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Spin-orbit coupling in tungsten by spin-polarized two-electron spectroscopy
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We present experimental results on low-energy spin-polarized two-electron spectroscop Gt Ahd
W(110. A combination of a coincidence technique with the time-of-flight energy analysis was used to record
angular and energy distributions of correlated electron pairs excited by spin-polarized low-energy primary
electrons from a single crystal of tungsten. These distributions depend strongly on the polarization and the
angle of incidence of the incident electron beam. Experimental data are discussed in terms of the symmetry
properties, spin-dependent scattering dynamics, and spin-resolved electronic structure of the sample.
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INTRODUCTION servable in a ferromagnetic surfagghere the population of
) ) spin-up and spin-down states is unequaith proper orien-
Probing the electronic systems of atoms, molecules, anghtion of the magnetization direction and the polarization
solids by electron ImpaCt followed by detection of the Scat'vector of the e|ectr0n beam_ The app"cation of Spin_
tered electron has become a routine technique for studyingolarized(e, 2e) spectroscopy to a ferromagnetic surface was
the eIe_ctronlc excitation spectrum and secondary emissioghown, both theoretically and experimentally, to be very
properties of the system. One of the pathways of the electrofyitfy| for studying surface magnetism and spin-dependent
interaction with a multielectron system is a binary collision scattering dynamic:16The spin-orbit interaction, in turn, is
of the incident electroienergyE, and momentuni,) with  gominant in the case of a nonmagnetic hedaygeZ) target
the bound electrotenergyE,) of the target. Detection of two  (yngsten, for exampje An extensive theoretical work on
electrons resulting from such a collision extends the scattelspin-polarized low-energye, 2e) spectroscopy of nonmag-
ing picture to a second dimensiawith the energies of the  netic surfaced predicted an observable spin-asymmetry in
two electronsE, and E;) and, by consequence, extends aine (¢ 2¢) cross section from tungsten. The collision of an

single electron spectroscopy to @ mu{tino-) electron Spec- iy igent electron with a valence electron of the target was
troscopy, often referred to as two-electrt® 2e) Spectros-  yeated in a distorted-wave Born approximation formalism

copy. In a high-energy imicL0—50 keV primary energyhe \ith exchange, the four relevant quasi-one-electron states be-
cross-section of thée, 2e) scattering is proportional to the g so|ytions of the Dirac equation. To obtain detailed insight
momentum density distribution(MDD) of the bound jnig the origin of the individual features of tiie, 2e) spectra
electron: This spectroscopy was applied successfully foros \y(100) and their spin asymmetry, additional calculations

studying MDD in atoms, molecules, and thin solid films us-\yere performed where each of the four relevant wave func-
ing the transmission geomethpplication of this technique  {isns were modified artificially such that spin-orbit coupling

for surfaces requires low-energy incident electrons and reanq ejastic scattering amplitudes from ion-core planes were
flection geometry. The capability of grazing ange2e) ex-  gglectively switched off. The calculated spin asymmetry of
periments to map electron momentum distribution in graphyne (e, 2¢) cross section on \Z00) was found to be due

ite was demonstrated using 300 eV primary electrons anghainly to the spin-orbit coupling in the valence electron
reflection geometry? Recently the(e, 2e) spectroscopy Was  giated?

adapted for surface studies using low-ene(@$—50 eV
primary electrons, backscattering geometry, and time-of-
flight energy analysié® Experimentdi-8 and theoretic&t*3
works demonstrated the high potential of this technique for We report experimental results on the spin-polarized
studying electron scattering dynamics, surface electroni€e,2e) spectroscopy of \WL00) and W(110). The sample was
structure, and electronic correlations. cleaned in vacuum using standard procetuiacluding

In the spin-polarized version of thig, 2e) spectroscopy oxygen treatment at 10 Torr oxygen pressure and 1400 K
one further dimension is added to the spectra: energy ansample temperature followed by few high-temperature
momentum distributions of correlated electron pairs are meafashes up to 2300 K. The spin-polarized electron source is
sured for two spin-orientations of the incident bekimn based on photoemission from a strained GaAs photocathode
general there are two effects that lead to spin-dependent eleaetivated by Cs and oxygen adsorpfidithat produces a
tron scattering from surfaces: the exchange interaction anspin-polarized electron beam with the polarization parallel or
the spin-orbit interaction. The first is proportional to the sca-antiparallel to the momentum of photoelectrons depending
lar product of the average spin of the target and the polarizaen the helicity of the incident light. The degree of polariza-
tion vector of the incident beam. Therefore it is easily ob-tion is estimated to be about 70%. The polarized beam passes
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FIG. 1. Geometry of the experiment.

through a 90° electrostatic deflector such that the emergemivo-dimensional distributions. As an example of a two-
beam is transversely polarized since the electrostatic fieldimensional distribution one can quote the number of corre-
does not affect the spin orientation. The polarization vectofated pairs as a function of electron enerdi€s; ,E,). For a

can be rotatedup or down polarizationby changing the given primary energy and fixed experimental geometry the
helicity of the incident light. The polarization direction is (e,2e) spectrum was measured for spin-(jy) and spin-
chosen perpendicular to the scattering plane containing théown (17) polarization of the incident beam and then these
incident beam and two detectors. In such a geometricalwo spectra were compared in terms of their difference and
arrangement one can expect in general a nonvanishingpin-asymmetry. To avoid the influence of the incident elec-
spin-asymmetry in measured spectra because of symmettyon current drift or the sample surface modificati@on-
considerations! A sketch of the experimental geometry taminatior) on the spin-asymmetry during the measurements
is shown in Fig. 1. The[10Q direction of the tungsten e altered the polarization of the beam every 5 s and the
crystal is perpendicular to the scattering plgimeboth cases (e, 2e) spectra were measured for spin-up and spin-down po-
of W(100 and W110] and the sample can be rotated |arization of the incident beam. Since the accumulation of
around this axis varying the angle of incideneeWe use a  data with satisfactory statistics takes approximately 30 h we
combination of time-of-flight energy analysis and coinci- stopped measurements every few hours and cleaned the
dence tEChnique, which is described E|SeWﬁéPélThe in- Samp]e by a h|gh temperature flash to remove adsorbed re-

cident electron beam was pulsed ns pulse width and sjdual gases even though the base pressure was in the 10
2.5X 10° Hz repetition ratgto have a reference point on the Torr range.

time scale. Position sensitive detectors allow detection of
electrons in a wide angular range as well as a flight distance
correction for electrons arriving at different locations on the
detectorg! A correlated electron pair generated by a single Energy and momentum conservation laws of (ee2e)
incident electron and detected by two detectors is representedaction imply that the valence electron involved in the col-
by six numbers: arrival times of both electrohisandT, and  lision with a projectile can be localized in energy-momentum
coordinates on the detectoks,Y,X,,Y,, which are stored space. In a single electron collision of the incident electron
in a list mode file in the computer. This six-dimensional ar-with a valence electron the energy of the primary elecign
ray [(e, 2e) spectrun for each of the two spin polarizations and two outgoing electrons;,E, define the binding energy
of the incident beam can be projected on various one- oof the valence electrorE,=E; + E,-E,. The number of cor-

a) b) c)

RESULTS AND DISCUSSION
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FIG. 2. Binding energy spectra
of W(110) recorded at three posi-
tions of the sample and primary
electron energy 25.5 eV.
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W(100), Ep = 24.6 eV, normal incidence W(110), Ep = 26.5 eV, normal inicdence
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related electron pairs as a function of the tqglm) energy  For off-normal incidence the “spin-up” and “spin-down”
Eot=E1+E, then represents the “total energy distribution” or spectra are different for both positiot® and(c) and differ-
as a function of the binding energy, a “binding energy specence spectra have opposite signs: negative for the sample
trum.” For a fixed total energy the two electrons of the pairposition(a) and positive for the positiolc). The difference
can share this energy in different ways depending on théetween spin-up- and spin-down spectra is located in the
scattering dynamics and electronic properties of the surfacenergy range within a few eV below the Fermi level. It was
The number of electron pairs as a function of the differenceshowrf>??that in this energy range the major contribution to
energy(E,;-E,) presents an “energy sharing distribution” for the (e, 2e) spectrum comes from the two-electron binary col-
a given total energy, or within a narrow band of total energylisions whereas for lower energies the contribution from mul-
In the case of a crystal surface, the parallel-to-the-surfactstep collisions is substantial. Therefore we analyze how two
component of the electron momentum is a good quantuncorrelated electrons share energy within 2 eV tdbahding)
number for four relevant electronic states of the scatteringnergy just below the Fermi level.
event. Therefor& ,+ Ky =K +Ky, whereK,, K, K4, and For normal incidence the energy sharing distributions
K, are the momenta of the incident, bound, first- detectedfrom W(100) and W110) are shown in Fig. 3. We note first
and second-detected electrons, respectively. Hence we c#émat the shape of the distribution for(00) is different from
present our measured spin-polariz@j2e) spectra as pro- those for W110). Secondly, the difference between spin-up
jections on the binding energy, dfy,, or as energy sharing and spin-down spectra for both faces of the tungsten crystal
distributions within a certain total energy band. exhibits an interesting symmetry feature. Mirror reflection
Figure 2 represents binding energy spectra measured wafith respect to thé&; —E,=0 point transform$* almost per-
25.5 eV primary energy for three different positions of thefectly into I~ and hence changes the sign of the difference
sample: normal incidena@anel b and two off-normalpan-  spectrum. This is consistent with the theoretical prediéfion
els a and & The angle of incidence was changed by rotatingand can be understood from the symmetry analysis of the
the sample around the axis perpendicular to the scatteringxperimental geometrgFig. 1). Reflection at thy,z)-plane
plane by +12°. We note that the shape of the binding energyeverses the spin of the incident electiecause the spin is
spectrum depends on the incident angle. At normal incidencan axial vectorand interchanges the two outgoing electrons.
there are two maxima in the spectrum: one at about 1 e\t implies thatl*(E;—E,)=1"(E,—-E;).
below the Fermi level and the second at about 7 eV below When the incidence angle changes from zero to +12° or to
the Fermi level. In contrast, for both off-norm@12°) po-  -12° the energy sharing distributions change dramatically,
sitions of the sample the binding energy spectrum contains both in shape and in spin-dependerniEgy. 4). For normal
single pronounced maximum located at 1 eV below thencidence the distribution is symmetric with respect to the
Fermi level. Regarding the spin dependence the normal incizero point whereée; =E,. For off-normal incidencépanels a
dence spectrgpanel b for “spin-up” and “spin-down” pri- and g the distributions are not symmetric relative to the zero
mary beams are identical and the difference spectrum is zerpoint. For the sample positio(e) there is a maximum at
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E,—-E,=-10 eV whereas for the positign) the maximum is  (c), respectively. Reflection at th@/,z)-plane reverses the
located aE;—E,=10 eV. If we take the medium total energy spin of the primary electron and transforms the geomgiry

E=19.5 eV, then the two maxima correspond to the fol-into geometry(c) with interchange of the outgoing electrons.
lowing combinations of electron_energie(E1:4.75 eV;E, It implies thatI;(El—Ez):Ig(Ez—El) and, by consequence,

E,=4.75 eV} for the sample DOSi_tJOI(IC)- The CE)lmbinations (a) and(c) one can see that difference spectra exhibit such a
of momenta would beK;=1.12A™, K,=1.97A) and (Ky  gyymerry,

— -1 — —1 i i
_1'97’&. ’.K2_1'12A ), respectively. Assuming for the sake = g, origin of the spin-dependence in tte 2e) spectra,
of simplicity that electrons are detected in the centers of theS ointed out” is the spin-orbit counling in at least one of
detectors, the total momentum of the pair would be close t P ’ P o piing
he four relevant electron states: incident electron state, two

the direction of the specularly reflected primary beam. Thi .
means simply that the total momentum of the pair carriefutgoing electron states, and a valence electron state. The

the parallel component of the incident electron momentunfontribution of each of them to the observed spin-asymmetry
because of the momentum conservation law. It is interest¢@n be revealed by a comparison of the measured spectra at
ing to note that the average coincidence count rate fodifferent geometries with the appropriate calculations.
off-normal incidence is about two times higher than for nor- SUMMARY

mal incidence. Together with the arguments presented in the

discussion of the binding energy spectra for normal and off- We observed spin-orbit coupling in the inelastic scattering
normal incidence this indicates that the off-normal incidencechannel of low energy electrons from (%00 and W110

is more favorable for observing correlated two-electronusing spin-polarized(e,2e) spectroscopy. The qualitative
emission resulting from the binary collision of the incident agreement of the experimental data with theoretical predic-
electron with the valence electron. Regarding the spintions suggests that this technique can be used for studying
dependence, one can see that the sharing distributions fepin-dependent electron scattering dynamics from heavy
off-normal incidences exhibit large differences betweenmetals as well as spin-related features of their electronic
spin-up and spin-down spectra. The difference spectra podand structure.
sess broad maxima located(&t —E,)=-10 eV for positions

(a) and at(E;—E,)=10 eV for position(c). The asymmetry
A=(1"=17)/(I"+1") reaches —10% and 10%, respectively. We thank S. Key, G. Ligh{UWA), and H. Engelhard
The I" and |~ spectra and difference spectrub=(1"-17)  (MPI) for their technical support. One of the authors
show again an interesting symmetry property. Let us denoté€D.M.A.) is grateful to the Russian Universities program
by I, and | spectra recorded at geometig) and geometry (Project ur.01.01.040Cfor financial support.
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