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The soft x-ray absorption spectroscopysXASd and magnetic circular dichroismsMCDd have been measured
around theM4,5 edges atT=20 and 300 K in order to investigate the electronic states of Eu3+ ions in
Eu3Fe5O12. We found a structure in both the XAS and MCD spectra, which was not observed atT=20 K, on
the lower energy side of theM5 edge at room temperature. By using atomic model calculations, the origin of
the structure is assumed to be due to the thermal effect for the degree of admixture of the excited statessJ
=1, 2d and ground statessJ=0d of Eu3+. Developing the linear response model to investigate the magnetic
moment obtained from the experimental spectra, we conclude that the thermal excited states of Eu3+ ions is the
linear combination betweenJ=0, 1, and 2 and the magnetic-field-excited state is the quantum-mechanically
mixed state of the ground and excited states.
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I. INTRODUCTION

Europium iron garnets=EuIGd has been studied for a long
time by many researchers as a typical ferrimagnetic
material.1–5 From the point of view of the study of the elec-
tronic state of Eu3+ in EuIG, the effect of the mixing of the
ground state and excited state at finite temperature has not
been well understood. In the isolated Eu3+ ion, the electronic
state is the ground state withJ=0. The energy difference
between the ground state withJ=0 and the excited states
with J=1, 2 is in the degree of 300 K. The ground state of
Eu3+ ion, therefore, easily admixesJ=0 with J=1, 2 by ther-
mal excitation. In fact, the environment of Eu3+ is not simple
since the Eu3+ ion is surrounded by Fe3+ ions in EuIG and

affected by the internal field from the iron spins. The mag-
netic moment of Eu3+ ions is coupled with that of magnetic
Fe3+ ions at the octahedral site antiferromagnetically and that
of Fe3+ ions at the tetrahedral site ferromagneticallysSee Fig.
1d.2 From these points of view, EuIG is a good candidate to
investigate how the electronic states of Eu3+ ion are affected
by the external field of temperature and magnetic field. The
excited states of Eu3+ ion in EuIG were induced by thermal
energy and the magnetic field. The thermal excited states are
the linear combination betweenJ=0, 1, and 2. On the other
hand, by analyzing the results of magnetic measurements4

and Mössbauer measurements,5 the magnetic-field-excited
states are quantum-mechanically mixed withJ=0, 1, and 2.
However the characteristic contribution from the thermal and

FIG. 1. Schematic representation of the
magnetic-moment array in EuIG. The open,
hatched, and closed circles represent a Fe3+ ion at
the a site, a Fe3+ ion at thed site, and Eu3+ ions,
respectively.MEu represents the magnetic mo-
ment of a Eu ion, andMasdd

Fe represents the mag-
netic moment of an Fe ion at theasdd site. Hex

denotes the external field, whileHint, the internal
field at the Eu sites. We define thez axis along
with Hint in this study.
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the magnetic excitation to excited states has never been stud-
ied separately. To investigate these contributions separately,
the x-ray absorption spectroscopysXASd measurements for
the thermal excitation and magnetic circular dichroism
sMCDd measurements for the magnetic excitation can be
used.

XAS measurements enable us to extract the electronic
state of the specified element when the absorption edge was
selected. Moreover, using MCD measurements, the magnetic
properties with the specified element and orbital can be in-
vestigated. XAS around the EuM4,5 edges, which corre-
sponds to transition from 3d to 4f orbital, can be used to
directly measure the Eu 4f electronic states. Because the 4f
electronic states of Eu bear its magnetism it is expected that
the electronic state change due to thermal excitation will ap-
pear as the XAS spectral change. The MCD around the Eu
M4,5 edges should not be observed in the ground state of the
Eu3+ ion because the ideal ground state of the Eu3+ ion has
no magnetic moment. However, if Eu3+ ions have the excited
states as a results of a magnetic field, the MCD effect would
appear, and the magnetic properties of the Eu3+ ion in EuIG
could be investigated. In addition, the orbital magnetic mo-
ments are estimated by applying the magneto-optical sum
rule sthe so-calledLz sum ruled to XAS and MCD spectra.6,7

At T=0 K, the expected value of theJz of the Eu3+ ion is
zero and the total magnetic moment is equal to the orbital
magnetic moment.

In this paper, we discuss the electronic state of Eu3+ ions
in EuIG under the internal field and at finite temperature. The
experimental method of XAS and MCD measurement is de-
scribed in Sec. II A. In Sec II B, we describ the state of the
experimental result, in which the excited statesJ=1, 2 are
observed. In Sec. III, the method of full-multiplet calcula-
tion, including the internal magnetic field and a finite tem-
perature, is given. In Sec. IV A, the XAS spectral change due
to thermal excitation is discussed by using theoretical calcu-
lations. In Sec. IV B, we discuss the origin of the MCD
effect at low temperature. In Sec. IV C, the total magnetic
moment is estimated by using theLz sum rule and the tem-
perature dependence of the magnetic moment is explained by
the linear response model. In Sec. IV D, the relationship be-
tween the magnetic moment and the internal field is investi-
gated by the linear response model. The results and discus-
sions are summarized in Sec. V.

II. EXPERIMENT

A. Experimental Method

The Eu 3d XAS of EuIG was measured using synchrotron
radiation at soft x-ray beamline BL23SU of SPring-8, Japan.
The light sourcesID23d was an APPLE-2 type variably po-
larizing undulator. The phase shift of the magnet rows of the
undulator provides a switching of the helicity of the circu-
larly polarizing soft x ray. The MCD measurement system,
which was synchronized with a monochromator controlling
the helicity, has a good signal-to-noise ratio with high energy
resolution.9 The optical system of BL23SU is a varied space
plane grating-type monochromator. The energy resolution

was set atE/DEù7000 around the EuM4,5 edges for the
present study.

The absorption spectra were obtained from the total elec-
tron yield sTEYd method by measuring the sample current,
and the TEY spectra is empirically known to correspond with
the x-ray absorption spectra. The incident photon intensity
sI0d was monitored by the mirror current. The photon energy
was calibrated by referring to the NiL2,3 edges of NiO and
the Ti L2,3 edges of TiO2. The sample currentI1 was normal-
ized by theI0 monitor current. The XAS intensityI is defined
as I = I1/ I0, and the MCD spectrum, asIMCD=sI−

− I+d /MAX sI−+ I+d, where I+ and I− denote the absorption
intensities with the photon helicity defined as thez axis in
Fig. 1. Note that thez axis is opposite to the external mag-
netic field. A powder sample of EuIG was pasted uniformly
on a sample holder using pieces of carbon tape. The tempera-
ture of the sample was controlled by a He cryostat. In the
measurements atT=20 and 300 K, a static magnetic field of
0.4 T was applied to the sample.

B. Experimental Results

Figures 2 and 3 show the results of Eu 3d XAS fpanels
sadg and MCD fpanelssbdd measurements for EuIG at tem-
peratures 20 and 300 K, respectively. The 3d XAS in Figs. 2
and 3 consist of the spin-orbit partnersM5 andM4. In theM5

FIG. 2. sad Experimental Eu 3d XAS of EuIG observed at 20 K.
Solid sopend circles represent the XAS intensityI+sI−d for the cir-
cularly polarized photons with helicity +s−d. Inset I shows the en-
larged spectrum around 1150 eV.sbd MCD spectra around the Eu
M4,5 region of EuIG at 20 K. The dots are the raw MCD data, while
the solid line represents the smoothed MCD data. Inset II shows the
enlarged MCD spectrum around 1150 eV.
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region of both figures, three peaks are clearly found, while a
peak profile with a shoulder at the high-energy side is found
in the M4 region. Such spectral features are attributed to the
multiplet interactions in the 3d XAS final state and are a
fingerprint of the valency of the Eu element. The observed
features are similar to those observed for the Eu3+ ion of
other Eu compounds10 and are different from those of the
Eu2+ ion.8 Thus, the Eu ions in EuIG are confirmed to be in
an almost pure trivalent state at 20 and 300 K. As shown in
Figs. 2sad and 3sad, the overall features of Eu 3d XAS at 20
and 300 K are quite similar. However, we find that a struc-
ture A appears at the low-energy side of theM4 edge in the
3d XAS at 300 K in Fig. 3sad, which is clearly shown in the
enlarged spectra around 1150 eV in inset I of Fig. 3sad. The
origin of the temperature change in Eu 3d XAS is discussed
in Sec. IV A.

As shown in Figs. 2sbd and 3sbd, the MCD signals around
the M4,5 edges are clearly observed at both temperatures 20
and 300 K. The MCD spectra show four peaks around the
M5 edge region, three positive peaks B, D, and F, and a
negative peak C, and two positive peaks around theM4 edge
region G and H. As mentioned above, such a complicated
feature in the MCD spectra can be attributed to the multiplet
interaction in the 3d XAS final state. Moreover, we find that
the MCD structure A’ appears at 300 Kssee also the enlarged
spectrum in inset IId, which is related to the structure A in the
Eu 3d XAS shown in the upper panel. Though the MCD
structures observed at 20 and 300 K are quite similar, except
structure A’ at 300 K, the intensity of the signal greatly de-

pends on the temperature, i.e., the intensity of peak C, for
example, changes from 10% at 20 K to 6% at 300 K.

III. THEORETICAL MODEL

The MCD signals around theM4,5 edges of the Eu3+ ions
are theoretically analyzed by means of an atomic-model cal-
culation including a magnetic-field effect. The Hamiltonian
for Eu3+ is given by

H = HSO+ HCoulomb+ HIF, s1d

whereHSO contains the spin-orbit coupling of the 4f and 3d
states andHCoulomb, the multipole part of the 4f −4f interac-
tion and 3d−4f interaction. The termHIF describes the inter-
action of the 4f states with the internal-magnetic field. For
this study, we assume a uniaxial-type fieldHint along with
thez axisssee Fig. 1d at the Eu sites, and thusHIF is given by

HIF = − mzHint = mBsLz + gSzdHint, s2d

whereLz andSz are thez component of the orbital and spin
moments of the Eu 4f shell, mB is the Bohr magneton, and
mzf=−mBsLz+gSzdg is the 4f magnetic moment of a Eu ion.
Theg factor in Eq.s2d is assumed to be 2 in the calculation.
In the present study, the spin-orbit coupling constantsznl in
HSO and the Slater integralsFk and Gk in HCoulomb are nu-
merically estimated within the Hatree-Fock-SlatersHFSd
scheme using a Cowan’s computation program.11 The HFS
values are as follows:z4f =0.175s0.202d eV for the initial
sfinald state of 3d XAS; z3d=11.405 eV;Fk of the 4f −4f
interaction for the initial sfinald state are F2

=14.083s14.800d eV, F4=8.839s9.303d eV, and F6

=6.360s6.698d eV; Fk and Gk of the 3d−4f interaction are
F2=9.368 eV,F4=4.354 eV,G1=6.657 eV,G3=3.901 eV,
and G5=2.695 eV. However, the 80% values ofFk and Gk

are used in the present calculation, which is empirically
known as a good prescription for the 3d XAS calculation of
4f elements.12 Moreover,z4f is reduced to 84.4% of the HFS
value in order to reproduce the first excited energy of 0.041
eV of a free Eu3+ ion.4 Such a reduction ofz4f does not
qualitatively affect the calculation for the low-temperature
region, but it becomes important especially in the quantita-
tive estimation of the 4f magnetic moment andHint at the Eu
sites, since both the temperature and magnetic effects for the
initial state greatly depend on the first-excited-state energy.

The 3d XAS for the circularly polarized incident photons
is calculated by

Iqsvd =
1

Z
o
f,i

e−Ei/kBTzkf uCq
1uilz2dsv + Ei − Efd, s3d

wherei and f are the initial state and the final state, respec-
tively; v ,Ei, and Ef are the photon energy, initial-state en-
ergy, and final-state energy, respectively;Z is the canonical
distribution function for the initial state at the temperatureT
and is given byZ=oie

−Ei/kBT; Cq
1 is the spherical tensor de-

scribing the dipole excitation by the circularly polarized pho-
tons with helicityqs=± d. In the present study, it is sufficient
to consider the initial state population only for the7FJ terms
sJ=0, 1,2,…,d of the Eu3+ 4f6-configuration in order to ob-
tain the convergency.

FIG. 3. sad Experimental Eu 3d XAS of EuIG observed at 300 K
for circularly polarized photons with helicity + and −. Inset I shows
the enlarged spectrum around 1150 eV.sbd MCD spectra around the
Eu M4,5 region of EuIG at 300 K. Inset II shows the enlarged MCD
spectrum around 1150 eV.
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The initial states with a 4f6 configuration and the final
states with a 3d94f7 configuration are obtained by numeri-
cally diagonalizing the Hamiltonian in Eq.s1d. In order to
include both the lifetime of the final state and the experimen-
tal resolution into the spectral calculation, we take into ac-
count the broadening effect for 3d XAS by convoluting the
spectral function in Eq.s3d with a Lorentz function with the
half-width of 0.5 eV at the half-maximum. The MCD signal
IMCD is then calculated as

IMCDsvd =
I−svd − I+svd

maxfI−svd + I+svdg
. s4d

IV. THEORETICAL RESULTS AND DISCUSSION

A. Temperature dependence of Eu 3d XAS

As shown in Figs. 2sad and 3sad, Eu 3d XAS clearly
shows temperature changes. Especially, structure A appears
around the photon energy 1152 eV in the 3d XAS at 300 K.
Such a change can be attributed to the initial state popula-
tion, since the firsts7F1d and seconds7F2d excited states
nearly degenerate with the ground states7F0d of the Eu3+ ion.
According to Wolf and van Vleck,4 the energy difference
between the7F0 and7F1 term is 0.041 eV, which corresponds
to the temperature 480 K. Thus, in the initial state of 3d
XAS, the thermal population of the excited states7F1 and
7F2 cannot be ignored in the vicinity of 300 K.

In order to see the contributions from the7FJ terms, we
show in Fig. 4 the calculated 3d XAS for the initial states
7F0 stop paneld, 7F1 smiddled, and 7F2 sbottomd, where the

insets show the enlargement of each spectrum around the
relative photon energy of 12 eV. In this figure, the spectra are
calculated for unpolarized light and by omitting theHIF term
in Eq. s2d in order to show thepure temperature effect. It is
found that theM5 structure differs among the spectra forJ
=0, 1, and 2, i.e., the intensities of side peaks around the
main peak become weaker going fromJ=0 to 2. Moreover, it
is found that a structure A appears around the relative photon
energy of 12 eV in the spectra forJ=1 and 2ssee also the
insetsd.

Figures 5sad and 5sbd show the theoretical 3d XAS at 20
and 300 K, respectively, where the spectra are calculated for
unpolarized light and with the internal field effect due toHIF.
We see that the characteristic features observed in the experi-
ment in Figs. 2 and 3 are reproduced by the theoretical spec-
tra in Figs. 5sad and 5sbd, i.e., the intensities of the side peaks
around theM5 structure become weaker, and the structure A
around the relative photon energy of 12 eV appears in the
spectra for 300 K. The temperature dependence of the 3d
XAS is more clearly shown in the difference spectra in Fig.
5scd. Such changes in the spectra are interpreted as the con-
tributions from the thermally populated initial states withJ
=1 and 2, as shown in Fig. 4. Actually, the thermal popula-
tion of J multiplets is given as follows: 100%s7F0d for 20 K
and 74%s7F0d, 25%s7F1d, and 1%s7F2d for 300 K. sIt
should be noticed that the use of term7FJ is for convention,
since they are quantum-mechanically mixed with each other
throughHIF.d

B. Origin of the MCD signal of Eu3+ around the Eu M4,5

edges

In the ground state, an isolated Eu3+ ion dose not have a
finite 4f magnetic moment since the Hund’s rule predicts the
7F0 state as the ground state for the 4f6 configuration. Con-
sequently, the MCD signal cannot be expected for a low-
temperature measurement if Eu3+ ions are regarded as iso-
lated ones in materials. Therefore, in order to explain the
MCD signal observed at 20 K in Fig. 2, we must take into

FIG. 4. Theoretical Eu 3d XAS for the initial states7F0 stop
paneld, 7F1 smiddled, and 7F2 sbottomd. The inset in each panel
shows the enlarged spectrum around the relative photon energy 12
eV.

FIG. 5. Temperature dependence of Eu 3d XAS. The theoretical
3d XAS calculated forT=20 K sad and 300 Ksbd are shown. The
curve scd is the difference of spectra betweensad and sbd.
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account the internal field in EuIG. In fact, in the initial state
of Eu 3d XAS, the 7F0 state is expected to quantum-
mechanically hybridize with higher multiplets as7F1 and7F2
through the interactionHIF in Eq. s2d, which can cause the
nonzero MCD signal in the low-temperature measurement.

Figure 6 shows a comparison between the experimental
and theoretical MCD spectra at 20 Kfpanelsadg and 300 K
fpanelsbdg, where the theoretical MCD spectra are shown by
solid lines and the experimental MCD spectra are shown by
dots with solid lines at the bottom of each panel. In addition,
the theoretical 3d XAS are shown by solid lines denoted with
I− and I+ in both panels. In the calculation of the spectra in
Fig. 6, we assume the internal field in Eq.s2d to be 70s55d T
for 20 s300d K so as to reproduce the experimental spectra.
As a consequence, the nonzero MCD signal appears in the
spectrum at 20 K, as expected, and the spectral features ob-
served in the MCD measurement is almost reproduced by the
theoretical spectrum. As the temperature is raised to 300 K,
the theoretical MCD signal becomes weaker around the
whole photon energy region, and a structure indicated by an
up-arrow appears in the MCD spectra. The former is attrib-
uted to the fact that the internal field at 300 K becomes
weaker due to the thermal averaging effect, while the latter
comes from structure A shown in the excited-state absorption
in Fig. 4. As shown here, the most features observed in the
experiment are reproduced by the theoretical calculation.

C. Magnet-optical sum rule for Eu3+

According to the so-calledLz sum rule, one of the well-
known sum rules in the XAS-MCD study, the 4f orbital
magnetic moment can be related with the difference between
the spectral functionsI−− I+. More precisely, the expectation
value kLzl for the 4f shell is given by the formula6,7

E
M4+M5

sI− − I+ddv

E
M4+M5

sI− + I+ + I0ddv

=
kLzl

3s14 −nfd
, s5d

whereIqsq=0, ±d represents the spectral function of the 3d
→4f absorption process for the incident-photon helicityq
andnf is the 4f electron number of theR ion in the ground
state. The integrals in the left-hand side of Eq.s5d are taken
over the whole energy region around theM4 andM5 edges.
TheLz sum rule generally holds for x-ray absorption regions
related with the dipole excitation, such as theM5+M4 region
of rare-earth compounds and theL3+L2 region of transition-
metal compounds, under a plausible assumption that the ra-
dial part of the valence-electron wave function does not de-
pend on the energy around the edges.

In the case of the Eu3+ ion in the internal field, the in-
duced 4f magnetic moment in the ground stateugl can be
directly linked with theLz sum rule as follows: the ground-
state average of thez component of the 4f magnetic moment
mz=−mBsLz+2Szd is generally given by

kgumzugl = − 2mBkguJzugl + mBkguLzugl. s6d

However, since theJz remains as a good quantum number
even if there is a uniaxial perturbation as in Eq.s2d, kguJzugl
for Eu3+ is kept to be 0 as long as the internal-fieldHint is not
so strong, and, thus, the order of the lowest few energy levels
is not reversed. Thus, we obtain the formula

kgumzugl = mBkguLzugl, s7d

for Eu3+ at T=0 K, and we can estimate the 4f magnetic
moment by directly accessing theLz sum rule given in Eq.
s5d.

At a finite temperature, however, we must also consider
the contribution from theJz term, since the thermal popula-
tion in the lowest few excited states with nonzeroMJ value,
such as7F1,MJ=±1, cannot be negligibly small in the vicinity
of 300 K. In fact, considering the thermal population in the
7F1 states withMJ=0 and ±1, thelinear responseof the
thermal averagekJzl at the temperatureT is given by

kJzllinear= −
3mB

kBT

e−D10/kBT

1 + 3e−D10/kBT , s8d

as derived in the Appendix , whereD10 denotes the energy
differenceE1−E0 between theJ=0 andJ=1 states of Eu3+

free from the magnetic interaction in Eq.s2d, i.e., unper-
turbed Eu3+. Then, the ground-state relation in Eq.s7d no
longer exactly holds at finite temperature.

Figure 7 illustrates the relation betweenkmzl ssolid-line
curved and mBkLzl sdashed-line curved as a function of the
temperatureT, where the internal field is fixed asHint
=70 T. The curves are obtained from the atomic model cal-
culation considering the thermal population in theperturbed
7FJ states fromJ=0 to 5. We find that, as expected from Eq.
s8d, thekJzl value gradually changes from 0 to a negative one
when the temperature is raised from 0 K. This change comes
mainly from the unbalance in the thermal populations for the

FIG. 6. Comparison between theoretical MCD spectrassolid
lined and experimental spectrasdots with solid lined for 20 K sad and
300 K sbd. The theoretical 3d XAS I± is also shown in both panels
for the incident photon helicity + and −.
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7F1,MJ=−1 and 7F1,MJ=+1 states, i.e., the former has more
weight than the latter when the internal field is applied, since
the energy of the former becomes lower than that of the latter
due to the Zeeman effect for theJ=1 states. Consequently,
when the temperature is raised from 0 K, the thermal average
kmzl becomes to deviate frommBkLzl following the relation
kmzl=−2mBkJzl+mBkLzl, among the thermal average quanti-
ties. The overall behavior ofkmzl against the temperature
shows the typical behavior of the van Vleck-type magnetism,
i.e., a plateau in the low-temperature region and a gradual
reduction at the high-temperature region, which can be well
simulated as thelinear responsefor the internal field

kmzllinear=
8mB

2Hint

D10
gsTd, s9d

where gsTd describes the temperature dependence and is
given by

gsTd = F1 +S 9D10

16kBT
+

15D10

8D21
− 1De−D10/kBTG

3s1 + 3e−D10/kBTd−1. s10d

In the derivation of Eq.s10d, which is given in the Appendix,
thermal populations for only the7F0 and 7F1 states are con-
sidered. Note thatgs0d=1 and, thus, the coefficients forgsTd
in Eq. s9d give a linear response at 0 K.

Using theLz sum rule in Eq.s5d and the expression in Eq.
s7d, we can estimate the 4f magnetic moment at low tem-
perature directly from the MCD measurements. In the
present study, the value of 0.73mB per a Eu3+ ion was ob-
tained at 20 K. Actually, we have replacedI0 in Eq. s5d by
sI−+ I+d /2 in this estimation, which would induce a negligi-
bly small error. Note that the magnetic-moment value ob-
tained in the present study is consistent with that obtained
from magnetization measurements.4

Here, we should emphasize the advantage of the MCD
study of Eu3+ ion in EuIG. In conventional magnetization
measurements, a precise estimation of the magnetic moments
of Eu3+ is difficult, since such measurements would yield the
overall magnetic response from both Fe and Eu moments and
the magnetic moment of Eu ions is much smaller than that of

Fe ions. However, in the MCD measurements, the magnetic
property of Eu can be directly accessed and precisely esti-
mated owing to the advantage of the element and orbital
selectivity of this technique. However, in order to precisely
estimate the 4f magnetic moment at finite temperature from
the XAS-MCD study, further analysis is required, since a
simple relation such as that given in Eq.s7d no longer holds
exactly in the high-temperature region, as described above.

D. 4f magnetic moment and internal field

As discussed so far, the internal field induces the finite 4f
magnetic moment of the Eu3+ ion, which is approximately
described as the linear response in Eq.s9d, and thus causes
the MCD in the Eu 3d XAS. Therefore, in addition to the 4f
magnetic moment, the internal field at the Eu sites can be
estimated from the MCD measurements.

Figure 8 shows theHint dependence of the thermal aver-
ageskmzl ssolid-line curvesd andmBkLzl sdashed-line curvesd,
where the temperature is fixed to be 20 and 300 K in panels
sad and sbd, respectively. The curves in Fig. 7 are theoreti-
cally obtained using the present model system. We see that
both kmzl andmBkLzl monotonously increase when the inter-
nal field becomes stronger. Such a behavior of thekmzl
curves can be well simulated by the linear responsekmzllinear

sdotted curvesd in Eq. s9d. It should be noted that the two
curves in panelsad almost completely coincide with each
other, since the deviation from Eq.s7d remains negligibly
small at the low temperature of 20 K. This situation is in
contrast with thekmzl−mBkLzl relation at 300 K in panelsbd,
where the thermal population in the lowest few excited states
with a nonzeroMJ value cannot be ignored and contributes
to the deviation.

FIG. 7. Theoreticalkmzl ,mBkLzl, and mBkJzl against the tem-
perature, whereHint is fixed to be 70 T. In the low-temperature
regionsTø50 Kd, kmzl coincides withmBkLzl, while, in the higher-
temperature region, they are separated from each other because of
the thermal contributions from such a state withMJÞ0.

FIG. 8. Theoretically obtained 4f magnetic momentkmzl ssolid
line curvesd and 4f orbital magnetic momentmBkLzl sdashed line
curvesd of a Eu ion against the internal field. In panelsad for T
=20 K, both curves almost completely coincide with each other,
while, in panel sbd for T=300 K, they are separated due to the
thermal population in such a state withMJÞ0. kmzl is well simu-
lated by dotted lines obtained from Eqs.s9d ands10d. The black dot
in each panel shows the experimental value ofmBkLzl, obtained
from theLz sum rule for XAS-MCD measurements.
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Using the curves shown in Fig. 8, we can estimate both
the 4f magnetic moment of the Eu ion and the internal mag-
netic field at the Eu sites from MCD measurements. The
closed circles in Figs. 8sad and 8sbd show themBkLzl value
experimentally obtained from the MCD spectra in Figs. 2
and 3 using theLz sum rule in Eq.s5d. Then, the internal field
at the Eu sites of EuIG is estimated to be 72±7 T at 20 K
and 57±3 T at 300 K, while the 4f-magnetic moment of Eu
ions is estimated to be 0.73mB at 20 K and 0.46mB at 300 K.
The value of the internal field at 20 K is consistent with that
obtained from the Mössbauer measurements by Nowik and
Ofer,5 but the value at 300 K is considerably larger than the
33.5±5 T obtained by them. This discrepancy at 300 K can
be responsible for the inadequate statistics and the low-
energy resolution in the Mössbauer measurements, as they
commented in Ref. 8.

As demonstrated so far, both the statistical accuracy and
energy resolution in the XAS-MCD measurement are high
enough to estimate the internal magnetic field at the Eu site
with accuracy. Moreover, the MCD technique can easily in-
vestigate the temperature dependence. Thus, we propose that
the MCD measurement can be a good probe for the local
internal-magnetic field in ferromagnetic materials including
Eu3+ or Sm2+ which also has the 4f6 configuration.

V. CONCLUSION

The electronic structure of EuIG is investigated by means
of x-ray absorption spectroscopysXASd and magnetic circu-
lar dichroismsMCDd measurement. This study succeeds in
the observation of the MCD around the EuM4,5 edges,
which is caused by the finite 4f magnetic moment of Eu3+

induced by the van Vleck-type magnetism through the inter-
nal magnetic field of EuIG. The Eu 3d XAS and the MCD
spectra observed at the temperatures 20 and 300 K clearly
show the temperature change: The MCD signal intensity sig-
nificantly changes between 20 and 300 K and a spectral
structure appears at the low-energy side of the EuM4 edge in
both the 3d XAS and MCD spectra at 300 K.

The observed spectra are analyzed by means of the full-
multiplet atomic-model calculation for Eu3+, including the
internal-field effect. The experimentally observed features in
the 3d XAS and MCD spectra are almost reproduced by
theoretical calculations. Because of quantum mechanical
mixing among7FJ terms with J=0, 1, and 2 through the
internal field, the Eu3+ ion has a nonzero magnetic moment
even in its ground state. This is the origin of the MCD signal
observed at 20 K. Moreover, the structure observed at 300 K
is attributed to the contributions from theJ=1 and 2 states,
which are thermally populated in the initial state of the sys-
tem. The magnet-optical sum rule for Eu3+ is discussed, and
it is shown that both the 4f magnetic moment and internal
field can be estimated using the so-calledkLzl sum rule.
From a comparison between the experiment and the theory,
the net magnetic moment of the Eu3+ ion, which is induced
by the van Vleck-type magnetism thorough the internal mag-
netic field of EuIG, is estimated to be 0.73mB at 20 K and
0.46mB at 300 K, and the internal-magnetic field at the Eu
sites is estimated to be about 72 T at 20 K and 57 T at 300 K.

We developed the linear response model to treat perturbative
induced magnetic moments and showed the 4f magnetic mo-
ment of the Eu3+ ion as the application of this model. Finally,
we studied the characteristic contribution from thermal and
the magnetic excitation to the excited states saparetely and
conclude that the thermal excited states of Eu3+ ions are the
linear combination betweenJ=0, 1, and 2 and that the
magnetic-field-excited state is the quantum-mechanically
mixed state of the ground and excited states.

APPENDIX: LINEAR RESPONSE

The linear responses ofJz andmz in Eqs.s8d and s9d for
the internal magnetic fieldHint are derived from a standard
formula of the linear response theory13

kAl = kAl0 −E
0

b

dtkVstdAl0. sA1d

In this equation,kAl andkAl0 are the thermodinamical aver-
age of an operatorA in the perturbed and unperturbed sys-
tems, respectively,b=1/kBT, and Vstd=etH0Ve−tH0, where
H0 is the unperturbed Hamiltonian andV is the perturbation.

In the case of Eu3+, the first term in Eq.sA1d vanishes for
both Jz and mz because of the spherical symmetry in the
unperturbed system. However, if the perturbation,V=
−mzHint in the present case, is switched on, we obtain a finite
response through the formulas

kJzl = HintE
0

b

dtkmzstdJzl0, sA2d

and

kmzl = HintE
0

b

dtkmzstdmzl0. sA3d

The right-hand sides of Eqs.sA2d andsA3d can be estimated
within the LS-coupling scheme for the unperturbed system.
In the present study, it is sufficient to consider thermal popu-
lations only in the lowest few levels, i.e.,7FJ states withJ
=0 or 1 of Eu3+. Then, Eq.sA2d is approximated as

kJzl = HintE
0

b

dto
J=0

1

o
MJ=−J

J

e−bEJMJkJMJumzuJMJl, sA4d

which can be further reduced using the Wigner-Eckart theory
with the reduced matrix element for the7FJ terms as

kJimiJ8l = − 2mBdJJ8
Îs2J + 1dsJ + 1dJ

+ s− 1dJ8+12Î21mB
Îs2J + 1ds2J8 + 1d

3 H3 3 1

J J8 3
J . sA5d

Using a standard table for 3j and 6j symbols, we obtain Eq.
s8d.14 Similarly, Eq. sA3d can be approximated as
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kJzl = HintE
0

b

dto
J=0

1

o
J8=0

2

o
MJ,MJ8

e−bEJetsEJ−EJ8d

3 ukJMJumzuJ8MJ8lu
2, sA6d

considering the thermal population only for theJ=0 andJ
=1 states, which can be reduced to Eq.s9d using the Wigner-
Eckart theory and Eq.sA5d.
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