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We have measured magnetic circular x-ray dichroism (MCXD) in a remanently magnetized Ni(110)
single crystal, with the light in grazing incidence. Measuring the x-ray absorption as a function of the
applied magnetic field, we could draw a hysteresis curve similar to one obtained with a magneto-optical
Kerr effect on the same crystal. Spectra taken with linearly polarized light show clear variations as the
angle of incidence of the light on the sample is changed. The possible origins for this angular-dependent
absorption and its consequences for MCXD measurements taken in grazing incidence are discussed.

I. INTRODUCTION

The circularly polarized light which is emitted by
synchrotron-radiation sources above and below the plane
of the storage ring finds an increasing number of applica-
tions. One of the most promising of them is magnetic cir-
cular x-ray dichroism (MCXD), i.e., the dependence of
the absorption spectra on the helicity of the incoming
photons with respect to the magnetization direction in
the probed material. In the hard-x-ray range (>3 keV)
several experiments have already been done on
transition-metal K edges and the L edges of rare
earths.! =3 The exploitation of circularly polarized light
in the soft x-ray range (100—2000 eV) is more recent and
most of the MCXD results have appeared in the litera-
ture during the last three years.* ™ 1°

Early MCXD experiments in the soft-X-ray range have
been done by Chen et al.* on the L, and L, absorption
edges of a ferromagnetic Ni(111) single crystal. The total
absorption spectrum, including the satellite at 6 eV from
the main peak, could be reproduced very well using rela-
tivistic tight-binding band-structure calculations.!! To
explain the shoulder in the MCXD, however, many-body
effects had to be taken into account.'?”'* For other ma-
terials, like Fe, the observed MCXD spectra are not yet
understood in detail,'> which has not prevented the de-
velopment of very interesting practical applications, like
the imaging of magnetic domains. !

A very important recent development has been the
derivation of sum rules for the MCXD, which relate the
intensities of the measured spectra and their difference to
the spin and orbital magnetic moments in the ground
state.!”"! To apply these rules, however, one needs
knowledge of the partial contributions of different transi-
tions to each absorption edge. For the L, ; edges of the
3d transition metals, for instance, the polarization-
dependent 2p-3d absorption is superimposed on a back-
ground of 2p-ns transitions, which is not accurately
known. Also, other effects can influence the experimen-
tally determined values for the magnetic moments; in this
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paper we will show that the absorption spectra depend on
the angle of incidence of the x rays, especially at angles
above 60°. This is of particular importance when data
taken at different measuring geometries are compared.
We will discuss the different origins which may lead to
this angular-dependent absorption, and show another
possible use of MCXD, namely to take element-specific
hysteresis curves.

II. EXPERIMENTAL DETAILS

The sample we used was a Ni(110) single crystal of
10X5X1 mm, the longer side being along the [111]
direction. After mechanical polishing using diamond
grains down to 0.25 um, the crystal was annealed for 12 h
at 650°C in a 5X 10~ * mbar hydrogen flow to remove
contaminants (mainly sulphur) from the bulk. Final
Auger measurements confirmed that the S contamination
was below the detectable limit (< 1% of a monolayer).
The crystal was mounted on a soft iron horseshoe magnet
in a home-built sample holder. In addition to the transla-
tion movements, the sample could be rotated around the
z axis with a precision of about 0.5° (Fig. 1).

Using the horseshoe magnet, a magnetic field could be
applied along the [111] direction, which is one of the
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FIG. 1. Mounting of the sample and measuring geometry.
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easy magnetization axes of Ni in the (110) plane. From
ex situ measurements, the intensity of the field was es-
timated to be about 100 G/A of current in the coils
around the magnet. For magnetizing the sample, we
could use supplies for pulsed current (up to 40 A) or con-
tinuous current (up to 10 A).

The sample was introduced into a ultra-high-vacuum
chamber (base pressure 2 X 107! mbar) where it could be
cleaned using a differentially pumped ion gun and heated
by electron bombardment from the back side. Cycles of
Ar bombardment and annealing at 800°C were used to
obtain a correct recrystallization of the surface with the
corresponding low-energy-electron-diffraction pattern.

X-ray-absorption measurements at the L,; edges
(850-870 eV) were performed on the beamline SA22 of
the 800 MeV positron storage ring Super-ACO at Lure
(Orsay). The synchrotron light coming from a bending
magnet was selected in energy using a UHV double-
crystal monochromator. The beryl (1010) crystals used
for this experiment give an overall instrumental energy
resolution of about 0.3 eV at the nickel edge, as estimated
from measurements of the K edge of neon in the gas
phase [total (FWHM) ~0.53 eV].

The circularly polarized light we used for our experi-
ments was obtained using high-precision vertical slits, at
a distance of 8 m from the source, to select an angular
section of 60 urad at an angle of 1 mrad below the orbit
plane. In these conditions the light is elliptically polar-
ized with negative helicity and the degree of circular po-
larization &, is about 0.9. Monochromatizing at ~850 eV
with beryl crystals implies two Bragg reflections close to
67°, reducing &, to about 0.55 at the sample position. ®

Spectra of the L, ; edges of Ni were collected both in
total electron yield mode (TEY) using a channeltron with
a positive bias of 100 V on the front end, and in current
mode using an interfaced picoamperometer. The results
obtained in both ways were equivalent, but TEY gave a
better signal-to-noise ratio. Consequently, the data re-
ported here have all been obtained in TEY.

III. RESULTS

A. Circularly polarized light

In Fig. 2, the Ni L, ; edges are shown measured with
the light emitted 1 mrad below the plane. The light was
incident 10° off the [111] magnetization axis of the crys-
tal (see Fig. 1). dpen and closed circles correspond to op-
posite signs of the current in the electromagnet, i.e., to
opposite magnetizations along the [111] axis. The spec-
tra were taken with the crystal remanently magnetized,
after a current pulse of 40 A. The sum of the peak
heights of the L, is set to 100. The difference curve in
Fig. 3 is corrected both for the incomplete polarization of
the light (£,=0.55 at 850 eV) and for the fact that &, is
not constant over the measured energy range (it is about
a factor of 1.2 smaller at the L, than at the L; edge™).
We have not corrected for the disalignment of 10° be-
tween the light-propagation vector and the magnetization
axis.

We used the spectra from Fig. 2 to obtain the L;:L,
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FIG. 2. Spectra taken below plane (¢ =1 mrad) with helicity
of the light and Ni majority-spin direction parallel (@) and anti-
parallel (O ), together with the difference curve.
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FIG. 3. Hysteresis curves taken with MOKE (top) and
MCXD (bottom) on Ni(110). The drawn lines are guides to the
eye.
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branching ratios of the total spectrum (o . +0 _) and of
the difference curve (0, —o _), and the asymmetry at the
maximum of the L;. Using the above-mentioned sum
rules, we derived the expectation values of the orbital and
spin moments of the d shell (L,), (S,) and the total
momentum (L, ) +2(S,) from our spectra. In Table I,
they are compared with the ones from the experiments of
Chen et al.* The values they obtained for (L,) and
(S,) from comparison of their data with tight-binding
calculations!! are identical to those found by Thole
et al.'"!® using the sum rules. As in our case, their Ni
single crystal was magnetized along a [111] direction, but
perpendicular to the surface plane, and the spectra were
measured with the x rays at normal incidence. The pa-
rameters for the two geometries are remarkably close,
considering the angular dependence of the absorption
spectra discussed below.

We also measured the absorption curve with a continu-
ous current flowing through the wires of the horseshoe
magnet. We found stable and reproducible data up to
about 2 A, indicating a fairly well-closed magnetic circuit
with very small stray fields. For higher currents, the
signal-to-noise ratio degraded rapidly.

In order to draw semiquantitative conclusions from the
current dependence of the x-ray-absorption spectroscopy
(XAS) spectra we adopted the following procedure: (i) a
reference spectrum (S ) was taken after a negative
current pulse; (ii) after normalization of the spectra, S
was subtracted from each spectrum S (I) measured with a
continuous current flow 7; (iii) the difference was integrat-
ed over the energy range 850-860 eV (L; edge) to give
the area A4 (I) as a function of the current I.

The resulting values of A (I) are plotted in Fig. 3 for I
ranging from —2 to +2 A. The hysteresis curve taken
with MCXD shows that the Ni crystal we used exhibits a
remanence at zero field of 100%, in agreement with a
magneto-optical Kerr effect (MOKE) measurement per-
formed on the same sample and the same mounting, be-
fore inserting the manipulator in the vacuum chamber.

B. Linearly polarized light

In Fig. 4 we present some experimental data obtained
in-plane (linearly polarized light) by changing the angle
of incidence of the photons on the sample. Shown are
three spectra taken at a=0° (normal incidence), 60°, and
75°, which present clear changes in the relative height of
the structures. In Table II we give the normalized L,
and L, peak heights for different angles of incidence, to-
gether with the total integrated intensity (normalized to

TABLE 1. The experimental parameters obtained from our
spectra compared to those of Chen et al. (Refs. 4, 11, 17, 18).

Chen et al. This work
L,/L, (tot.) 2.6 2.6%0.2
L,/L, (diff.) -1.6 —1.740.2
(L, )up) 0.05 0.06+0.01
(S, Mug) 0.26 0.27+0.03
(L,)+2(S, ) ug) 0.57 0.60+0.05
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FIG. 4. Spectra taken in plane (¢ =0 mrad) for normal (O),
60° (+), and 75° incidence (@), together with the difference be-
tween the normal and 75° incidence spectra.

100 for normal incidence) and the L;:L, branching ratio.
To determine the intensities and branching ratios, we
normalized the experimental spectra at two points, before
the L, edge and after the L, edge. An extra check of the
validity of this procedure consists of the fact that normal-
ized in this way, the intensities in between the L, and L,
edges coincide. After normalization, we subtracted a
double-step function (also shown in Fig. 4), with the first
step at the maximum of the L; and the second of half
height shifted of the spin-orbit term of the 2p core hole
(§=17.3 eV). Although it is quite rough, this is a gen-

TABLE II. Normalized L; and L, peak heights, total in-
tegrated intensities, and branching ratios for different angles of
incidence. The error bar on the branching ratios is estimated to
be about 0.2.

L, L, Integrated Branching
Angle max. max. Ly+L, ratio

0 100.0 51.1 100.0 2.7
10 103.3 50.8 102.0 2.8
20 103.2 50.7 100.3 2.8
30 100.1 50.9 98.7 2.7
40 99.1 50.0 97.7 2.7
50 98.2 50.6 98.5 2.7
60 93.9 499 96.9 2.6
70 91.7 50.2 94.8 2.7
75 86.1 48.9 91.7 2.8
80 83.7 48.2 90.0 2.6
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erally accepted way to determine branching ratios of
transition-metal L, ; edges.

The most likely explanation for the lowering of the
peaks going to grazing incidence consists of angular-
dependent saturation, as already reported for absorption
and photoemission from the 3d core states in rare
earths.222 According to Thole et al.,?* a simple model
for x-ray absorption in TEY gives

Y=4 fowe —x/[M)cost) gy /[ A(ew) cos@le ~*/?

= Ad /[d +Mw) cosb] ,

where Y is the total yield, 4 is the number of electrons
produced per photon, which run in the direction of the
surface, 0 is the angle of incidence of the x rays, Alw) is
the absorption length at energy w, and d is the probing
depth of TEY. For d <<A(w)cosO this is approximately
equal to ( Ad)/Al(w)cosO, making the measured yield in-
versely proportional to the absorption length and thus,
proportional to the absorption coefficient. For smaller
AMw)cosd, i.e., for higher 6 and/or at the maximum of the
absorption [where A(w) is the smallest], saturation can
occur.

In Fig. 5 the normalized L, peak heights are plotted,
taken from Table II. Supposing that before and after the
edges, the condition d <<A(w) is fulfilled and thus,
Y =( Ad)/Mae)cos, normalizing the spectra there means
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FIG. 5. Normalized L; peak heights for different angles of
incidence, taken from Table II. The drawn line is a fit with a
function F(0)= A cos@/(1+k cos@), with k =A/d =18%2 (see
text).

putting the yields Y equal for different angles or,
equivalently, multiplying the measured spectra with cos@.
To fit the intensities at the edges we used, therefore, a
function F(0)= A cos@/(1+k cosf), where k=A/d.
The result of the fit is also shown in Fig. 5, giving a value
of k =18+2. A similar fit for the L, peak height gave a
value of kK =80+10. In Table II also, the total integrated
intensities, obtained after subtracting the step function,
are given. The decrease of the intensities starts to get im-
portant at angles of incidence higher than 60°, going from
less than 3% at 60° to about 10% at 80°.

Although the function F(0) gives good fits for all the
experimental data, other observations, like the oc-
currence of analogous (though smaller) effects in 1-5
monolayer (ML) thin layers of Ni on Fe,?* suggest that
other effects may also play a role. Two of them we give
below.

(i) Like visible light, x rays are partly reflected going
from one medium to another. The reflectivity R is, in
general, very small and starts getting important only for
angles of incidence close to 90°. However, near absorp-
tion edges of high cross section, the reflectivity may be
non-negligible at much lower angles. This effect has been
clearly measured in NiO and TbFe samples,? showing
the existence of large variations in R and, consequently,
in the absorption already at angles of 80° (ii) an alterna-
tive and more appealing interpretation calls for the ex-
istence of linear magnetic dichroism in metallic nickel. It
would originate both from the bulk, where the effect is
caused by the anisotropy of the charge distribution
({M?)), and from the surface, where the magnetic mo-
ment is expected to be larger than in the bulk.?*%" Also,
the surface itself gives rise to an anisotropic charge distri-
bution, due to electrostatic effects. The linear dichroism
from the bulk, as expected from an Anderson impurity
model, looks more or less like the circular dichroism, but
with all peaks having the same sign.?® Preliminary re-
sults that we obtained on our Ni(110) crystal after rotat-
ing it 90° azimuthally (and so changing the relative orien-
tation of the polarization vector of the light and the mag-
netization axis without changing the incidence angle of
the x rays) suggest that this effect is very small, but, nev-
ertheless, deserves further investigation.

IV. SUMMARY AND CONCLUSIONS

In this paper we have presented results of angular- and
polarization-dependent x-ray absorption in a Ni single
crystal. The main conclusions of this work are (i) the
magnetic parameters obtained from the MCXD at graz-
ing incidence compare very well with reference data tak-
en at normal incidence, even though the absolute intensi-
ties of the peaks change considerably. Apparently, the
different integrated intensities needed to calculate {L,)
and (S,) with the sum rules of Thole et al. are
influenced in a similar way. This is of interest for
measuring materials which have their easy axis of magne-
tization in the surface plane, like many magnetic multi-
layers; (ii) the intensities obtained from the spectra as a
function of the angle of incidence can be fitted with a
function F(6)= A4 cos@/(1+k cosf), supposing satura-
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tion effects. For the maximum of the L; intensity, we
find a value of kK =A/d =18+2. The decrease of the in-
tensities starts getting important above 60°, going from
less than 3% to about 10% at 80°. This is of particular
importance when one wants to compare spectra taken at
different angles on different samples. This was done, for
instance, in a recent paper about MCXD in Co/Pd multi-
layers.” The large difference between the peak intensities
in a multilayer measured in normal incidence and a pure
Co layer measured in grazing incidence that was report-
ed, can certainly not be attributed to angular-dependent
effects only, but our data show that they should be taken
into account for a more accurate and reliable analysis;
(iii) effects other than saturation might contribute to the
angular dependence of the absorption spectra. The ex-
istence of linear magnetic dichroism in Ni metal [an
effect similar to that has aiready been observed in NiO
(Ref. 25) and Fe,O; (Ref. 29)] would, apart from a
theoretical point of view, be of particular interest for sys-

tems in which different Ni layers are coupled antifer-
romagnetically, like in some magnetic multilayers, and
which, therefore, exhibit no circular dichroism; (iv) Using
MCXD, one can obtain hysteresis curves in an element-
selective and surface-sensitive way. Recently this was
nicely confirmed by measurements on Fe/Cu/Co tri-
layers.® Analogous studies can be performed on surface
or buried layers and diluted samples (impurities, etc.).
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