS scheme instead of the present
JJ scheme.

B. Weakly mixed-valence state

Here, we take the initial-state hybridization Vg=0.1 eV,
which corresponds to that of weakly mixed-valence systems
such as CePd;. By diagonalizing the Hamiltonian, the
weights in the ground state are given by |c{'[?=0.0592,
|C(5§%,5/2|2=0'1537 |C¥’/’%,3/2|2=0~151’ |C(5%,1/2 ?=0.149,
|C(5}7’;,—1/2|2=0'147, C<5§%,—3/2|2=0'145’ and |C(5§%,—5/2|2=0-1437
and the weight of j=7/2 is much smaller (about 0.05 in
total). The calculated XAS and XMCD spectra are shown
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with solid squares in Figs. 4(a) and 4(b), respectively. It is to
be noted that the intensity of XMCD is enlarged 50 times in
Fig. 4(b). Each of L, and L; XAS spectra has a double-peak
structure (a peak and a shoulder), and the integrated intensity
ratio is given by 1—|c®|?:]c{¥|>=0.941:0.059 because they
correspond to the weights of the 4f' and 4f° configurations,
respectively. On the other hand, each of L, and L; XMCD
spectra exhibits a single peak at the position of the 4f! con-
figuration. This is because the 5d final states corresponding
to the 4f° configuration have no exchange potential, and thus
there are no exchange energy shift and no enhancement ef-
fect of the transition intensity. The values of Ixycp/Ixas 18
0.000 871 for L, and 0.000 337 for L;. The fact that
Ixmep/ Ixas 1s larger for L, than for L; and that the value of
Ixmen! Ixas for L, is of the order of 1073 are in agreement
with experimental results of CePd; at 7 T. The reason why
Ixmcen/ Ixas of mixed-valence systems is much smaller than
that of the Ce®* is understood easily. In the case of Ce** the
final state |5/2,5/2) has a 100% weight and contributes to
the XMCD; but in the present mixed-valence case the final
state |5/2,5/2) has only a 15.3% weight. Furthermore, the
contribution from the |5/2,5/2) final state to XMCD is op-
posite to that from the |5/2,—5/2> final state so that most of
the 15.4% weight is canceled out and only the difference of
the two weights, 15.3%—14.3%=1.0%, gives the net contri-
bution to XMCD. Thus, the present mixed-valence system
gives the XMCD intensity only about 1.0% of the Ce** sys-
tems. Some more discussions on this point, as well as the
contribution from j=7/2 states, will be given in Sec. VL.

C. Strongly mixed-valence state

We take V,=0.3 eV, corresponding to strongly mixed-
valence systems such as CeFe,. In this case, the ground-state
weights are |c\¥|2=0.287, and all of j=5/2(7/2) states are
around 0.07 (0.035): for instance, [c¥)s,[>=0.0716,
e} _so=0.0711, [c%) ;,=0.0357, [c%8} _;,[*=0.0354, and
so on. Therefore, the XAS spectra have a double-peak struc-
ture with an intensity ratio 0.713: 0.287, as seen from the
calculated results shown by triangles in Fig. 4(a). The calcu-
lated XMCD spectra are shown by triangles in Fig. 4(b) with
the intensity 200 times enlarged. The present XMCD inten-
sity is found to be much weaker than that of the weakly
mixed-valence systems. From the consideration similar to
that made for the weakly mixed-valence systems, the XMCD
intensity of the present strongly mixed-valence system is
about 0.05% that of the Ce** system. The present XMCD
intensity is 1 order of magnitude smaller than that of the
preceding weakly mixed-valence system.

It is interesting to consider the branching ratio of the
XMCD intensities for L, and L5 edges. The calculated results
in Fig. 4(b) show that the XMCD intensity at the L, edge is
larger than that at the Ly edge for the cases of localized Ce*
and weakly mixed-valence systems, but it is smaller at the L,
edge than at the L5 edge for the strongly mixed-valence sys-
tem. This will be discussed in Sec. VI.

D. Comparison with experimental results

The present calculations explain considerably well the ex-
perimental results for CePd; as mentioned before. Further-
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more, we can discuss the experimental results for ferromag-
netic systems by replacing the external magnetic field by the
ferromagnetic exchange field. In the case of Ce** systems,
the local magnetic moment is saturated at zero temperature
(or at low temperatures) so that the effect of the external field
on XMCD is the same as that of the exchange field. The
present result is consistent with the experimental data of
CeRu,Ge, at the L, edge. As shown by Fukui et al.,'” repro-
ducing the experimental result at the L; edge would require
taking into account the effect of the crystal field, which is
disregarded in the present calculation. The calculated result
for the weakly mixed-valence system is similar, especially
for the L, edge, to the experimental data of Ce(Pd,75Nig25)3;
but the calculated XMCD intensity is smaller than the ex-
perimental one. This can be explained by the fact that the
ferromagnetic exchange field is stronger than the external
field strength taken in the present calculation. For the L;
edge of CePd; and Ce(Pd,;5Nij,s)3, the experimental
XMCD intensity is much smaller than the calculated one and
furthermore seems to have some complicated structures al-
though the signal-to-noise ratio is low. In order to discuss
these XMCD spectra at the L3 edge, more quantitative theo-
retical calculations, as well as more precise experimental
measurements, would be necessary.

The XMCD intensity calculated for the strongly mixed-
valence system is much smaller than the experimental result
for CeFe,. In order to explain the experimental result, it is
necessary to take into account the spin polarization of the
Ce 5d states due to the hybridization between Ce 5d and
Fe 3d states, as shown by Asakura et al. 13 The calculation of
XMCD will be given in Sec. V by taking into account both
the magnetization of the Ce 4f state and the Ce 5d spin po-
larization originating from this hybridization effect.

IV. EFFECTS OF FINAL-STATE MIXING
AND THE CONTRIBUTION
FROM 4f> CONFIGURATION

A. Final-state mixing

We study the effect of the hybridization in the final state
for the two cases treated in Secs. III B and III C. First we
consider the weakly mixed-valence system with the initial-
state hybridization V,=0.1 eV and calculate XAS and
XMCD spectra by switching on the final-state hybridization
Vy. The calculated XAS and XMCD spectra are depicted in
Figs. 5(a) and 5(b), respectively, where the results with V,
=0.1 and 0.0 eV are shown with curve and solid circles,
respectively. It is seen that the results with and without the
final-state mixing almost coincide with each other for both
XAS and XMCD spectra so that the effect of the final-state
mixing can be neglected. This justifies our assumption of
disregarding the final-state mixing for the case of V,
=0.1 eV in the preceding section.

Next we consider the strongly mixed-valence system with
V,=0.3 eV. Figures 6(a) and 6(b) are, respectively, the cal-
culated XAS and XMCD spectra where curve and solid
circles are obtained for V;=0.3 and 0.0 eV, respectively. It is
seen that the XAS spectrum depends to some extent on the
final-state mixing, and a part of the oscillator strength of the
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FIG. 5. (Color online) (a) XAS and (b) XMCD spectra calcu-
lated for the initial-state hybridization V,=0.1 eV with (V;
=0.1 eV) and without (V;=0.0 eV) the final-state hybridization.

4f° peak transfers to the 4f! peak. On the other hand, the
XMCD spectrum is almost independent of the final-state hy-
bridization. If we look at Fig. 6(b) carefully, the XMCD
intensity at the 4f° energy position is slightly smaller for
Vf=0.3 eV than for Vf=0.0 eV, and this part is shown in the
inset with extended scale. This is the effect of the final-state
mixing; the final states at the 4/ energy position include a
small amount of (j,j,) components which give a weak nega-
tive contribution to the XMCD.

The present results indicate that in the case of V,
=0.3 eV our assumption of disregarding the final-state hy-
bridization is justified for XMCD and acceptable as an ap-
proximate treatment for XAS.

B. Contribution from 4f2 configuration

The effect of the 4f> configuration on the XAS and
XMCD spectra is studied for the weakly mixed-valence case
with V,=V,=0.1 eV. In order to make the calculation trac-
table, we approximately confine ourselves to the Ce 4f states
with j=5/2. The ground state is now expressed as

D=0+ S Bl S
Jz

. . j"lz’jZZ
J12%J22

j’jlz’j22>a

(12)

and each final state is written as
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FIG. 6. (Color online) (a) XAS and (b) XMCD spectra calcu-
lated for the initial-state hybridization V,=0.3 eV with (V,
=0.3 eV) and without (V;=0.0 eV) the final-state hybridization.

frew =i dip |0y + X 51 dlp ). )
Jz )

Gm gt
*‘AES“ﬁJqud@U#
J1z%J2z

j’jlz’j21>a (13)

where j is fixed at 5/2, and |/, ji,,j,.) is defined by

0). (14)

L.\ g F
J?J117J21> _fj",jlzaj,jlzfj,jhaj,jh

We also take into account the exchange interaction energy
Eo(mg,s47,712.J2.) between 5d and 4f states when the 4f
state is in the 4f2 configuration with (j,j;,) and (j,j,.) in the
following form:

Eex(mdvsd;j»jlz’jZZ) = Eex(md?sd;j’jlz) + Eex(mdasd;j’jZZ) .
(15)

The calculated results for the XAS and XMCD spectra are
shown in Figs. 7(a) and 7(b), respectively. The value of Uy,
is taken to be 3.0 eV, 5.0 eV, 8.0 eV, and . For Uy
=3.0 eV, the XAS and XMCD spectra exhibit an extra struc-
ture on the lower-energy side of the main peak (4f' peak),
corresponding to the energy position of the 4f> configuration
[see the insets of Figs. 7(a) and 7(b)]. This structure disap-
pears for other values of Uy. The XAS spectra for Uy
=5.0 eV, 8.0 eV, and o0 almost coincide with each other, but
the XMCD intensity of the main peak increases with Uy For
many mixed-valence Ce compounds, the value of Ug has
been estimated to be 6.0~8.0 eV.>!*!15 If we compare the
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FIG. 7. (Color online) (a) XAS and (b) XMCD spectra calcu-
lated for the hybridization strength V,=V,=0.1 eV by changing the
Coulomb interaction strength Uy

results for U ff=8.0 eV and o, it is seen that the effect of the
4f? configuration is fully negligible for XAS and almost neg-
ligible for XMCD.

Here we have disregarded the effect of the j=7/2 states;
but from the comparison of the results for Uy =% in Fig. 7
and for V,=V=0.1 eV in Fig. 5, the effect of the j=7/2
states is negligibly small for XAS and results in slightly
decreasing the intensity of XMCD. If the value of V, in-
creases (decreases), the contribution from the j=7/2 states
increases (decreases), and this contribution causes the change
in the branching ratio of XMCD at L, and L; edges. We will
discuss this effect in more detail in Sec. VL.

V. EFFECT OF 5d SPIN POLARIZATION DUE TO
THE HYBRIDIZATION BETWEEN
THE Ce 5d AND LIGAND BAND

In describing the XMCD of CeFe,, it is important to take
into account the spin polarization of the Ce 5d band due to
the hybridization between the Ce 5d band and the spin-
polarized Fe 3d band, as shown by Asakura et al.'> Here we
incorporate this effect in our calculation made in Sec. III C.
We treat the Ce 5d states as energy bands with a width of
2W=6 eV and assume, following Jo and Imada'® and Mat-
suyama et al.,'" that the density of states of each Ce 5d(du)
band is given by
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)VWz—(e—Edm (16)

where the center of the 5d(dw) band, Edw is to be deter-
mined in the following.

We consider both j=5/2 and 7/2 states and take V,
=0.3 eV, disregarding the final-state mixing V; and the con-
tribution from the 4f> configuration. The ground state is
given by Eq. (2), except for the Ce 5d states. Then the
atomic 5d(du) energy level is given, including the exchange
interaction with Ce 4f states, by

Egu= €5+ 2 Ee(masgijojo)|cf) ) (17)
Jlz

pdp,( 6) = (

aW?

Furthermore, we take into account the spin splitting, Dy, of
the Ce 5d states due to the hybridization with the spin-
polarized Fe 3d band so that E,, in the above equation is
modified to

= D% in 1 Ds in 1
R L R e L]

(18)

where &(my, =1/2) is the Kronecker delta function. This

E,, is taken to be the center of each Ce 5d(du) band. The
Fermi energy € is determined by assuming that the total 5d
electron number (per Ce atom) is unity so that

> jdeM(e)dezl. (19)

mg,sg < —

Since we assume Vf:O, the final states are dgpu|0> and
dgp uli»J2), apart from the 5d(du) band electron states which
exist originally in the ground state. On going from the
ground state to each final state, each 5d(du) band changes in
energy because the exchange energy changes from
Ej’szex(md,sd;j,jz)|c§f’j)z|2 to 0 (for ditp’u|0)) and

E.(my,s457.j.) (for dgp'uj,jz)). However, any rearrange-
ments of electron population among 5d(dw) bands should
not occur because if any rearrangements occur, the overlap
integral of the 5d band states between the ground and the
final states vanishes in the present model. Therefore, the cal-
culations of XAS and XMCD spectra are straightforward by
fixing the 5d(dw) electron population and by calculating the
2p-5d dipole transition only for the empty states of each
5d(dw) band.

The calculated XAS and XMCD spectra are shown for
various values of Dy, in Figs. 8(a) and 8(b), respectively.
The XAS spectrum is almost independent of Dy, and a
small deviation from the result for V,=0.3 eV in Fig. 4(a) is
due to the effect of the finite width of the Ce 5d band. On the
other hand, the XMCD spectrum depends strongly on the
value of Dgy,. In the case of Dg,,=0.0 eV, the result is
essentially the same as that in Fig. 4(b). With increasing
Dgpin, the XMCD spectrum has additional contribution of
positive double peaks for the L; edge and negative double
peaks for the L, edge. In the case of Dy,=0.3 eV, the am-
plitude of the XMCD is of the order of 1.0% of the XAS
amplitude, in agreement with the experimental result of
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FIG. 8. (Color online) (a) XAS and (b) XMCD spectra calcu-
lated for the hybridization strength V,=0.3 eV (V,=0.0 eV) and
by changing the spin splitting of the Ce 5d band, Dy, due to the
hybridization with the spin-polarized ligand band.

CeFe,. In this case the XMCD amplitude (mainly originating
from Dgy,) is about 100 times as large as that originating
from the magnetic polarization of the Ce 4f state (i.e., in the
case of Dyy,,=0.0 eV). The present result confirms explicitly
the assumption by Asakura et al. that the magnetic polariza-
tion of the Ce 4f state can be disregarded in the calculation
of the XMCD for CeFe,.

VI. DISCUSSION

An interesting finding in the present paper is that the
branching ratio Ixyep(Lo)/ Ixmep(L3) changes systematically
with the change in V,. Here we discuss the reason for this in
some detail, assuming V=0. The eigenfunctions of Ce 4f
and ligand states in the final state of XAS are given by |0)
and |j,j.), where |0) does not contribute to XMCD. There-
fore, we can decompose the XMCD spectra at the L, and Lj
edges into the contribution from each |j,j.) state in the fol-
lowing form:

% (20)

Fii(w) = (@) = 2 fir; ()|cf)
JiJz

where fj, ;; is expressed as
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FIG. 9. (Color online) The behavior of f/ ;. jz(w) as a function of
the relative photon energy w for various values of j, and for j
=5/2 (upper panel) and 7/2 (lower panel). For the definition of
fjr,j,jz(w), see the text.

2

1 !
> Qmyl + l|1mp><lmp5sd|j'jz>
m,

2)

+E)*+I%
(21)

firjilw)= 2 (

mg,S g, J i

1 '
E <2md1 - 1|1mp><1mp5sd|jljz>

mp

r
T

X [1- aEex(md»Sd;j’jZ)](
Jol b

as easily seen from Egs. (8)—(11). Here, the final-state energy
Ej; &u1s given by Eq. (5) together with Eq. (7). We remark
that each of fir i, (w) is the XMCD spectrum by fixing the
i) so that it does not include the mixed-
valence character of the ground state.!® On the other hand,

the factor |c;-§-)7|2 in Eq. (20) reflects the character of the
ground state because the contribution from each final state is
determined by the overlap integral |cj(";)|2 between the ground
and final states.

The behavior of f} ;; (w) is shown in Fig. 9 for each set

of values (j,j,) and for j'=1/2(L,) and 3/2(L;). It is seen
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FIG. 10. (Color online) The weight |c(‘g |2 |c(‘3) |? plotted as a
function of (j,;,) for dlfferent values of the ground state hybridiza-

tion strengths, where |c |2 is the weight of the basis state (j,j.) in
the ground state.

that f;, ; ; (w) depends strongly on j and j,. For instance, for
(j,j.)=(5/2, =5/2), the intensity of f;r ;; (w) at the L, edge
is about 1.5 times as large as that at the l3 edge, while for
(j»j.)=(7/2,%=7/2), on the contrary, that at the L; edge is
quite dominant over the L, edge and actually the intensity at
the L; edge is about three times as large as that of (j,j,)
=(5/2,%5/2) and the intensity at the L, edge is exactly
zero. This behavior is determined only by the selection rule
of the 2p-5d electric dipole transition and the exchange en-
hancement of this transition intensity and independent of the
mixed-valence character of the ground state Combining
Firii. (w) with the ground-state character |c , we can learn
many things as shown below.
As fr ;; (w) satisfies the relation,

fj’,j,jz(w) = _fj’,j,—jz(w)7 (22)
we can rewrite the XMCD spectrum as

Y [ @M= 1. (23)

J+j(>0)

F;.r,(w) - F;,(a))

system, |c(g '[* does not
vanish only for |c¥) s ,|* (=1.0) so that the XMCD spectrum
is simply given by fj () for (j,j)=(5/2,5/2) in Fig. 9
(compare this with the corresponding curve in Fig. 4). Tt is
seen that the XMCD intensity at the L, edge is 1.59 times as
large as that at the L; edge. For mixed-valence systems with
V,=0.1 and 0.3 eV, the value of |c;,gj)7|2—|c](ff'_)j7|2 is shown in

Fig. 10 for each combined value of (j,j,). For V,=0.1 eV,
the calculation is made in the two cases where we take into
account (1) both j=5/2 and 7/2 and (2) only j=5/2, but first
we consider the case (1). Here the most dominant contribu-
tion of |c(g)|2 |c(g) [* (=0.01) comes from (j,j.)
=(5/2,5/2) so that the rough estimation of XMCD is about
1.0% of the Ce** system, as mentioned in Sec. Il B. More
quantitatively, however, the next dominant contribution from
(j.j.)=(5/2,3/2) gives a considerable correction (the cor-
rection is about 50% for L; and about 25% for L, with re-

For instance, for the localized Ce3*
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spect to the most dominant value). As seen from Fig. 9, the
intensity of f;: ;; (o) for (j,j)=(5/2,3/2) is slightly larger
at Ly than at L, so that the branching ratio
Ixmep(Lo)  Ixmep(Ls) for V,=0.1 eV becomes 1.31, which
is smaller than that for the localized Ce** system. For the
strongly mixed-valence system with V,=0.3 eV, |cj(-§-)"|2
—|c;‘f_)j7|2 from (j,7,)=(5/2,5/2), (5/2,3/2), and (7/2,7/2) gii/e
considerable contributions to the XMCD intensity. In deter-
mining the branching ratio Ixycp(L,)/ Ixmep(L3), the contri-
bution from (j,j.)=(7/2,7/2) plays the most important role.
Moreover as a result the branching ratio becomes about 0.59,
in sharp contrast to those for V,=0.0001 and 0.1 eV.

Let us consider the case of Vg:O.l eV, taking into ac-
count only j=5/2 states. As seen in Fig. 10, the direct con-
tribution from the j=7/2 states to the XMCD spectrum is
negligibly small, but the calculated results of |CJ('§~|2_|C;‘§7—)]'W|2
for j=5/2 depend on whether or not the j=7/ 2 states are
taken into account in the ground state. As a result, if the j
=7/2 states are disregarded, the XMCD intensity increases
by about 30%, although the branching ratio is almost un-
changed. This explains the difference in the XMCD intensi-
ties in Figs. 5 and 7 (with Uy;=%), where the final-state
mixing effect does not change the XMCD spectra. In the
weakly mixed-valence case, the calculations by disregarding
the j=7/2 states can provide us with a meaningful result as
an approximation method, but it should be noted that the
result of the XMCD spectrum is not sufficiently exact but
requires some corrections in the intensity. If the value of
V, increases (decreases), the correction becomes larger

g
(smaller).

VII. CONCLUDING REMARKS

We have presented a unified theory of XMCD at the L, 5
edges of mixed-valence Ce compounds by taking into ac-
count all of the important ingredients: the hybridization be-
tween Ce 4f and ligand states, the magnetic polarization of
Ce 4f states, the exchange interaction between Ce 5d and 4f
states, and the spin polarization of Ce 5d states due to the
hybridization with the spin-polarized ligand band. The theory
has been applied to the calculations of XAS and XMCD
spectra for a series of Ce compounds: the localized Ce**
system, and the weakly and strongly mixed-valence Ce sys-
tems. The results agree satisfactorily with the experimental
ones for ferromagnetic systems, CeRu,Ge, and CeFe,, and a
paramagnetic system CePd; under an external magnetic field.

In the initial part of our calculations, some simplifying
assumptions were made. We disregarded the hybridization
between the Ce 4f and ligand states in the final state and also
neglected the contribution from the Ce 4f> configuration by
putting U =c. However, we also performed some calcula-
tions including these effects and checked the validity of dis-
regarding these effects. At least for the weakly mixed-
valence systems with V,=0.1 eV or smaller, it is confirmed
that the final-state hybridization and the Ce 4f? contribution
can be disregarded.

Throughout the paper, we confined ourselves into a limit-
ing case where the width of the ligand band vanishes. By this
assumption, the calculations of XAS and XMCD spectra
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were much simplified, avoiding a complicated many-body
process due to the itinerant nature of the ligand band. In
order to make more quantitative calculations to compare pre-
cisely with experimental XAS and XMCD data, it would be
necessary to take into account a finite width of the ligand
band, as well as that of the Ce 5d band. Nonetheless, despite
this extreme simplicity, our model presented in this paper
should be very useful for understanding the qualitative be-
havior of the XAS and XMCD spectra of a variety of differ-
ent Ce compounds. It provides a good starting point for sort-
ing out the important physics that will be necessary in order
to eventually provide a more quantitative theory for these
systems that better handles the itinerant nature of the ligand
and Ce 5d states. Some calculations of XAS and XMCD
spectra, where a finite width of the ligand band is taken into
account, are now in progress and will be published in the
near future.

In this paper the change in XAS and XMCD spectra is
studied by changing the parameter values of V,, V;, U, and
Dgpin. 1t is found that by changing V,, Us, and Dy, the
change in XMCD spectrum is much larger than that in XAS
(see Figs. 4, 7, and 8). On the other hand, the change in V,
causes the changes larger in XAS than in XMCD (see Fig.
6), in marked contrast to the change in other parameters. The
reason for this is that the parameters o Usp and Dspin de-
scribes the ground-state character of the system (or both
ground-state and final-state characters), whereas Vy describes
only the final-state character. Since the XMCD spectrum is
the higher-order quantity than the XAS spectrum, a small
change in the ground-state character is reflected in XMCD
more sensitively than in XAS. The situation is different for
the change in the final-state character. It is well known that
the integrated intensity of XAS and XMCD spectra is deter-
mined only by the ground-state character, independent of the
final-state character. As seen from Fig. 6, the integrated in-
tensity of XAS and XMCD is almost conserved in each of L,
and L3 edges with the change in V. Since the XAS spectra at
L, and Lj edges have double-peak structure, a change in V;
causes the oscillator strength to be transferred from the
higher-energy peak to the lower-energy peak with the inte-
grated intensity kept constant. On the other hand, the XMCD
spectrum has a single-peak structure so that no transfer of
oscillator strength occurs, and thus the change in the XMCD
spectrum with changing V; is much smaller than in the XAS
spectrum. This is an interesting fact which is related with the
sum rule of XAS and XMCD, and a more quantitative un-
derstanding will be left in future investigations.

Finally, we would like to point out that the theoretical
framework presented in this paper can also be applied in
describing the XMCD spectra of mixed-valence Yb com-
pounds and that it will be very interesting to calculate the
XMCD spectra of mixed-valence Ce and Yb compounds in
extremely high magnetic field. Such calculations are now in
progress?® and will be published in the near future.
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