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Quadrupolar Effect in X-Ray Magnetic Circular Dichroism
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Quadrupolar (E2) transitions in x-ray magnetic circular dichroism at the L«& edge of Yb in YbFe2
are evidenced through temperature and angular dependences. The choice of Yb is particularly relevant
since E2 transitions come as a single peak. The width, position, and intensity of the E2 contribution
are determined. The E2 peak appears in the middle of the dipolar signal. These measurements allow
for the determination of dipole and octupole moments of the 4f shell, whose angular and temperature
dependences were found to be in agreement with calculation.

PACS numbers: 78.70.Dm, 78.20.Ls

Interpretation of x-ray magnetic circular dichroism
(XMCD) at the Lit i it edges of rare earths is still
a matter of discussion. Carra and Altarelli pointed
out that electric quadrupolar (E2) transitions towards
the 4f shell might be significant in these spectra [1].
They showed that this E2 contribution could be ob-
served through its angular dependence which is differ-
ent from the cos0 variation of dipolar (El) transitions
(0 is the angle between the magnetic moment and the
x-ray wave vector). Further calculations [2—7] and other
spectroscopic techniques [8,9] confirmed the relevance
of E2 transitions. After many unsuccessful experiments
[10], the first evidence for E2 contributions to XMCD
was published recently [11],confirming the idea that the
low-energy peak is entirely due to E2 transitions [5]. On
the contrary, we show that the E2 peak lies between two
El featuves in YbFez.

E2 angular dependence can be written as [4,12—15]

o(0) = Acos0 + Bc so(05cso0 —3),

where A. and 8 have different temperature dependences
for rare earths. This point of view was confirmed by the
change in shape observed in some rare-earth spectra [16].

In this paper, we study the E2 contributions to XMCD
at the Limni edge of Yb in YbFe2. Firstly, we show
the angular dependence of XMCD at 10 K; secondly,
we prove that the peak corresponding to E2 transitions
exhibits the temperature dependence calculated from the
crystal and exchange fields of the compound. These
results enable us to characterize the position, width, and
intensity of the E2 transitions and to compare them with
the corresponding calculated quantities. The dipole and
octupole moments of the 4f shell can be discriminated
and measured with this technique.

The choice of Yb is particularly relevant to point out E2
transitions, since the E2 contribution to XMCD is made
of only one line at the L»& edge and does not exist at
the Lii edge. The initial and final state configurations
can be written as 2p 4f' and 2p 4f ', respectively. The
ground state of Yb + is J = 7/2, and the possible final
states are J' = 1/2 at the L i i edge and J' = 3/2 at the
Ltit edge. Because of the E2 selection rules ((AJ( 2),
only the J' = 3/2 final state can be reached. Since the
2p core hole is deep and the 2p spin-orbit is very large,
no external perturbation (exchange or crystal field) can
modify the LSJ coupling of the final states.

A more detailed analysis, using an expansion into el-
ementary spectra [13] or the E2 sum rules [4], shows
that the intensity of the E2 line for a powder is given
by Eq. (1) for right-circularly polarized (negative helicity)
x rays with A = 30I o (M) and 8 = I o ( 4 M —5M3),
where (M) and ( 4 M —5M ) are the average value of185

(J,) (dipole moment, proportional to the 4f magnetic mo-
ment) and ([3J(J + 1) —1]J, —5J ) (octupole moment
of the 4f shell) in the initial state (the z axis is along the
4f moment).

The advantage of Eq. (1) is that the geometrical factors
(cos0) and the details of the ground state ((. . .)) are
decoupled so that temperature, magnetic field, or crystal
field effects are summarized in the average values. I~0~

is a positive number, proportional to the square of the
reduced E2 matrix elements and to the number of holes
[4,13]. According to Eq. (1), when the magnetic moment
of Yb + is saturated (M = —7/2) and when the magnetic
field and x-ray wave vector are aligned (0 = 0 ), the
E2 contribution is zero. It becomes nonzero by rotating
the magnetic field or raising the temperature, because the
second term of Eq. (1) decreases faster with temperature
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FIG. 2. Decomposition of the XMCD spectrum for 50 K and
0' (dotted line) as the sum of a Gaussian peak (full line) and
an El contribution (dashed line). The dots result from the
difference between the XMCD spectrum and a straight line
drawn between —5 and 4 eV.
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FIG. 3. Ratio of peak intensities of 0 = 0 and 66 for F 1

and E2 contributions. The thick (thin) full line is the calculated
variation of the E2 (El) contribution.

The temperature dependence of the intensities of E1
and E2 contributions is complex because the sample
is not saturated and changes of magnetic moments are
intermingled with anisotropy effects. Therefore we have
studied the temperature dependence of the ratios (0 over
66 ) of the El and E2 areas, which are presented in
Fig. 3. As expected, the El ratios are consistent with a
constant value of 1/ cos66 (thin line). The E2 ratio starts
from a very small value at 10 K and increases towards the
E1 value at high temperature. We have simulated the
E2 ratios by calculating I(0 )/I(66') from Eq. (1). The

crystal field and exchange field parameters used for this
calculation were taken from Ref. [19]. As seen in Fig. 3,
the experimental variation is consistent with the calculated
curve (thick full line), although the experimental points
are somewhat above the computed values for E2. This
discrepancy can be explained by noticing that, at 0.34 T,
the magnetization is not saturated and the sample is a
distribution of domains. This distribution can be taken
into account by averaging over 0 around a mean 00 in

Eq. (1) [7].
From the width of the E2 peak, we calculated the ab-

solute intensity of E2 transitions using Cowan's program
[21], and we normalized them with respect to the edge
jump using the absolute E1 cross sections published in
Ref. [22]. The intensity of the E2 peak obtained for a
fully saturated Yb ion at 0 K (M = —7/2, p4f 4p, ii)
and a polarization rate of 1 is 52 X 10 . XMCD mea-
surement for an applied magnetic field of 1 T at 300 K
(where p, 4f = 0.63p, ii) yields an E2 peak with inten-
sity 4 X 10 . This corresponds to an E2 intensity of
25 X 10 at 0 K. The agreement is correct when the
circular polarization rate is taken into account.

The third important parameter is the energy position
of the E2 transitions. The position of the E2 peak with
respect to the E1 white line can be compared with a rela-
tivistic ASCF calculation carried out with Desclaux pro-
gram [23]. The difference between the 2p 4f' Sd 6s'
and 2p 4f '35d 6s' average configuration energies is
—10 eV. This is larger than the experimental energy dif-
ference between the top of the white line and the E2 peak
(—5 eV). This energy shift can be used as a reference for
the calculation of E2 contribution for the other rare earths.
It is compatible with the energy difference between dipole
and quadrupole contributions found by Krisch et al. [24].

By studying the angular variation of XMCD given in
Eq. (1), and by comparing with calculated E2 transitions
shapes, one can determine the dipole and octupole mo-
ments of the 4f shell. This is possible because the cal-
culation of E2 transitions can be made accurately with
atomic structure programs [21] and because all spectra can
be written as the sum of a dipole and octupole moments
multiplied by a fixed spectral shape [17]. The octupole
part of the E2 transition can be obtained from angular
dependent measurement. This allows for the determina-
tion of the position and width of E2 transitions. From
these parameters we can calculate the dipole moment part
[A in Eq. (1)] and extract it from the experimental spec-
tra. The quadrupole moment can be determined for cer-
tain rare earths with MOssbauer spectroscopy. XMCD is a
unique tool for the measurement of the octupole moment
which can be used to fit the crystal and exchange field pa-
rameters of the compound.

The accurate determination of the quadrupole contribu-
tion is necessary to obtain a reliable E1 XMCD spectrum.
At the L~~~ edge of Yb in YbFe2 the E1 contribution to
XMCD spectra is made of two peaks. A similar shape
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was observed at the Lttt edge of the heavy rare earths (R)
in RFez compounds [25]. This contradicts the idea that the
first peak is due to F2 transitions [5]. In XMCD spectra at
the Lt t edge of Yb [26], only one peak is observed, so that
the statistical ratio of —2 between E1 XMCD signals at
the I ii and I ~iq edges is not satisfied. This is connected
to the spin-orbit effect on the 5d shell.

In conclusion, the F2 transitions in XMCD were ob-
served at the I.II~ edge of Yb in Ybpe2. Our results con-
firm unambiguously the prediction of Carra and Altarelli
[1]. We have extracted the width, intensity, and energy
position of these transitions and compared them with cal-
culated values. Temperature variations of the ratios of
F2 terms at 0 and 66' were found to agree with calcula-
tions. Dipole and octupole moments of the 4f shell can
be determined from F2 spectra. This opens the way to an
accurate determination of the F1 contribution and to the
study of 5d magnetism in rare earths.

We are grateful to M. Perroux who prepared the sample
in the high pressure setup of the Laboratoire de Cristal-
lographie (CNRS, Grenoble) and thank Ph. Sainctavit,
H. Maruyama, and J. Lang for their comments and
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