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Induced vanadium polarization in intermetallic iron based
compounds: XMCD and ab initio study
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The vanadium magnetic polarization in NdFe12-xVx and Fe1-xVx intermetallic compounds has been studied by
X-ray magnetic circular dichroism. For all the compounds it was found that the vanadium moment is always
antiferromagnetically coupled with the iron moment and reaches the value of 1 µB for systems with low
vanadium concentration. A theoretical KKR-CPA study of hyperfine fields in Fe1-xVx revealed the induced
character of the vanadium polarization.
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Introduction
It is well known that vanadium metal is generally
nonmagnetic. However, onset of magnetism was
evidenced for V particles [1]. Later different ironbased intermetallic systems with polarization on
vanadium were predicted theoretically and revealed
experimentally. A neutron investigation of Fe1-xVx
alloys proved that the magnetic polarization of
vanadium could reach 1 µB [2,3]. A vanadium
polarization of the same order was theoretically
predicted for Heusler-type Fe3-xVxAl alloys [4]. A
recent X-ray magnetic circular dichroism (XMCD)
analysis of Fe/V multilayers also revealed a
significant polarization on V atoms [5]. In this paper
we report on an XMCD study of intermetallic ironbased systems such as NdFe12-xVx and disordered
Fe1-xVx alloys.
It has been observed that NdFe12-xVx compounds
exhibit optimized intrinsic magnetic properties [6-8].
In these 1:12 type compounds (structure type:
ThMn12, space group: I4/mmm [9]), the Fe sublattice
has uniaxial magnetic anisotropy, while that of the
rare earth sublattice is planar. Competition of these
two anisotropies potentially results in a spin reorientation transition from planar to axial and from
low to high temperatures. For example, for NdFe10V2,
a spin re-orientation was found at 130 K [8]. In 1:12
systems the rare earth atom occupies the 2a position

and the 3d atoms are distributed on three different
sites: 8f, 8i, 8j. In NdFe12-xVx compounds vanadium
atoms occupy only the 8i site, the 8j and 8f sites being
exclusively occupied by Fe atoms [7].
The bcc Fe1-xVx alloys can be considered as a
simplified model of 1:12 systems in terms of the
V-atom coordination, where the influence of the rare
earth atoms is neglected.

Experimental and fundamental bases
Sample synthesis and analysis
The Fe1-xVx alloys (x = 0.04, 0.08, 0.16 and 0.2) were
prepared by induction melting using the cold crucible
technique under purified argon atmosphere. The
constituents, Fe (99.99% purity) and V (99.95%
purity), were melted, then rapidly cooled down three
times successively, thus leading to a complete
combination of the metal atoms and a good
homogeneity of the samples. The phase analysis and
the cell parameters were checked by X-ray
investigations using a PW 1720 Philips set-up (Cu Kα
radiation, backscattering graphite monochromator).
The NdFe12-xVx samples (x = 1.5, 2, 2.5) were
prepared by induction melting and then annealed
under high vacuum at temperatures between 900 and
1050°C in order to stabilize the pure 1:12 phase.
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XMCD experiments
XMCD techniques were used to analyze the
ferromagnetic components of Fe and V. More
particularly those of the atomic orbitals exhibiting a
direct or indirect magnetic polarization were checked
for, since these techniques are chemically and
orbitally selective.
The L2,3 edges of iron and vanadium were recorded
at different temperatures and in applied magnetic
fields using the facilities of the S23 spectrometer
installed at the super ACO ring of LURE, Orsay,
France. The analysis was made using a polished
surface of a bulk sample. The dichroic signals were
extracted from the difference of the two absorption
curves, when applying successively a reverse
magnetizing field (along the photon beam) on the
samples. More details on the experimental set-up can
be found in the LURE technical handbook [10].
Sum rules
For the L2,3 edges of the transition metals, as well as
for the M4,5 edges of the rare-earth, sum rules can be
deduced. We used the sum rules proposed by Thole et
al. [11] and by Carra et al. [12] for atoms, and by Guo
et al. [13] and Ankudinov and Rehr [14] for solids.
Neglecting the dipole operator and combining the
rules for expectation values of the angular momentum
operator of the d states <Lx> and that one of the spin
operator <Sz>, we can obtain the ratio <Lz>/<Sz>. For
the L2,3 edges of the 3d metals (2p → 3d transition) it
takes the following form
Lz
Sz

=

1
3

∫

L 2 + L3

∫

L3

dω [µ + ( ω ) − µ − ( ω )]

dω[µ + ( ω ) − µ − ( ω )] − 2

∫

L2

(1)

dω [µ + ( ω ) − µ − ( ω )]

where µ ± (ω ) and µ 0 (ω ) are the absorption
coefficients for polarized and nonpolarized X-ray
radiation, respectively. Combining this ratio with the

magnetic
moment
obtained
from
neutron
measurements, that is
<L>=<Lz>+2<Sz>
(2)
we can determine completely <L>, <Lz> and <Sz>
[15].

Computational details
For the theoretical study of the Fe1-xVx disordered
alloys we applied the spin-polarized Korringa-KohnRostoker method combined with Coherent-PotentialApproximation [16] within the LSDA framework [17]
(KKR-CPA). In this method the electron charge
density and the crystal potential are assumed to be
spherically symmetrical within muffin-tin spheres and
constant in the interstitial region. The radii of the
muffin-tin spheres were chosen on the one hand not to
overlap and on the other hand to improve the fitting of
the Wigner-Seitz volume. The total, core, valence and
non-s decomposed hyperfine fields calculated for the
final potential converged up to 1 mRy. The s-, p- and
d-valence states were taken into account [17]. All
calculations were carried out using the Munich SPRKKR package [18]. For the cell parameter of Fe1-xVx
we supposed that the lattice parameter varies linearly
with x. For more details see [19].

Results and discussion
To have a global picture of the magnetic structure of
the Fe1-xVx alloys we recorded and analyzed the L2,3
edges of both 3d metals. The L2,3 Fe and V edges were
checked at room temperature with an applied field of
0.9 T versus the vanadium concentration x. Typical
X-ray absorption spectra (XAS) at L2,3 edges are
shown in Fig. 1.
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Fig. 1 XAS spectra at the iron and vanadium L2,3 edges in the Fe0.92V0.08 alloy.
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For both the Fe and V atoms the L2 and L3 edges
partly overlap; this is caused by the small spin-orbit
splitting of the core states. Such a splitting is found
close to 13 eV for Fe and 7 eV for V. The branching
ratio of the experimental Fe XAS spectra is 2:1 as for
free Fe atoms, while for V the branching ratio is found
close to 1:1. This is the usual case for XAS spectra of
early 3d metals, where a strong electron-core
interaction leads to L2 and L3 spectra intermixtion
[15,16]. Therefore, for V, separation into L2 and L3 is
under condition. A third peak, at 532 eV, corresponds
to the oxygen K1 edge. Additional small peaks due to
the presence of an iron oxide were observed for all
studied Fe1-xVx alloys; however, they did not
contribute to the XMCD signal.
The XMCD spectra of the L2,3 edges for Fe and V
in the Fe1-xVx alloys with x = 0.04, 0.08, 0.16 and 0.2
are represented in Fig. 2. All spectra were recorded
under an applied magnetic field of 0.9 T, which
corresponds to the ferromagnetic state with saturated
magnetic moment. As one can see, a non-zero 3d
magnetic moment of vanadium was found for all
compounds. As evidenced from Fig. 2, the vanadium
magnetic moment is always opposite to that of iron, a
result confirming previous neutron [2] and Mössbauer
spectroscopy [3] investigations, as well as more recent
XMCD experiments for a Fe0.9V0.1 alloy [20]. The
maximal polarization of both iron and vanadium
atoms corresponds to the iron-rich alloys, in fair

agreement with neutron scattering data and our
calculations as represented in Fig. 3a.
The calculated orbital contribution to the magnetic
moment is shown in Fig. 3b. The orbital magnetic
moment is almost quenched for both atoms. For iron
the spin to orbit ratio as deduced from the application
of the sum rules seems not to change noticeably
within the considered vanadium concentration range,
see Fig. 4. The theoretical <Lz>/<Sz> value estimated
from the KKR-CPA calculations confirmed roughly
the general trends of the experimental variation. For V
such an analysis was not made. Due to the strong
electron core-hole interaction, the treatment of the
XMCD spectra is rather complicated and application
of the sum rules is questionable.
In order to better understand the origin of the
magnetic polarization on vanadium in Fe1-xVx we
calculated the hyperfine fields Bhf on both Fe and V
atoms versus the vanadium concentration x. The total,
core, valence and non-s contributions to Bhf are shown
in Fig. 5. As evidenced from the calculations, the
vanadium polarization is completely induced by
surrounding iron atoms.
The experimental XMCD spectra of NdFe12-xVx
(x = 1.5, 2 and 2.5) as recorded at different temperatures
at the L2,3 edges of iron and vanadium are shown in
Fig. 6. The shape of the XAS and XMCD signals in
the NdFe12-xVx compounds are similar to those
obtained for binary Fe1-xVx alloys. As for the Fe–V
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Fig. 2 XMCD signal at the L2,3 edges of iron (a) and vanadium (b) in Fe1-xVx for different x values, for T = 250 K,
under H = 0.9 T.
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(a)
(a)

(b)
Fig. 3 KKR-CPA V and Fe magnetic moments
in Fe1-xVx versus V concentration x: total
atomic moments (a), orbital contribution (b).
Experimental data are given as well (triangles –
Ref. [2], circles – Ref. [3]).

Fig. 4 <Lz>/<Sz> ratio for Fe in Fe1-xVx versus
vanadium concentration x obtained from
XMCD spectra at the L2,3 edges of iron; the
continuous line is a guide of the eye.
Calculated values are shown by a dashed line.
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(b)
Fig. 5 Total, core, valence and non-s
contributions to the calculated hyperfine fields
on Fe (a) and V (b) in Fe1-xVx.
system, the V and Fe 3d moments are antiparallel. As
one can see from Fig. 6, at low temperature the
XMCD signals for both Fe and V are maximal for the
intermediate compound with x = 2. For Fe, with
increasing temperature the XMCD signal at first
decreases, being at T = 80 K a third of its value at T =
10 K, and then increases again. For V, the XMCD
signal at 150 K remains similar to that measured at 80
K. For the L2,3 edges of iron the sum rules were
applied; the temperature dependence of <Lz>/<Sz> is
presented in Fig. 7. The anomalous behavior of the
<Lz>/<Sz> ratio for x = 1.5 and 2 versus temperature
(minimum close to 75 K) should be correlated with a
spin reorientation process, as evidenced by neutron
diffraction experiments [7]. Under this consideration
the results presented in Figs. 6 and 7 will be discussed
in more details in a forthcoming paper.

Conclusion
X-ray magnetic circular dichroism and ab initio KKRCPA calculations are efficient to establish the
presence of an induced magnetic polarization on
vanadium. For the systems considered here, it was
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Fig. 6 XMCD spectra at the L2,3 edges of iron (left) and L2,3 edges of vanadium (right) in NdFe12-xVx with x =
1.5 (a), 2 (b) and 2.5 (c).
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Fig. 7 Temperature dependencies of the
<Lz>/<Sz> ratio in NdFe12-xVx compounds for
different x values, obtained from XMCD
spectra at the L2,3 edges of iron.
found that the vanadium moment is antiparallel to that
of iron. KKR-CPA calculations for Fe1-xVx disordered
alloys revealed that the V magnetic moment is
completely induced by Fe atoms and reaches 1 µB for
low vanadium concentrations. In a forthcoming paper
we will report the results of the XMCD study of the
Nd magnetic polarization in NdFe12-xVx together with
theoretical calculations of its magnetic structure.
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