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Magnetic dichroism in reflectivity and photoemission using linearly polarized light:
3p core level of Ni(110
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We performed magnetic dichroism measurements on(a18i single crystal, combining the techniques of
resonant reflectivity and photoemission at the i&lges using linearly polarized synchrotron radiation. The
experimental Ni ® core-level spectra are compared to calculated results obtained using an Anderson impurity
model. Resonant-reflectivity data show a magnetic dichroism well beyond the edge, in agreement with the
calculations, giving the expected angular dependence. Calculated and experimental dichroism spectra agree
well in terms of line shape for both reflectivity and photoemission, while discrepancies are observed in terms
of absolute intensitie§S0163-1828)03931-9

I. INTRODUCTION In addition, chirality can also be obtained usiligearly po-
larized light Kaoet al'° measured the dichroism in resonant
One of the main needs of surface magneticians is to exreflectivity at the 2 edges of Fe using-polarized light, and
plore, in an element-specific and sensitive way, the surfaceore recently Rottet al. reported magnetic linear dichroism
vs bulk magnetic properties, where the understanding of thian the angular dependen¢®LDAD ) of photoemission from
low-dimensionality magnetic systems is of both technologi-the Fe % core level***> Common to these techniques are
cal and fundamental importance. For this reasahtrdnsi-  three noncoplanar vectors that define the handedness of the
tion metals(TM’s) have been widely investigated, following experiment: the incoming light polarizatidim the scattering
two principal approaches. The first one is the study of TMplane, the magnetization directiofperpendicular to the
interfaces, alloys, and multilayers, which often give rise toscattering plane and the direction of either the outgoing
peculiar features, such as giant magnetoresistance, and magioton polarization in the case of reflectivity, or the outgoing
netocrystalline anisotropy, together with a different magnetigphotoelectron in the case of MLDAD. All three techniques
coupling between overlayers and biikA second experi- give direct information about the alignment and magnitude
mental effort has arisen in connection with the theoreticallyof the elemental magnetic momért®MLDAD and reflec-
predicted strong variations in the magnitude of the orbitalivity represent in many aspects complementary techniques:
and spin-magnetic moments at the surface, not only for het@) reflectivity is a photon-in photon-out process, allowing us
erogenous interfaces but also for the surfaces of bulk mage measure in the presence of applied magnetic fiedds.,
netic materials, such as @®0 and Ni110).>“ The latter is  for element-specific hysteresis curye®) the probing depth
still a subject of intense researchiue to the difficulty to set  of photoemission is ideally suited to detect the contributions
up an experiment that is at the same time surface sensitivef the top few atomic layers near the surface; érydeflec-
element specific, and magnetometric. tivity can still give information about buried layers. More-
Core-level spectroscopies based on the use of polarizedover, the interpretational framework gives an interesting ex-
rays provide good opportunities to investigate magnetic pheample for the relation between optical constants and
nomena, and the number of dedicated synchrotron radiatioelectronic structure.
devices is steadily increasing. Fod 3M'’s, one usually re- The analogy in the geometry is such that it appears natural
lies on the use of circularly polarized light: two nonequiva-to combine both photoemission and reflectivity experiments
lent experimental geometries are obtained when the photoin a single setup. The use of linearly polarized light is also
helicity is oriented parallel or antiparallel to the magnetiza-based on practical considerations: the most intense photon
tion vector, resulting in polarization-dependent speétfia  sources, such as undulators and wigglers, usually deliver lin-
chroism. This method has been exploited extensively forearly polarized light, allowing better statistics, and experi-
different spectroscopic techniques, such as absorption, resments based on elliptically polarized light often contain the
nant x-ray scattering, x-ray emission, and photoemis%ion. degree of circular polarization as an ill-defined parameter,
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which is difficult to quantify to better than 10% accuracy. T T T T
We present in this paper results from a combined ;

MLDAD and resonant-reflectivity experiment, performed at 4 Ni(110) MLDAD
the Ni 3p edge of a Nj110) single crystal. The choice of the 3p core levels
sample deserves some comments: photoemission from Ni

presents, among the TM, the strongest satellite features. Con- hv =177 eV
cerning magnetic dichroism in photoemission, MLDAD
from core levels has been reported extensively for tphe 3
and 2p edges of Fe, with magnetic asymmetries up to 12%
of the total photoemission intensit@0% if one subtracts the
backgroundt'® several examples have also been given for
Co, whereas MLDAD from Ni single crystal is almost ab-
sent. To the best of our knowledge, the only i BILDAD

has been measured by Rossal,, for a thick polycrystalline
layer grown onto FE.00), with a dichroism that amounts to
only a few percent asymmety:*8Ni also presents interest-
ing magnetic properties in the bcc phasehich does not
exist in the bulk form obtained at the Ni/R&00) interface!®
photoemission studies would certainly help to understand
this metastable phase, but it is not straightforward to perform
analysis on interfaces or thin films systems without reference 2
values obtained from a crystalline sample, where structural
disorder is absent. Finally, dichroism experiments on nickel vop
mainly rely on absorption spectroscopy, and there is a need . . . . . . . .
for independent information in order to refine the interpreta- 90 5 100 105 110
tional models currently under development.
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Il. EXPERIMENT FIG. 1. Ni(110 3p core-level photoemission spectra for oppo-

Experiments were carried out on the Swiss-French SU§ite alignments of the magnetizati_on along E_tld_l] direction at a
undulator beamline on the SuperACO storage ring at LUREPhoton energy of 177 eV. The light was incident at 45° to the
(Orsay, Francde The overall energy resolution and angular SU"face normal.

acceptance for the photoemission experiments wel®0 o .

meV and=+2°, respectively. The NL10) single crystal was It Projection on the sample surface. The 00° rangein 2
cleaned with repeated Ar sputtering-annealing (800 °C) Was covered using a photodiode array mounted perpendicu-
cycles. By means of a horseshoe electromagnet a magneffy’ t©© the light propagatlono direction. In addition, spectra
field was applied along tHel 11] direction, which is an easy were also record_ed até2=45° using a single diode; th? di-
magnetization axis in thél10) plane. The crystal showed a odes were l.Jsed In current mode. The asymmetry rtio
squared hysteresis loop @x situKerr effect measurements. the reflect|V|_ty _expe_rlment was defined in the same way as
Both reflectivity and photoemission measurements wer%Or photoemissionR=(l;—1,)/(I;+1,). Due to the spectral
done in remanence, reversing the magnetization at each da nction of the undulator source, the incoming light intensity
point of the spectrum. The base pressure was16 L was strongly energy dependent so that the spectra were dif-
mbar. The surface contamination was periodically checke&ICUIt to correct for thel,. Neve_rthelgss, we were able to
by measuring the valence-band photoemission: we notice easure .the asymmetry raRW'th h'gh precision (107)

that a rapid but mild annealing up to 600 °C allowed us to y switching the magnetization direction at each photon en-
maintain the surface clean for several hours. Details about' 9"
the experimental setup and the chiral geometry used can be
found in Refs. 14, 20, and 21. Here we mention only that
experiments were performed using two mirror geometries .
obtained by reversing the direction of the applied magnetic A. Photoemission

field, perpendicular to the scattering plane; the MLDAD Figure 1 shows the raw spectra of Np Zore-level pho-
asymmetry is defined as \MApap=(lup—ldown)/(lup  toemission obtained in the two mirror experimental geom-
+1gown), Wherel yqown are photoemission intensities mea- etries, for a photon energy of 177 eV. At increasing photo-
sured for the ugdown) direction of the magnetization. Us- electron kinetic energy three satellite features are easily
ing the same chiral geometry, magnetic effects can be oldiscernible. The measured spectra were compared to calcu-
served in the resonant elastic scattering of x rays. Exampldated results obtained using an Anderson impurity model,
have been reported in the past for specular reflectivity, Braggvhere a particular site in Ni metal is described with a basis
diffraction, and diffuse scattering. We performed reflectivity setd®, d®, andd'° together with a matching number of elec-
measurements as a function of the photon energy over thgons on adjacent sidéé.The energy is determined by the
range comprising the8edge of Ni, for different values of charge-transfer, Coulomb interaction, hybridization, and
0, where# is the angle of the incoming beam with respect tocrystal-field parameters with values that can be found in Ref.

Ill. RESULTS
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) ) ) FIG. 3. Asymmetry ratidR of the resonant reflectivity vs photon
FIG. 2. Comparison bet_ween experlme_ntal and calculatt_a(b!\ll 3 energy at different 2 angles. Inset: maximum of asymmetry ratio
photoelectron sp_ectra of Ni10). Top: Experimental phqtogmlss_lon R vs 26 fitted toa sin 46/(1+b cos 4).
spectrum(open circleg averaged over the two magnetization direc-
tions after an integral background subtraction. Bottom: MLDAD
spectrum. Experimental cur@pen squargsgives raw data. The
calculated spectrum has been normalized to the peak maximum of The asymmetry curves for the reflectivity in the vicinity
the measured signal. The main negative feature in the spectru®f the Ni 3p edge are shown in Fig. 3. A first remark con-
corresponds to an asymmetry of 1.25% of the total photoemissiogerns the angular dependenceRoét a given photon energy:
intensity. from the expression for the resonant-scattering amplitude

[23]. The final states after photoemission are a mixture oﬁ:\éegr::ﬂ Rtﬁ:fazg’rriq(l)' one obtains for the asymmetry ratio
3p°d®, 3p°d®, and F°d'° configurations. The 6- and 14-eV y '
satellites can be assigned to thg®a°® final-state configura- Im{ a}sin 46
tion with the main line associated with the31*° configu- R= 1T Re(a}cos 40"
) : . . . a}cos 46
ration. In Fig. 2 we compare the calculation with the experi-
mental data, for both the magnetically averagedwherea contains the absorption cross sections for circularly
photoemission signdtop panel and the MLDAD (bottom). polarized photons. The magnetic effects in the reflectivity of
The averaged spectrum was obtained after an integral backnearly polarized photons are a direct consequence of the
ground subtraction, while the experimental MLDAD repre- presence of circular dichroism in absorption. The inset of
sents directly the raw data. The absolute size of the calcuFig. 3 shows the peak-to-peak asymmetry r&d—66 eV
lated Ni 3p MLDAD was about one order of magnitude Vs the scattering angle2 whereé ranges from 1° to 22.5°.
larger than the experimental result. Since the origin of theThe line is a fit to the expressiansin 46/(1+b cos 4). It is
reduced MLDAD is unknown, we scale the calculated mag-lear from the sin 4 dependence that strong magnetic sig-
nitude down to the experimentally observed signal and comnals are obtained by increasing the scattering angle; however
pare only the spectral shapes. The experimental MLDADat the same time the reflected intensity will drop rapidly with
agrees with the calculation around the region of the mairg, and for p-polarized light it goes to zero at the Brewster
line; however, our statistics is not good enough to make angle. A scattering angle of 45° seems to be a good compro-
detailed comparison with the rich dichroism structure in themise between high intensity and strong magnetic signal: an
satellite region. Results obtained at slightly different photonasymmetry ratio of almost 8% peak-to-peak is obtained at
energy, i.e.hv=170 eV, did not give any significantly dif- the 3p edges of Ni with an excellent signal-to-noise ratio.
ferent intensity of the dichroism. This suggests that the cho- One can also observe that, contrary to absorption and pho-
sen photon energy does not correspond to a sharp minimutoemission, the magnetic signal in resonant reflectivity, in-
or maximum of the MLDAD signal, as might occur due to fluenced by the real part of the index, extends well beyond
photoelectron diffraction effecté2’ the resonance energy. Figure 3 shows that, fo+25°, the

B. Reflectivity
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e LA . e s e e e theory. In the photoemission results of Fig. 2, the line shape
15k 2 of the magnetically averagecd3photoemission intensity fits
- 14 well the calculated results, taking into account the energy

resolution of the experiment. Also, in the case of reflectivity,
i the general shape agrees fairly well, particularly when we
. consider that no additional parameters have been introduced
and no further adjustments have been allowed in the model.
42 From the comparison between experiment and theory, we
note that both experimental asymmetry raandAy pap
are smaller than the theoretical ones. Our experiment was
performed at room temperature, and, according to the find-
ings of magnetic x-ray circular dichroism in absorptidn,
any influence of temperature on the saturation value of the
magnetic moment can be excluded. A comparison between
our MLDAD results for N{110 and those for polycrystal-
line nickel on F€100 from Refs. 17 and 18 shows that the
asymmetry ratios are equivalent on the main negative fea-
12 ture, i.e., ~1.3%. We can compare our MLDAD results
from Ni(110 to previous results from the literature. In the
s same range of photoelectron kinetic energies the maximum
negative asymmetry value atp3core levels, without any
background subtraction, ar@) for F100 single crystal
14 about 10-12 %, and the same order of magnitude for poly-
crystalline Fe and disorderetfjuasiamorphousFel’ (b)
I B about 9% for polycrystalline Co on Ee00).}” The Ni 3p
% 60 65 70 75 55 60 65 70 75 MLDAD signal is thus about a factor of 10 smaller, and our

Photon Energy (eV) results exclude both the influence of structural disorder, since
he sample is a single crystal, and photoelectron diffraction
ffects, within the given range of kinetic energies. One
should keep in mind, though, that the MLDAD signal is a
the asymmetry rati® (right pane), at 26=45°. Theoretical curves function of several paramete(s.g., spin-orbit, photon en-

are multiplied by a factor 0.22 in order to match the experimentalergy’ mggnetlc momentsimplying t.hat a quantitative cross
signal. comparison of the MLDAD for different elements is not

straightforward. OuAy pap Value is, within the error bar,
asymmetry ratio does not vanish over a range of almost 4§'¢ same as the one measured on polycrystalline Ni on
eV. Starting from the same parameters used in the MLDAD-€(100), i.e. ~1.3%, which means that structural disorder
calculation, the absorption and the corresponding circular dic@nnot be the reason for such a low value: it is still unclear
chroism spectra of Ni were determined and inserted in thavhy the observed Ni 8 MLDAD is so small compared to
tabulated curve ok (dissipative part of the refractive index Other 3 metals and to calculations, but our results suggest
for Ni (Ref. 29. The real part of the refractive indexand that it is consistently small for different surfaces of Ni. In
its magnetic dependenca&n were obtained by Kramers- resonant reflectivity, we observed magnetic effects fér 2
Kronig transformation ok and Ak, respectively. The four Vvalues between 2° and 45°, which follow the expected an-
real energy-dependent functionsk, An, andAk were used 9ular dependence. Model calculations, using the same pa-
to build the two independent complex elements of the dielectameters as for MLDAD, give a fairly good agreement for
tric tensore, i.e., the diagonal term,,=e,,= ¢, (under the the line shape of the Q|chr0|sm in reflectivity. Also in this .
assumption of zero linear dichroignas well as the off- Case, though, the predicted values are larger than the experi-
diagonal terme,,= —&,,, which gives rise to the circular Mental ones by almost a factor 5. _ o
dichroism. The reflected intensity at the vacuum-Ni interface W€ do not have a clear explanation for this reduction in
was subsequently calculated, solving directly Maxwell'sthe dichroism, nor for its dependence on the specific tech-
equations, for a magnetization up or down with respect to th@ique (a factor 10 in photoemission, a factor 5 in reflectiv-
scattering plane. Figure 4 shows the comparison between ti®). One might invoke the different probing depths of the
calculated and experimental curves for the magnetic signal ifwo techniques, but this would sound at the moment like
resonant reflectivity at =45°. Also in this case, a multi- PUre speculatl_on. The geometrlcal parameters of the experi-
plying factor has been introduced in order to match the apment are all included in the calculations, and the chosen

Difference (arb. units)
Asymmetry Ratio (%)

[ Calc. (x 0.22)

sk Exp.

FIG. 4. Comparison between calculated and experimenta
curves for the magnetic dichroism in the reflectivity given as the
difference between up and down magnetizafil@ft pane) and as

solute intensities. photoelectron energieglose to 100 eV are in the range
giving the maximum MLDAD effect. Photoelectron diffrac-
IV. DISCUSSION AND CONCLUSIONS tion should not occur in this energy range, as confirmed by

the comparison with our data at 170 eV photon energy. On

We have measured MLDAD and resonant reflectivity atthe other hand, we are aware that it is not always straightfor-
the Ni 3p core level of a Ni110) single crystal, and we find ward, starting from a given model, to calculate consistently
a good qualitative agreement between experiment anthe results of different experiments, even when they should
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trace back to the same fundamental parameters in the modslame parameters, to interpret correctly thpeabsorption and

A couple of instructive examples can be found in recent lit-dichroism data.

erature, precisely about high-energy spectroscopies in nickel: Finally, we showed that both MLDAD and reflectivity
(i) In Refs. 23 and 31 the same model was applied to decan be easily combined in a single experimental setup, ex-
scribe the ground state of Ni in terms of admixture af3  Pploiting the same geometry. Resonant reflectivity gives a
3d?, and 311° configurations. In the former, the authors con- Magnetic signal whose magnitude is a function of the angle
sidered absorption and dichroism at thp and 3 edges @and can exceed that of MLDAD. On the other hand,
plus isotropic 2 and 3 photoemission spectra in order to MLDAD ha; an intrinsic sensitivity to the topmost atomic _
fit the adjustable parameters in the mottabse used in the layers and is therefore more suited to study surfaces and thin
calculations presented herand the same parameters Weref|Ims. The results obtained using these two spectroscopies
later also used to explain the resonamt ghotoemissior? are to be related to the same fundamental properties, and the
The results were appreciably different from what was fbun ombination of both techniques can facilitate the comparison

in Ref. 31, where only @ absorption and dichroism were etween experiments and theory.
considered as an experimental inp(it) Mencherd® suc-
cessfully applied a cluster model to the interpretation of the
2p spin resolved photoemission data in Ni, but Manini Thanks are due to Fausto Sirotti for his support in per-
et al>* showed that the same model was unable, using théorming the experiment, and to the SU3 group.
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