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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 a Ni~110! single crystal, combining the techniques of
resonant reflectivity and photoemission at the Ni 3p edges using linearly polarized synchrotron radiation. The
experimental Ni 3p 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 intensities.@S0163-1829~98!03931-9#
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I. INTRODUCTION

One of the main needs of surface magneticians is to
plore, in an element-specific and sensitive way, the surf
vs bulk magnetic properties, where the understanding of
low-dimensionality magnetic systems is of both technolo
cal and fundamental importance. For this reason, 3d transi-
tion metals~TM’s! have been widely investigated, followin
two principal approaches. The first one is the study of T
interfaces, alloys, and multilayers, which often give rise
peculiar features, such as giant magnetoresistance, and
netocrystalline anisotropy, together with a different magne
coupling between overlayers and bulk.1,2 A second experi-
mental effort has arisen in connection with the theoretica
predicted strong variations in the magnitude of the orb
and spin-magnetic moments at the surface, not only for
erogenous interfaces but also for the surfaces of bulk m
netic materials, such as Fe~100! and Ni~110!.3,4 The latter is
still a subject of intense research,5 due to the difficulty to set
up an experiment that is at the same time surface sensi
element specific, and magnetometric.

Core-level spectroscopies based on the use of polariz
rays provide good opportunities to investigate magnetic p
nomena, and the number of dedicated synchrotron radia
devices is steadily increasing. For 3d TM’s, one usually re-
lies on the use of circularly polarized light: two nonequiv
lent experimental geometries are obtained when the ph
helicity is oriented parallel or antiparallel to the magnetiz
tion vector, resulting in polarization-dependent spectra~di-
chroism!. This method has been exploited extensively
different spectroscopic techniques, such as absorption, r
nant x-ray scattering, x-ray emission, and photoemission6–9
PRB 580163-1829/98/58~7!/3750~5!/$15.00
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In addition, chirality can also be obtained usinglinearly po-
larized light. Kaoet al.10 measured the dichroism in resona
reflectivity at the 2p edges of Fe usingp-polarized light, and
more recently Rothet al. reported magnetic linear dichroism
in the angular dependence~MLDAD ! of photoemission from
the Fe 3p core level.11,12 Common to these techniques a
three noncoplanar vectors that define the handedness o
experiment: the incoming light polarization~in the scattering
plane!, the magnetization direction~perpendicular to the
scattering plane!, and the direction of either the outgoin
photon polarization in the case of reflectivity, or the outgoi
photoelectron in the case of MLDAD. All three techniqu
give direct information about the alignment and magnitu
of the elemental magnetic moment.13–15MLDAD and reflec-
tivity represent in many aspects complementary techniqu
~a! reflectivity is a photon-in photon-out process, allowing
to measure in the presence of applied magnetic fields~e.g.,
for element-specific hysteresis curves!; ~b! the probing depth
of photoemission is ideally suited to detect the contributio
of the top few atomic layers near the surface; and~c! reflec-
tivity can still give information about buried layers. More
over, the interpretational framework gives an interesting
ample for the relation between optical constants a
electronic structure.

The analogy in the geometry is such that it appears nat
to combine both photoemission and reflectivity experime
in a single setup. The use of linearly polarized light is a
based on practical considerations: the most intense ph
sources, such as undulators and wigglers, usually deliver
early polarized light, allowing better statistics, and expe
ments based on elliptically polarized light often contain t
degree of circular polarization as an ill-defined parame
3750 © 1998 The American Physical Society
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which is difficult to quantify to better than 10% accuracy.
We present in this paper results from a combin

MLDAD and resonant-reflectivity experiment, performed
the Ni 3p edge of a Ni~110! single crystal. The choice of th
sample deserves some comments: photoemission from
presents, among the TM, the strongest satellite features. C
cerning magnetic dichroism in photoemission, MLDA
from core levels has been reported extensively for thep
and 2p edges of Fe, with magnetic asymmetries up to 1
of the total photoemission intensity~30% if one subtracts the
background!;16 several examples have also been given
Co, whereas MLDAD from Ni single crystal is almost a
sent. To the best of our knowledge, the only Ni 3p MLDAD
has been measured by Rossiet al., for a thick polycrystalline
layer grown onto Fe~100!, with a dichroism that amounts t
only a few percent asymmetry.17,18 Ni also presents interest
ing magnetic properties in the bcc phase~which does not
exist in the bulk form! obtained at the Ni/Fe~100! interface:19

photoemission studies would certainly help to underst
this metastable phase, but it is not straightforward to perfo
analysis on interfaces or thin films systems without refere
values obtained from a crystalline sample, where struct
disorder is absent. Finally, dichroism experiments on nic
mainly rely on absorption spectroscopy, and there is a n
for independent information in order to refine the interpre
tional models currently under development.

II. EXPERIMENT

Experiments were carried out on the Swiss-French S
undulator beamline on the SuperACO storage ring at LU
~Orsay, France!. The overall energy resolution and angul
acceptance for the photoemission experiments were;100
meV and62°, respectively. The Ni~110! single crystal was
cleaned with repeated Ar1 sputtering-annealing (800 °C
cycles. By means of a horseshoe electromagnet a mag
field was applied along the@11̄1# direction, which is an easy
magnetization axis in the~110! plane. The crystal showed
squared hysteresis loop inex situKerr effect measurements
Both reflectivity and photoemission measurements w
done in remanence, reversing the magnetization at each
point of the spectrum. The base pressure was 8310211

mbar. The surface contamination was periodically chec
by measuring the valence-band photoemission: we not
that a rapid but mild annealing up to 600 °C allowed us
maintain the surface clean for several hours. Details ab
the experimental setup and the chiral geometry used ca
found in Refs. 14, 20, and 21. Here we mention only t
experiments were performed using two mirror geometr
obtained by reversing the direction of the applied magn
field, perpendicular to the scattering plane; the MLDA
asymmetry is defined as AMLDAD5(I up2I down)/(I up
1I down), whereI up(down) are photoemission intensities me
sured for the up~down! direction of the magnetization. Us
ing the same chiral geometry, magnetic effects can be
served in the resonant elastic scattering of x rays. Exam
have been reported in the past for specular reflectivity, Br
diffraction, and diffuse scattering. We performed reflectiv
measurements as a function of the photon energy over
range comprising the 3p edge of Ni, for different values o
u, whereu is the angle of the incoming beam with respect
d
t
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its projection on the sample surface. The 0210° range in 2u
was covered using a photodiode array mounted perpend
lar to the light propagation direction. In addition, spec
were also recorded at 2u545° using a single diode; the di
odes were used in current mode. The asymmetry ratioR in
the reflectivity experiment was defined in the same way
for photoemission,R5(I ↑2I ↓)/(I ↑1I ↓). Due to the spectra
function of the undulator source, the incoming light intens
was strongly energy dependent so that the spectra were
ficult to correct for theI 0. Nevertheless, we were able t
measure the asymmetry ratioR with high precision (1024)
by switching the magnetization direction at each photon
ergy.

III. RESULTS

A. Photoemission

Figure 1 shows the raw spectra of Ni 3p core-level pho-
toemission obtained in the two mirror experimental geo
etries, for a photon energy of 177 eV. At increasing pho
electron kinetic energy three satellite features are ea
discernible. The measured spectra were compared to ca
lated results obtained using an Anderson impurity mod
where a particular site in Ni metal is described with a ba
setd8, d9, andd10 together with a matching number of ele
trons on adjacent sides.22 The energy is determined by th
charge-transfer, Coulomb interaction, hybridization, a
crystal-field parameters with values that can be found in R

FIG. 1. Ni~110! 3p core-level photoemission spectra for opp

site alignments of the magnetization along the@11̄1# direction at a
photon energy of 177 eV. The light was incident at 45° to t
surface normal.
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3752 PRB 58MAURIZIO SACCHI et al.
@23#. The final states after photoemission are a mixture
3p5d8, 3p5d9, and 3p5d10 configurations. The 6- and 14-eV
satellites can be assigned to the 3p5d9 final-state configura-
tion with the main line associated with the 3p5d10 configu-
ration. In Fig. 2 we compare the calculation with the expe
mental data, for both the magnetically averag
photoemission signal~top panel! and the MLDAD~bottom!.
The averaged spectrum was obtained after an integral b
ground subtraction, while the experimental MLDAD repr
sents directly the raw data. The absolute size of the ca
lated Ni 3p MLDAD was about one order of magnitud
larger than the experimental result. Since the origin of
reduced MLDAD is unknown, we scale the calculated ma
nitude down to the experimentally observed signal and co
pare only the spectral shapes. The experimental MLD
agrees with the calculation around the region of the m
line; however, our statistics is not good enough to mak
detailed comparison with the rich dichroism structure in
satellite region. Results obtained at slightly different pho
energy, i.e.,hn5170 eV, did not give any significantly dif
ferent intensity of the dichroism. This suggests that the c
sen photon energy does not correspond to a sharp minim
or maximum of the MLDAD signal, as might occur due
photoelectron diffraction effects.24–27

FIG. 2. Comparison between experimental and calculated Np
photoelectron spectra of Ni~110!. Top: Experimental photoemissio
spectrum~open circles! averaged over the two magnetization dire
tions after an integral background subtraction. Bottom: MLDA
spectrum. Experimental curve~open squares! gives raw data. The
calculated spectrum has been normalized to the peak maximu
the measured signal. The main negative feature in the spec
corresponds to an asymmetry of 1.25% of the total photoemis
intensity.
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B. Reflectivity

The asymmetry curves for the reflectivity in the vicini
of the Ni 3p edge are shown in Fig. 3. A first remark co
cerns the angular dependence ofR at a given photon energy
from the expression for the resonant-scattering amplit
given in Ref. 28, Eq.~1!, one obtains for the asymmetry rati
the analytical form:

R5
Im$a%sin 4u

11Re$a%cos 4u
, ~1!

wherea contains the absorption cross sections for circula
polarized photons. The magnetic effects in the reflectivity
linearly polarized photons are a direct consequence of
presence of circular dichroism in absorption. The inset
Fig. 3 shows the peak-to-peak asymmetry ratio~64–66 eV!
vs the scattering angle 2u, whereu ranges from 1° to 22.5°
The line is a fit to the expressiona sin 4u/(11b cos 4u). It is
clear from the sin 4u dependence that strong magnetic s
nals are obtained by increasing the scattering angle; how
at the same time the reflected intensity will drop rapidly w
u, and for p-polarized light it goes to zero at the Brewst
angle. A scattering angle of 45° seems to be a good com
mise between high intensity and strong magnetic signal:
asymmetry ratio of almost 8% peak-to-peak is obtained
the 3p edges of Ni with an excellent signal-to-noise ratio

One can also observe that, contrary to absorption and p
toemission, the magnetic signal in resonant reflectivity,
fluenced by the real part of the index, extends well beyo
the resonance energy. Figure 3 shows that, for 2u545°, the

of
m
n

FIG. 3. Asymmetry ratioR of the resonant reflectivity vs photo
energy at different 2u angles. Inset: maximum of asymmetry rat
R vs 2u fitted to a sin 4u/(11b cos 4u).
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asymmetry ratio does not vanish over a range of almos
eV. Starting from the same parameters used in the MLD
calculation, the absorption and the corresponding circular
chroism spectra of Ni were determined and inserted in
tabulated curve ofk ~dissipative part of the refractive index!
for Ni ~Ref. 29!. The real part of the refractive indexn and
its magnetic dependenceDn were obtained by Kramers
Kronig transformation ofk and Dk, respectively. The four
real energy-dependent functionsn,k, Dn, andDk were used
to build the two independent complex elements of the die
tric tensor«, i.e., the diagonal term«xx5«yy5«zz ~under the
assumption of zero linear dichroism! as well as the off-
diagonal term«xy52«yx , which gives rise to the circula
dichroism. The reflected intensity at the vacuum-Ni interfa
was subsequently calculated, solving directly Maxwe
equations, for a magnetization up or down with respect to
scattering plane. Figure 4 shows the comparison between
calculated and experimental curves for the magnetic signa
resonant reflectivity at 2u545°. Also in this case, a multi
plying factor has been introduced in order to match the
solute intensities.

IV. DISCUSSION AND CONCLUSIONS

We have measured MLDAD and resonant reflectivity
the Ni 3p core level of a Ni~110! single crystal, and we find
a good qualitative agreement between experiment

FIG. 4. Comparison between calculated and experime
curves for the magnetic dichroism in the reflectivity given as
difference between up and down magnetization~left panel! and as
the asymmetry ratioR ~right panel!, at 2u545°. Theoretical curves
are multiplied by a factor 0.22 in order to match the experimen
signal.
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theory. In the photoemission results of Fig. 2, the line sha
of the magnetically averaged 3p photoemission intensity fits
well the calculated results, taking into account the ene
resolution of the experiment. Also, in the case of reflectivi
the general shape agrees fairly well, particularly when
consider that no additional parameters have been introdu
and no further adjustments have been allowed in the mo
From the comparison between experiment and theory,
note that both experimental asymmetry ratiosR andAMLDAD
are smaller than the theoretical ones. Our experiment
performed at room temperature, and, according to the fi
ings of magnetic x-ray circular dichroism in absorption30

any influence of temperature on the saturation value of
magnetic moment can be excluded. A comparison betw
our MLDAD results for Ni~110! and those for polycrystal-
line nickel on Fe~100! from Refs. 17 and 18 shows that th
asymmetry ratios are equivalent on the main negative
ture, i.e., ;1.3%. We can compare our MLDAD result
from Ni~110! to previous results from the literature. In th
same range of photoelectron kinetic energies the maxim
negative asymmetry value at 3p core levels, without any
background subtraction, are~a! for Fe~100! single crystal
about 10–12 %, and the same order of magnitude for po
crystalline Fe and disordered~quasiamorphous! Fe,17 ~b!
about 9% for polycrystalline Co on Fe~100!.17 The Ni 3p
MLDAD signal is thus about a factor of 10 smaller, and o
results exclude both the influence of structural disorder, si
the sample is a single crystal, and photoelectron diffract
effects, within the given range of kinetic energies. O
should keep in mind, though, that the MLDAD signal is
function of several parameters~e.g., spin-orbit, photon en
ergy, magnetic moments!, implying that a quantitative cros
comparison of the MLDAD for different elements is no
straightforward. OurAMLDAD value is, within the error bar
the same as the one measured on polycrystalline Ni
Fe~100!, i.e. ;1.3%, which means that structural disord
cannot be the reason for such a low value: it is still uncl
why the observed Ni 3p MLDAD is so small compared to
other 3d metals and to calculations, but our results sugg
that it is consistently small for different surfaces of Ni.
resonant reflectivity, we observed magnetic effects foru
values between 2° and 45°, which follow the expected
gular dependence. Model calculations, using the same
rameters as for MLDAD, give a fairly good agreement f
the line shape of the dichroism in reflectivity. Also in th
case, though, the predicted values are larger than the ex
mental ones by almost a factor 5.

We do not have a clear explanation for this reduction
the dichroism, nor for its dependence on the specific te
nique ~a factor 10 in photoemission, a factor 5 in reflecti
ity!. One might invoke the different probing depths of th
two techniques, but this would sound at the moment l
pure speculation. The geometrical parameters of the exp
ment are all included in the calculations, and the cho
photoelectron energies~close to 100 eV! are in the range
giving the maximum MLDAD effect. Photoelectron diffrac
tion should not occur in this energy range, as confirmed
the comparison with our data at 170 eV photon energy.
the other hand, we are aware that it is not always straight
ward, starting from a given model, to calculate consisten
the results of different experiments, even when they sho
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trace back to the same fundamental parameters in the m
A couple of instructive examples can be found in recent
erature, precisely about high-energy spectroscopies in nic
~i! In Refs. 23 and 31 the same model was applied to
scribe the ground state of Ni in terms of admixture of 3d8,
3d9, and 3d10 configurations. In the former, the authors co
sidered absorption and dichroism at the 2p and 3p edges
plus isotropic 2p and 3p photoemission spectra in order
fit the adjustable parameters in the model~those used in the
calculations presented here!, and the same parameters we
later also used to explain the resonant 2p photoemission.32

The results were appreciably different from what was fou
in Ref. 31, where only 2p absorption and dichroism wer
considered as an experimental input.~ii ! Menchero33 suc-
cessfully applied a cluster model to the interpretation of
2p spin resolved photoemission data in Ni, but Man
et al.34 showed that the same model was unable, using
B
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same parameters, to interpret correctly the 2p absorption and
dichroism data.

Finally, we showed that both MLDAD and reflectivit
can be easily combined in a single experimental setup,
ploiting the same geometry. Resonant reflectivity gives
magnetic signal whose magnitude is a function of the an
and can exceed that of MLDAD. On the other han
MLDAD has an intrinsic sensitivity to the topmost atom
layers and is therefore more suited to study surfaces and
films. The results obtained using these two spectrosco
are to be related to the same fundamental properties, and
combination of both techniques can facilitate the compari
between experiments and theory.
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