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Evidence for a high-spin Fe phase in
Fe/Pd(001) multilayers
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PACS. 75.70.Cn – Interfacial magnetic properties (multilayers, magnetic quantum wells, su-
perlattices, magnetic heterostructures).

PACS. 78.20.Ls – Magnetooptical effects.

Abstract. – We have investigated by X-ray Magnetic Circular Dichroism (XMCD) the Fe spin
and orbital magnetic moments in Fe/Pd(001) multilayers with nominal Fe thicknesses up to 3
Atomic Layers (AL). We find a strong enhancement of both spin and orbital moments (mspin ≈
2.8 µB and morb ≈ 0.3 µB) compared to bulk Fe in excellent agreement with theoretical
calculations. For 1 AL of Fe, the magnetic dipole term was deduced using the Stöhr and König
method and found to be non-negligible (20% of mspin). We further show that, for 3 AL of Fe,
the high spin phase is correlated to a fcc-like crystalline structure with a large atomic volume
of Fe (≈ 12.4 Å

3
).

The high magnetic susceptibility and strong spin-orbit interaction of Pd is, together with
the 3d-4d band hybridization, at the origin of the very attractive magnetic properties of
TM/Pd systems (TM = Fe, Co, Ni). For Fe/Pd(001), the interface magnetism has been the
subject of numerous experimental and theoretical studies [1]. However, the element-specific
magnetic properties as well as the crystallographic structure for ultrathin Fe layers (1–3 AL)
on Pd(001) are not yet well known [2]. In particular, it remains an open question whether
Fe is bcc or fcc. This information is crucial because structure and magnetism of Fe ultrathin
films are strongly related [3]. It is known that changes in the Fe local structure leads to
a very rich magnetic phase diagram: AntiFerromagnetic (AF), Low-Spin (LS) and High-
Spin (HS) ferromagnetic phases [4] can be stabilised according to Moruzzi et al. [5]. These
authors have calculated that a fcc phase should exist in Fe thin films or multilayers with Fe
moments higher than 3 µB/atom under specific conditions. This prediction has been almost
entirely checked in the Fe/Cu(100) system [6, 7] by tuning the thickness of the Fe layer and
recently a magnetic moment of 3.5 µB/atom has been found for fct Fe [8]. For Fe/Pd(001),
c© EDP Sciences



808 EUROPHYSICS LETTERS

an enhanced total magnetic moment has been experimentally observed but the respective Fe
and Pd contribution was not separated [1]. Using the element-specific character of XMCD [9],
we have recently reported on the first direct measurements of the Pd magnetic moments in
TM/Pd multilayers [10]. We have shown that the magnetic polarisation of Pd is not limited
to the interface layers but extends to at least 4 AL. In the present letter, we focus on the
magnetic properties of ultrathin Fe layers (up to 3 AL) in Fe/Pd(001) multilayers investigated
at the L2,3 edges of Fe by XMCD. This study was performed in parallel with a structural
investigation of the 3 AL Fe sample by X-Ray Diffraction (XRD) and X-ray Absorption Near
Edge Spectroscopy (XANES).

Details about the growth and structural characterization of our Fe/Pd(001) multilayers
have been reported elsewhere [10,11] and summarized here. A series of samples were grown at
80 ◦C by molecular beam epitaxy on MgO(001) substrates with deposition rates of 1(Å/min
for both Fe and Pd. The thickness of Pd was constant and set to 8 AL, while the Fe thick-
nesses were varied from 1 to 3 AL according to our thickness calibration. A qualitative in
situ structural characterisation has been made by RHEED. The electron diffraction patterns
displayed streaks (for both Fe and Pd) revealing a 2D growth along the (001) direction. The
same 2D-like RHEED pattern was observed throughout the growth indicating a very good
conformity of both Fe/Pd and Pd/Fe interfaces. This is in agreement with recent results
of Jin et al. [12] who demonstrate by RHEED and STM experiments that the initial stage
growth of Fe on Pd(001) is in the layer-by-layer mode. Also in our case, previous transmission
electron microscopy measurements had shown continuous layers free of grain boundaries over
lateral distances of several thousand Å. The analysis of X-ray diffraction data has shown that
interface roughness and/or interdiffusion is confined to the first atomic plane of the Fe/Pd
interface. We will discuss later the influence of the interface structure on the Fe/Pd magnetic
properties. From SQUID magnetometry, the easy axis of magnetization was found for all
samples in the film plane along the [100] crystallographic axis of Fe.

The XMCD experiments at the L2,3 edges of Fe (ESRF ID12B beamline) were carried out
at 40 K under a saturating magnetic field of 5 T applied along the normal to the film plane.
The light propagation vector was set to 90 ◦ (i.e. normal to the film plane). The rate of
circular polarisation has been precisely measured to be 85% at the Fe L2,3 edges [13]. The X-
ray Absorption Spectra (XAS) were recorded in total electron yield. The XANES experiments
were performed in both normal and grazing incidence at the Fe K edge on beamline D42 of
DCI storage ring at LURE.

We display in fig. 1a the Fe L2,3 absorption spectra for Fe(x)/Pd(8 AL) multilayers (with
nominally x = 1, 2 and 3 AL) and a 200 Å Fe thick reference layer grown in the same
conditions as the Fe/Pd multilayers and capped with 30 Å of Al. First, we note that the
integrated intensities at the absorption edges are clearly enhanced (about 10% in the 1 AL
Fe sample) compared to the reference. As this quantity is proportional to the number Nh of
non-occupied states in the valence 3d band (Nh =

∫
ρ(E)dE), this feature is consistent with a

charge transfer from the Fe 3d band to the Pd 4d band due to non-symmetrical orbital mixing.
This tendency was also observed in our experiments at the Pd L2,3 edges [10]. XAS spectra
analysis also reveal an enhancement of the branching ratio (L3/L2) when the Fe thickness
decreases. As pointed out by Thole and van der Laan [14], this reflects an increase of the
Fe spin-orbit parameter through the 3d-4d hybridization due to the much stronger spin-orbit
coupling of Pd.

We have derived from the XMCD spectra the Fe orbital and spin magnetic moments using
the sum rules [15, 16]. Their validity for complex materials, such as thin films of transitions
metals, raises questions. Recent refined calculations [17,18] together with experimental stud-
ies [19,20] have demonstrated that both sum rules can be applied to Fe leading to reasonable
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Fig. 1 – (a) X-ray absorption spectra at the Fe L2,3 edges for the Fe 1 AL, Fe 2 AL, Fe 3 AL and
the 200 Å thick Fe reference layer. The absorption spectra are obtained by averaging the spectra
in the two opposite directions of the magnetic field. (b) Dichroism spectra at the Fe L2,3 edges for
the Fe 1 AL, Fe 2 AL, Fe 3 AL and Fe reference obtained by the difference between the absorption
spectra in the two opposite directions of the magnetic field.

error bars for the evaluation of the magnetic moments.
In fig. 1b, we show XMCD spectra obtained for different multilayers. According to the sum

rules, integration of the XMCD and the total absorption spectra is related to the magnetic
moments by

morb = −
4
∫

L3+L2

σmdE

3
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σtdE

∗ Nh ,

mspin = −
6
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L3+L2
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∗ Nh

(
1 +

(
7〈TZ〉
2〈SZ〉

))−1

,

where morb and mspin are the orbital and spin moments in units µB/atom, σm = σ+−σ− and
σt = σ++σ−. 〈Tz〉 denotes the magnetic dipole operator and 〈Sz〉 equals minus half of mspin.
In these equations, we have replaced the linear polarised spectra σ0 by (σ+ + σ−)/2. We
directly deduced the ratio Nh/σtot present in both sum rules from the comparison between the
Fe reference L2,3 absorption spectra and a simple two-step–like function. For the Fe reference,
Nh, the number of 3d holes, has been taken equal to 3.4 [17]. As this quantity (the absorption
per 3d hole) should be constant for a given element, it has been injected in the sum rules for
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Table I – Orbital and spin magnetic moments of Fe in the different multilayers and the 200 Å thick
Fe reference layer.

mspin + 7mT morb mTotal

Fe 1 AL 3.34± 0.3 0.35± 0.03 3.69± 0.33

Fe 2 AL 2.96± 0.3 0.29± 0.03 3.25± 0.33

Fe 3 AL 2.79± 0.3 0.12± 0.02 2.91± 0.32

Reference 2.05± 0.1 0.10± 0.01 2.15± 0.11

the evaluation of the Fe magnetic moments in the Fe/Pd multilayers. Wu et al. [18] recently
calculated the magnetic dipole contribution for Fe(001) surfaces and found its magnitude to
be about 10% of mspin and its sign opposite to mspin. Thus neglecting the magnetic dipole
term implies an underestimate of the actual spin moment mspin. We have used the method
proposed by Stöhr and König [21] to cancel out the magnetic dipole contribution, only for
the Fe(1 AL) sample, by measuring the dichroic signal both in normal (0◦) and grazing (60◦)
incidence. From these measurements, we derived 7mT = −0.58 µB at the interfaces. This
value is significantly larger (20% of mspin) than the one calculated by Wu et al. [18] (10% of
mspin) but similar to the one extrapolated by Weller et al. [22] for 1 AL of Co in Co/Au [23].

The effective spin, orbital and the total magnetic moments obtained for all the Fe/Pd
multilayers are listed in table I. First we focus on the values obtained for the Fe reference
sample: 2.05 µB, 0.10 µB for mspin, morb, respectively. These results are in excellent agreement
with the XMCD results of C. T. Chen et al. [19] for thin Fe films measured in transmission and
with numerous calculations [24]. For Fe thicknesses up to 3 AL, we find a huge enhancement of
the effective spin magnetic moment compared to the reference. It has to be kept in mind that
this term contains both the actual spin moment and the magnetic dipole contribution. Taking
away mT evaluated from the Stöhr and König method (−0.58 µB), the actual spin moment
(about 2.8 µB) is in good agreement with numerical calculations (in which the spin-orbit
coupling is not taken into account) that predict a magnetic moment of the order 3 µB at the
Fe/Pd interface [25,26] due to a more important hybridization for the majority electrons [27].
We found also a large orbital moment as high as 0.35 µB±0.03 µB for the Fe 1 AL multilayer.
In fact, it is rather expected that the quenching of the orbital moment should decrease at
interfaces because of reduced coordination and symmetry and electron localisation [28, 29].
However, we note that for the Fe 3 AL sample, for which a more defined crystallographic
structure is expected, the orbital moment is not significantly increased compared to the bulk
value whereas the spin moment remains strongly enhanced. This large spin value has to be
related both to band width reduction and possible exchange increase on the one hand and
to the electron transfer to Pd on the other hand. The 10% increase of the d hole numbers
can only create at most 0.3 µB if Fe becomes a strong magnet. The former contributions are
therefore the dominant ones and may be correlated to a structural effect. In order to check
this possibility, a detailed structural characterisation of the 3 AL sample has been carried out
using XANES and XRD.

The XANES spectra, very sensitive to the local structure, can be used as fingerprints of
the bcc or fcc structure [30]. This is again demonstrated in fig. 2 by the comparison of the
XANES spectra of the Fe 3 AL sample for both normal and grazing incidence with those of
bulk fcc Cu and bulk bcc Fe. It is clear that both spectra are very similar to the XANES
of fcc Cu (or Ni), in particular the bimodal structure just above the edge which indicates
qualitatively that the crystallographic structure of Fe 3 AL is nearly fcc.

To support this observation more quantitatively, we have also measured symmetric and
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Fig. 2 – XANES spectra in grazing (top left) and normal incidence (top right) for a Fe(3 AL)/Pd(8 AL)
multilayer. The two bottom spectra are the one measured on bulk bcc Fe (left) and bulk fcc Cu (right).
The two arrows on the Fe 3 AL spectra indicate the bimodal peak structure characteristic of the fcc
phase.

asymmetric XRD spectra on the same multilayer. The experimental data corresponding to
the symmetric scans were fitted using a parameter refinement procedure [31] taking as starting
point those parameters corresponding to bulk bcc Fe and fcc Pd. Interplanar distances along
〈111〉 and 〈110〉 directions were calculated from the positions of (111) and (220) reflections
measured from asymmetric scans. Out-of-plane lattice parameters obtained from the fitting
procedure combined with the asymmetric interplanar distances allowed the calculation of the
in-plane lattice parameters, and therefore the in-plane atomic density. This new value is
introduced in the fitting code as an input. In spite of the initially assumed bcc Fe structure,
iteration of this procedure quickly converges into a fcc Fe phase. Figure 3 shows a high angle

35 40 45 50 55 6010
-2

10
-1

10
0

10
1

10
2

 Fit

In
te

ns
ity

 [c
ps

]

Angle 2θ [deg.]

Fig. 3 – Symmetric X-ray diffraction scan for the Fe(3 AL)/Pd(8 AL) multilayer. The solid line
represents the best fit.
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symmetric scan (open circles) together with the best fit obtained (solid line). The out-of-plane
and in-plane lattice parameters were found to be (3.5 ± 0.01) Å and (3.78 ± 0.02) Å for Fe
and (3.90 ± 0.01) Å and (3.89 ± 0.01) Å for Pd, respectively. As a reference, values for bulk
lattice parameters of fcc Fe and Pd are 3.59 Å [32] and 3.89 Å, respectively.

With respect to the nature of the interface, the analysis of the XRD results in approxi-
mately less than 25% of Pd atoms in the first Fe layer and less than 10% in the second one.
In the configuration used for the experiments, we are not sensitive to the lateral distribution
of roughness. We are therefore not able to distinguish intermixing from stepped interfaces
at the typical length scale of magnetism (a few nm). However, flat terraces of a few tens of
Fe atoms would already behave in terms of electronic structure and magnetic properties as a
continuous 2D film. The hypothesis of an Fe75Pd25(001) alloy at the interface cannot be ruled
out completely but, to our knowledge, enhanced magnetic moments of Fe as the ones we find
here have not been reported for such alloys. Thus, we believe that the study of samples with
different nominal thicknesses leads to average values of the Fe spin and orbital magnetic mo-
ments which are representative. Further evidence is given by the dependence of the magnetic
moments vs. Fe thickness as well as the temperature dependence of the magnetization [33].

To summarize the structural results for the Fe 3 AL/Pd 8 AL multilayer, we found that Pd
is basically relaxed to its bulk parameter while Fe is in a fcc-like phase slightly contracted out-
of-plane and expanded in the plane to accommodate the Pd lattice parameter. It is interesting
to calculate the atomic volume of Fe from the measured lattices constants (a‖ = 3.78 Å and
a⊥ = 3.5 Å). We find a volume of (12.4 ± 0.3) Å

3
per Fe atom which coincides exactly with

the one predicted by Moruzzi et al. [5] at the first-order transition from a AF to a HS fcc-Fe
phase. For higher Fe thicknesses, we find that the bulk Fe magnetic moment is progressively
recovered as well as the bcc structure [33].

In conclusion, XMCD and the associated sum rules evaluate the Fe spin and orbital mag-
netic moments in epitaxial Fe/Pd(001) multilayers for the low thickness regime (1–3 AL). At
the interface (Fe 1 AL sample), the Fe 3d-Pd 4d band hybridization and exchange interactions
are mainly responsible for the enhanced Fe spin and orbital moments, 2.8 µB and 0.35 µB,
respectively. The broken symmetry at the interface entails a significant spin density term
7mT ≈ −0.58 µB. The enhanced spin moment (2.8 µB) still observed for 3 AL of Fe is cor-
related to an increase of the Fe atomic volume in agreement with the complex Fe magnetic
phase diagram calculated by Moruzzi et al. [5]. More generally, these results emphasize the
subtle interplay between electronic and structural effects in TM/Pd systems.
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