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Resonant reflectivity from a Ni(110) crystal: Magnetic effects at the Ni 2 edges using linearly
and circularly polarized photons
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We have measured the magnetization dependence of the resonant reflectivity ptettige® of Ni in a
Ni(110 single crystal. Experiments were performed using both circularly and linearly polarized photons. Large
magnetic effects on the reflectivity were observed in both experimental configurations over a wide angular
range. A simple model, using the absorption of elliptically polarized light as input, gives results in very good
agreement with our data as a whole. We also show that angular- and energy-dependent reflectivity at resonance
enhances fine spectroscopic signatures and increases the experimental information concerning the ground state
properties of magnetic materia[$S0163-1828)05013-9

I. INTRODUCTION Il. EXPERIMENTAL DETAILS

The experiment was carried out at the SA-8 beam line of
Resonant magnetic scattering of polarized x rays is dhe SuperACO storage ring in LUR®rsay, using the un-

fairly new technique that is rapidly expanding and diversify-focused radiation from a bending magnet and a double beryl
ing both in its applications and experimental approaches.(1010) crystal monochromator giving a resolution of about
First experiments were performed in the hard x-ray rdnge300 meV at the Ni @ edges. Entrance slits were used to
measuring the Bragg diffraction from crystalline samplesselect the vertical accepted angle: symmetric with respect to
containing magnetic elements. Typical examples are the rarthe orbit plane in the ring for linearly polarized photons and
earths(2p edge$ and the actinide$3d edge$. Soon after, below (or above the plane for elliptically polarized light
large magnetic effects in the resonant reflectivity fronPfe, with positive (or negative helicity. In the latter case, we set
Co? and Ni (Ref. § were observed for soft x ray&p the slits 0.5 mrad below plane, obtaining in the range of the
edges. At the price of losing structural information, resonant 2p edges of Ni a circular polarization rate of about 0.4 after
reflectivity has the advantage over Bragg diffraction of notthe monochromator. Two adjustable jaws delimited the hori-
suffering from constraints on the lattice spacing. The 2 zontal size of the beam at the sample position in order to
edges of @ transition metals give very large magnetic ef- Keep it about half the size of the projected sample surface.
fects in resonant scattering, but the corresponding wave- The reflectivity measurements were performed in the

lengths would not allow, for instance, Bragg diffraction from Ultrahigh-vacuum chamber already described in Ref. 10, and

metallic single crystals. Reflectivity also makes it possible to{®/lOWing the same cleaning procedures for the sample. The

cover a wide set of interesting samplesg., amorphous ma- /(110 crystal was mounted on a soft iron horseshoe mag-

; : : net with the field applied along thl11] direction in the
terialg that would not give suitable Bragg peaks. Recently, a(llO) plane. The cryZ?al—magne?ensH;ama)le could be mounted
few examples of resonant Bragg diffraction studies in the P

soft x-ray region have been reported, where the samples WeW|th the[111] direction either parallel or perpendicular to the

magnetic multilayers containingidransition metald-2 g%attering plane, the former solution being used for the cir-

. . cular polarization experiments, the latter for the linear polar-
In this paper we present the results of a series of resonalf,«ion ones.

reflectivity experiments at the Nip2edges of Ni110), per- Low-angle reflectivity was measured using a linear diode
formed using either elliptical or linear polarization of the x array (each diode integrating over 0)1€overing the 0°—5°
rays. Large magnetic effects have been observed in both exange in¢ (grazing angle The reflectivity around 2=45°
perimental conditions, with specific angular and polarizationyas monitored using a series of microchannel plates and a
dependence. Resonant reflectivity curves have also been caésistive anodé! forming a low-noise two-dimensional
culated by directly solving Maxwell's equations for a dielec- position-sensitive detector. The signal from the resistive an-
tric tensor constructed from the experimental absorptiorode was integrated over an area corresponding to 0.3°. We
curves. tried to determine absolute values of the reflectivity at dif-
Finally our data give some new indication about theferent angles by comparing the signal onlgmmonitor (0.8
ground state magnetic properties of Ni. This we will discussmm Al foil) with the reading of the diode receiving the direct
in the last section. beam in the absence of the sample, and then keepint,the
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monitor as a reference for the absolute incoming flux. This 60 —

procedure does not allow a precise determination of absolute .

values, but we obtained a set of déftam 0.5 reflectivity at Ni (110)

1° to 1-2x 10 ° at 22.59 consistent with a mean surface S0 2p edges

roughness of about 4 A for the Ni crystal. [ 9=225
In order to minimize spurious effects on the dichroism, -
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the magnetization of the sample was reversed at each energy 2
point by a 2 A current pulse in the electromagnet. Measure- 5
ments were usually performed under remanence conditions. g 30|
Together with reflectivity, i.e., using the same incoming @
photon, we also measured the total electron yiglttY) >0l %%mg
from the sample. With adequate precautibh¥’ the TEY @ J
provides information concerning the absorption spectrum. o 0 :
= i
Ill. CALCULATION OF THE REFLECTIVITY E
= o

In order to simulate the reflectivity curves for magnetic
Ni, we first built the dielectric tensor starting from experi-
mental absorption curves measured for parallel and antipar- -10
allel alignments of photon helicity and sample magnetiza-
tion. The imaginary partk™ of the helicity-dependent . .
refractive indexn™ can be obtained directly from the absorp- 800 820 840 860 880 900 920
tiqn coefficient(k= u\/4m), wh_ile the real pa_rhi was ob- Photon Energy (eV)
tained from the Kramers-Kronig transformationlof. Hav-
ing definede” as (n*)? and assuming that Ni does not  FIG. 1. Ni 2p absorption curves measured in the TEY mode
exhibit any linear dichroisniNi has cubic structure and no using elliptically polarized photons of negative helicity incident at
magnetic  linear dichroism has been observed22.5° with respect to thgl11l] magnetization axis. Open squares
experimentally®), the dielectric tensoe has the following and solid circles refer to opposite magnetization directions. The
elements: difference curve has been multiplied by a factor of 2.7 to correct for
the incomplete polarization of the ligkdegree of circular polariza-
tion of 0.4 and for the angle of incidence.

i
Gy/Z/: _ez/y’: - §(6+_67),
ponents ofE and B parallel to the interface. Finally, the
reflectivity is obtained by imposing the condition of outgoing
waves in the substrate.

This description refers to the case of a semi-infinite solid,
a model that applies to the reflectivity from a thick Ni crys-
where x’ identifies the magnetization axis. To obtain thetal. The same method has been developed and integrated in a
reflectivity at the vacuum/nickel interface we solve Max- computer code for a general stacking(ofagnetig layers of

1 —
Eyryr = Gy/yr: €z171 = §(E++ € ),

Eyrzt = €zr1y1 = 6x’y’ = Eyrxr = 0,

well’s equations in the form finite thickness along the direction.
2
Ke 0 ki IV. RESULTS AND DISCUSSION
2 2 2 —
det| kpe— (ki +kz)I+ 0 0 0 =0, @ A. Refractive index at the 20 edges of Ni
ke, O K2

Figure 1 shows the raw absorption spectra measured at

where the coordinate system is defineddyyhe intersection the Ni 20 edges with elliptically polarized photons imping-
between sample surface and scattering planeyormal to  ing at 22.5° with respect to tHd11] magnetization direction
the scattering plane, ardd normal to the sample surface. In of the sample. In this geometry, saturation effects were con-
Eqg. (1), | is the identity matrix e the dielectric tensor defined sidered negligiblé€less than 3% change in intensity at h@
above written in théxy2 coordinate systeny is the grazing maximum betweer®=22.5° and 90°). The x-ray magnetic
angle,k,(=kycosd) andk, are thex andz components of circular dichroism(XMCD) spectrum(difference between
the wave vector in nickel, arkl, is the modulus of the wave magnetization parallel and antiparallel to heligity also re-
vector in a vacuum. Equatiofil) gives a polynomial of ported. After correcting for the polarization rate of the light
fourth degree irk,, whose four roots can be split into two and for the misalignment between magnetization and photon
couples of solutions according to the sign of the real part opropagation directionga factor of 2.7 in the differenge

k,: positive for the two waves propagating in the negative these spectra were scaled to the tabulated vHides ab-
direction (into the nicke), negative for the two along the sorption at 800 and 920 eV and then used to construct the
positive z direction (towards vacuum The electromagnetic dielectric tensore for Ni according to the procedure de-
field in the Ni is written as a linear combination of the four scribed in Sec. Ill. All the calculated reflectivity curves that
waves with coefficients determined by imposing at thewe will show in the rest of the paper have been obtained
Ni/vacuum interface the condition of continuity of the com- starting from these absorption data. The real padf the
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started from another set of TEY spectra collected-atl0°.

In this case the saturation was large enodafout 15% at
the L3 maximum) to require corrections, but the final results
agreed with the data reported in Figs. 1 and 2.

B. Reflectivity of elliptically polarized light

A comparison between experimental and calculated re-
flectivity of elliptically polarized photons is given in Fig. 3
for a scattering angle@of 4.6°. For these measurements the
geometry is such that the magnetizati¢hll1] direction in
the crystal surfageand the longer axis of the ellipse de-
scribed by the electric vector of the light are both within the
scattering plane. The magnetization averaged experimental
curve in Fig. 3a) has been scaled to exactly match the cal-
culation and the same multiplying factor has been applied to
the difference curve in Fig.(B). The asymmetry ratiddif-
ference divided by the sunmeported in Fig. &) is obtained
directly from raw data after subtracting the dark current of
the diode. This operation is rather delicate for determining
the asymmetry ratio close to the minimum of the reflectivity
curve. Figure 4 shows that, to the best of our corrections for

FIG. 2. Real part of the refractive index obtained by Kramers_the dark Curl’ent, we SyStematlca”y Obta'n at the I‘eﬂeCtIVIty
Kronig transformation of the absorption curvege Sec. IV Afor

the two magnetization-helicity orientations. The difference curve isclear to us at present whether to ascribe this discrepancy to

reported in the bottom panel.

minimum a smaller asymmetry ratio than calculated. It is not

experiment or to calculations.

Nevertheless we want to stress that the agreement is

complex refractive index across the N 2dges as obtained rather good over the explored angular range, especially con-
from the Kramers-Kronig transformation is shown in Fig. 2 sidering that no free parameter is introduced either in the
for parallel and antiparallel orientations of helicity and mag-calculation or in deriving the experimental values of the
netization. As mentioned in Sec. Il, TEY spectra were al-asymmetry ratio.

ways collected together with reflectivity, but due to the very
grazing geometry, they are very difficult to exploit in order

to construct the dielectric tensor, since they are affected by

strong saturatiof*?and by the reflectivity itself® To verify
our procedure for building the dielectric tensor, we alsolarized light, with the electric vector in the scattering plane

30

C. Reflectivity of linearly polarized light
We also measured the resonant reflectivity of linearly po-

) LI
| Reflectivity (%)

-y

.‘lT s . :, .
_t|‘. 1', \ :" 4
- H H
S
LR
v
= ‘:. : -

Ni (110) 20 = 4.6 deg.
L L L
Difference B « Asymmetry - 15
E Ratio (%)
- ﬂ‘ 1.0 i "y 110
Ty L
i L:
; % ok
~ " 0.5 — | 45
[ ] "
i 7 E VM
oo [ i ¥
Y ; '
. Z"' | N : 4-5
s # g
; \
- f -4-05 [t
|
b Calc - \‘: -1 -10
[/ - EXp ‘:

840 850 860 870 880

840 850 860 870 880
Photon Energy (eV)

-

840 850 860 870 880

FIG. 3. Reflectivity of elliptically polarized photons from the(l10) crystal for a scattering angled2f 4.6°. The left panel shows the

magnetization-averaged percent reflectivity and the central panel its variation with the magnetic field direction. The right panel reports the

asymmetry ratidin percent defined as the difference divided by the sum. Squares are experimental data and dashed lines are calculations
(see Sec. Il
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FIG. 4. Experimentalsquares and calculatedlines) asymmetry ratio curves for elliptically polarized light and different scattering
angles.

(p polarization and the magnetization of the sample or- Figure 5 shows the asymmetry ratio curves obtained at
thogonal to it. This experimental geometigharacterized by two different scattering angles, together with the correspond-
the three vectors of polarization in, polarization out, anding calculations. As for circular polarization, the agreement
magnetizatioh has a defined handedneisft or right) that s rather good, even if now the experimental input for the
depends on the sign of the magnetizatiop or down. Con-  model calculation has been obtained in a completely differ-
sidering the resonant contribution to the scattering amplitud@nt geometry and, in particular, using photons of a different
and following the formalism of Hannoat al,'® the asym-  polarization state.
metry ratio in this configuration is given by From Eq.(2), the dichroism is expected to increase with
the scattering angle and change sign when passing through
26=90°, where it has to go to zefd.The reflectivity and
2) asymmetry ratio obtained ford2=45° are shown in Fig. 6:
Even if affected by the small signal-to-noise ratio, our results
agree fairly well with the corresponding calculations. Fitting
where « contains the oscillator strengths giving the absorp-our data using Eq(2) over the available angular range and
tion of circularly polarized photons as a function of their leavinga (complex as a free parameter, we could predict a
helicity (see also Refs. 17 and ]18The relation between maximum in the magnetic signal fow2salues around 70°—
dichroism in the reflectivity ofp-polarized light and in the 80° degrees. Unfortunately, these scattering angles imply a
absorption of circularly polarized light is then well estab- further reduction of about two orders of magnitude in the
lished. reflectivity, making the measurement unrealistic with our ex-

IT—11 " Im{a}sin(46)
IT+1! 1+Relalcog46)’
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FIG. 5. Experimenta{squaresand calculatedlines) asymmetry ratio curves for linearly polarized light and different scattering angles.

perimental setup. Nonetheless, resonant magnetic reflectivitgrystal. The sums are reported in the left paftiety are all
using p-polarized light at high scattering angles representspormalized between 0 and 10@nd the difference spectra
in our view, an important tool for a semiquantitave element-appear in the right panel. The difference in the absorption
selective magnetometry if one disposes of high-intensity synr:emains much smaller than in reflectivity even when normal-
chrotron sources, since it can give very h|gh relative magjzed to a rate of 100% circular polarization. The difference
netic effects. Figure 7 compares the results of three differergurves for the two reflectivity experiments are of comparable
measurements, all performed @&&22.5°; absorptiof TEY) ~ magnitude after polarization correction.

and reflectivity of elliptically polarized photor(®.4 circular _ .

polarization ratg and reflectivity of linearly p-polarized D. Abundance of structure in resonant reflectivity spectra
photons. For each measurement, two spectra were collected, In this last section we will discuss, using Ni as an ex-
reversing the magnetization along tfEL1] axis of the Ni  ample, how dichroism in reflectivity can help us understand

20 T T T T d T

Ni (110)
Calculation Linearly polarized light
Br = Experiment 29 = 45 deg.

Reflectivity (x 10 )
(%) oney AnewwAsy

850 860 870 880 850 860 870 880
Photon Energy (eV)

FIG. 6. Magnetization-averaged reflectivifieft) and asymmetry ratidright) for linearly polarized light and 2=45°. Squares are
experimental data, and lines are calculations.
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FIG. 7. Comparison between the TEY and reflectivity measured with elliptically polarized light and reflectivity for linearly polarized
light around the Ni  edges(left pane). All curves are obtained for an angle of incideng¢e22.5° and normalized to the same _peak

intensity. The right panel compares the corresponding difference curves obtained upon reversal of the magnetization [dlitbpy the
direction of the Ni crystal.

the electronic and magnetic properties of materials and refindectivity for elliptically polarized photons. The curves are
parametrized model calculations. normalized on an arbitrary scale in order to better compare
The absorption and circular dichroism spectra at the 2 the line shapes. One can note in Fig. 8 the existence of a sort
edges of metallic Ni have been extensively discussed in thef optimized angular range over which specific structures are
past!®~2° Following the notation introduced in Ref. 20, the emphasized. For instance, struct@eof XMCD spectra in
2p, absorption presents a main pgédcated at 853.4 eV in  absorption is usually no more than a shoulder to the main
our case; see Fig.) ¥ollowed by a weaker satellitd about  peak, but in reflectivity and for grazing angles around 2° it
6.3 eV higher in energy. The main feature of the XMCD can represent the strongest and sharpest peak of the dichro-
spectrum more or less coincides in energy with the absorp-
tion peak(853.3 eV} while the satelliteB in the dichroism is —— —
about 4 eV higher in energy and no magnetization depen- B 7

dence is observed in correspondence to satéllite*° These - Ni(110) ]
experimental results have been discussed both in terms of a I 26=45 |
one electron approath?* and according to the Anderson

impurity model with configuration interactiot: The latter

was capable of explaining the experimental results by defin-

ing the ground state of metallic nickel as an admixture of

3d®, 3d% and 31*%? configurations. Jo and SawatZkyand

van der Laan and Thdl@obtained different relative weights

of the d® and d'° contributions in their calculations. In Ref.

22 a value of 65% for @ was determined by comparison

with the experimental 2 absorption dat& In Ref. 23, the

best agreement with the results of an ensemblepodirad P

absorption and photoemission experiments was found using

a A° weight of 49%. Moreover, van der Laan and Thole

indicated in their work that a non-negligible magnetic signal

should appear in correspondence to satelita feature that

was not observed experimentatf}?° L ]
We believe that resonant reflectivity at the @dges of Ni I

can supply further experimental information as far as the 800 820 840 860 880 900 920

detailed modeling of the Ni ground state is concerned. The Photon Energy (eV)

presence of interference terms containing an angular depen-

dence makes the reflected intensity a very sensitive probe of F|G. 8. Magnetic part of the reflectivity of elliptically polarized

the constituting transitions forming thgp2dges. Figure 8 photons from the NIL10) crystal as a function of the scattering
shows the angular dependence of the XMCD curves in reangle &. The curves are arbitrarily scaled for a better comparison.

Normalized Difference (arb. units)
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s " T " T " T ] We believe that these observations, the latter in particular,
Sum introduce a new experimental input for model calculations
Diff. x20 1 that shoulq motivate further theoretical investigation. It is

) rather straightforward, once a model has been developed as
in Refs. 22 and 23, to calculate reflectivity curves in addition
to absorption, and a detailed comparison with experiment
would certainly increase the understanding of the ground
state properties of nickel.

V. CONCLUSIONS

Intensity (arb. units)

We have measured the specular reflectivity from a
Ni(110 crystal over the photon energy range including the
2p edges of Ni. Magnetic effects on the resonant reflectivity
have been observed in two different geometrigs:using
Photon Energy (eV) elliptically polarized photons and orienting thEl1] magne-
tization axis in the scattering plane afid) using linearly
) e ) polarized photons with the electric vector oriented in the
for opposite magnetization directions along ﬂ:l&;L] axis. The en- scattering plane and thgd11] direction of the crystal or-
ﬁ:‘?; rﬁglgetcolrresponﬁs {0 thg (2pg) edlge of Ni. Xert'cal dotted thogonal to it. In both cases a change in the magnetization

p to locate the magnetic satellites on the rnagmat'zat'ondirection along thg111] axis corresponds to the same sym-
averaged spectrum. . . . .

metry operation, i.e., a reflection with respect to thé1)

plane.
. ) The ensemble of the experimental results was reproduced
ism spectrum. On the other hand, the analysis of the maggithin a simple model based on the solution of Maxwell's
netic effects in the pre-edge regi¢840—850 eV which are  equations for a plane wave propagating in a dichroic me-
related to the magnetic part of(see Fig. 2 can take advan- dium. To construct the dielectric tensor for Ni we started out
tage of the angular range below 2°. using experimental polarization-dependent absorption curves

This behavior can be qualitatively understood remembermeasured with elliptically polarized light. The calculations
ing that, given a certain grazing angte we can define a reproduce, with very good accuracy, the magnetic dichroism
critical valuen, of the real part of the index of refraction for in the reflectivity of both elliptically and linearly polarized
having total external reflection. Since=1 for vacuumpn, is light.
always lower than 1 and decreases withAround 2.3°, for The magnetic reflectivity of linearlyp-polarized light
instancen, is about 0.9992: According to Fig. 2 total exter- shows a strong angular dependence of the magnetic asym-
nal reflection in the region of the; edge of Ni can only metry ratio, which can be much higher than in circular po-
occur above 854 eV, i.e., above the absorption maximumiarization absorption experiments. At the price of a reduced
Hence at this angle the reflectivity will be relatively sup- signal intensity, we are able to obtain, in this configuration, a
pressed below 854 eV and enhanced between 854 and 8@fuch better magnetic contrast, while maintaining element
eV. The same qualitative argument holds for explaining theselectivity as in absorption spectroscopy. It is also worth
enhanced magnetic effects in the satellites energy regiofemembering that the standard polarization state of x rays
over a certain angular range. from a storage ring is linear polarization, and hence it is

Between 2° and 3° we can indeed observe a slight mageasier to obtain.
netization dependence in the energy region corresponding to Our results clearly show also the richness of resonant re-
satelliteA of the absorption spectrum. Figure 9 compares thélectivity spectra, as pointed out in Sec. IV D. In terms of
reflectivity and the corresponding dichroism curves for 2fundamental properties, reflectivity spectra do not contain
6#=5.5°. Two remarks can be madg)} At the same energy much more independent information thapolarization-
as satellite B of XMCD spectra a shoulder in the dependentabsorption. Still it is obvious from the previous
magnetization-averaged reflectivity is obser¢see also Fig. presentation that the ensemble of the reflectivity spectra
3). In Refs. 21 and 24 the authors stated “It is provocative(angle, polarization, and energy depengleabntains an
that theB feature appears prominently in the MCD spectrumamount of structure that allows a deeper and finer discussion
but is imperceptible in the total absorption spectrum.” Ourof the fundamental properties and a certainly more reliable
data show that featurB does not appear in the absorption refinement of parametrized models. Maybe alhendance of
spectrum because it is too close to the intense main peak, afuctureis not a well-defined concept, but Figs. 8 and 9 are
suggested in Ref. 23, but it can be relatively enhanced i good example of what we mean.
reflectivity by choosing an appropriate anglg) In the en- To conclude, we want to underline a few relevant techni-
ergy region of satellitéAwe can clearly identify a small peak cal aspects that we did not take advantage of in this work,
in the XMCD curve, as predicted by van der Laan and Tholebut which contribute to make resonant reflectivity an inter-
in Ref. 23. It is located on the high-energy sideAdf(the  esting tool for magnetic studies. It is element selective, since
separation between the maxima is about 1),ediggesting we work at the resonance of a specific element, just as in
that only part of the transitions constitutidgcontributes to  absorption. It is a photon-in—photon-out process, and hence
the difference curve, i.e., shows a magnetization dependenceot affected by the presence of external magnetic fields, not

850 855 860 865

FIG. 9. Sum and difference of the#25.5° reflectivity curves
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even strong and/or time-dependent fie(thaus, for instance, magnetic materials and a technique that in many aspects

element-specific hysteresis curves may be dfa®nit has  complements others in the field of magnetic dichroism.

the necessary sensitivity for studying coverages of less than

one atomic layer on a clean surfeeyet its field of view

extends well below the surface, allowing us to investigate ACKNOWLEDGMENTS

buried layers also. Ultrahigh vacuum is not required, and the
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study dynamical processédeposition, corrosion, efc. toire de Chimie-Physique, Parifor interesting and useful
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