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Using spin-polarized single- and two-electron spectroscopy, we probe exchange and spin–orbit

interaction in a double layer of Fe and Au on W(110) and measure the spin asymmetry of the

Bloch spectral density function of the sample. In a 5 ML iron film, the spin-orbit contribution to the

measured asymmetry of the (e,2e) spectra was not detectable, whereas a deposition of about 1 ML

of gold introduced a substantial spin-orbit component in the measured asymmetry. At the same

time, this double layer still exhibits ferromagnetic properties: (i) the spectral density function asym-

metry demonstrate imbalance of spin-up and spin-down electron densities in the valence band and

(ii) the Stoner excitation asymmetry has almost the same value as in a pure Fe film. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906932]

The spin-orbit interaction, i.e., the interaction of an elec-

tron spin with the orbital momentum of the electron, is one

of the central issues in spintronics.1,2 It is responsible for the

Spin Hall effect3 and determines properties, for example, of

topological insulators.4 Characterization of those properties

follows from measurements of spin-orbit effects and varia-

tion of the strength of the spin–orbit interaction (SOI) in a

solid structure.

One of the powerful instruments to measure SOI is a

magnetic circular dichroism,5 which is element specific and

provides quantitative information on SOI. The drawback of

this technique is that it integrates the results over the

Brilloin zone (BZ) and cannot localize the SOI in the mo-

mentum space of the valence band. An alternative tech-

nique, which is very surface sensitive and localizes SOI in

energy-momentum space is Low-Energy Spin-Polarized

Two-Electron Spectroscopy (SPe,2e).6–8 The essence of

two-electron spectroscopy is the detection of two time-

correlated electrons generated by a single incident electron

and the measurement of their momenta k1 and k2. The dis-

tributions of the correlated electron pairs over the energies

of two electrons or over the momenta of the two electrons

are called (e,2e) spectra. This technique was previously

applied for studying spin-orbit and exchange effects in a

thin Co film on W(110).8 The spin effects were measured in

terms of an asymmetry A, which is defined as the normal-

ized difference of intensities Iþ and I�, which corresponds

to the spectra measured for spin-up incident beam and spin-

down incident beam, respectively: A¼ (Iþ � I�)/(Iþþ I�).

It was demonstrated that the spin-orbit effect and exchange

can be separated in the (e,2e) spectra if corresponding

asymmetries are measured for two opposite magnetizations

of the sample: M1 and M2 and the polarization vector of

the incident beam and the magnetic moment of the sample

are collinear. If the asymmetries for reversed and non-

reversed sample magnetization are denoted as AM1 and

AM2, the spin-orbit (ASO) and exchange (Aex) contributions

are given to leading order by9

Aex ¼ 1=2ðAM1– AM2Þ; (1)

ASO ¼ 1=2ðAM1 þ AM2Þ: (2)

We apply this approach for studying spin–orbit coupling in

the valence band of the double layer of iron and gold on

W(110) using spin-polarized two-electron (coincidence pair)

spectroscopy.

Details of the spin-polarized two-electron spectrometer

and the electron-pair technique are presented elsewhere10

and described briefly here. Our spin-polarized electron

source is based on a photoemission from a strained GaAs

photocathode.11 Two micro-channel plate detectors with

75 mm diameter of active area were used for the electron

pair detection. The geometrical arrangement of the experi-

ment is shown in Fig. 1.

The time-of-flight technique was applied for the electron

energy measurements.12 The incident electron beam was pulsed

to have a reference point on the time scale. Energy conservation

for the (e,2e) reaction implies that Eb¼ (E1þE2) � Eo, where

FIG. 1. Spin-polarized two-electron scattering geometry.

0003-6951/2015/106(4)/042404/4/$30.00 VC 2015 AIP Publishing LLC106, 042404-1
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Eb is the binding energy of the valence electron, Eo is the pri-

mary electron energy, and E1 and E2 are the energies of the

two detected correlated electrons. For these pairs of elec-

trons, the parallel-to-the-surface component of the total mo-

mentum is conserved: kbjj ¼k1jj þk2jj � k0jj þG, where kb

is the valence electron momentum, k1 and k2 are momenta

of detected electrons, k0 is the incident electron momentum,

and G is the reciprocal lattice vector. Thus, energy and mo-

mentum conservation allows the valence electron involved

in the collision to be localized in energy-momentum space in

contrast to a single-electron spectroscopy (EELS), where the

result of a scattering event is integrated over the unresolved

state of the second electron.

Prior to deposition of the films, the substrate W(110) was

thoroughly cleaned using the well established routine13,14

including oxygen treatment of the surface followed by high

temperature flashes. The 5 monolayers (ML) of Fe film was

deposited using Omicron commercial evaporator EFM-3. A

thin (about 1 ML) Au film was deposited by evaporating

a small piece of gold from v-shaped 0.2 mm diameter tung-

sten wire by resistive heating. The thickness of the films

was estimated by Auger electron spectroscopy and a quartz

microbalance.

First, we checked the exchange and spin-orbit compo-

nents of the asymmetry of (SPe,2e) spectra of a pure Fe film

on W(110). We expected to see, in analogy with studies of a

Co film,8 a substantial contribution of the spin-orbit asym-

metry in addition to the exchange effect in a ferromagnetic

film. On the contrary, there was no detectable spin-orbit

component in the measured asymmetry of the (SPe,2e) spec-

tra. Fig. 2 shows Kx-distributions measured with spin-up and

spin-down incident electrons for two opposite magnetiza-

tions of the sample. Each of the distributions presents

the number of correlated electron pairs as a function of the

x-component of the valence electron momentum within the

binding energy band of 1.5 eV just below the Fermi energy.

Figs. 2(a) and 2(b) indicate that Kx-distributions are very

symmetric with respect to the point Kx¼ 0, which is the

centre of the Brilloin zone. The maximum difference

between spin-up spectrum and spin-down spectrum

observed at the centre of the BZ and this difference changes

the sign, when the magnetization of the sample reverses.

This is an indication that the difference in intensity is due

to the exchange effect.15,16 Fig. 2(c) shows asymmetries of

Kx-distributions for M1 and M2 magnetizations of the sam-

ple. The spin-orbit component of the asymmetry was calcu-

lated as indicated above according to Eq. (2). It is seen

from Fig. 2(d) that it is zero within the error bars.

When a thin layer of gold was deposited, as confirmed

by Auger electron spectroscopy (Fig. 3), the double layer of

Au/Fe was still exhibiting ferromagnetic properties. Indeed

FIG. 2. Kx-distributions measured with

spin-up and spin down incident elec-

trons for magnetization M1 (a) and

magnetization M2 (b); (c) asymmetries

of Kx-distributions for M1 and M2; and

(d) spin-orbit component of asymmetry.

FIG. 3. Auger electron spectrum of Au/Fe double layer.
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the binding energy spectra recorded with spin-up and spin-

down incident electrons show imbalance of spin-up and

spin-down states in the valence band of the sample (Fig. 4).

Comparison of the binding energy asymmetry spectra of

pure Fe film and of the Fe film with the gold cap layer shows

that the shape of the asymmetry is different in these two

cases (Fig. 4(c)). Moreover, the asymmetry spectrum of a

double layer of Au/Fe shows a larger value and a larger

energy range of asymmetry (Fig. 4(c)).

The change of asymmetry in the binding energy spec-

trum after an Au layer deposition indicates the modification

of the electronic structure of the surface. It also suggests that

a thin gold layer may become ferromagnetic. In fact, there

are a number of indications that the gold exhibits ferromag-

netic properties when its shape indicates nanoparticles17 or

thin layers.18 However, the shape of the binding energy spec-

trum of a double layer of Au/Fe is different from the spec-

trum of an Fe film on W(110) and from the spectrum of a Au

layer on W(110) (Fig. 5).

That result confirms the suggestion that the surface elec-

tronic structure of the double layer of Au/Fe is modified due

to hybridization at the interface of the Au-Fe states. In addi-

tion, a strong exchange field of the Fe film can induce a mag-

netic moment in the Au film; hence, an imbalance of spin-up

and spin-down states in the valence band. This imbalance

shows up as an asymmetry in the binding energy spectrum of

the double layer (Fig. 4(c)). The possibility of induced spin

polarization in a nonmagnetic layer by an adjacent ferromag-

netic layer was demonstrated in Ref. 19.

We analyse now the Kx-distributions and corresponding

asymmetries for the Au/Fe double layer. We chose two bind-

ing energy bands where the Kx-distributions were measured

FIG. 4. Binding energy spectra for Fe film (a) and for Fe film covered by a

layer of Au (b); and (c) asymmetries of binding energy spectra for Fe film

and Au/Fe bilayer.

FIG. 5. Spin integrated binding energy spectra of W(110), Au film on

W(110) and Fe film covered by Au layer.

FIG. 6. Asymmetries of Kx-distributions measure within two different bind-

ing energy bands (left and right panels): (�2��1) eV and (�1� 0) eV,

respectively.
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with spin-up and spin-down incident electrons. The first

band spans from 0 down to �1 eV binding energy, where the

difference and asymmetry of the binding energy spectrum

are positive (Fig. 4(b)) and the second band from �1 eV

down to �2 eV binding energy where the difference and

asymmetry are negative. Fig. 6 shows the exchange and

spin-orbit contributions to the asymmetries of the Kx-

distributions measured within the above binding energy

bands. The left column of Fig. 6 represents the exchange and

spin-orbit asymmetries of the Kx-distributions within the

binding energy from �1 eV to �2 eV. The right column

shows corresponding asymmetries within the binding energy

band from 0 to �1 eV. In both cases, there are the contribu-

tions of exchange and spin-orbit asymmetries.

The latter is very similar in shape in two energy bands

and reaches value up to 2%. In contrast, the exchange com-

ponent of asymmetry, in the binding energy band just below

the Fermi energy, is almost flat on average and reaches the

value of about 3%, whereas in the binding energy band from

�1 eV to �2 eV the exchange component has a negative

maximum in the middle and reaches the value of about 7%.

The most important conclusion of this analysis is that the

deposition of a very thin layer of gold introduces a substan-

tial spin–orbit interaction on the surface of the Au/Fe

double-layer, which retains ferromagnetic properties. The

signature of ferromagnetism is the exchange asymmetry in

the Kx-distributions as well as the asymmetry in the binding

energy spectrum. In addition, we measured electron energy

loss spectra of the Au/Fe system for two opposite polariza-

tions of the incident beam and found non-zero Stoner excita-

tion asymmetry, which is indicative of a ferromagnetic

surface.9 This asymmetry was also measured two months af-

ter the gold layer deposition and showed the same value as

just after the deposition and so demonstrated a stable ferro-

magnetic surface protected against vacuum contamination.

These findings are in line with the results of Ref. 18, where

magnetic-circular dichroism was applied to reveal that the

orbital magnetic moment of the constituent Fe atoms in the

bcc Fe–Au alloy film is about twice larger than that of pure

Fe. It was suggested that alloy-like regions are formed at the

interface of the Au/Fe bilayer structure. This implies a

hybridization of the electronic states of Au and Fe and

probably enhanced the magnetic moment of Fe (and/or an

induced magnetic moment of Au).18
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