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A B S T R A C T   

The induced magnetization in Cu atoms at the interface between ferromagnetic (FM) Fe/Co ultrathin films and a 
nonmagnetic (NM) Cu3Au(001) substrate was explored by the investigation of two structures of five alternated Fe 
and Co monoatomic layers with different stacking orders with a Fe or a Co layer in direct contact with the Cu3Au 
(001) surface. First principles calculations were applied to disentangle the origin of magnetic proximity effects at 
these FM/NM interfaces. The hybridization between the electronic states of the FM layers, resulting in a pro-
nounced widening of the d-bands of the local density of states of Fe-Co interface atoms, has a fundamental effect 
in the spin-polarization of the NM substrate. X-ray magnetic circular dichroism measurements at the L2,3-edges of 
Fe, Co and Cu allowed to extract the spin and orbital magnetic moments of Fe and Co, and to measure extremely 
low magnetic moments induced in Cu atoms. It is shown that the magnetism is induced only in the Cu and Au 
atoms at the first CuAu monolayer at the very surface of the substrate, i.e., the Cu XMCD signal is due to only 0.5 
ML magnetic Cu atoms.   

1. Introduction 

The induced magnetism of nonmagnetic materials in proximity with 
ferromagnets has been extensively studied [1–9]. Ferromagnetic/ 
nonmagnetic (FM/NM) heterostructures are very relevant to techno-
logical applications, as spintronic devices, sensing technologies and 
memory devices [10,11]. It has been shown, for instance, that induced 
magnetic moments can affect the spin Hall effect, spin transport and spin 
damping properties, and such effect can play an important role in 
technologies based on domain wall motion, as well as in spin torque 
memories [12–17]. A better understanding of induced magnetism at 
FM/NM heterostructures should lead to important improvements in 
these fields, and enrich the discussion on other related phenomena. 

An induced magnetization has been theoretically predicted for Pd, 
Rh, and Pt in multilayered structures with Fe and Co [1,2,18,19]. These 

elements are close to satisfying the Stoner criterion to magnetism [20], 
and an induced magnetization should be anticipated. Furthermore, the 
spin polarization of these 5d elements, in the neighborhood of 3d tran-
sition elements, has been experimentally demonstrated taking advan-
tage of the element selectivity of X-ray magnetic circular dichroism 
(XMCD) [1,15,16,21–24] and other techniques [7,8,16,17]. XMCD 
technique is particularly suitable for the investigation of induced 
magnetism. It is element specific and has a high sensitivity that allows 
the measurements of extremely low magnetic signals [25]. The XMCD 
signal is an average over all atoms of each specie and it is not possible to 
separate the signal of different layers of the same element as is the case 
of X-ray resonant magnetic scattering (XRMS) [26,27]. Despite that, 
since magnetic induction is an interfacial phenomenon and XMCD is 
more sensitive to the surface, the averaging is restrict to only the 
interface and a few monolayers. Furthermore, it is possible to extract 
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separately the spin and orbital magnetic moments of each element 
applying sum rules [25]. 

The hybridization of d-orbitals by the proximity effect at a NM/FM 
interface influences the electronic and magnetic properties of both 
materials, and the NM can become FM in thin films and multilayers 
where the density of states is enhanced by band narrowing [22–28]. It 
can lead to the induction of magnetism even in materials that have 
Stoner parameters far away from the unity required to fulfill Stoner 
criterion for a FM stability. It has been investigated, for example, how 
hybridization with Co gives rise to a magnetic moment in the interfacial 
atoms of the noble metals Cu, Ag and Au [29]. An induced magnetiza-
tion has been observed in Cu atoms in layered systems like Fe/Cu, FeCu/ 
Cu, Co/Cu, Gd/Cu or Co/Cu/Pt multilayers, and also in Cu nanoparticles 
embedded in Co [3–6,30,31]. There are also different studies on induced 
spin polarization in metallic Au atoms in Fe/Au multilayers [32–35], but 
no report on studies of spin polarization in FM/Cu-Au interfaces was 
found. 

Cu and Cu-alloy substrates play an important role among the 
nonmagnetic surfaces often used for the epitaxial growth of 3d FM ul-
trathin films. More specifically, ordered Cu3Au(001) has been used as a 
substrate to study the correlation between the structure and the mag-
netic properties of epitaxial FM 3d metal and alloy films, mostly with 
focus on magneto-volume and structural effects [36–40], exchange bias 
[41,42], and tuning of the magnetic anisotropy [43,44]. 

The capability of tailoring the magnetic anisotropy of ultrathin films 
and layered nanostructures has been also a topic of particular scientific 
interest for a long time, since a large perpendicular magnetic anisotropy 
(PMA) is a key feature for spintronic devices [45]. It has been theoret-
ically predicted that a tetragonal distortion of Fe-Co thin films can lead 
to a giant PMA for specific alloy compositions [46]. For Fe-Co, PMA and 
the influence of tetragonal distortion induced by epitaxial growth on NM 
substrates is an intensively investigated topic [43,46–50]. Besides the 
tetragonal distortion, chemical order has also been theoretically pre-
dicted to favor PMA in Fe-Co epitaxial ultrathin films [51]. Due to the 
interatomic distance of 2.64 Å, Cu3Au(001) has been suggested as a 
promising substrate for the growth of Fe-Co films with a large PMA [51]. 
We have previously studied the structural and magnetic properties of 
alternate Fe and Co monolayers epitaxially grown on Cu3Au(001) [43], 
a system that results in chemically ordered Fe/Co ultrathin films with a 
tetragonally distorted L10 structure [43,44]. In this system, the growth- 
induced ordering plays also an important role in the different contri-
butions boosting PMA [51]. 

In view of the importance of epitaxial Fe-Co ultrathin films as mag-
netic nanostructures [46,47,51–54], and also of the magnetism induced 
by proximity effect at FM/NM interfaces [1–10], the Fe-Co/Cu3Au(001) 
is an interesting candidate for the investigation of induced magnetiza-
tion. This system has a more complex electronic structure than the FM/ 
Cu or FM/Au systems, due to the hybridization of the FM atoms with 
both Cu and Au interfacial atoms, which should affect the magnetic 
properties of the heterostructure. 

In this work, we have investigated the induction of magnetism in Cu 
and Au atoms at the interface between ultrathin epitaxial films of 
alternate Fe/Co monolayers and a Cu3Au(001) substrate. The influence 
of the interface on the induced moment has been explored by growing Fe 
or Co as the very first magnetic monolayer in direct contact with the 
Cu3Au surface, while the total thickness of each Fe/Co stack was 
maintained constant in 5 monolayers (ML). The precise mechanism of 
the hybridization at the FM/NM metal interface was investigated by 
density functional theory (DFT) calculations. The spin and orbital 
magnetic moments were experimentally determined by means of X-ray 
absorption spectroscopy (XAS) and X-ray magnetic circular dichroism 
(XMCD) measurements at Fe, Co, and Cu L2,3-edges. Our results attest 
the induction of magnetic moments in the interfacial Cu atoms, as also 
clearly demonstrated the importance of the interface on the electronic 
and magnetic properties of nonmagnetic and ferromagnetic atoms. 

2. Theoretical methods and computational approach 

The epitaxial growth of alternate magnetic MLs of Fe and Co on the 
Cu3Au(001) substrate was simulated at atomistic level by ab initio den-
sity functional theory [55], using the spin-polarized generalized 
gradient approximation (GGA) [56] with exchange and correlation en-
ergy functional proposed by Perdew–Burke–Erzenhof (PBE) [57]. It 
provided a careful description of the formation of magnetic moments of 
the deposited magnetic MLs, as well as the induced magnetic moments 
in the nonmagnetic substrate. Charge and spin densities [58,59] were 
used to study many magnetic properties of this system. DFT-PBE in-
vestigations are well accepted as a computational framework, which is 
used in a wide range of DFT investigations and yields magnetic calcu-
lations similar to the hybrid exchange and correlation functionals with 
smaller computational cost [60]. The projector augmented-wave (PAW) 
method [61,62] was employed to computationally solve the Khon-Sham 
equations, as implemented in the Vienna ab initio Simulation Package 
(VASP) – version 5.4.4 [63,64]. The electron–ion interactions of the 
magnetic and nonmagnetic materials were described with the following 
PAW projectors: Au(5d106s1), Cu(3d104s1), Fe(3d74s1), and Co(3d84s1), 
where the valence states are shown in parenthesis. 

To simulate the induced magnetic moments and the interface prop-
erties of the [Fe(Co)(001)]/Cu3Au(001) surface, we first converged the 
bulk structures of iron (Fe), cobalt (Co) and auricupride (Cu3Au). The 
surfaces were calculated with the total forces cutoff of 466 eV, which is 
12.5% larger than the cutoff energies recommended by the VASP 
package. In order to access the reliability of the effect of deposition of Fe 
and Co magnetic MLs on the Cu3Au(001) surface, we evaluated first the 
free Fe and Co MLs, the free Fe/Co double layer (DL), and the pristine 
Cu3Au(001) surface. 

The equilibrium geometries were reached when all forces in the 
atoms were smaller than the 0.01 eVÅ− 1 on every atom. The electronic 
convergence criterion for the self-consistent Kohn-Sham equations 
adopted in our calculations was 10− 7 eV. Also, for the Brillouin zone 
integration, a k-mesh of 9×9×9 was used for the bulk geometries, while 
a 9×9×2 one was used for the surfaces, in the structural optimizations. 
However, to obtain a better description of the electronic properties, a k- 
mesh twice of the structural relaxations was employed to simulate the 
electronic properties such as density of states, and the charge in-
vestigations. In order to avoid the partial electronic occupations, the 
adopted width of the Gaussian smearing of 0.01 eV was employed. To 
avoid spurious interactions between the images in the periodic calcu-
lations, we used a minimum vacuum thickness of 15 Å in the growth 
direction. In order to compare the simulations with the experiments, we 
calculated the charge and the spin charge density difference (Δρ↑↓ = ρ↑ 
− ρ↓) for each geometry. 

We also employed the noncollinear investigations within the 
spin–orbit coupling (SOC) methodology, as implemented in the VASP 
package by Hobbs, Kresse, Marsmann and Hafner [65,66]. This technique 
allows to obtain a self-consistent calculation of the orbital magnetic mo-
ments for the deposited magnetic monolayers, which shows a moderate 
SOC, and for the unpolarized atoms. 

These calculations were compared with the values derived from the 
application of sum rules to the XMCD measurements at the L2,3 ab-
sorption edges of Fe, Co and Cu in the alternate Fe/Co MLs epitaxially 
grown on the Cu3Au(001) surface. The obtained results help to under-
stand the magnetic properties at the Fe-Co/Cu3Au(001) interfaces i.e., 
the hybridization and spin polarization at these NM/FM interfaces, 
which is a challenging task. 

3. Experimental methods 

The samples were prepared in an ultra-high vacuum (UHV) chamber 
with a base pressure of 2 × 10− 10 mbar. The Cu3Au(001) substrate was 
prepared by successive cycles of Ar+ sputtering (1.5 keV) and annealing 
(670 K), repeated until a clean and well-ordered surface was observed. E- 
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beam evaporators were used to epitaxially grow stacks of alternate 
monoatomic layers (1 ML) of Fe and Co on the prepared Cu3Au(001) 
substrate. The Fe/Co films were grown at 300 K, with a constant evapo-
ration rate around 0.5 ML/min, and using shutters to control the alternate 
Fe or Co deposition. The evaporation rate was calibrated using a quartz 
microbalance and RHEED oscillations. Two 5 ML thick epitaxial stacks 
were prepared, starting with the evaporation of 1 ML of Fe or Co, in order 
to obtain Fe/Co ultrathin films of the same total thickness, but with 
different interfaces, i.e., different magnetic monolayers, Fe or Co in direct 
contact with the Cu3Au(001) substrate: (i) FeCoFeCoFe/Cu3Au(001) 
(Stack A), and (ii) CoFeCoFeCo/Cu3Au(001) (Stack B). Low energy elec-
tron diffraction (LEED) and reflected high-energy electron diffraction 
(RHEED) were used to monitor the layer-by-layer growth and structure of 
the samples. After the growth of the alternate Fe/Co MLs ultrathin films, 
the samples were transferred from the preparation chamber to the 
experimental station in UHV conditions, with the use of a vacuum suit-
case. The base pressure during transfer was always better than 10− 9 mbar, 
and no oxidation on Fe and Co was observed after the transfer. 

The element-specific magnetic properties of both samples were 
probed by XAS/XMCD experiments performed at the PGM beamline of 
the Brazilian Synchrotron Light Laboratory (LNLS) [67]. The absorption 
spectra for Fe, Co and Cu L2,3-edges were acquired using the total elec-
tron yield mode, with the photon beam with right and left polarizations 
(80% circular polarization), at normal (0◦, NI) and grazing (60◦, GI) 
incidences, where the angle is defined between the surface normal and 
the X-ray propagation direction. The spectra were acquired with energy 
resolution of 0.2 eV, and measured at 300 K (for both samples) and also 
at 30 K (only for Stack B), with a magnetic field of 1.0 T applied parallel 
to the X-rays beam axis. From our previous experiments on similar films 
of alternate Fe/Co monolayers grown on Cu3Au(001) [43], we can 
clearly affirm that an applied field of 1.0 T is sufficient to saturate the 
film magnetization in both directions. 

4. Results 

4.1. Theoretical calculations 

In order to develop a clear picture of the formation of magnetic 
moments in the deposited magnetic Fe and Co MLs on the Cu3Au(001) 
surface, the magnetic induction on the Cu and Au interface atoms, and 
the consequences of all these effects, we performed theoretical calcu-
lations to help the understanding of the observed experimental results. 

We first calculated the magnetic structure of hypothetical free- 
standing Fe and Co MLs, and also a free standing Fe/Co double layer 
(DL) with the in-plane crystalline parameters of Cu3Au(001). Although 
these results are artificial, they help to set limits to the results of the 
deposited magnetic MLs on the Cu3Au(001) surface. The results of the 
magnetic moments of the free standing Fe and Co MLs are mS(Fe) =
3.09 μB and mS(Co) = 2.10 μB, respectively. These results of high 
magnetic moments are due to two factors, the reduced geometry pro-
vided by the ML geometry as well as the large lattice spacing imposed by 
the Cu3Au(001) surface lattice parameter. Of course, these are upper 
bounds for the results of the real alternated Fe and Co MLs deposited on 
the Cu3Au(001) surface. The double layer (DL) also provides some in-
sights as upper bounds. The calculated magnetic moments for the free 
FeCo DL are mS(Fe) = 2.75 μB and mS(Co) = 1.66 μB. The magnetic 
moments for the DL are reduced due to the interlayer interaction be-
tween Fe and Co layers. The DL structure allows the overlap of Fe and Co 
wave functions, which lowers the magnetic moments and widens their 
d bandwidths. All these calculations were performed for the Cu3Au(001) 
surface lattice spacing that in the real system provides the template in 
which the stacks of alternate Fe and Co MLs were grown (the density of 
states (DOS) of the free-standing metal MLs and DL are shown in the SM, 
Fig. S1). 

We also calculated the pristine Cu3Au(001) surface. This ordered fcc 
[001] structure can be viewed as the stacking sequence of alternating 

Cu-Cu and Au-Cu MLs. Fig. 1(a) shows the slab used to simulate this 
surface. The electronic structure of the Cu3Au(001) surface, and also of 
the two epitaxial FM/NM stacks focus of the present study (Stack A and 
Stack B) were calculated and compared with the experiments. All the 
structures are presented in Fig. 1. 

The effect of the magnetic Fe and Co MLs on Cu3Au(001) can be 
observed in Fig. 2, that depicts the DOS of the d-Cu and d-Au states in top 
layer (TL) atoms, where we compare the effect of the magnetic MLs on 
the Cu and Au atoms at the very FM/NM interface. In Fig. 2, it is 
important to observe that there is a shift towards lower energies in the 
Cu and Au atoms, due to the effect of the magnetic MLs. The deposition 
of the magnetic MLs lowers the energies of the Cu and Au occupied 
states. The Au DOS was already at lower energies compared to the Cu 
DOS for the pristine surface. It lowered a little more upon interaction 
with the magnetic MLs and, as a consequence, TL Au hybridization with 
magnetic MLs is less effective. For this reason, the magnetic induction is 
more effective on the TL Cu atoms. 

The monolayer-resolved Fe and Co DOS for the alternate Fe/Co 
monolayer structures, with Fe (Stack A) or with Co (Stack B) at the 
Cu3Au(001) interface, depicted in Fig. 3, show the evolution of the 
magnetic moments associated with the electronic states (see Table S1 in 
the SM). 

Many aspects of the magnetism of these deposited FM MLs can be 
understood with the analysis of their electronic states. It can be seen in 
the Fig. S1 that a free Fe or Co ML has a narrow DOS, in the range of the 
Cu states at the TL. Therefore, the hybridization with this surface is not 
as effective. The free-DL DOS, however, widens considerably due to the 
hybridization between the wave functions of each ML. In this manner, 
when more than one ferromagnetic ML is deposited on the Cu3Au(001) 
surface, induction and interaction between the FM film and the NM 
surface are more effective, causing the widening of the DOS in the en-
ergy region of the d-Fe and d-Co states. Also, the first deposited magnetic 
ML hybridizes with the Cu3Au(001) surface, lowering its magnetic 
moment, when compared with the free magnetic ML. If there was just 
this ML, it would still have a free surface, and the magnetic moments 
would be still high, but with a value smaller than for the free-standing 
ML, being less effective towards inducing magnetism in Cu and Au 
surface (TL) atoms. However, in the present case there is another mag-
netic ML on top of the interfacial magnetic ML, which by itself already 
broadens their DOS. In this situation, the double layer interfaced with 

Fig. 1. Structures used in the DFT calculations: (a) Cu3Au(001) surface, (b) 
Stack A, and (c) Stack B. The atoms in the structures are depicted in colors: Au 
(yellow), Cu (brown), Fe (red), and Co (blue). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of 
this article.) 
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the Cu3Au(001) surface is more effective in inducing magnetic moments 
on Cu and Au surface atoms. Therefore, both structures, with Fe and 
with Co at the interface, start with magnetic MLs with a small reduction 
of their magnetic moment, when compared to the free double layer, but 
are more effective in the hybridization effect. All the other internal 
magnetic MLs are sandwiched by the other species, and their magnetic 
moments stay almost constant at intermediate values, which is a 

consequence of the interlayer interaction. Finally, in the top magnetic 
ML, with a free surface, the hybridization results in a narrowing in the 
DOS and an enhancement in its magnetic moment. In fact, their mag-
netic moment is higher than the values of the free DL. 

All these results end up giving average spin magnetic moments for 
each atom species with values of mS(Fe) = 2.73 μB and mS(Co) = 1.61 μB 
for Stack A; and mS(Fe) = 2.58 μB and mS(Co) = 1.69 μB for Stack B, as 

Fig. 2. Local density of states (LDOS) per atom. In the top panels are shown the d-Au-TL and, in the bottom panels, the d-Cu-TL electronic contributions, without (red 
lines) and with the deposited magnetic material depicted in Stack A (blue lines) and Stack B (green lines). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 3. Layer-resolved Fe and Co local density of states (LDOS) for the 5 MLs Fe/Co on Cu3Au(001) samples (Stack A, in the left, and Stack B, in the right), in the 
stacking sequence order. The obtained localized magnetic moment (MM) is shown for each magnetic ML. 
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listed in Table 1 and Fig. S2. The numbers of 3d empty states for the 
different elements, obtained from the DOS calculations, are listed in the 
SM, Table S2. Therefore, an aspect emerges from the calculations: a 
geometric effect is at play for this odd number of layered structures. In 
Stack A, the interfacial magnetic ML, being the first ML attached to a 
nonmagnetic interface, and the top ML, which has a free surface, have 
their magnetic moments enhanced when compared to the internal layers, 
in contrast with the Stack B. This is due to a small lowering of the mag-
netic moment at the nonmagnetic interface, and to the enhancement of 
the magnetic moment on the surface top layer. 

The induced spin magnetic moments on the Cu and Au interfacial 
atoms are higher in the case of Stack A than in the case of Stack B. 
Moreover, the induction is always higher for Cu atoms than for Au 
atoms, regardless of the FM interface. As discussed before, the hybridi-
zation of the deposited magnetic MLs is more effective with the Cu 
atoms, resulting in higher spin moments. The Au surface atoms have 
their more important states at lower energies, as compared with the Cu 
ones. On the other hand, the orbital magnetic moments induced on Au 
atoms are one order of magnitude larger than those induced on Cu atoms 
(see Table S1). This behavior is due to the fact that the atomic radius of 
Au is greater than the Cu, which provides large angular moments for Au 
compared to Cu atoms. 

4.2. Experimental characterization 

The epitaxial growth and structural characterization of the alternate 
Fe/Co atomic monolayers on the Cu3Au(001) substrate has been already 
described in a recent work [43] for Fe at the interface (Stack A), in which 
it is shown that the alternated deposition leads to an almost layer-by- 
layer growth up to 6 ML. Moreover, magneto-optical Kerr effect 
(MOKE) measurements for films of alternate Fe/Co monolayers and 
codeposited FeCo films clearly demonstrate the effect of the chemical 
ordering in the magnetic properties of the system [43]. For Co at the 
interface (Stack B), some complementary LEED and RHEED data are 
presented in Fig. S5 of the SM. Absorption spectra were acquired at Fe, 
Co and Cu L2,3-edge at magnetic fields of 1.0 T at normal (0◦) and 
grazing (60◦) incidences and temperatures of 300 K (both stacks) and 30 
K (only Stack B). All spectra were normalized at the maximum of the L3- 
edges of isotropic XAS, which is defined as the average of absorption 
spectra with positive and negative circular polarizations. XMCD is the 
difference between both polarizations. 

Fig. 4 presents the room temperature (300 K) XAS/XMCD spectra 
measured for the Stack A. The shapes of all XAS spectra are character-
istic of metallic materials, and no indication of sample oxidation is 
observed. One should notice that such measurements are particularly 
sensitive to the surface, and the presence of any oxide would appear as 
shoulders or peaks at the high energy side of the L3 peaks. As can be seen 
in Fig. 4(c) and (f), there is a clear induced magnetism in Cu atoms. For a 
better visualization, Cu XMCD spectra are shown multiplied by a factor 
of 20. In spite of the low signal to noise ratio, a Cu dichroic signal can be 

observed at both incidences. The XMCD intensities of Fe and Co are very 
similar when comparing the two incidences, which confirms that the Fe/ 
Co film is saturated. In the case of Cu, the high noise level hinders a 
qualitative comparison of the spectra for the different incidences. 

Normalized L2,3 XAS and XMCD spectra for Stack B, measured at 300 
K, are presented in Fig. 5, and also have metallic shapes. The Cu spectra 
were averaged from a higher number of measurements, in order to in-
crease the signal/noise ratio. With this procedure, the shape of the 
averaged spectra were better defined when compared with Stack A, as 
can be observed in Fig. 5(c) and (f). In this case, it was possible to 
compare the two Cu spectra, and there is no significant difference be-
tween the XMCD signals for both incidences, as observed for Fe and Co. 

For this Fe/Co sample (Stack B), additional measurements have been 
done also at low temperature (30 K), and these spectra are shown in 
Fig. 6. When comparing Fig. 5 (300 K spectra) and Fig. 6 (30 K spectra), 
it is possible to observe an increase of the XMCD signal at the Fe and Co 
edges at low temperature. For the Cu L2,3-edge, there is no evident 
change in the XMCD signal with the temperature. 

The magnetic moments of the Fe, Co and Cu atoms in both samples 
have been extracted from the XMCD data shown in Figs. 4–6 by applying 
sum rules [68,69], and corrected for the 80% degree of polarization of 
the X-rays at the beamline. The numbers of 3d empty states used in the 
sum rules calculations were those determined theoretically by our DFT 
calculations for each structure and presented in Table S2, in the SM. The 
number of Fe and Co empty states is given by the average of all Fe or Co 
layers in each case. For Cu, the number of 3d empty states refers only to 
the atoms at the surface layer of the Cu3Au(001), since our DFT results 
indicate that a significant magnetic moment is induced only at the first 
interfacial layer of the NM substrate (see Fig. S4, in the SM). This 
behavior is similar to the observed for the magnetic moment induced by 
Co atoms in a Rh substrate [24,70], for example. 

From the sum rules it is possible to extract the values of the orbital 
moment (mL) and the effective spin moment (meff). The meff is a sum of 
two components: the spin magnetic moment (mS) and the dipolar 
magnetic term (7D), i.e., meff = mS + 7D. Although the dipole term is 
negligible for bulk 3d metals, in the case of ultrathin films, due to the 
low symmetry, this term is significant and has to be considered to allow 
an accurate determination of the spin moment. For a system with uni-
axial anisotropy it is possible to separate these two components by 
angle-dependent XAS/XMCD measurements [71–73]. At saturation, the 
mS is independent of the angle, and the dipolar term at an angle θ was 

shown to be [73,74]: 7D(θ) =
7D(0◦

)

2 (3cos2θ − 1). Considering this rela-
tion and the values of meff extracted by sum rules from the spectra ac-
quired at normal (0◦) and grazing (θ = 60◦) incidences, it was possible to 
estimate the dipole term, 7D(0◦). All these experimental values are 
presented in Table S3 of the supplementary material. 

Having in mind that the Cu XMCD signal carries a significant 
contribution from unpolarized Cu atoms of the Cu3Au(001) substrate, 
the obtained values need to be corrected in order to allow a reasonable 
estimation of the induced magnetization in the Cu interface atoms, 
since, as shown by the calculations (see Fig. S4 in SM), only those atoms 
present a significant magnetism. Assuming an electron mean free escape 
depth of ~20 Å (11 ML) [5], and taking into account the different angles 
of incidence of the photon beam, we obtain multiplicative correction 
factors of 9.1 and 4.5 for the measurements at normal (0◦) and grazing 
(60◦) incidences, respectively. 

5. Discussion 

Initially we compare our theoretical and experimental results. We 
recall that besides being element sensitive, XMCD is also orbital selec-
tive. In our case, measurements at L2,3 absorption edges of 3d elements 
probe mostly the 3d levels of them. Thus we must compare the moments 
obtained from the application of sum rules on the XMCD data with the 
3d magnetic moments arising from the DFT calculations. Table 2 lists the 

Table 1 
DFT results for Fe, Co, Cu and Au atoms in the two epitaxial stacks of alternate 
Fe/Co monoatomic layers on Cu3Au(001). The indicated spin magnetic moment 
(mS) and orbital magnetic moment (mL) values are the averages for all atomic 
sites of each element in the sample, at 0 K. Layer-resolved values can be found in 
Table S1 of the supplementary material.   

Stack A (Fe interface) Stack B (Co interface) 

Fe mS 2.73 2.58 
mL 0.07 0.06 

Co mS 1.61 1.69 
mL 0.07 0.09 

Cu mS 0.044 0.020 
mL 0.001 − 0.002 

Au mS 0.030 0.015 
mL 0.020 0.015  
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Fig. 4. Normalized X-rays absorption curves (μ+ and μ− ) and XMCD spectra taken at normal (a-c) and grazing (d–f) incidences for the Fe (a,d), Co (b,e), and Cu (c,f) 
L2,3-edges in the Stack A (schematic representation in the sketch), at room temperature (T = 300 K, B = 1.0 T). A zoom in the L3 peak of Cu is displayed in the inset in 
(c) and (f), to allow a better visualization of the difference between the two absorption curves. 

Fig. 5. Normalized X-rays absorption curves (μ+ and μ− ) and XMCD spectra taken at normal (a–c) and grazing (d–f) incidences for the Fe (a,d), Co (b,e), and Cu (c,f) 
L2,3-edges in the Stack B (schematic representation in the sketch), at room temperature (T = 300 K, B = 1.0 T). A zoom in the L3 peak of Cu is displayed in the inset in 
(c) and (f), to allow a better visualization of the difference between the two absorption curves. 
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experimental XMCD results for the 3d spin magnetic moments, obtained 
after the subtraction of the dipole term, and the values of the orbital 
magnetic moments for normal and grazing incidences. Note that for Cu 
are listed the values corrected to exclude the substrate contribution 
(Cu*), as above mentioned. This table includes also the 3d magnetic 
moments determined theoretically by the DFT calculations. The theo-
retical Fe and Co magnetic moments are the average of the values of the 
2 or 3 Fe and Co monolayers present in each structure. For the sake of 
direct comparison with the XMCD results, the DFT values quoted in 
Table 2 are those directly associated with the 3d levels. One can notice 
that in Table 2 the values are larger than the total moment calculated by 
DFT (see Table 1). This arises from the fact that the 4s4p orbitals have a 

negative contribution, and thus, the total moments end up smaller than 
the 3d moments. For Fe and Co, this difference is of the order of a few 
percent, but it turns out to be not negligible for Cu, where 3d moments 
are of the same order of magnitude of the 4s4p contribution. 

Considering first Stack A (Fe interface), the experimental spin mag-
netic moments (mS) of Fe and Co are smaller than the theoretical ones, as 
can be observed in Table 2. It is important to point out that the effect of 
temperature is not considered in the theoretical calculations (the 
calculated magnetic moments are values at 0 K). Since Stack A was 
measured only at room temperature (300 K), the smaller experimental 
mS values obtained from the XMCD measurements could be a conse-
quence of thermal disorder of the spins in this ultrathin (5 ML thick) 
magnetic nanostructure. This effect will be discussed later for Stack B, 
with the comparison of the measurements at 300 and 30 K. 

Contrariwise, the Fe and Co experimental orbital magnetic moments 
(mL) are higher than the respective theoretical values. A similar diver-
gence between theory and experiment was reported for Fe and Co films 
grown on Rh(111) and Pt(111) [24], where the same computational 
approach has been used. This may indicate that this theoretical 
approach does not reproduce well the orbital moments, despite of being 
effective in the determination of the spin magnetic moments. 

We were also able to experimentally confirm the existence of an 
induced magnetic moment in the Cu atoms at the Fe-Co/Cu3Au(001) 
interface. The experimental values of the induced spin moments are 
smaller than the theoretical ones. However, in this case, the small values 
together with the high intrinsic error of sum rules prevent a quantitative 
comparison between theory and experiment. The induced magnetism in 
the NM atoms is an interfacial effect, and, for this system, our results 
show that a significant moment is induced only at the first layer of the 
substrate (see Fig. S4). Also, it has been demonstrated experimentally 
and theoretically that in an ordered Cu3Au(001) single crystal the very 
surface shows a gold enrichment, to a composition around Au60Cu40 
[75]. This means that in our XMCD experiments we are measuring the 

Fig. 6. Normalized X-rays absorption curves (μ+ and μ− ) and XMCD spectra taken at normal (a-c) and grazing (d–f) incidences for the Fe (a,d), Co (b,e), and Cu (c,f) 
L2,3-edges in the Stack B (schematic representation in the sketch), at room temperature (T = 30 K, B = 1.0 T). A zoom in the L3 peak of Cu is displayed in the inset in 
(c) and (f), to allow a better visualization of the difference between the two absorption curves. 

Table 2 
3d spin magnetic moment (mS) and orbital magnetic moment (mL) for Fe, Co and 
Cu atoms, in μB, calculated theoretically, and determined experimentally by 
XMCD sum rules, for the Stack A and Stack B for temperatures (Temp) of 0, 30 
and 300 K.   

Stack A Stack B 

Experiment Theory Experiment Theory 

Temp. 300 K 0 K 300 K 30 K 0 K 
Fe mS 2.11(21) 2.75 2.05(22) 2.43(27) 2.63 

mL(0◦) 0.15(1) 0.07 0.19(2) 0.25(2) 0.06 
mL(60◦) 0.21(2) 0.07# 0.23(2) 0.27(3) 0.05# 

Co mS 1.50(16) 1.69 1.47(15) 1.70(17) 1.73 
mL(0◦) 0.25(3) 0.07 0.27(3) 0.34(3) 0.09 
mL(60◦) 0.24(2) 0.07# 0.27(3) 0.32(3) 0.09# 

Cu 
* 

mS 0.023(6) 0.072 0.022(6) 0.020(6) 0.037 
mL(0◦) 0.001(1) 0.001 − 0.001 

(1) 
− 0.002 
(1) 

− 0.002 

mL(60◦) 0.001(1) 0.003# − 0.001 
(1) 

− 0.001 
(1) 

0.002#  

* Corrected experimental values, to exclude the substrate contribution (see 
text). 

# In-plane theoretical values (mL(90◦)). 
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magnetism induced in only at ~0.4–0.5 ML of Cu atoms. These induced 
magnetic moments are extremely low and, therefore, very hard to be 
experimentally probed. 

In spite of the quantitative divergences between the theoretical and 
experimental values obtained for the induced moments in the Cu atoms, 
there is a qualitative agreement on the nature of the magnetic induction 
at the NM interface. In both cases, mS and mL of the spin-polarized Cu 
atoms at the surface of the Cu3Au(001) substrate are observed to be 
ferromagnetically aligned with the Fe/Co film. 

For the stack with Co at the interface (B), mS and mL have been 
experimentally determined for 300 K and 30 K measurements, as already 
mentioned. The obtained magnetic moments for Fe, Co, and Cu* atoms 
are given in Table 2. At the lower temperature (30 K), the experimental 
mS of Fe and Co are very close to the theoretical values, confirming the 
effectiveness of the DFT calculations in reproducing the spin moments. 
For the XMCD measurements at 300 K, there is a significant decrease of 
these moments, evidencing the effect of thermal disorder in the 
magnetism of the ultrathin Fe/Co samples. These findings corroborate 
the previous affirmation that, for Stack A, the temperature plays a major 
role to the discrepancy of calculation with the experiment results. 

For the Cu atoms in Stack B, the mS values extracted from the 30 and 
300 K measurements are almost the same, being even slightly higher at 
300 K. This may be attributed to the low intensity of the Cu XMCD 
signal, near the experimental limit of detection, together with the high 
intrinsic error of the sum rules [76]. Nevertheless, given the very low 
XMCD intensity, and the lack of intermediary temperature measure-
ments, more investigation is needed to determine unequivocally if the 
temperature has any effect on the induced magnetic moments. As 
observed for Stack A, there is a qualitative agreement between theory 
and experiments even with some divergences in the quantitative values. 
For Stack B, there is a ferromagnetic coupling in the case of the spin 
magnetic moments, while for the induced orbital magnetic moments is 
observed an antiferromagnetic coupling in both, theory and experiment 
(negative values in Table 2). This is one more evidence of the reliability 
of our results and the good agreement between the theoretical calcula-
tions and the experimental results. 

Although XAS measurements at Au-edges were not possible at the 
LNLS PGM beamline, and an induction of magnetism in Au atoms could 
not be probed in our experiments, the theoretical calculations indicate 
that the spin magnetic moment induced in the Au atoms at the Cu3Au 
(001) surface is smaller, when compared to the magnetization induced 
in Cu atoms, but that the orbital magnetic moment induced on Au atoms 
are much larger then in Cu atoms (see Table S2). Even if it was not 
possible to perform experiments for Au atoms due to experimental 
limitation of the beamline, a XMCD signal is also expected for Au, and 
could, in principle, be addressed in a hard X-rays beam line covering the 
Au L2,3 absorption edges. 

Induced magnetic moments have been observed previously in Cu 
atoms in systems like Fe/Cu, FeCu/Cu, Co/Cu, Gd/Cu or Co/Cu/Pt 
multilayers and nanoparticles [3–6,29–31]. Due to the interfacial nature 
of the proximity effect, in all these studies the intensity of the induced 
moments in NM atoms is dependent on the surface area in contact with 
the FM. In this way, for a Cu film sandwiched between two FM layers, 
the average induced moments in Cu atoms will decrease with the film 
thickness, since the internal layers will not be polarized as much as the 
interface atoms. While for Cu atoms in a 4 ML thick film in Co/Cu/Co 
trilayers an induced mS (mL) of 0.047 μB (0.001 μB) was found [3,4], for 
a thicker Cu film (50 Å, ~28 ML) the average Cu mS (mL) can drop to 
0.005 μB (0.0003 μB) [31]. In addition, the intensity of the induced 
moments depends also, of course, on the strength of the magnetic mo-
ments of the neighbor FM material. For 13 ML thick Cu spacers between 
Co layers, the induced mS (mL) in Cu atoms is 0.014 μB (0.0001 μB), but 
between Fe layers these moments are clearly larger (mS = 0.022 μB; mL 
= 0.0007 μB) [3,4]. Anyway, the determination of subtle differences of 
spin polarization in Cu atoms at FM/NM interfaces like Fe/Cu and Co/ 
Cu systems are expected to be experimentally very challenging, as 

shown in [4]. Moreover, for Cu atoms, the induced spin and orbital 
moments can be extremely small, making unfeasible the estimation by 
sum rules, as in XMCD measurements in Gd/Cu multilayers [30]. From 
our results, it turns out that the induced magnetization estimated for the 
Cu atoms at the very surface of the NM Cu3Au(001) in Stacks A and B 
(mS ~ 0.02 μB; mL(A) ~ 0.001 μB; mL(B) ~ − 0.002 μB) are of the same 
order of magnitude of those obtained in references [3,4,6,29], but are 
clearly much smaller than the induced magnetization in Cu atoms 
observed by Kuch et al. in artificially ordered FeCu superlattices where 
all the Cu atoms are expected to be in direct contact with Fe atoms, 
between Fe single layers [5]. In spite of the very small XMCD magnetic 
signal from Cu atoms in the nanostructures investigated in this work, 
consisting of alternate Fe/Co monoatomic layers epitaxially grown on 
Cu3Au(001), we have unequivocally probed the existence and estimated 
the magnitude of the induced magnetism in these NM atoms at the 
surface of the Cu-Au substrate. 

6. Conclusions 

In summary, using L2,3-edges XAS/XMCD measurements, we have 
observed clear evidence of induced magnetic moments in Cu atoms, due 
to the proximity effect, in alternate Fe/Co monoatomic layers epitaxially 
grown on top of an ordered Cu3Au(001) single crystal. This is a 
remarkable result, considering the extremely low magnetic moments 
that are induced in the Cu atoms. The experimental results were 
compared with density functional theoretical calculations. The theo-
retical spin moments are in good agreement with the values derived 
from the experimental results, by the application of sum rules. Our re-
sults show that in the investigated system the magnetism induced in the 
nonmagnetic Cu (and Au) atoms is a phenomenon restrict essentially to 
the very interface. According to our theoretical calculations, the in-
duction is more effective due to the hybridization from the first two 
magnetic layers, where the proximity between the magnetic and NM 
MLs is a relevant factor. Also, this hybridization with the NM Cu3Au 
surface decreases the magnetic moments of the deposited Fe-Co atoms, 
in comparison to the Fe and Co free MLs and Fe/Co DL. The theoretical 
calculations reveal also the effect of the nonmagnetic surface and the 
vacuum interface in the enhancement of the magnetic moments of Fe 
and Co, and the effect of the hybridization at the interface on the 
magnetization profile of the remaining FM layers. Our experimental and 
theoretical results represent a contribution to the precise understanding 
of the induced magnetism at FM/NM interfaces. 

CRediT authorship contribution statement 

Sofia O. Parreiras: Investigation, Formal analysis, Writing - original 
draft. Luis A. Cabral: Investigation, Formal analysis, Writing - original 
draft. Rodrigo V. Lourenço: Investigation, Formal analysis, Writing - 
review & editing. Alexandre A.C. Cotta: Investigation, Writing - review 
& editing. Pedro Schio: Investigation, Writing - review & editing. Julio 
C. Cezar: Investigation, Writing - review & editing. Pedro L. Gastelois: 
Investigation, Writing - review & editing. Edison Z. Silva: Supervision, 
Writing - review & editing, Funding acquisition. Waldemar A.A. Mac-
edo: Supervision, Writing - review & editing, Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors acknowledge financial support from the Brazilian 
Agencies Conselho Nacional de Desenvolvimento Científico e Tec-
nológico - CNPq (Grants 308321/2014-6 and 426937/2016-3, WAAM; 

S.O. Parreiras et al.                                                                                                                                                                                                                            



Applied Surface Science 548 (2021) 149215

9

422583/2018-9, AACC; Fellowship 160595/2017-7, SOP), Fundação de 
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P. Böni, W. Kreuzpaintner, Indications for Dzyaloshinskii-Moriya interaction at the 
Pd/Fe interface studied by in situ polarized neutron reflectometry, Phys. Rev. B 
101 (2020), 024404. 

[10] F. Hellman, A. Hoffmann, Y. Tserkovnyak, G.S.D. Beach, E.E. Fullerton, 
C. Leighton, A.H. MacDonald, D.C. Ralph, D.A. Arena, H.A. Dürr, P. Fischer, 
J. Grollier, J.P. Heremans, T. Jungwirth, A.V. Kimel, B. Koopmans, I.N. Krivorotov, 
S.J. May, A.K. Petford-Long, J.M. Rondinelli, N. Samarth, I.K. Schuller, A.N. Slavin, 
M.D. Stiles, O. Tchernyshyov, A. Thiaville, B.L. Zink, Interface-induced phenomena 
in magnetism, Rev. Mod. Phys. 89 (2017), 025006. 

[11] A. Hoffmann, S.D. Bader, Opportunities at the frontiers of spintronics, Phys. Rev. 
Appl. 4 (2015), 047001. 

[12] K.S. Ryu, L. Thomas, S.H. Yang, S. Parkin, Chiral spin torque at magnetic domain 
walls, Nat. Nanotechnol. 8 (2013) 527. 

[13] K.S. Ryu, S.H. Yang, L. Thomas, S.S.P. Parkin, Chiral spin torque arising from 
proximity-induced Magnetization, Nat. Commun. 5 (2014) 1. 

[14] W. Zhang, M.B. Jungfleisch, W. Jiang, Y. Liu, J.E. Pearson, S.G.E. te Velthuis, 
A. Hoffmann, Reduced spin-Hall effects from magnetic proximity, Phys. Rev. B 91 
(2015), 115316. 

[15] M. Caminale, A. Ghosh, S. Auffret, U. Ebels, K. Ollefs, F. Wilhelm, A. Rogalev, W. 
E. Bailey, Spin pumping damping and magnetic proximity effect in Pd and Pt spin- 
sink layers, Phys. Rev. B 94 (2016), 014414. 

[16] D.-O. Kim, K.M. Son, Y. Choi, B.-C. Min, J.-S. Kim, J.W. Choi, D.R. Lee, Asymmetric 
magnetic proximity effect in a Pd/Co/Pd trilayer system, Sci. Rep. 6 (2016) 25391. 

[17] A.M. Gonçalves, F. Garcia, H.K. Lee, A. Smith, P.R. Soledade, C.A.C. Passos, 
M. Costa, N.M. Souza-Neto, I.N. Krivorotov, L.C. Sampaio, I. Barsukov, Oscillatory 
interlayer coupling in spin Hall systems, Sci. Rep. 8 (2018) 2318. 
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[24] A. Lehnert, S. Dennler, P. Błoński, S. Rusponi, M. Etzkorn, G. Moulas, P. Bencok, 
P. Gambardella, H. Brune, J. Hafner, Magnetic anisotropy of Fe and Co ultrathin 
films deposited on Rh(111) and Pt(111) substrates: an experimental and first- 
principles investigation, Phys. Rev. B 82 (2010), 094409. 

[25] G. van der Laan, A.I. Figueroa, X-ray magnetic circular dichroism—A versatile tool 
to study magnetism, Coord. Chem. Rev. 277–278 (2014) 95–129. 

[26] N. Jaouen, J.M. Tonnerre, D. Raoux, E. Bontempi, L. Ortega, M. Müenzenberg, 
W. Felsch, A. Rogalev, H.A. Dürr, E. Dudzik, G. van der Laan, H. Maruyama, 
M. Suzuki, Ce 5d magnetic profile in Fe/Ce multilayers for the α and γ-like Ce 
phases by x-ray resonant magnetic scattering, Phys. Rev. B 66 (2002), 134420. 

[27] M. Magnuson, Induced magnetism at the interfaces of a Fe/V superlattice 
investigated by resonant magnetic x-ray scattering, J. Magn. Magn. 422 (2017) 
362–366. 

[28] L.J. Zhu, D.C. Ralph, R.A. Buhrman, Irrelevance of magnetic proximity effect to 
spin-orbit torques in heavy-metal/ferromagnet bilayers, Phys. Rev. B 98 (2018), 
134406. 
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