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Magneto-optics of Gd and Tb in the soft x-ray resonance regions
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We present x-ray absorption spectra around the-3f and 4d—4f excitation thresholds of in-plane
magnetized Gd and Tb films measured by total electron yield using circularly polarized synchrotron radiation.
By matching the experimental spectra to tabulated absorption data far below and above the thresholds, the
imaginary parts of the complex refractive index are determined quantitatively. The associated real parts for
circularly polarized light propagating nearly parallel or antiparallel to the magnetization direction are obtained
through the Kramers-Kronig relations. The derived magnetooptical parameters are used to calculate soft x-ray
reflectivity spectra of a magnetized Gd film at thet-34f threshold, which are found to compare well with our
experimental spectra.
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. INTRODUCTION of layered systems, a comparison with model calculaffons
of reflected intensities is usually required. These are based on
Magneto-optical(MO) effects in the visible-light region the Fresnel equations and need accurate values of the MO
are widely used for analyzing magnetic matefiaiad have constants as input.
important technological applications, e.g., in the reading pro- Several_experimental determinations of soft x-ray MO
cess of MO disk& They are based on the fact that left- and constants-?>?* and reflection coefficient$ have been re-
right-hand circularly polarizedCP) light is reflected with ported for thel, s thresholds of ferromagnetic transition
different intensities from a magnetic material depending orimetals, but results on rare-earth elements have been scarce,
the local magnetization direction. Although MO effects arein spite of the fact that these are often employed to achieve
small in the visible-light region, sensitive detection methodshigh coercive fields in magnetic layer@.g., in spring
yield enough contrast to distinguish bits of opposite magnemagnet’) or large perpendicular magnetic anisotrogies.
tization and allow the observation of domain structures inOnly recently has it been demonstrated that sizeable MO
0ptica| microscopﬁ_One powerfu| feature of MO techniques Signals are obtained from lanthanide elements in the soft
is their capability to monitor magnetization reversal pro-X-ray region at theN, s thresholds. In a further study, a
cesses in applied magnetic fields, which is not readilyhuge Faraday rotation has been predicted for Gd films at the
achievable with electron detection techniques due to Lorent@hoton energy corresponding to this transition, making use
forces. MO techniques in the visible-light region involve op- of the experimentally determined difference in the refractive
tical transitions betweenlelocalizedvalence states, which index for oppositely magnetized materfal.
renders it extremely difficult to spectrally separate the mag- It is the aim of this paper to perform a quantitative deter-
netic contributions of different elements in compounds andmination of the MO constants for thed4-4f and 3— 4f
in advanced layered or nanostructured materials. This can kbsorption thresholds of ferromagnetic Gd and Th metals.
a severe limitation in analyzing magnetic nanostructtites  Absorption spectra, calibrated by matching to tabulated data
heteromagnetic systems for information storage. far from the resonances, provide the data basis for a deter-
Element sensitivity is naturally achieved by employing mination of the imaginary parts of the refractive index. The
optical transitions that involve core electrons. Largeassociated real parts are obtained through a Hilbert transfor-
magneto-optical signals in the x-ray region were theoretimation using the Kramers-KronigkK) relations. In this
cally predicted for resonant scatterifgRS), i.e., when the sense, the magneto-optical parameters derived in this work
x-ray photon energy is tuned to the transition energy from @re quantitative; they are consistent with the tabulated values
core level into a partially filled shell that contributes to an far from the resonances, but they have not been determined
ordered magnetic momehin fact, XRS has been used ex- in an absolute way. Finally, in order to illustrate the applica-
tensively to study the magnetic structure of lanthahialed  bility of the MO constants obtained in this way, we calculate
actinid€ materials in the hard x-ray regime. soft x-ray reflectivity spectra of a magnetized Gd film at the
In the soft x-ray region, large changes in the specularlyM4 s thresholds and compare them with our experimental
reflected x-ray intensity at the, ; edges of transition metals reflectivity spectra.
upon magnetization reversal have been detéttétiand
used in element-specific studies of heteromagnetic
systems>~20
In present-day thin films and multilayers, the wavelength Experiments at the d—4f absorption thresholds were
of soft x rays is comparable to the system dimensiaysi- performed at the UE56 undulator beamfifhef the Berliner
cal thicknesses range from 1 to 10 hit has been shown by Elektronenspeicherring “fu Synchrotronstrahlung BESSY
several studids'®>*that in order to extract layer-resolved 1), while those at the 8—4f thresholds were performed at
magnetization profiles from measured soft x-ray MO signalghe beamline 1D12-B/HELIOS-I of the European Synchro-
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tron Radiation Facility(ESRF.2%%! In the UE56 experi- /(J
ments, the photon energy resolution was set to abot
100 meV/(full width at half maximum, which is well below ™ , e_/ *
the intrinsic width of the narrowN, s pre-edge absorption /
lines of Gd and TB? By scanning the photon energy at slow
speed through a synchronized movement of monochromatc
and undulator, an easy normalization of the spectra wa(a)
made possible; this also allows one to exploit the high flux of
the undulator beamline of about ¥hotons/(% 100 mA
% 0.1% bandwidth) over a wide energy range. The degree of FIG. 1. (a) Schematic experimental arrangement used for mea-
circular polarization at this Sasaki-type undulator beamline isuring absorption of CP light by TEY, using a channeltron, and
98+2%.2° The reflectivity measurements at the Gdlys  specular reflectivity by means of a photodiode. In-plane magnetized
lines were also performed at BESSY II. For the absorptionGd and Tb epitaxial films were prepared or{M/0 and measured
measurements at thil, 5 thresholds at 1D12, the energy in situ. (b)) XMOKE hysteresis loop of an 8-nm-thick Gd film mea-
resolution was set to about 0.4 eV and the degree of circulegured at a photon energy of 147.5 eV.
polarization was 94 3% .3

Absorption spectra were recorded in total-electron yielda rotatable electromagn&tThis corresponds to the easy axis
(TEY) mode using a high-current channeltron. To suppresef magnetization of the Gd and Tb films. In the case of the
the background of secondary electrons from the chambenagnetically harder Tb films, the sample was cooled from
walls, both the sample and a retarding grid placed in front ofoom temperature down to the measurement temperature
the channeltron were biased using a low-voltage battery. Fdi80 K) in an external magnetic field on the order of 0.1 T to
signal stability, high voltage was supplied by a 3.2-kV bat-achieve a single-domain magnetic structure with a high rem-
tery box. The electron-yield current was amplified by ananent magnetization. This has been veryfied by means of the
electrometer. TEY spectra of thed4-4f thresholds were magneto-optical Kerr effectMOKE) in the visible-light
normalized to the mirror current measured in the last refofange in the laboratory and in the soft x-ray rang& OKE)
cusing element of the beamline located in a separate vacuugi the beamline. As an example, Figbllshows an element-
system in front of the experimental chamber. Because it ispecific hysteresis loop of a thin Gd film measured by
essentially the same physical eff¢secondary electron gen- XMOKE.
eratior) that is used for the measurement of both absorption
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and normalization signals, possible distortions due to a lack Il. RESULTS AND DISCUSSION
of proportionality between TEY and absorption coeffictént )
in the wide photon energy range measured forNhe tran- A. Absorption

sitions are expected to be minimal. The film thicknesses were Figure 2 displays experimental absorption spectra in the
always sufficiently larger than the electron’s inelastic meanegion of the Gd and TN, 5 (4d—4f) thresholds for nearly
free path(IMFP) relevant for TEY measurements so that parallel and antiparallel orientation of the magnetization with
contributions of the W substrate to the TEY signal are negrespect to the spin of the incoming CP photons. Figure 3
ligible. In addition, such a contribution would be structure- shows theM , 5 (3d—4f) absorption thresholds of both ele-
less in the measured photon-energy ranges and would hfients. The spectra have been corrected for saturation and
removed by the procedure of matching the ends of the speggaled to fit the tabulated values of Hereteal >’ at the ends
tra to tabulated valuesee below Reflectivity spectra were  of the measured photon energy ranges following a procedure
recorded in specular geometry with a photodiode mounteg¢hat is described in detail below.
on a rotatable feedthrough; the diode current was measured The measured TEY spectra are affected by intrinsic satu-
by means of a low-noise electrometer. The experimental afation, which becomes significant when the attenuation
rangement is shown schematically in Fig. 1. length of the electromagnetic radiatipsn * gets comparable
Epitaxial Gd and Tb metal films with thicknesses rangingto d,, the inelastic mean free pattMFP) of electrons in the
from 10 to 50 nm were prepared situ by vapor deposition  s0|id 383 |n that case, the detected signal at the channeltron
in ultrahigh vacuum on a W10 single-crystal substrate. is no longer proportional to the absorption coefficigntDue
The base pressure in the chamber was in the'imbar o the large absorption cross sections at the lanthanitle 4
range, rising to about> 10 '° mbar during film deposition. _, 4f and a—4f thresholds, the intrinsic saturation effect
Compared to transmission methods, which give the absorgs significant and the TEY spectra must be corrected for it in
tion coefficient in a more direct way, TEY detection has thegrder to achieve a reliable quantitative estimation of the ab-

advantage of allowing the use of metallic single crystals agorption coefficient. The saturation correction was made by
substrates. The growth of epitaxial films on them is wellinyerting the relatiof’

characterized. In particular, controlled annealing of the de-

posited lanthanide films can be performed at the optimum wude
temperatures for achieving smooth films with homogeneous Y:Cm
thicknesses(for details of film preparation, see Ref.)3%or #Te
remanentin-plane sample magnetization, an external field for the measured yiel®y. Since the constar depends on
was applied along thgl 10] direction of the substrate using geometrical parameters of the detection system and is not

()
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FIG. 2. Absorption coefficients ofa) Gd and(b) Th at the Photon energy (eV)

N, s (4d—4f) thresholds of remanently magnetized films at

T=30 K cP Iight was inci(_jent a0=30° with resp_ect to the film My s (3d—4f) thresholds of remanently magnetized films at
plane, i.e., mainly paralleffilled symbolg and antiparalle(open T—30 K. CP light was incident a#=30° with respect to the film
symbolsg to the in-plane sample magnetization. The inserts show '

. o . . plane, i.e., mainly paralleffiled symbolg and antiparalle{open
the regions of the prepeaks measured with higher point dens't'es'symbols) t0 the in-plane sample magnetization. The raw data were

taken from Refs. 30 and 31.

FIG. 3. Absorption coefficients ofa) Gd and(b) Th at the

precisely known, we need to determine the valugwdf at

some fixed photon energy from independent measurementBVIFP at the 41— 4f thresholds corresponds to about 150 eV
In the case of GdM, 5, the saturation correction is based on kinetic energy of the Auger electrons which trigger the sec-
previous results obtained from the X®) Eu/Gd0001) ondaries detected at the channeltron; it is typically 3 times
surface® It consists of a quasi-close-packed Eu monolayersmaller than at~1200 eV, according to the “universal”

on top of the G@00I) surface. Since divalent Eu has the curve?? while the values obtained for the absorption length
same electronic #shell configuration (4) as trivalent Gd, w1 change roughly by the same factsee below.

both elements show the same multiplet structure in absorp- The saturation-corrected absorption spectra were scaled to
tion at theM 4 s thresholds. The transitions are well separatedit tabulated values. The photon energy ranges of the present
in energy. A value of (0.380.05) for the product£de)peac  Spectra are significantly wider than those of previous
of Gd at theM threshold has been determined by compari-studies®®*® they include the wide asymmetric flanks in the
son of the experimentalls peaks of Gd and Eu; for the case of the d—4f resonances. This allows us to calibrate
latter, negligible saturation can be safely assumed due to thtae absorption spectra by matching both ends to the tabulated
small thickness of the Eu overlayét atomic layex.** Fur-  absorption coefficient$ at photon energies where the influ-
thermore, by comparing the tot@nergy-integratedM 5 ab-  ence of the resonances is expected to be negligible. To this
sorption signals of Gd and Tb and taking into account theend we fixed the absorption coefficienis at the low- and
different number of 4 holes of both elementseven in Gd, high-energy sides of the measured spectra to the values given
six in Th), we estimate a value of (0.20.05) for (ud¢)peak by the tables of Henket al®” This procedure defines the

at the TbMg threshold. A consistency argument can be ap-ordinate scales in Figs. 2 and 3. The values for the absorption
plied to justify the use of the same values for the saturationengths .~ determined in this way are given in Tables |
correction at the d—4f thresholds: the relevant electron and 1l. The error bars for the quoted values have
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TABLE I. Absorption lengths.™* (in nm) for Gd and Tb atthe  (height, width and asymmetryIn particular the Fang| pa-
4d—4f thresholds for nearly parallel and antiparallel orientationsygmeter depends very sensitively on the radial matrix ele-
of (_in plang magnetization and photon spin. Values are given at thgnents. Therefore a relative increase of th-44f absorp-
antiresonancéAR), the largest prepeak, and the maximum of the tjion maximum by a factor of 2 in going from Eu to Gd is not

giant resonance of each element. unreasonable. In fact a factor of 2 is found in other
_ calculations'’

Element  Magnet./spin AR Prepeak  Peak In the case of the lanthanidé, 5 thresholds (8— 4f

Gd par. 25@ 130 173 3.0+0.6 transitiong, the matrix elements for Auger decay are reduced
antipar. 36@ 270 163 2806 compared to thed—4f resonances. This causes the Fgno

parameter to be of the order of 180In the limit of largeq,

T par. 105 20 58+12  5.4+1.6 the Fano shape approaches a Lorentzian and, in fad¥] the

antipar. 106: 20 31+8 8.1+ 2.4 absorption line shape is Lorentzian, containing hundreds of

multiplet components that cluster into two main groups, the
Ms and M, threshold€® (depending on whether the spin of

been carefully estimated. They result from an experimentatlhe S h_ole state is oriented parallel or antiparallel to_th_e
=2 orbital angular momentum For several characteristic

precision of:= 1% at the considered energy and at both endi@@oton energies, the values of the absorption length, deter-
of the photon energy range, where the spectra were match ined after the matching to tabulated data, are presented in

to the tabulated data. This has been determined from t able Il. A quantitative determination of these values seems
scatter of the data points about their mean values. An addi- A4

tional contribution results from the uncertainty in the param-pla rélcutlr?rlé pezrltflntent t_)tgcauste) ;stanldag]d tf&ﬁ not 6m-

eter (ude)peacused in the saturation correctigsee above '([:htrjeseholg O:r res[flltr]ss;cl)cr)rt]rslé até)sg? )t/ionelesne?hls of deat the
A full error propagation calculation was made consideringM k. ble. thouah P hgt | than th

the explicit functional relation of these quantities. 5 peak are comparable, though somewhat farger than the

: . magnetization-averaged value measured in transmission in
OV;Z?I :E;gg;“g? FS ;ne ; trr:sifq;mdé”:g]; te?c;girl)or:dip? Eplflg Ref. 49. However, as stated by the authors, their absolute
eV below thegiant resonancesmall shargprepeakscan be
seen, which correspond to absorption final states reached 03 - -
from the respective ground statéSd 8S;,, Tb 'Fg) Gd 4d—4f
through violation of theAL=0,+ 1 selection rulé?>® 02}
Note that the x-ray absorption lengths of a few nanom- =
eters at the Gd and TN, s maxima are the shortest in the 01
periodic table’’ They are accompanied by a huge magnetic -
contrast: the dichroiqdifference signals for Gd and Th 0.0 = 1 0.1
amount respectively to 33 and 60 % of the nonmagnetic sig- | —
nals, approximated by the average of the spectral pairs in ; 0.0
Figs. 2 and 3.
The absorption cross section determined here for the Gd (a)
N, s threshold is more than a factor of 2 higher than the v
calculated one for atomic Eu in Ref. 46. These two elements ' ' ' ' -0.2
have the samedt%4f ground state configuration and hence ' ' ' '
the same 4°4f® multiplet lines, but owing to the lower Tb 4d—-4f * B par.
(screenefinuclear charge of Eu one clearly expects differ- 0tr " P antipar.
ences in all parameters of the giant resonance spectral profile <

- B par.
> B antipar.

t

1

t

:' — 8 par.
! -+ 3 antipar.

TABLE II. Absorption lengthse ™! (in nm) for Gd and Tb at the 0.0
3d—4f thresholds for nearly parallel and antiparallel orientation of
the (in plane magnetization and the photon spin. Values are given
at theM; andM, maxima of each element as well as at the energy
equidistant from the two maxima: 1200.9 eV for Gd and 1255.6 eV
for Th.

Element  Magnet/spin Mg Betw. maxima M, 120 140 160 180 206
Gd par. 8.41.0 280850  36-4 Photon energy (V)
antipar. 14.%1.7 300+ 50 273 FIG. 4. Optical constantsd and &) for (a) Gd and(b) Th
corresponding to théN, 5 (4d—4f) thresholds of remanently in-
Tb par. 6.71.3 330+ 100 337 plane magnetized films with the magnetization vector nearly paral-
antipar. 15-3 390+130 29+ 6 lel (filled symbolg and antiparalle(lopen symbolsto the spin of
CP photons.
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FIG. 5. Optical constants and 8) for Gd and Tb corresponding to thé, s (3d— 4f) thresholds of remanently in-plane magnetized
films with the magnetization vector nearly paraliélled symbols and antiparallelopen symbolsto the spin of the CP photons.

values might be affected by systematic errors. Note also the C

huge experimental magnetic contrastMy, which leads to B+(BE)=7— Fr=(E). (©)
asymmetries of 40 and 57 % for Gd and Th, respectively.

Some time ago, Goedkoagi al. proposed to apply the large
magnetization dependence of lanthanMg s absorption for
constructing line filters to produce CP x rays=urthermore,
theM, s lines are clearly separated in energy even for neigh
boring elements in the periodic table like Gd and Tb; this
represents an advantage for element-specific studies.

The real parts are calculated by means of a Hilbert trans-
formation using the KK relations. Due to the broken time
reversal symmetry inside a magnetized medium, the complex
refractive index satisfies the symmetry relation(—E*)
=n*(E), and one has to apply the modified KK equatins

(E)+B-(E )d

E',
(E/)Z_ E2

2 (> B
B. Magneto-optical constants 0, (E)+6 (E)=— ;fo E—
From the values obtained for the absorption coefficient we
are able to calculate the magneto-optical constants, i.e., the 2E [»B.(E")—B_(E")
real and imaginary parts of the complex index of refraction, _ N — B+ B- '
: 6,(E)—6-(E) dE'. (4)
defined as mJo  (E')?-E?

) In order to perform these integrations over the largest pos-
n.(E)=1-46.(E)—ip(E), 2 sible energy range, we resumed to the tabulated values for
the optical constants outside the measured regions in the en-
where the+ and — signs refer to the magnetization pointing tire range from 0 to 30 keV taken from the compilation of
either parallel or antiparallel to the CP photon spin vectorHenke et al®>” We have included the relativistic correction
respectively. The imaginary part is directly related to theaffecting the asymptotic behavior of the real part of the
absorption coefficient through atomic scattering factor at large photon energies
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0.020

- - - - - - - Figs. 4 and 5 for opposite orientations of the magnetization
Gd 3d-4f ] and the photon spin vector. They exhibit the well-known

1 dispersive behavior, with tails ranging far beyond the asso-
/2/ i ciated imaginary parts. While the latter give the highest mag-
Gd netic contrast in the absorption maxima, the real parts also
w ] provide magnetic contrast in regions where the absorption is
small. This allows the performance of magnetization-
dependent measurements in reflectivity in regions of differ-
ent light-penetration depths, as the reflected signal is deter-
* par. ] mined by both the real and the imaginary parts of the
- antipar. : refractive index.

The exact values fon.. can only be obtained in an ideal
experiment where the magnetization direction and the photon
spin are strictly colinear. Since this is not feasible for in-
plane magnetized films, there is a contribution of transitions

' ' ' ' ' ' ' with Am,;=0 with a weight 1/2 sif¢ (Ref. 53 to both the
Gd /W (110) d=12nm experimentally obtained, andn_ . This amounts to only a

0= 110 few percent for incidence angles up to 30°. Contributions
from the opposite magnetization, scaling as 1/2¢€bs6)?,
. can be safely neglected for those angles. The contribution of
Am;=0 transitions cancels out if only the difference in the
MO constantsn, —n_ is required, as in, for example, the
calculation of the Faraday effett.

0.015

c 0.010

0.005

0.000

0.015

0.010 |

« par.
- antipar. T

0.005

C. Reflectivity

As an application of the magneto-optical constants deter-
mined in this way, we present in Fig(ed calculated reflec-
tivity spectra of a Gd film in the region of thd 4 5 threshold.
The reflectivity was calculated using the Jones matrix
formalism and the Fresnel equations for transmission and

FIG. 6. Calculateda) and measuredb) x-ray reflectivity spec-  reflectivity at interfaces of magnetized medf&> We con-
tra in theM 4 s region of a remanently magnetized Gd film for nearly sidered interference between two channgdse inset in
parallel(filled symbolg and antiparallelopen symbolsorientation  Fig. 6(@]: (1) represents the reflection at the vacuum/Gd
of the magnetization with respect to the light propagation directioninterface and?2) comprises transmission through this inter-
Nominal film thickness is 11 1 nm and the light incidence angle is face, propagation in the Gd filitwhich includes absorption
10+1°. The val_ues used for the calgulated spectra are 12 nm angng Faraday effekt reflection at the Gd/\M110) surface,
11°. The inset in(@ shows the two light paths considered in the 2 yation back through the film, and transmission through
calculation. the Gd/vacuum interface. Higher-order paths, including
, multiple reflections, are found to contribute negligibly to
F(B)—Z*=2-(2/82.5% (5) the reflected intensity. In the calculation, we employed

whereZ is the atomic number, as given by the fit of Henke the MO constants for Gd at thil 45 thresholds shown in
et al3” to the tabulated values of Kissel and PPratfThe Fig. 5, together with the values for the W substrate taken
atomic scattering factor and the optical constants are relateftiom Ref. 37.
through Figure 6b) shows the corresponding experimental reflec-
tivity spectra of a Gd film on WL10). The nominal film
roh2c?ny, thickness isd=11+1 nm and the light incidence angle is
0.(E)= ﬁf;(E)l #=10+1°. The experimental spectra are well reproduced by
™ the calculation shown in Fig.(8), including their fine struc-
ture. The best agreement between calculated and experimen-
tal spectra was achieved by settidg 12 nm andf=11° in
the calculation, in good agreement with the experimental val-
ues. Quantification of the experimental reflectivigywas
wherer is the classical electron radius angl is the atomic  done by normalizing using the diode signal in the direct
density of the element. beam. Considering the uncertainties in detector position and
The calculated real parts of the refractive index of Gd andhe simplicity of the calculatiorifor example, no roughness
Tb at theN, s and M, 5 absorption thresholds are shown in in the film was considergdhe agreement of the calculated

(b)

0

1180 1200 40
Photon energy (eV)

1000 E
1160

roh®c®ng _,
B:(E)wa:(E), (6)
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absolute intensities with the measured ones can be considealed layered magnetic systems containing lanthanide ele-
ered satisfactory. ments.

In conclusion, by quantifying magnetization-dependent
absorption spectra of Gd and Tb, we were able to obtain the ACKNOWLEDGMENTS
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