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Magnetic linear dichroism in x-ray emission spectroscopy: Yb in YaFe;O,,
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A magnetic linear dichroism MLD effect of up to 5% has been observed in fhe42l x-ray emission
spectrum of Yb in YBFeO,,. The spectral shape is well reproduced with an atomic multiplet calculation of
the 4d to 2p decay. It is shown that the details of the spectral shapes are determined hydthexthange
interaction. While the integrated intensity of the MLD effect is zero, the magnitude of the effect is a direct
measure of the ## magnetic moment of Yb. The technique is applicable to all rare-earth and transition-metal
systems(probing the 3 magnetic moment With respect to x-ray-absorption magnetic circular dichroism it
possesses the advantage ttiahard x rays are involved an@) no circular polarization is needed. Therefore
all complications related to electron detection, soft x-ray experiments, and circular polarization disappear.
Potential applications include the study(buried magnetic systemis situ, at high pressures, varyirgigh)
magnetic fields, and varying temperatures.

[. INTRODUCTION outline some potential applications of this interesting tech-
nigue.
The quantitative analysis of magnetic dichroic effects in
x-ray absorption, photoemission, and x-ray emission spectra
aims at the determination of element- and shell selective
magnetic ground-state properties such as the orbital and spin The experiment was performed on the inelastic x-ray scat-
magnetic moment or higher multipole moments. In particularttering beamline ID16 at the European Synchrotron Radiation
absorption x-ray magnetic circular dichroig®-MCD),* ob-  Facility (ESRBP. The incident linearly polarized x rays pro-
served in 1987, is now a standard tool in the study of magduced by a linear 42-mm undulator were monochromatized
netism. Magnetic linear dichroistMLD) effects were evi- by a cryogenically cooled silicofl11) double crystal mono-
denced in x-ray-absorption spectrosc@pS),>3and a few  chromator, providing an energy bandwidth of approximately
years later in angle integratedand angular dependent pho- 1.5 eV. The beam impinging on the sample was sized down
toemission spectroscofyFor these spectroscopies the MLD to 0.6 mm horizontally by 2 mm vertically. These settings
effect identifies with the spectral dependence on the relativeesulted in an incident photon flux of>310*2photons/sec.
orientation of the magnetization vector with respect to theThe scattered radiation was analyzed in the horizontal plane
electric-field vector. In analogy with absorption and photo-by a 1-m Rowland circle spectrometer, utilizing tf@60)
emission MLD, the x-ray emission MLD effect is the angular reflection order from a spherically bent silicon crystal. The
dependence of the x-ray emission cross section with respesplid angle spanned by the analyzer crystal was 3.6 fnrad
to the magnetization vector. Moreover, there is, as for thefhe overall experimental resolution was 2.3 eV. The
other MLD phenomena, the possibility that the emissionYbsFeO,, sample was mounted inside a closed-cycle helium
MLD effects are due to an anisotropic crystal fiéfdn cryostat and kept at 90 K. A magnetic field of 0.3 T was
contrast to X-MCD in x-ray emission that has been dealtapplied perpendicular to the sample surface and parallel to
with in theory and experimeni;*! there exists to our knowl- the incident photon beam direction. X-ray emission spectra
edge no work concerning linear dichroism effects. were recorded at 110° and 150° scattering angle, correspond-
In this paper, we report the detection of a magnetic lineaing to an angle between the magnetic field direction and the
dichroism effect in the Yb @,,4d x-ray emission spectrum emitted x rays of 70° and 30°, respectively.
of YbsFe04,. In Sec. Il we describe the experimental setup  The top panel of Fig. 1 shows th@Zg.4d x-ray emission
and present the results. Section Ill deals with the theoreticapectral shape measured at angle¥9ef30° (dashed and
simulation of the spectral shape within the framework of anf=70° (solid). The excitation energy was 10070 eV, some
atomic multiplet model and the comparison with the experi-100 eV above the Yb, edge. The emission line is composed
mental spectrum. Section IV contains the discussion, wheref three features: a main line, centered around 9775.5 eV, a
specific emphasis is put on the similarities and complemenshoulder at 9770 eV, and a well resolved satellite at 9785 eV.
tarities between linear and circular magnetic dichroism inThe difference of the two spectra manifests itself in the in-
x-ray emission. The paper concludes with Sec. V where weensity ratio between the main line and the shoulder, while

Il. EXPERIMENT
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T T T difference of incident to scattered photon energy. If the in-

& termediate states can be approximated as independent states,
the Kramers-Heisenberg formula can be simplified into a
two-step formula removing the complications of

2| .
x10 interference-:

Foo= X |(4d%f3C, |2p®4ft9)|2
449413

- 9750 9760 9770 9780 9790 9800
: X2, [(2p%4F1%+|Cyl 41192, 2)

Intensity

. The second matrix element denotes the excitation step, in-
4x10™ P volving the promotion of a @ electron into a continuum
0 -:,-;ﬁ-.-n T L state(e). The continuum electron is omitted in the calcula-
e, oA T tion of the decay stepC, andC: are the dipole transition
operators of the excitation and the emission process, respec-
-4x10* T tively, expressed as normalized spherical harmonics. In off-
I resonance excitation, thep2d x-ray emission spectral shape
B0 L L can be approximated as the product of x-ray-absorption and
9750 9760 9770 9780 9790 9800 X-ray emission intensities, in which the matrix element of the
Energy (eV) excitation step enters only as a constant. The angle between
the magnetic field direction and the emitted x rays is defined
FIG. 1. Top: the py4d x-ray emission spectral shape as a s 6, with the angular dependence of the x-ray emission
function of x-ray emission energy at detection anglesfef30°  MLD intensity given by
(dotted ling and #=70° (solid line). Bottom: difference spectrum

(6=70°-0=30°). 1(8)=(1+c0 0)-F.1q+(25silf 6) Fog. ®)

there is no detectable difference at the satellite position. Thi¥f the emission angl@ equals 90°, the emitted x-ray is equal
is illustrated in the difference spectrum that is displayed inf0 F+1q+2Foq. If 6 equals zero, it is B.,q. The MLD
the bottom panel of Fig. 1. The maximum of the linear mag-SPectral shape is given by the difference betweer0° and
netic dichroism effect amounts to about 5%. We note that thé=90°. It is equal toF .;,—2F,,.> Because of spatial
integrated intensity of the spectra is equal for the two deteclimitations, the experiments have been carried out at angles
tion angles, which offers an additional normalization check0f #=70° and¢=30°. This implies that the absolute MLD
Spectra recorded with an unmagnetized sample at the twidtensity is reduced by a factor of 0.63 with respect to mea-
selected scattering angles did not display any detectable diurements performed at 0° and 90°, while the MLD spectral
chroic effect. The Py,4d x-ray emission spectral shape is Shape remains the same.
determined by the strongddf interactions in the d%4f*3
final state. These interactions, in particular theé4f ex-
change interaction, spread out the spectrum over some 20 The ground state is described as®Ybions with 4f'3
eV. Before analyzing the MLD effects, in the next section we[?F-,,] symmetry. The intermediate state ip°2f* plus a
will describe the procedure to simulate the spectral shapescontinuum electron that will be neglected in the following.
The most important interaction in the intermediate state is
lll. THEORY the 2p spin-orbit coupling §,,). The binding energies for
. ) the 2p core states are, respectively, 8943 eV faqr;2 and
The Yb 2py4d x-ray emission specltral shape is calcu-g97g eV for 2,,,, with the energy separation of 1035 eV
Iated_usmg. an atomic mu|t|p|et. mooeﬁ_ez}.z Yb is de?C”bEd given by%gzp. Because of the relatively small coupling of
only including the 4 electrons in their"F7, Hund's rule 0 o5 3ng 4 electrons, it can be assumed that the symmetry
ground state. The intensity of the x-ray emission process it e 4 electrons is not modified in the excitation
given by the Kramers-Heisenberg formdfadescribing the roces$! Only the 20 and 4 spin-orbit couplings are im-

resongnt inelastic s_ca_ttering process, charaFtEViZEd by t rtant and the symmetries of the intermediate state are best
fcransmon_ from the initial to the final state via a resonantgiven injj coupling. The symmetry is given by the multipli-
intermediate state: cation of the 2., and 4f;, states, which implies that the
intermediate states must haveJavalue of 3 or 4. The
4d°4f13 final state has a very large overlap between the 4
I(hw,ﬁw’)zzl > Fargr O 4o —Eg-tro- (1) and & wave functions. As a result the energy states are
a 9 spread over an energy range of some 20 eV. Tdfdver-
The sum extends over the incomirig) and emitted §’) lap is described with the two-electrdfy, , and G, 3 5 Slater
photon polarization states. Th& function assures energy parameters® The (Coulomb Slater parameters aré,
conservation by stating that the difference between the final=19.4 andF,=12.4 and thelexchangg Slater parameters
state energyE¢ and the ground-state ener@y equals the are G;=22.7, G3=14.4, andGgz=10.2eV. These values

A. Symmetries
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FIG. 2. The theoretical result for the24f*—4d%4f % dipole
transition. The energy scale is referenced to the average energy of 0
the final state. The relative cross sections are given for the 15 term
symbols acquiring finite intensity. .
-4x10°
have been reduced to 80% of their Hartree-Fock valties. L L
The atomic 41 and 4f spin-orbit couplings are, respectively, - [

3.58 and 0.40 eV. Because the spin-orbit interactions are 9750 9760 9770 9780 9790 9800 '
smaller then the Slater parameters, the symmetry of the final
states can be described best with 1L ; term symbols. The
actual states are in general more than 90% pure in a particu-
lar 2S*1L; symmetry. Figure 2 gives the final-state term  FIG. 3. Comparison of the (% 4d x-ray emission(top) and
symbols and their intensity resulting from the calculation of MLD (bottom experimental spectral shageots with the broad-
the |<4d94f13|Cq,|2p1/24f13)|2 matrix elements. The aver- €nhed theort_at!cal spectrufsolid I|n_e). The theoretical MLD spec-
age energy of the final state has been set to zero. The enersgym Was_d|V|ded by a factor 10 in order to match the intensity of
axis of the figures is given such that the state with the highedf'® €XPerimental spectrutsee text
binding energy is at the left side of the figuess it is closest
to the 2 state. It can be checked that by multiplying tH® in comparison with the experimental cur@ots. The theo-
character (4° electronic configurationwith the 2F charac-  retical spectrum is averaged for all polarizations and the ex-
ter (4f13 electronic configuration one finds singlet and trip- perimental spectrum is thémagic-anglg¢ average of the
let P, D, F, G andH states. After inclusion of spin-orbit spectra taken at 70° and 30°.
coupling, one obtains 26°* L ; states. Since thepf state The shoulder at 9770 eV is related to thds state(cf.
hasJ values of 3 and 4, the dipole selection rule implies thatFig. 2) and the main peak around 9775 eV is related to the
the J value of the final state must be 2, 3, 4, or 5. One is thercombination of the three triplet staté®,, 3D, and 3G,.
left with 15 term symbols that acquire intensity, whereas theThe satellite at 9785 eV arises from a superposition of all the
other five term symbol&espectively*Hg, P, 3Py, 3P;,  low-intensity states in this region. Its energy position is
and 3D;) have zero intensity. Because the Hunds rtg;  slightly overestimated in the calculation. We believe this dis-
state has zero intensity, tH(HS state has the highest binding crepancy to be due to uncertainties in the values of the Slater
energy. integrals, which have been determined with the rather crude
method of the 80% reduced Hartree-Fock values. Another
possibility involves intermediate state screening effects that
were found important, for example, in the x-ray emission
The theoretical stick spectrum has been convoluted with gpectral shape of nickel compouridsThe bottom panel of
Lorentzian broadening of 2.5 e¥half width at half maxi- Fig. 3 shows the theoreticdbolid line) and experimental
mum) and a Gaussian broadening of 1.5 &Il width at  (dot9 magnetic linear dichroism spectrum. As for the emis-
half maximum. The Lorentzian broadening arises from both sion spectrum, the agreement is very good. The MLD spec-
the lifetime broadening of the®2hole (about 2.0 eYand the  trum shows essentially a negative peak at tht, state, a
lifetime broadening of thed hole (approximated to 0.5 eV positive peak at the triplet states and an almost zero MLD
The Gaussian broadening simulates the experimental resolbetween 9780 and 9785 eV.
tion. The MLD curve has been calculated by adding a mag- The intensity of the theoretical x-ray emission spectrum
netic field in thez direction and determining the difference has been multiplied by 0.08. This factor of 0.08 originates
between the q=*1 and g=0 cases of the from two effects. The first factor is that the measurements
[(4d%4f13Cy | 2p,,4f1%)|? matrix elements. The top panel are taken at 70° and 30°, while the theory applies for 0° and
of Fig. 3 shows the resulting theoretical spectrisolid line) 90°. This reduces the effect by a factor of 0.63. The second

Energy (eV)

B. Comparison between theory and experiment
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factor is the incomplete magnetization of the Yb sublattice at 15 10 5 0 5 10

90 K. According to the magnetization curves of Yb and Y AP T B S S

iron garnet® and assuming an equivalent iron magnetization 0.04 =
|

in both samples, the magnetization of Yb is only approxi- 0.02
mately 0.12 of its maximal magnetization. Combining both 0.00
factors, the theoretical curve should be multiplied with a fac-
tor of 0.08 to compare to experiment. Comparison between :
the theoretical and experimental MLD spectra shows good 0044 - -
agreement for the spectral shape and reasonable agreement R R B B L
for the absolute intensity. The absolute intensity comparison
suffers from the uncertainty in the detection angles and the  0.02 | McD  F

I T
-0.02 - I | L

detection angle spread, and in addition from the broadening g1
applied to the theoretical spectrum. Taken together this cre- '

ates an error margin estimated to be some 10-15%. Thus ! I
o . o2 . : -0.01 4 L
within this margin it is possible to determine the absolute
magnetic Yb 4 moment. These uncertainty factors are not -0.02 i
depending on temperature, implying that the relative uncer- B L L B B
tainty in temperature variations of the Ybf gnoment deter- 0.06
mination will be significantly smaller. 0.05 XES L
0.04 4 -
0.03 4 L
IV. DISCUSSION 002 -
A. Comparison between MLD and MCD 0.01 4 [ i B
1
In the following, we discuss the difference between this 0'00_15' 4 5 0 5 1o
MLD experiment and the MCD x-ray emission experiments,
carried out for Gd metal in one of our previous papers Energy (eV)
the MCD experiments, circularly polarized x rays impinging
on a magnetized sample are used to excjiec@re electrons FIG. 4. The theoretical 2;,4d x-ray emission linegbottom),

into empty states well above the edge. Subsequently an x-rakeir MCD effects(middle), and emission MLD effectétop).
emission channel, corresponding to the radiative decay of a | d of ) K at thé d .
shallower core level electron into thepZore level, is de- 9€neral trend of a negative peak at tités state and a posi-
tected. In the present case of the Yp,24d x-ray emission, tive peak at the tr[plet states, but their detailed spectral
this would imply the use of circularly polarized x rays of sh%ses are rr?thebr dr|]ffehrer|1\3|.CD dth ission MLD i
10070 eV with the detection of the x-ray emission spectral e note that both the and the emission Inte-
shape at its magic angté.In this context the magic angle grated intensities are equal to zero. In the case of emission
detection is necessary in order to rule out any angular depefYILP this is evident, as the total x-ray emission integrated

dent effects. In these MCD experiments the dichroism is par?ver an edge “_““St be s_pherlcally symme_tnc, becaus_e only
of the excitation step, while in the emission MLD effects core levels are involved in the x-ray emission process itself.

discussed above, the linear dichroism is part of the deca?rhis implies a zero i_nte_grated intensity over Fhe MLD effect
n the 2p4d x-ray emission spectrum. In principle, one could

step. It is possible to make all kind of combinations of di- "' - .. o
chroism in excitation and dichroism in decay, but we leaveSNViSage a finite emission MLD effect for thepg, edge,

this out of the present discussion. Emission MLD is equal tg/hich would be compensated at thes, edge, similar to the
F.,.—2Fo, and MCD is equal tF o _;—Fq 11, With g situation in the MCD of soft x-ray absorption. The 3pin-
aﬁdg' rangci'ng over all possible valquésl, +1. and 011  orbit coupling, however, is so large that the:2 and 23

Figure 4 shows the calculated intensities of the 15 finaft@tes can be assumed to be pure, implying zero integrated
states in the case of emission MLOop panel, MCD intensity for the emission MLD effect. The same is true for

(middle panel, and x-ray emission for the Ybyg,4d chan- the MCD effect, as the electron is excited from a core state to
nel (cf. Fig. 2. It can be seen that the behavior of the indi- & continuum state some 100 eV above the edge, where no
vidual term symbols differs. Concentrating only on the fourSignificant MCD effect is expected in the absorption. While
major peaks between12 and—5 eV, theHs state(cf. Fig. the integrated intensity of the MCD and emission MLD ef-

2) has a negative contribution in both MCD and emissionf€CtS IS zero, their amplitude is proportional to the mag-
MLD. The 3P, state is negative in emission MLD, but is netization, because it is thel4f-exchange interaction which

positive in MCD, the®Dj state is positive in both cases, and gives rise to thg appearance qf the dichroism signal. IF there-
the 3G, is positive in emission MLD, whereas it is close to fore shares this sensitivity with thed3and 4d absorption
zero in MCD. In the case of MCD, this can be understood¥/CD and absorption MLD spectra of the rare earths.

since theJ value of the state is essentially determining the
sign of the MCD, and highl-value term symbols have a
negative MCD effect. Figure 5 shows the broadened Yb
2pAd x-ray emission spectrum and its MCD and emission The comparison betweenpzd emission MLD and §
MLD effects. Both dichroism spectra do follow the same absorption MCD needs some extra discussignaBsorption

B. 2p4d emission MLD in comparison with 2p
absorption MCD
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moment of the rare earth, independent of the system being an
intermetallic or an oxide. This scaling with thé foments

is thus the same as observed for oxilfebut different as
observed for intermetallic®.

C. A spectroscopic tool

From this analysis, the size of the emission MLD effect
appears as a property that is sensitive to tliensagnetic
moments of the rare earths. This technique is therefore
complementary to absorption MLD or MCD spectroscopies
at the rare earth @ and 4 edges, which have to be per-
formed in the soft x-ray regime. Note that for each rare-earth
element a variety of possible x-ray emission channels are
available, respectively them,4d, 2pg4d, 2p,3d, and
2p323d channels. Each of these channels has a finite inten-
sity for its emission MLD effect. The choice what channel to
use can be made from the analysis of the theoretical spectral
shapes and the appropriateness of the energies involved for
the experimental setup. From the analysis of the spectral
shape, one can conclude that for a measurement of the peak
intensity itself one does not need a very good resolution. One
could, for example, put a 5-eV window around both the posi-
tive peak and the negative peak and detect for these two

— T —— windows the intensity at two angles. By doing so, one could
-20 -10 0 10 vary the temperature, the pressure or the magnetic field, and
follow the size of the magnetic moment. This technique can
obviously be extended tod3transition-metals systems where
the 1s2p and 1s3p x-ray emission channels will have a

FIG. 5. The broadenedd,4d x-ray emission spectrurfsolid ~ MLD effect that is, in this case, sensitive to thd Bagnetic
line), its absorption MCD spectrunidashed ling and emission moment.
MLD spectrum(dotted ling. The two dichroic spectra have been
multiplied by a factor 2 for clarity.

Intensity (arb. units)

Energy (eV)

MCD is an often studied spectrum in magnetism studies of V. CONCLUDING REMARKS

rare earths® The modelling of  absorption MCD, includ- We have shown that it is possible to measure a magnetic
ing its associated magnetic sum rules, has been the topic ofligear dichroism effect in the (2,,,4d x-ray emission spec-
range of theoretical studié4!® Concerning the size of the trum of Yb. The spectral shape can be well reproduced using
2p absorption MCD effect, a central role in these studies isan atomic multiplet calculation of thep2to 4d decay. The
played by the 45d exchange interaction. Thep2absorption  details of the spectral shapes are determined by théf 4
spectrum is dominated by electric dipole transitions into theexchange interaction. While the integrated intensity of the
5d band, while its corresponding MCD spectrum is largelyMLD effect is zero, the magnitude of the effect is a direct
influenced by the partly filled #states, which affect thedc  measure of the # magnetic moment of Yb. This technique
states via 45d exchange. An important question is if the can be generally applied to all rare earths and transition met-
size of the D absorption MCD follows the # moment or  als where four respectively two different emission channels
the 5d (or tota) moment. From recent experimental studies,can be utilized. Magnetic linear dichroism in x-ray emission
a contradictory result is found. A study on Gd-Fe-garnetpromises to become a useful technique in the study of mag-
Gd;Fe0,, clearly shows that the2absorption MCD scales netic materials, since it circumvents the intrinsic complica-
with the 4 moment:® while a study on the same GH, tions of soft x-ray spectroscopies such as high vacuum envi-
edge for GdNiCo intermetallics shows that the &sorption  ronment and electron detection. Furthermore, the use of hard
MCD scales with the total momeft.The only explanation x rays implies that the technique is a bulk sensitive probe.
we could envisage combining both results is that the mag€onsequently, buried layers or interfaces are accessible for
netic couplings are different in oxides then in intermetallicsstudies and measurements of systems under high pressure
due to the different behavior of thed%electrons. It would be and temperature are feasible.
very interesting to see more experimental evidence on this The experiment has been performed with an incident pho-
point. ton flux of 3x 10'?photons/sec and a typicalpad x-ray

The situation for »4d emission MLD is different. As emission spectrum as shown in Fig. 3 needsesérh count-
discussed above, here the4f exchange creates the mag- ing time. This implies that the overall experiment detected at
netic effect. The d4f exchange is an atomic effect that is two angles and cross checked by flipping the magnetic field
not affected by any modifications in thelS/alence band. takes 20 h or some 10photons. Because the experiment
Therefore the p4d emission MLD will scale with the # makes use of an off-resonant excitation, one could signifi-
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cantly increase the incident photon flux and thus decrease thee too long for practical studies. In conclusion, we state that
data acquisition time by, i.e., using the full width of an un- although these experiments are not easy to perform because
dulator harmonic or the white spectrum of a bending magnetf the need of high photon flux and an efficient x-ray emis-
source. One might even think of using a laboratory sourceion spectrometer, the potential applications are very prom-
though the time needed to obtain*i@hotons will probably ising.
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