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The soft x-ray absorption spectrosca@§AS) and magnetic circular dichroisMCD) have been measured
around theM, 5 edges atT=20 and 300 K in order to investigate the electronic states of Eans in
EuwFe;01,. We found a structure in both the XAS and MCD spectra, which was not observied28t K, on
the lower energy side of thiels 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 states
=1, 2 and ground state€]=0) of Euw**. Developing the linear response model to investigate the magnetic
moment obtained from the experimental spectra, we conclude that the thermal excited stafésamiss the
linear combination betweed=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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[. INTRODUCTION affected by the internal field from the iron spins. The mag-
netic moment of EXf ions is coupled with that of magnetic
Europium iron garnet=EulG) has been studied for a long Fe** ions at the octahedral site antiferromagnetically and that
time by many researchers as a typical ferrimagnetiof F€* ions at the tetrahedral site ferromagneticéfge Fig.
material*~> From the point of view of the study of the elec- 1).2 From these points of view, EulG is a good candidate to
tronic state of E&" in EulG, the effect of the mixing of the investigate how the electronic states offEion are affected
ground state and excited state at finite temperature has nby the external field of temperature and magnetic field. The
been well understood. In the isolated®Eion, the electronic  excited states of Bl ion in EulG were induced by thermal
state is the ground state with=0. The energy difference energy and the magnetic field. The thermal excited states are
between the ground state witheO and the excited states the linear combination betweel*0, 1, and 2. On the other
with J=1, 2 is in the degree of 300 K. The ground state ofhand, by analyzing the results of magnetic measurerhents
Eu®* ion, therefore, easily admixels=0 with J=1, 2 by ther- and Méssbauer measuremehtihe magnetic-field-excited
mal excitation. In fact, the environment of s not simple  states are quantum-mechanically mixed with0, 1, and 2.
since the E&" ion is surrounded by Fé ions in EulG and However the characteristic contribution from the thermal and

Heyx FIG. 1. Schematic representation of the
magnetic-moment array in EulG. The open,
hatched, and closed circles represent%i’lr'(m at
the a site, a F&* ion at thed site, and E&" ions,
respectively. Mg, represents the magnetic mo-
ment of a Eu ion, and!/la(d)Fe represents the mag-
netic moment of an Fe ion at the{d) site. Hgy

denotes the external field, whilé,,, the internal
a d field at the Eu sites. We define tlzeaxis along
M M M . I
Eu Fe Fe with Hip in this study.

H.. at Eu-site
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the magnetic excitation to excited states has never been stud- Eu 3d XAS-MCD 20K
ied separately. To investigate these contributions separately, 0 @ ' s ]
the x-ray absorption spectroscopfAS) measurements for ' " oo
the thermal excitation and magnetic circular dichroism 08l
(MCD) measurements for the magnetic excitation can be o
used. ;

g
€ 0.6}
XAS measurements enable us to extract the electronic é

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 EM, s edges, which corre-
sponds to transition fromdto 4f orbital, can be used to
directly measure the Euf&lectronic states. Because the 4
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
M, 5 edges should not be observed in the ground state of the
Eu* ion because the ideal ground state of thé*Han has
no magnetic moment. However, if Elions have the excited
states as a results of a magnetic field, the MCD effect would
appear, and the magnetic properties of thé*Eon in EulG
could be investigated. In addition, the orbital magnetic mo-
ments are estimated by applying the magneto-optical sum 1120 114011601180 1200
rule (the so-called_, sum rulg to XAS and MCD spectr&’
At T=0 K, the expected value of thi of the EF#* ion is
zero and the total magnetic moment is equal to the orbital FIG. 2. (a) Experimental Eu 8 XAS of EulG observed at 20 K.
magnetic moment. Solid (open circles represent the XAS intensity(l_) for the cir-
In this paper, we discuss the electronic state of*Eons  cularly polarized photons with helicity(+). Inset | shows the en-
in EulG under the internal field and at finite temperature. Thdarged spectrum around 1150 &) MCD spectra around the Eu
experimental method of XAS and MCD measurement is deMy s region of EulG at 20 K. The dots are the raw MCD data, while
scribed in Sec. Il A. In Sec 1l B, we describ the state of thethe solid line represents the smoothed MCD data. Inset Il shows the
experimental result, in which the excited stafissl, 2 are  enlarged MCD spectrum around 1150 eV.
observed. In Sec. lll, the method of full-multiplet calcula-
tion, including the internal magnetic field and a finite tem-was set ate/ AE=7000 around the EM, 5 edges for the
perature, is given. In Sec. IV A, the XAS spectral change dugresent study.
to thermal excitation is discussed by using theoretical calcu- The absorption spectra were obtained from the total elec-
lations. In Sec. IV B, we discuss the origin of the MCD tron yield (TEY) method by measuring the sample current,
effect at low temperature. In Sec. IV C, the total magneticand the TEY spectra is empirically known to correspond with
moment is estimated by using the sum rule and the tem- the x-ray absorption spectra. The incident photon intensity
perature dependence of the magnetic moment is explained k§y;,) was monitored by the mirror current. The photon energy
the linear response model. In Sec. IV D, the relationship bewas calibrated by referring to the Mi, ; edges of NiO and
tween the magnetic moment and the internal field is investithe TiL, ; edges of TiQ. The sample currer was normal-
gated by the linear response model. The results and discuizzed by thel, monitor current. The XAS intensityis defined
sions are summarized in Sec. V. as I=I,/l,, and the MCD spectrum, aslycp=(I-
=1,)/MAX (I_+1,), wherel, and |_ denote the absorption
intensities with the photon helicity defined as thaxis in
Il EXPERIMENT Fig. 1. Note that the axis is opposite to the external mag-
A. Experimental Method netic field. A powder sample of EulG was pasted uniformly
on a sample holder using pieces of carbon tape. The tempera-
The Eu 3l XAS of EulG was measured using synchrotron ture of the sample was controlled by a He cryostat. In the
radiation at soft x-ray beamline BL23SU of SPring-8, Japanmeasurements dt=20 and 300 K, a static magnetic field of
The light sourcglD23) was an APPLE-2 type variably po- 0.4 T was applied to the sample.
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 Figures 2 and 3 show the results of Ed AS [panels
the helicity, has a good signal-to-noise ratio with high energy@] and MCD [panels(b)) measurements for EulG at tem-
resolution? The optical system of BL23SU is a varied spaceperatures 20 and 300 K, respectively. TREXAS in Figs. 2
plane grating-type monochromator. The energy resolutio@nd 3 consist of the spin-orbit partnés; andM,. In the M5

MCD (%)

Energy (eV)

B. Experimental Results
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Eu 3d XAS-MCD 300K pends on the temperature, i.e., the intensity of peak C, for
10 @ tm nset! 4 i example, changes from 10% at 20 K to 6% at 300 K.
sk . | Ill. THEORETICAL MODEL
’ 0.08]

The MCD signals around thiel, 5 edges of the Eif ions

06| ol 11 are theoretically analyzed by means of an atomic-model cal-
culation including a magnetic-field effect. The Hamiltonian
for EU®* is given by

XAS (arb. units)

H =Hso+ Heoulombt Hirs 1)

whereHgg contains the spin-orbit coupling of thd 4nd 3
states andHcqu0mp the multipole part of the #-4f interac-
tion and 3-4f interaction. The terni - describes the inter-
action of the 4 states with the internal-magnetic field. For
this study, we assume a uniaxial-type fietg,, along with
thez axis(see Fig. 1 at the Eu sites, and thitg is given by

Hie = = uHin = ue(l, + 9S)Hin, (2

wherel, and S, are thez component of the orbital and spin
moments of the Eu #shell, ug is the Bohr magneton, and
c oo ul=—ug(L,+9S)] is the 4 magnetic moment of a Eu ion.
Theg factor in Eq.(2) is assumed to be 2 in the calculation.
In the present study, the spin-orbit coupling constaptsn
Energy (V) Hso and the Slater integrals® and GX in Heoyjoms @re NU-

FIG. 3. (a) Experimental Eu 8 XAS of EulG observed at 300 K merically e_stlmated W't,h'n the Ha_tree-Fock-SIat(eﬂFS)
for circularly polarized photons with helicity + and —. Inset | shows SCheme using a Cowan's computation progfamihe HFS
the enlarged spectrum around 1150 @Y.MCD spectra around the vglues are as follows{4=0.1750.202 eV for the initial
Eu M, s region of EulG at 300 K. Inset Il shows the enlarged McD (final) state of & XAS; {33=11.405 eV;Fk of the 4f-4f
spectrum around 1150 eV. interaction for the initial (final) state are F?

. . ~ =14.08314.800 eV, F*=8.8399.303 eV, and F°
region of 'both.ﬁgures, three peaks are clearly fognd,. while &6.3606.699 eV: F* and G of the 3i—4f interaction are
peak profile Wlth a shoulder at the high-energy s_lde is foungt2_g 368 eV, F4=4.354 eV, G1=6.657 eV, G3=3.901 eV,
in th_e My region. _Such_ spectral features are attributed to the,,y g5=2.695 eV. However, the 80% values Bf and G¥
multiplet interactions in the @ XAS final state and are a 5.6 ysed in the present calculation, which is empirically

%nown as a good prescription for thel XAS calculation of

. 4f elements? Moreover,Z,; is reduced to 84.4% of the HFS
Oth‘fr_ E“8 compound$ and are different from those of the 5, in order to reproduce the first excited energy of 0.041
Ew?* ion8 Thus, the Eu ions in EulG are confirmed to be in eV of a free EG* ion Such a reduction of, does not

an almost pure frivalent state at 20 and 300 K. As shown iny yjitatively affect the calculation for the low-temperature
Figs. 28) and 3a), the overall features of EUBXAS at 20 e4ion pbut it becomes important especially in the quantita-
and 300 K are quite similar. However, we find that. a Struc+;,e estimation of the #magnetic moment anid, ; at the Eu

ture A appears at the low-energy side of Mg edge in the o5 since both the temperature and magnetic effects for the

3d XAS at 300 K in Fig. 3a), which is clearly shown in the jitiq| state greatly depend on the first-excited-state energy.
enlarged spectra around 1150 eV in inset | of Figy3The The 31 XAS for the circularly polarized incident photons
origin of the temperature change in Ed ZAS is discussed is calculated by

in Sec. IV A,

As shown in Figs. &) and 3b), the MCD signals around
the M, 5 edges are clearly observed at both temperatures 20
and 300 K. The MCD spectra show four peaks around the
Mg edge region, three positive peaks B, D, and F, and avherei andf are the initial state and the final state, respec-
negative peak C, and two positive peaks aroundMeedge  tively; ,E;, andE; are the photon energy, initial-state en-
region G and H. As mentioned above, such a complicate@rgy, and final-state energy, respectivelyis the canonical
feature in the MCD spectra can be attributed to the multipledlistribution function for the initial state at the temperatilire
interaction in the @ XAS final state. Moreover, we find that and is given byZ==;e /s, Cé is the spherical tensor de-
the MCD structure A appears at 300(Kee also the enlarged scribing the dipole excitation by the circularly polarized pho-
spectrum in inset )| which is related to the structure A in the tons with helicityq(=+). In the present study, it is sufficient
Eu 3d XAS shown in the upper panel. Though the MCD to consider the initial state population only for tFiéJ terms
structures observed at 20 and 300 K are quite similar, exced=0, 1,2,..,) of the E¢* 4f®-configuration in order to ob-
structure A’ at 300 K, the intensity of the signal greatly de-tain the convergency.

_B i i i I I
1120 1140 1160 1180 1200

features are similar to those observed for thé*Bon of

1
ly(w) = EE e BT |CHi)Po(w + E - Ey), (3)
i
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0al ..J‘\I od FIG. 5. Temperature dependence of ELX3AS. The theoretical
T e 3d XAS calculated forT=20 K (a) and 300 K(b) are shown. The
02 .L A {j\ y curve (c) is the difference of spectra betweés and (b).
b
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Energy (6V) insets show the enlargement of each spectrum around the

relative photon energy of 12 eV. In this figure, the spectra are
FIG. 4. Theoretical Eu @ XAS for the initial states’F, (top ~ Calculated for unpolarized light and by omitting tHg- term

pane), 'F, (middle), and ’F, (bottom. The inset in each panel N EQ. (2) in order to show theure temperature effect. It is

shows the enlarged spectrum around the relative photon energy found that theMs structure differs among the spectra fbr

eV. =0, 1, and 2, i.e., the intensities of side peaks around the

main peak become weaker going frdm0 to 2. Moreover, it

is found that a structure A appears around the relative photon

The initial states with a # configuration and the final )
g energy of 12 eV in the spectra fd=1 and 2(see also the

states with a 8%f’ configuration are obtained by numeri- insets
cally diagonalizing the Hamiltonian in Eq1). In order to 7 .

include both the lifetime of the final state and the experimen- g'gg(r)e; %) and ‘U‘b)l shor\]/v thehtheoretlcaIcBXAsl at|20 dqf
tal resolution into the spectral calculation, we take into acd" ) K, respectively, where the spectra are calculated for
count the broadening effect fod3XAS by convoluting the unpolarized light and with the internal field effect dueHg.
spectral function in Eq(3) with a Lorentz function with the We see that the characteristic features observed in the experi-

half-width of 0.5 eV at the half-maximum. The MCD signal ment in Figs. 2 and 3 are reproduced by the theoretical spec-
lep iS then calculated as tra in Figs. %a) and 8b), i.e., the intensities of the side peaks

around theMs structure become weaker, and the structure A
I_(w) =l (w) around the relative photon energy of 12 eV appears in the
Imcp(w) = max{| (o) +1,(w)]’ (4) spectra for 300 K. The temperature dependence of the 3
B ’ XAS is more clearly shown in the difference spectra in Fig.
5(c). Such changes in the spectra are interpreted as the con-
tributions from the thermally populated initial states with
IV. THEORETICAL RESULTS AND DISCUSSION =1 and 2, as shown in Fig. 4. Actually, the thermal popula-
A. Temperature dependence of Eu 8 XAS tion of J multiplets is given as follows: 100%F,) for 20 K

d 74%'F,), 25%('F,), and 1%’F,) for 300 K. (It
As shown in Figs. @) and 3a), Eu 3 XAS clearly an «'Fo) &Fy, an @ Fp) for (

shows temperature changes. Especially, structure A appeai%owd be noticed that the use of teff is for convention,
around the photon energy 1152 eV in thit BAS at 300 K, ce they are quantum-mechanically mixed with each other

Such a change can be attributed to the initial state populathrouth'F')

tion, since the first('F,) and second’F,) excited states . _ .

nearly degenerate with the ground stdlfe,) of the EF* ion. B. Origin of the MCD signal of Eu®" around the Eu M, 5

According to Wolf and van Vleck,the energy difference edges

between théF, and’F, term is 0.041 eV, which corresponds  In the ground state, an isolated ¥ton dose not have a

to the temperature 480 K. Thus, in the initial state af 3 finite 4f magnetic moment since the Hund'’s rule predicts the

XAS, the thermal population of the excited stal7§q and 7F0 state as the ground state for th#® 4onfiguration. Con-

’F, cannot be ignored in the vicinity of 300 K. sequently, the MCD signal cannot be expected for a low-
In order to see the contributions from tAE; terms, we  temperature measurement if £lons are regarded as iso-

show in Fig. 4 the calculatedd3XAS for the initial states lated ones in materials. Therefore, in order to explain the

F, (top panel, F, (middle), and ’F, (bottor), where the MCD signal observed at 20 K in Fig. 2, we must take into

134416-4
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Eu®* 3d XAS and MCD
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FIG. 6. Comparison between theoretical MCD spedsalid
line) and experimental spect(dots with solid line for 20 K (a) and

300 K (b). The theoretical 8 XAS 1, is also shown in both panels

for the incident photon helicity + and -.

account the internal field in EulG. In fact, in the initial state

PHYSICAL REVIEW B 71, 134416(2005

f (I--1)dw
My +Mg

f (I-+1,+1p)dw
Mg+Msg

wherel,(q=0, %) represents the spectral function of thet 3
—4f absorption process for the incident-photon heliaity
andn; is the 4 electron number of th& ion in the ground
state. The integrals in the left-hand side of E5). are taken
over the whole energy region around thlg and M5 edges.
The L, sum rule generally holds for x-ray absorption regions
related with the dipole excitation, such as tle+M, region

of rare-earth compounds and the+L, 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 EXi ion in the internal field, the in-
duced 4 magnetic moment in the ground stdt can be
directly linked with thel, sum rule as follows: the ground-
state average of thecomponent of the #magnetic moment

u,=—ug(L,+2S) is generally given by
(9lpd9) = = 2us(93,]0) + ne(glLA9)- (6)

However, since the, remains as a good quantum number
even if there is a uniaxial perturbation as in E2), (g|J,/g)

W
3(14 _nf),

(5

of Eu & XAS, the 'F, state is expected to quantum- for Eu** is kept to be 0 as long as the internal-fielg; is not

mechanically hybridize with higher multiplets 45, and'F,

so strong, and, thus, the order of the lowest few energy levels

through the interactiom,- in Eq. (2), which can cause the IS not reversed. Thus, we obtain the formula

nonzero MCD signal in the low-temperature measurement. (9l149) = ualglLg), (7)
Figure 6 shows a comparison between the experimental

and theoretical MCD spectra at 20[ianel(a)] and 300 K for EU** at T=0 K, and we can estimate thef 4nagnetic

[panel(b)], where the theoretical MCD spectra are shown bymoment by directly accessing thg sum rule given in Eq.

solid lines and the experimental MCD spectra are shown by5)-

dots with solid lines at the bottom of each panel. In addition, At a finite temperature, however, we must also consider

the theoretical 8 XAS are shown by solid lines denoted with the contribution from theJ, term, since the thermal popula-

I_andl, in both panels. In the calculation of the spectra intion in the lowest few excited states with nonzéig value,

Fig. 6, we assume the internal field in E8) to be 70(55) T such aS7F1,MJ:11! cannot be negligibly small in the vicinity

for 20 (300 K so as to reproduce the experimental spectraof 300 K. In fact, considering the thermal population in the

As a consequence, the nonzero MCD signal appears in th7a~:1 states withM;=0 and %1, thelinear responseof the

spectrum at 20 K, as expected, and the spectral features othermal averagél,) at the temperaturg is given by

served in the MCD measurement is almost reproduced by the AyokeT

theoretical spectrum. As the temperature is raised to 300 K, _3pug_ €79

the theoretical MCD signal becomes weaker around the keT 1+ 3¢ fa0keT’

whole photon energy region, and a structure indicated by a

up-arrow appears in the MCD spectra. The former is attrib- _ - - +
uted to the fact that the internal field at 300 K becomesfdr':;f(;a rggﬁ?% e E&;g;gﬁf ninttr:a?]ac?io?\n?n\] Ez;te}tgs %fnlsgr_

weaker due to the thermal averaging effect, while the Iatte[urbed E@". Then, the ground-state relation in E) no
comes from structure A shown in the excited-state absorptionjnger exaétly holas at finite temperature ’
in Fig. 4. As shown here, the most features observed in the Figure 7 illustrates the relation betweén,) (solid-line

experiment are reproduced by the theoretical calculation. curve and ug(L,) (dashed-line curjeas a function of the
temperatureT, where the internal field is fixed abl;,
=70 T. The curves are obtained from the atomic model cal-
According to the so-calletl, sum rule, one of the well- culation considering the thermal population in therturbed
known sum rules in the XAS-MCD study, thef 4rbital 7FJ states fromJ=0 to 5. We find that, as expected from Eq.
magnetic moment can be related with the difference betwee(8), the(J,) value gradually changes from 0 to a negative one
the spectral functions.—1,. More precisely, the expectation when the temperature is raised from 0 K. This change comes
value(L,) for the 4 shell is given by the formufa mainly from the unbalance in the thermal populations for the

<Jz>linear: (8)

Hs derived in the Appendix , wherk,, denotes the energy

C. Magnet-optical sum rule for Eu®*

134416-5
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FIG. 7. Theoreticaku,), ug(L,), and ug(J,) against the tem- 0z . 7
perature, whereH;,; is fixed to be 70 T. In the low-temperature oL ]
region(T<50 K), (u, coincides withug(L,), while, in the higher- 0 2 40 60 80 100

temperature region, they are separated from each other because of Magnetic Field (Tesla)

the thermal contributions from such a state whly # 0. FIG. 8. Theoretically obtainedf4magnetic momenfu,) (solid

. . . line curveg and 4 orbital magnetic momenig(L,) (dashed line
Fime=1 and 'Fyy ., states, ie., the former has more curveg of a Eu ion against the internal field. In parte) for T
weight than the latter when the internal field is applied, since=20 K, both curves almost completely coincide with each other,
the energy of the former becomes lower than that of the lattewhile, in panel(b) for T=300 K, they are separated due to the
due to the Zeeman effect for thie=1 states. Consequently, thermal population in such a state wikh;# 0. (u,) is well simu-
when the temperature is raised from 0 K, the thermal averag@ted by dotted lines obtained from E¢8) and(10). The black dot
{1,) becomes to deviate fromg(L,) following the relation in each panel shows the experimental valueugfLz), obtained
(i) =—2ug(d)+ ug(L), among the thermal average quanti- from theL, sum rule for XAS-MCD measurements.

ties. The overall behavior ofu,) against the temperature . _ _
shows the typical behavior of the van Vleck-type magnetismF€ ions. However, in the MCD measurements, the magnetic
i.e., a plateau in the low-temperature region and a gradudl™oPerty of Eu can be directly accessed and precisely esti-
reduction at the high-temperature region, which can be welf’ted owing to the advantage of the element and orbital

simulated as théinear responsdor the internal field selgctivity of this technique. Howevgr,_in order to precisely
estimate the # magnetic moment at finite temperature from

8,u§Him the XAS-MCD study, further analysis is required, since a
A M, ©) simple relation such as that given in E@) no longer holds
10 . . . A
exactly in the high-temperature region, as described above.
where g(T) describes the temperature dependence and is
given by

(MDlinear=

D. 4f magnetic moment and internal field

As discussed so far, the internal field induces the finfte 4
Ay kT magnetic moment of the Btiion, which is approximately
X(1+3emm10e )™ (100 described as the linear response in B, and thus causes
the MCD in the Eu 8 XAS. Therefore, in addition to thef4
magnetic moment, the internal field at the Eu sites can be
estimated from the MCD measurements.

Figure 8 shows thél;,; dependence of the thermal aver-

Using thel, sum rule in Eq(5) and the expression in Eq. 298S(#2) (solid-line curvesand ug(L,) (dashed-line curves
(7), we can estimate thef4magnetic moment at low tem- Where the temperature is fixed to be 20 and 300 K in panels
perature directly from the MCD measurements. In the(® and(b), respectively. The curves in Fig. 7 are theoreti-
present study, the value of 0.7 per a EG* ion was ob- cally obtained using the present mpdel system. We see that
tained at 20 K. Actually, we have replacéglin Eq. (5) by both {u,) and ug(L,) monotonously increase when the inter-
(I_+1,)/2 in this estimation, which would induce a negligi- nal field becomes stronger. Such a behavior of ¢pg)
bly small error. Note that the magnetic-moment value ob-curves can be well simulated by the linear respaps@incar
tained in the present study is consistent with that obtaineddotted curvesin Eq. (9). It should be noted that the two
from magnetization measuremefits. curves in panela almost completely coincide with each

Here, we should emphasize the advantage of the MCDther, since the deviation from Eq7) remains negligibly
study of Ed* ion in EulG. In conventional magnetization small at the low temperature of 20 K. This situation is in
measurements, a precise estimation of the magnetic momerttentrast with theu,)— ug(L,) relation at 300 K in panghb),
of Eu* is difficult, since such measurements would yield thewhere the thermal population in the lowest few excited states
overall magnetic response from both Fe and Eu moments angith a nonzerdM; value cannot be ignored and contributes
the magnetic moment of Eu ions is much smaller than that ofo the deviation.

9y , 16A;p 1)e-A1 dkBT}

T=|1
9(m) { +<16kBT 88,

In the derivation of Eq(10), which is given in the Appendix,
thermal populations for only thEF0 and 7F1 states are con-
sidered. Note thag(0)=1 and, thus, the coefficients fg(T)
in Eq. (9) give a linear response at 0 K.
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Using the curves shown in Fig. 8, we can estimate bothVe developed the linear response model to treat perturbative
the 4f magnetic moment of the Eu ion and the internal mag-induced magnetic moments and showed thendgnetic mo-
netic field at the Eu sites from MCD measurements. Thament of the E&* ion as the application of this model. Finally,
closed circles in Figs. (@ and 8b) show theug(L, value  we studied the characteristic contribution from thermal and
experimentally obtained from the MCD spectra in Figs. 2the magnetic excitation to the excited states saparetely and
and 3 using thé, sum rule in Eq(5). Then, the internal field conclude that the thermal excited states of‘Hons are the
at the Eu sites of EulG is estimated to be 72+7 T at 20 Klinear combination betweed=0, 1, and 2 and that the
and 57+3 T at 300 K, while thef4magnetic moment of Eu magnetic-field-excited state is the quantum-mechanically
ions is estimated to be 0.73; at 20 K and 0.46ug at 300 K.  mixed state of the ground and excited states.

The value of the internal field at 20 K is consistent with that

obtained from the Mbssbauer meas_urements by Nowik and APPENDIX: LINEAR RESPONSE

Ofer? but the value at 300 K is considerably larger than the

33.5+5 T obtained by them. This discrepancy at 300 K can The linear responses df and w, in Egs.(8) and(9) for
be responsible for the inadequate statistics and the lowthe internal magnetic fieldH;,, are derived from a standard
energy resolution in the Moéssbauer measurements, as thégrmula of the linear response theédty

commented in Ref. 8.

As demonstrated so far, both the statistical accuracy and A
energy resolution in the XAS-MCD measurement are high <A>:<A>0_f dr(V(7)A)o. (A1)
enough to estimate the internal magnetic field at the Eu site 0

with.accuracy. Moreover, the MCD technique can easily in-|, this equation{A) and(A), are the thermodinamical aver-
vestigate the temperature dependence. Thus, we propose t %te of an operatoh in the perturbed and unperturbed sys-
the MCD measurement can be a good probe for the locgl, o respectivelys=1/ksT, and V(7)=eHove ™o where

|nE§InaI-mna]129netlp field in ferroma&gnenq matgrlals mcIudmgHO is the unperturbed Hamiltonian aMdis the perturbation.
Eu™ or Snt™ which also has the# configuration. In the case of EI, the first term in Eq(A1) vanishes for
both J, and u, because of the spherical symmetry in the
V. CONCLUSION unperturbed system. However, if the perturbations

. o . —u,Hint in the present case, is switched on, we obtain a finite
The electronic structure of EulG is investigated by meansr‘elgzpo”;;se throﬂgh the formulas

of x-ray absorption spectroscofAS) and magnetic circu-

lar dichroism(MCD) measurement. This study succeeds in B

the observation of the MCD around the B, s edges, (JZ>:HimJ d(uA7d)0, (A2)

which is caused by the finitef4magnetic moment of EXi 0

induced by the van Vleck-type magnetism through the inter-

nal magnetic field of EulG. The Eud3XAS and the MCD  a@nd

spectra observed at the temperatures 20 and 300 K clearly P

show the temperature change: The MCD signal intensity sig- — .

nificantly changes between 20 and 300 K and a spectral o H'mJo A Tiio. (A3)

structure appears at the low-energy side of thévigledge in

both the 3 XAS and MCD spectra at 300 K. The right-hand sides of EqéA2) and(A3) can be estimated
The observed spectra are analyzed by means of the fullvithin the LS-coupling scheme for the unperturbed system.

multiplet atomic-model calculation for Bty including the  In the present study, it is sufficient to consider thermal popu-

internal-field effect. The experimentally observed features ifations only in the lowest few levels, i.€'F; states withJ

the 3 XAS and MCD spectra are almost reproduced by=0 or 1 of EG#*. Then, Eq.(A2) is approximated as

theoretical calculations. Because of quantum mechanical

mixing among ‘F; terms with J=0, 1, and 2 through the g L

internal field, the EZ ion has a nonzero magnetic moment (I = HintJ dr> X ePEMIMy|uIMy), (Ad)

even in its ground state. This is the origin of the MCD signal 0 J0My=J

observed at 20 K. Moreover, the structure observed at 300 K , . . )
is attributed to the contributions from thke1 and 2 states, which can be further reduced using the Wigner-Eckart theory

which are thermally populated in the initial state of the sys-WIth the reduced matrix element for tHE, terms as

tem. The magnet-optical sum rule for ¥us discussed, and

it is shown that both the f4magnetic moment and internal el = = 26055V (23 + DA+ 1)

field can be estimated using the so-calidd) sum rule. +(- 1)J’+12V'ZMBVW
From a comparison between the experiment and the theory,

the net magnetic moment of the Eton, which is induced « {3 3 1} (A5)
by the van Vleck-type magnetism thorough the internal mag- JJ 3

netic field of EulG, is estimated to be 0.73 at 20 K and
0.46 ug at 300 K, and the internal-magnetic field at the EuUsing a standard table forj &ind § symbols, we obtain Eq.
sites is estimated to be about 72 T at 20 K and 57 T at 300 K(8).1* Similarly, Eq.(A3) can be approximated as

134416-7
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B 1 2
(3) = Hin f 0SS 3 ettty

0 J=0y=0myM}
X [(IMy 2" M2,

considering the thermal population only for tie0 andJ
=1 states, which can be reduced to E3).using the Wigner-
Eckart theory and EqA5).

(A6)
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