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Spin-correlation imaging of electrons in ferromagnets
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The angular and energy dependencies of the exchange interaction between the electrons in an itinerant
ferromagnetic surface can be mapped out by exciting two interacting spin-polarized electrons into the vacuum
and resolving at the same time the energies and emission angles of the two electrons. From a tensorial
symmetry analysis it is deduced that the recorded two-particle spectra carry detailed information on the
spin-split electronic structure that can be extracted under favorable conditions. To substantiate these statements
we present and analyze experimental results and numerical calculations for a ferromagnetic iron surface.
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[. INTRODUCTION the study of the electron-hole pair excitations in ferromag-
nets, known as the Stoner spectrtimThe Stoner excitation
The fermionic nature of electrons dictates that theof a ferromagnetic surface involves a two-state transition: A
guantum-mechanical wave function of a multielectron sysimajority band electron interacts with the incoming polarized
tem has to be antisymmetric with respect to exchange of thelectron(of opposite spin projectignand is promoted to a
states of two individual electrons. This symmetry require-highly excited state. If this state lies above the vacuum level,
ment has profound consequences as to the properties of cdhe electron may escape such that it can be detected by a
related electronic systems. In particular, the exchange “cousuitable detector. Due to this interaction, the projectile elec-
pling” between electrons is essential for the ferromagnetidron loses energy and relaxes into an unoccupiedt-
state of matter. Therefore, experimental and theoretical apelectron state in the minority band. Therefore, an observer
proaches that expose details of the energy and angular deronitoring the spin state and the energy loss of the incoming
pendencies of the exchange interaction are of considerabfmlarized electron beam registéusing SPEEL$a spin-flip
value for fundamental and applied research. The obstaclesvent at a certain energy loss determined by the characteris-
encountered in such studies are of a technical as well as oftacs of the unoccupied density of states of the minority band.
theoretical/conceptual nature: To investigate the influence dih a SPEELS experiment only oiéne excited majority band
the exchange interaction one should be able to control exelectron is detected while the mechanism that triggered the
perimentally the states, i.e., the quantum numbers, of at leastansition is an exchange process that involves, at least, two
two electrons and then change the spin state of one of thesdectrons. To map out the details of the exchange-dependent
electrons while monitoring the change in the properties oklectron-electron scattering one needs to resolve the energies
the system. and emission angles of the two electrons which are excited
Experimentally, this can be realized by measuring theupon the interaction of one single energetic, spin-polarized
two-particle excitation spectrum of a ferromagnet upon theelectron with a single domain ferromagnet. The dependence
impact of a single polarized electron. Features related to thef the spectrum on the spin projection of the projectile elec-
exchange interaction are studied by observing the depertron and/or the magnetization direction of the sample yields
dence of the spectrum on the electrons’ spin projections. It iglirect information on the spin-dependent electronic interac-
clear from the outset that such measurements put high deéions. If spin-orbit interactions are deemed small it suffices to
mands on the experiment as one has to utilize a multiparticldetermine the spin states of the electrons prior to the colli-
coincidence technique using a spin-polarized beam to resolva@on as the total spin is conservétlis does not exclude the
and control the two electrons’ quantum numbers. Such @ossibility for the individual electrons to exchange their spin
method is hampered by low counting rates as compared tprojections via exchanging their energies and emission
conventional single-particle spectroscopic techniques. Nevangles. The latter exchange process is mediated by the spin-
ertheless, since the exchange coupling is a many-body effegidependent electron-electron interacjion
it is indispensable to use many-particle techniques to trace In this work we conducted this type of experiment on an
the various facets of this interaction, such as the energy anée(110) single-crystal surface with a well-defined magneti-
angular dependencies of the exchange-influenced pairation direction. The experiment allows one to set the energy
correlation function. Correspondingly, a theoretical treatmenand spin polarization of the incoming electron beam. The
has to deal with the excited states of a fermionic many-bodyneasurement determines the energy and angle-resolved co-
system to describe the propagation of two hot electrons thahcidence rate of electron pairs emitted after excitation by a
interact with each other and with the surface and emergsingle electron. Furthermore, in order to address the influ-
eventually into the vacuum with well-defined wave vectorsence of the exchange interaction directly, the relative orien-
and with a given total spin of the electron pair. tation of sample magnetization and incident-beam polariza-
The experimental approach used in this work can be retion is switched between parallel and antiparallel.
garded as an extension of the well-established spin-polarized As deduced from a tensorial symmetry analysis, the spin-
electron energy-loss spectroscofyPEELS as applied to dependent two-particle spectrum can be classified according
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cident beam and the magnetization direction of the sample
are both perpendicular to the scattering plétfeFig. 1). As
a source of spin-polarized electrons we used a strained GaAs
multilayer photocathode activated by Cs deposition and oxy-
gen exposure. Photoelectrons generated from the photocath-
ode by the circularly polarized light of a laser diode are
deflected by a 90° deflector to convert the longitudinally
polarized beam into a transversely polarized one. At an elec-
tron pulse frequency of 500 MHz, the average coincidence
count rate was 30 events per s. To obtain a data set with
statistics suitable for the detailed analysis presented in this
aper, a typical spectrum took an acquisition time of about
[00 h. This long term measurement requires good vacuum
conditions to maintain a clean sample surface, and good sta-
bility of the incident-beam polarization. To reduce the influ-
nce of the possible instabilities the polarization of the inci-
ent beam is inverted ewer5 s and the data for each
polarization are stored in two different files. In spite of the

to the symmetry of the interactions involved in the excitationUHV conditions (=5.10 ** mbar) the cleanliness of the
process(exchange and spin-orbit interactiondhe math- sanIe surface.has to be restored regglarly. Th|§ was done by
ematical treatment yields a prescription to disentangle and’  ion sputtering followed by annealing and, if necessary,
measure the various terms related to a specific symmetr§xygen treatment to remove the carbon from the surface. The
class. For the calculations of the two-particle spectrum weurface properties were monitored by Auger electron spec-
utilize a numerical method which employs a realistic spin-{foscopy and low-energy electron diffraction. The experi-
split surface electronic band structure combined with gMent requires a high degree of polarization of the incident
Green-function technigue to propagate the two excited, co?€@m and single domain magnetization of the sample. To
related electrons into the vacuum in the presence of the scaf?onitor these conditions we measured the energy-loss spec-
tering from the surface crystal potential. tra (the Stoner s_pectru)rfor an electron-_bea_m pplanzauon
The results of this work show a strong dependence of th@arallel and qntlparqllel to the magnetization in the_ same
two-electron coincidence signal on the direction of the spifd€ometry of Fig. 1 with one of the TOF detectors switched
polarization of the incoming beam. The origin of this spin off.” The a}symmetryA,_derlved from the two intensities for
asymmetry is revealed by an analysis of its rotational prop{h® OPposite spin projections of the incident beam, is mea-
erties(in the two-electron spin spacecrom this analysis we sured before_an_d after the commd_e_nce experiments and is
conclude that, within the resolution of the present setup, th&S€d as an indicator for the stability of the experimental
spin asymmetry measured for the(EE)) surface is induced S€tup. . _
by the exchange coupling. It depends on the mutual angle of 1he energy and wave-vector balance imposes the condi-
the two escaping electrons as well as on their relative eneflons
gies and on the crystal orientation, providing thus detailed
information on the influence of the exchange interaction on
excited electrons at surfaces. A brief account of the present
studies and first results has been published in Refs. 6 and 7.

FIG. 1. The experimental setup as used for the coincidence me
surements. The direction of the magnetizatibh, the spin-
polarization vector of the incoming beaR, as well as the wave
vectors of the incoming and the two emitted electrkpandk,, k,
are indicated. The electron detectors are positioned at 40° to the le
and to the right of the axis.

E0+€:E1+E2, (1)

Koyt o+ gy=kyt+ky . @)
II. EXPERIMENTAL DETAILS

The experimental realization of the coincident measureHere, € is the energy of the valence-band electron gpds
ment is depicted in Fig. 1. A pulsed spin-polarized electronts (surface@ Bloch wave vector. The surface reciprocal-
beam with wave vectok, impinges onto a clean ferromag- lattice vector is denoted bg;. Since the quantitieg,, E,
netic surface, in our study, bcc @&0). The time structure in - andE, andkg, ky, andky are determined experimentally
combination with the very low average current of the incom-(cf. Fig. 1) we can control, via Eqgl) and(2), the values of
ing beam ensure that only single electrons interact with the andq;, i.e., we can perform the experiment in a certain
sample. A fraction of the scattering events leads to the emisegion of the(magneti¢ surface Brillouin zone. Lowering,
sion of two electrons with energieB;,E, and emission while keepingE, and E, fixed we can zoom in to deeper
anglesdq, 6, with respect to the incoming beam direction. levels of the conduction band. Equivalently, one can sgan

Hence, the experiment measures simultaneously the waugy varying, e.g.Kq for givenk,, Ky, andg;. The experi-
vectorsky andk, k, of the impinging and two ejected elec- ment(Fig. 1) measures a spin asymmetd; i.e., for a cer-
trons. The escaping electrons are detected by two positiotin magnetization directiokl, hereafter denoted by, we
sensitive time-of-fligh{ TOF) detectors. The sample normal, register the electron-pair emission ratefor antiparallel and
the incident electron beam, and the axes of the TOF detectoparallel alignment of the polarization vector of the incoming
are in the same plane. The polarization ved®grof the in-  beam withM (cf. Fig. 1) and evaluated as
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W(TIM) =W M) The cross sectiolV for the simultaneous emission of two
A(kq, ko5 ko) = v ™ (3)  electrons with wave vectork; and k, in response to the
WTL™) +W(CLLY) impact of a projectile electron with wave vectog is given
by

Ill. THEORETICAL CONSIDERATIONS

For a theoretical formulation we describe the incoming W(ky,ky:kg)=C > i TpSTIS8(E;—E). (7)

polarized electron beam agmicrocanonical ensemble and my Mg
qlSJantify it by the density operatgr® with matrix elements msi,msi
P, - Here ms, is the projection of the electron’s sp®

S1 Sy

along an appropriately chosen quantization ag., the Here mg,,mg denote the spin projections of the final-state
magnetization direction The density matrix is chosen to be electronls anzdx stands for all the quantum numbers needed
diagonal. This is not a restriction since it can always by guantify uniquely the quantum-mechanical state of the
diagonalized by an appropriate unitary transformation. In th%ystem which are not resolved by the experime6t.
standard representation the density operafolis expanded =(2m)*/k, is a kinematical factor that originates from the

linearly in terms of the Pauli matrices as normalization to the incoming electron flux current density.
In Eq. (7) T denotes the matrix elements of the transition
p1=1+P;- 0, (4)  operator7 of the total system consisting of the projectile

electron and the magnetic surface, i.e.,
whereP; is the polarization vector of the beam. Analogously,
the electrons in the exchange-split conduction band are char-

acterized by the density matriX? — wheres, is the spin T(ky1,mg;, Kz, Mgy ko, Mg, M)
Sy Sy

of the electron andng, labels the corresponding magnetic =<¢kl,k2,m8,,m3,(1,2)|7| beras, mg (2) @k, .s,m (1))
—_ 1 2 2 1
sublevels. The density operatpi? is expressed as )
p2=wo(Kyy,l,€)(1+ Py o), (5)

Py symg, is a spinor vacuum state describing the incoming

wherew,(kyy 1, €) is the spin-averaged Bloch spectral func- P€am. The ground state of the surface is to be described by
tion of the layerl andP, characterizes the polarization of the the single-particle, spin-resolved orbital s, m, (2) which
band states, for its value is defined as is characterized by the energy the spin state,,ms,, and

the collective quantum numbers. The emitted electrons
©) with spin projectionsmsi,msé are represented by the two-

b _ Wikl e, —w(ky 1 e,l)
Wo(Ka,l,€) ' particle state vectolyy k, m,,m,(1.2)).

2

Here w(qy,l,e,f1) andw(qy,l,e,l) are the Bloch spectral To Ie_ading olrder in the electron-electron anq the electron-
functions of, respectively, the majority and the minority CyStal interaction the operataFcan be approximated By
bands. The spin-averaged Bloch spectral function is denotedr> Usurit Ued 11 GeUsurr) Where Ue, is the electron-
by w,. These samples’ spectral functions are obtained fronglectron interactionG,, is the Green function within the
the trace of the imaginary part of the corresponding singlepotentialUc., and U, is the surface scattering potential.
particle Green function of the surface. For the calculations of-or a given atomic layer of the surface the poteritlg), ¢ is
the (ground-stateelectronic properties of the sample we uti- cast in a nonoverlapping muffin-tin form. For the electronic
lized the full-potential linearized augmented plane-waveinteractionU.. we employ a screened Coulomb potential
method and compared the results with those obtained from avith the screening length determined according to the
self-consistent  layer-resolved  Korringa-Kohn-RostokerThomas-Fermi theory. Iii we discard any spin-orbit effects.
method!® Both methods are based on density-functionalThe justification for the neglect of spin-orbit interaction can
theory within the local-density approximation. The densitybe checked experimentally, as explained below.
matrix p° of the combined electron-surface system, long be-
fore the collision, is obtained from the direct prodyst
=pS2p%. . . L
For the calculations of the pair-emission probability we Having sketched the general calculational scheme it is
note that the experiment resolves the asymptotic wave ved@dvantageous to analyze the transformational properties of
tors of the impinging and the two emittédacuun electrons ~ the spectrum(7) using group theory. This analysis is gener-
(cf. Fig. 1). However, no spin analysis of the outgoing elec-ally valid and does not rely on the specific approximation to
trons is performed in the final channel. Such a spin analysid- T0 this end and to disentangle geometrical from dynamical
is redundant in the absence of spin-orbit interaction, adeatures we express the density matri¢®sand(5) in terms
shown below. of the statistical tensors, 4 andpp,q,.*?

A. Tensorial recoupling
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. 2s; the ms, (mSZ) component of a spherical tensor of rask
Pnislmslzpzo (—)Prmm My (s,). Furthermore, the complex conjugate can be written in
! the formT* (sy,mg ) =(—)°~M)M(s;,—m ). This relation
X(s1=Mg ;$1Mg [P101=0)pp.q,=0» (9 is a definition for the tensorV, and resembles formally the
definition of the adjoint of a tensor operator where the phase

2 é is chosen arbitrarily under the constraint tldat mg must
P (@)= X (=P integet? '
pmszmsz ' v=o 2 be an integet® Thus we choosé— Mg, =P1—S1— M (note
. thatp,;=0---2s; ands; — mg, are always integeysThe ten-
X (= Ms,;SoMs,[P202=0)pp,q,-0( €, @). sor product ofT(sy,ms ) andT'(s;,mg ), which is again a
(10) spherical tensor, is then given by
We recall here that the density matrices are both diagonal [T(s1,ms )T (sy,mg )]
; - ; sy 1:7s/dg =0
due to the assumption that there exists a common quantiza- 1
tion axis, therefore, only the components along the axes -
Pp,q,~0 @ndpy 4.~ @ppear in Eqs(9) and(10) [in Egs.(9) :ES (—)Pr 517 Msy( sy —mg ;Mg [p10)
and(10) (---|---) denotes Clebsch-Gordon coefficights '
Substituting Eqs(9) and (10) into the general expression XW(s1,— msl)T(sl,msl).
(7) yields
Y Comparing this result with Eq13) it is obvious that for a
25, 25, - - given p, the parameteAZiféQz:Q can be regarded as the
W= T 2:0 2:0 ppquoppzqz:O(E’“)Aqi':g,qzzo component along the quantization axis of a spherical tensor
Pim P2 of rank p;. The same argument applies to the dependence on
X 8(Es—Ej), (1)  p,, i.e., for a givenp; we can treatAgi’:pg’qzzo as theM
where component of the spherical tensor with ramk

This mathematical analysis yields important information
as to the transformation behavior of the tensorial components

AghP2: Ag}ozo’pz (AS}O‘DZZO) is ascalarwith respect to spin
rotations generated by, (s,), i.e., it represents spin-
averaged quantities in thg (s,) spin space, whereas the

P1.p _ -5— : _
Aqi:&qzzo—mE (=P 517 Msy(s —mg ;$1mg [p10, = 0)
S1

X2 ()P %2 Moy, — M, ;S2Ms, | P202=0)

g, components A810=°dd’p2 (Aglo'pf(’dd) can be regarded
as spinorientation in the s; (s,) spin space(for p;=1
X]fa(msl,msz), (12 it is a vectoj and hence changes sign upon spin
. . py=odd,p _ p;=odd,p
reflection, i.e., AO;O 2(=ms)=—Agh 2(ms))
‘7:01( mslaavmsz) = CE T(klamsi!k21m5é;k0 rmslva!msz) [ASJdY:Z_Odd(_ msz) == Ag]apz_Odd(mSZ)]' The tensorlal
mg’ ' '
ms} components with evep, values are alignment parameters,
%2 i.e., they describe the deviations in the spectra from the un-
XTT(klva'!kZ!mS’;kOImsllaamSZ)' p0|arlzed case.
1 2 For the cases;=1/2 ands,=1/2 Eq.(11) reduces to
(13
. ) ) . AO,l Al,O
The complete dynamical information on the two-particle W:i: AOQ = o,o+ — 700
emission are encompassedArﬂi‘gj whereas the geometry 7 00 PooPoo pooploAg,g P1oPoo 8’8
of the ground state is described by the state multipoles. i1 ' ’
The importance of the above recoupling scheme follows _ Ago
from the conclusion that the sum owet, (mg) in Eq. (13) +p1op10—— O(Es—Ej) (. (14)
defines the component along the quantization &kie mag- 0.0,

netization direction of a spherical tensor of rank; (p2)  As stated above, the first term of the sum in B yields
while the dependence of the sum wg, (mg;) is considered  the pair-emission rate averaged over the spin orientation of
parametrically. This is readily deduced from the fact that forthe incoming electron beam and the spin polarization of the
given spin projectionmsi andmsé thems, (ms,) behavior of sample. The second term describes the spin asymmetry due

T is given by the dependence on the magnetic sublevels of & the inversion of the magnetization while the incoming

angular momentum state, namely, by the (m.) depen- electron beam isunpolarized. The third term is the spin
' ' (NG asymmetry in the electron-pair emission frampolarized

dence of the spin part dfpi, sm, (1)) [[beas,m (2))]- targetswhen inverting the spin polarization of the electron
ThusT(kl,msi,kz,msé;ko,msl,a,msz) may be regarded as beam!* In the absence of explicit spin interactions in the
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transition operatof, e.g., spin-orbit coupling, the parameters To understand the polarized multielectron emission it is
A§9 and AJg vanish. In the present experiment on theUuseful to introduce the direct-ff and the exchange-gj
Fe(110 sample we measured the parametéfs and A3S ~ Scattering amplitudes. These are defined as
and found them to be zero in the particular geometry of Fig.

1 and within the accuracy of our setup. In this context we f:kakz(l’z)m¢f~a(2)q’ko(1)>' (22)
note that with the same setup it has been possible to deter-

mine a finite value ofA§5 when a tungsten sample is 9= (Y, .k, (LD T de o(2) @i (1)) (22)
employed:® due to the enhanced strength of spin-orbit inter- _ _ _ _

action as compared to the case of B). In physical termdf, the direct-scattering amplitude, can be

Therefore, the present study is devoted to the last term dhterpreted as a measure for the probability that the projectile
Eq. (14). This parameter is relevant for the description of theelectron, labeled1) and incident with wave vectoky, is
electron-pair emission from an exchange-split ferromagnetigcattered into the asymptotidetectoy state that is charac-
surface induced by spin-polarized electrong;s is a polar terized by the wave vectde; while the other electrof2) is

vector both in thes, ands, spin spaces, i.e. being excited into the asymptotic state with the wave vector
k,. Analogously, the exchange-scattering amplituglele-
Agd—ms Mg )=~ Aggms ,mg ), scribes the probability that electrdft) is scattered into the
' ’ statek, while particle(2) is promoted to the state with the
Aé;é( Mg, — Mg )= _A<1)I(1)( Mg, Mg ), wave vectork;. _ _
If ko andk; are very largdwith respect to the Fermi wave
ectop and if a small amount of momentum is being trans-
AFY-me,—my)=AdYmemy). s yectoyand| 5 um Is Leing

ferred to the sample during the collision, it can be expected
intuitively that|f|>|g|, i.e., the fast incoming electron is the

The explicit forms ofA55 and A5 are derived from Eq. : . > e
e explicit forms ofA g and Agg are derived from Eq. o "o1c fron which emerges swiftly. In other words, in this

(13) to be case the electrons are distinguishable via their highly asym-
1 metric energies and hence, as shown below, the spin asym-
Aéj$=§{f(l,U)+F(T.ﬂ)—f(T,U)—f(l,ﬂ)}, (16)  metry vanishes in this case.
From Egs.(20) and (18) we deduce the relations
1 -
ASG=SAFALW+ AT D+FAT DALMY (17 X(5=0ky kz;ko, @) =Clf+g/?, (23
To expose the symmetry properties of the total wave function XE=D(ky ,kz5ko,a)=Clf—g|?. (24)

that are imposed by the Pauli principle we transfofhand . . ) ) )

T' as given by Eq(8), into the tota|_sp|r(s) space and obtain Equatlon.(lS) yle|dS a I’e|atl0n_ that links the Slngle-

(we assume separable spin and spatial degrees of freedonglectron spin-resolved cross sectidf{ms ,ms)) with the
triplet and singlet cross sections, namely,

f(msl’msz):CSEMs |<Slmsl;32m52|SMS>|2 f(Tyﬂ):f(l,U):X(S:D:C|f_g|2, (25)

xXO(ky,kaiko, @), (18) 1
FLM=F1,1) = 5[XE D+ XE0)=C|f[*+Clg|*

X (ks kako, @) =[(¥(D, (1.2 xsmg( 1.2 7] (26)

’ 2
X®(S)(1’Z)XSMS(1’2)>| . (19 Equations(16) and (17) reexpressed in terms of the sin-

glet and the triplet partial cross sectiod§>=? and X(5=1),

Here we introduced the total-spin-resolved cross seétiGh q
real

and the normalized two-particle spin wave function as
| X'SMS>- The spatial parts of the two-electron state in the ini- 1
tial and the final channels are denoted by, respectively, Aéj(l)zz[x(szl)(kl,kz;ko;a)—X(SZO)(kl,kz;ko,a)],
(Wi (1,2)) and|D(S)(1,2)), ie.,

(27)
1
(Wi (1,2)= ﬁ{l Ui, k(1.2 + (=), 1, (1,2)}- Agg:%[gx(szn(kl,kz Ko, @)+ XE=0(ky Koikg,a)]
20
(20 =:2Xy, . (28)

From this relation we deduce an important feature of the

triplet state §=1) and the corresponding triplet transition Evidently, these two equations can as well be expressed in
amplitude: In cases where an exchang& andk, does not terms of the direct- and exchange-scattering amplitfides!
affect the experiment, e.g., whén=k,, the triplet scatter- g. In Eq.(28) we introduced the spin-averaged cross section
ing vanishes. Xap -
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B. Calculational scheme their relative phasé. Thus, Eq.(31) reveals the spin asym-

For perfect clean surfaces the average avén Eq. (14) metry as the result of a quantum interference of the two

implies summation over the surface Bloch wave veajor amplitudesf andg. _ o
and over the surface layers. The Bloch theorem for two in- WO conclusions follow directly from Eq31): (i) For a.
teracting particles imposes a conservation [aiv Eq. (2)] given layer the asymmetnyA® assumes unity value if

for the surface components of thetal wave vector of the X(5=1=0. As stated above this is the case if the experiment
emitted eIectronsK“*:leJrkzu 1je. the change OK\T is invariant under an exchange lof andk,. The functionA®

from its initial value ko +q; (before the collision is re- varies between 1 and-1/3. The experimentally relevant

L . X .
stricted to a multiple of the surface reciprocal-lattice vectorduantity is, however_, the va;IuA weighted dW'th the paur-
g/ This fact can be used to perform the integrals aygin ~ S""'5S10N CTOSS sectioN,, [cf. Egs.(29) and(34)], i.e., in

Eq. (14). Therefore, Eq(14) reduces to a summation over cases where the cross section diminishes, e.g., for emission
thé surféce layers 'indexed byand overg , i.e from atomic layers whose positions with respect to the sur-

face are beyond the electron’s inelastic mean free path, the
pair-emission cross section and the spin asymmetry are not

WO‘2| {2Xap(ky,Ka:ko,G1, DL poopoo( € Ay 1) measurabldin the way proposed in this papefii) In the
9 casegf|>|g|, |f|<|g|, or fL g the spin asymmetry vanishes
— prpd € AL DASK, Ko Ko g ) S(E;—E), as the interference betweémndg is then negligible.
propd e Ap A K Katko. 0y DO(E ~ B} To calculate the terms in ER9) the state multipolep;o
(29 and p,, are needed. These can be obtained by inverting the
where relations(9) and (10) as
A=K =gk (30
= —)P7STMs(s—mg;s S 32
We recall that spin interactions in the transition operafor Ppa % (=) ( ° mS|pq>pmSmS 32

have been neglected, in which case the parametf§fsand
Agjg vanish identically. In Eq.(29) we introduced the
“exchange-scattering asymmetry” as

From this equation it is clear that even for pure stafaly
spin-polarized statesll state multipoles are generally finite.
Since we have neglected spin-dependent interactions only

X(S:O)(kl,kz;ko,g”,|)—X(S:1)(k1,k2;ko,g||,|) the multipolespgg, po1, pPoo, and poy are required. From
Egs. (9)_,(10), and (32) we deducepggpoo=[Wo(q),l,€)]/2
andpyop10=[Wo(q|,!,€)]P,P,/2. Equation(29) can thus be

|f|lg|coss written in the form
(31

S.

XG0 (Ky Ky ko, gy, 1)+ 3XE=D(ky k1Ko, gy 1)

|12+ 1g]>|f[|g|coss”

In the last equation we reexpressed the cross sections in W“% Wo(A,1,€)Xq,[1+ A]S(Et—E)), (33

terms of the direct- [f=f(ky,ko;ko,9),1)] and the
exchangetg=g9(k;.k;;Kq,g;,!)] scattering amplitudes and where the asymmetry functiad is defined by the relation

Aplel)—W(Ayle, XayAS(Ef—E;
EI[w( 1l ed) —w(A «ETT)@H (Es )_W(Tﬂ)—W(lﬂ)

A=Py S WO FWO

(34

> Wo(Ayl7,€) 2 Xay8(E—E))
V' 9

This result for the asymmetry admits a simple structure inbpeam E,>1 keV), the three-dimensional translational

some limiting situations: symmetry of the sample results in a simplified form of Eq.
For atomic gaseous targets the sample’s polarization veg34), namely,

tor P, is a constant, experimentally determined quantity,
namely, the polarizatio®, of the atomic beam. Therefore,
A reduces tad=P,P A,

For a spin-polarized homogeneous electron (&t®ner 29 XayAO(Ef—E)
mode) P, is directly related to the density of states; and A=P,P, . (35
therefore A= P4[ (py—py)/ (py + pp) JAL. > X 8(E—E))

For bulk sensitive studies, e.g., for a high-energy electron g
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@ W ©® |l oo therefore the termA® (31) becomes unity. This means that
Spin sum e BE spinditerence i the_ spin asymmetryd (34) in this situation reflects the prop-
200 5000 erties of the electronic band structure of the sample. The
= 000 =49 e scattering dynamics plays no role due to symméasy/far as
uf T 200 the quantity.4 is concernefd
4000 5 i . The above statements apply strictly speaking glong the
2000 \ 2000 line L only. In our experiment, however, we have to integrate
i3 o -350,0 .7 . . . .
10 5 E1[0V] 15 over a finite detection solid angle in order to obtain reason-
E, [eV] ,[e

able statistics, i.e., in the geometry of Fig. 1 and along the

FIG. 2. (a) The coincident two-electron spectrum measured ir]Iine L the electrons are emitted into a solid anflig with an
the geometry of Fig. 1. The incident energyEig=22.6 eV and the apertAureA"; Th_e .sampllng. ovel), implies an .averaglng
data are summed for two polarizations of the incoming electrorPVerky andk, within a certain range. From E¢p) it follows
beam. The data set was integrated over the whole area of the detdfat this procedure corresponds to an integration in a certain
tors, therefore the emission angles are determined within the rand&dion in the Brillouin zone around tHeé point. It should be
9,=40°+15° and@,=40°+15°. Along the lineL, the two elec- stressed, however, that in the case of a finite angular resolu-
trons escape with equal energies. Along the lines perpendicular to tion the coincident signal cannot be directly related to the
the electron pairs have a constant total enefy=E,+E, sample’s electronic structure since the triplet scattering is
=const. The absolute values of the spectra are not determinddi€n generally finite and the terAt [Eq. (31)] 'Ssn()t simply
whereas the absolute magnitude and the sign of the spin asymmet#y Con_Sta_m(except for,=6,, E;=E, Whe_reA =1). The_
is measured(b) The difference between two spectra obtained whenquantitative shape ofA® away from the highly symmetric

P, is parallel toM andP; is antiparallel toM. points 6, = 6, andE; = E; is strongly dependent on the scat-
tering dynamics(embedded inAgi’gz) whose modeling

Here g is a three-dimensional reciprocal-lattice vector andposes a real challenge, even for simple few-body
the polarization vectorP, is given by P,=[w(A,¢,|) systemg®1’

—W(A,€,M)]/[wo(A,€)]. In this context it should be noted ~ The asymmetryA® has its unity maximum value af,
that, except for some highly symmetric situations, in the=g, andE,=E,. Thus, any angular sampling\) will de-
high-energy regimé® might be very small due to the domi- crease the unity value &®. This argument is, however, not

nance of direct scattering. valid for A, since the angular integration procedure involves
different electronic states of the conduction band whose spin
IV. COMPARATIVE ANALYSIS polarization is not knowra priori and depends on the mate-
OF EXPERIMENTAL AND THEORETICAL RESULTS rial under investigation. For the present case we observed in

the theoretical results that angular integration reduces the
We conducted the experiment for a series of impact enewvalues of the spin asymmetriet.

gies fromEy=20 eV up toEq=37.6 eV in the geometry In Fig. 3 we assess the above statements by contrasting
shown in Fig. 1. The two-dimensional distributions of coin- theoretical with experimental spectra along the linien Fig.
cidence events foE;=22.6 eV are shown in Fig.(8) as a 2. In Figs. 3a)—3(c) the angular integration for each of the
function of the energies of the two electroBs andE,. In  TOF detectors i ,= 15° whereas in Figs. 3(33(c) the
this graph, the two data sets obtained with different electronangular integration is decreasedAg=7.5°. In all cases the
beam polarizations with respect to the sample magnetizatioangular resolution is accounted for by the theory. As stated
are summed up. We recall that the emission anglemndd,  above for the strict condition§,;= 0, andE;=E, the spin
are also measured, however, the data depicted in Fig. 2 aesymmetryA [Eq. (34)] is an image of the spin polarization
integrated over the whole solid angle of detection. The posiP, [cf. Eq.(6)] at the respective point in the Brillouin zone.
tion of the Fermi levelEr is shown as well as the line  Therefore, the value ofl should not depend on the incident
along which the two electrons have equal energies. FigurenergyE, of the beam(sinceP, is independent oE,). For
2(b) shows the difference in the spectrum associated withhe theoretical results we observe the general trend that the
reversal of the spin polarization of the electron beamfinite angular resolution has the effect of decreasing the
Equivalently, one can also plot the electrons’ energy depenvalue A {due to the decreased value Af [Eq. (31)], as
dence of the asymmetupt. The lineL is of a special impor-  explained above Improving on the angular resolutida\ ,
tance as it corresponds to tliepoint for 8, = 6,, as can be =15 in Figs. 3a8)—3(c) andA ,=7.5° in Figs. 3(&4-3(c)]
seen from Eq(2) ko =0ky = —ky]. Different points orlL. increases the averaged valueASfand possibly enhances the
correspond to different binding energiesf the conduction-  value of A. These expectations are basically confirmed by
band electrongcf. Eq. (1)]. On the other hand, in the highly the theoretical results in the region around the Fermi lével
symmetric geometry of the setup shown in Fig. 1 and alongV belowEg) (cf. Fig. 3: The theoreticald increases sub-
the lineL (E;=E;) the complete experiment and in particu- stantially when the angular resolution is improved and the
lar the sample’s properties are invariant under a 180° rotavalue and sign of4 do not depend orE, near the Fermi
tion with respect to theg|k, direction. Such a symmetry energy. While the agreement between theory and experiment
operation is, however, equivalent to an exchang&,0énd  can be regarded as satisfactory up to 2 eV befgw large
k,. Therefore, along the lin¢ in Figs. 2a) and 2b) the  deviations are observed for the electron-pair emission from
triplet scattering vanishdsf. Egs.(20)—(22) and (24)] and  levels deeper in the band. For these levels the experimental
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FIG. 3. With the same geometry as in Figs. 1 and 2 we scan the spin asymigtrhe electron-pair-emission cross section along the
line of equal energies of the electrons, i.e., along the line labeledFig. 2(a). The asymmetry4 is plotted as a function of the energy
e=E,— Eo. According to Eq.(1) e corresponds to the binding energy of the ground-state electrons and hence the Fermi eneegy is at
=0. The setga)—(c) and (&) —(c") show, respectively, the spin asymmetry in the electron-pair spectrum and the spin-averaged spectrum for
three different incident energids, of the incoming electrongEq=20 eV in(a), (a'), and (4), Eq=27.6 eV in(b), (b"), and (), and
Ey=23.6 eV in(c), (c'), and (¢)]. In (a—(c) and (&)—(c") the angular integration for each of the detectorg,;is=(40=15)°, whereas
in (a')—(c’) the solid angle of the integration area was restricted o= (40+7.5)°. Full squares with error bars are experimental data
whereas the solid lines are the theoretical results.

results are also different for different incident energigs  tional shortcoming of the present theory is that we do not
and therefore they cannot be related directly to the groundaccount for a dynamic, multiple inelastic scattering of the
state electronic band structure. To get insight into the origirelectron pair from other electrons in the samfple electron-

of these discrepancies we discuss the main limitations of ouglectron scattering within the electron pair is treated prop-
theoretical approach: In the present theory, when we deriverly). This is justifiable when the emission of the electron
the single-particle Green function, we do not employ apair is from states around the Fermi level, for the energy
proper expression for the self-energy operator which wouldconservation(1) pins down the energetic position of the
generally have the effect df lifetime) broadening and an bound electrorf e=(E;+E,) —Ey]. For states deep in the
energetic shifting of the quasiparticle statB$n our calcu- band this determination of the initial binding energy of the
lations we assume the imaginary part of the self-energy to bejected electrons is no longer unique. This is because, on
merely a spin-independent consté&di02 e\). Therefore, our their way out to the vacuum, the excited electrons may
theory yields an energetic spreading of the bound statescatter inelastically from other target electrons which fur-
which is very narrow. For a given Bloch wave vector, whenther propagate in the sample and remain undetected. This
we energy-scan the Brillouin zone, e.g., as is done in Fig. 3eads to a spin decoherence of the excited electrons since, as
we encounter only narrow states centered around specifivze have shown in this paper, the electron-electron inelastic
energies, and hence we see the spiky structure of the theseattering is strongly spin dependddue to the exchange
retical curves shown in Fig. Gote, however, that in Fig. 3 coupling.

we accounted for the finite experimental angular resolution These statements are in line with the behavior of the ex-
which results in a certain broadening of the pgaks addi-  perimental and theoretical results shown in Fige)-33(c)
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and Figs. 3(8—3(c"). In the latter figures the spin-averaged T T
electron-emission rate corresponding to the geometry of '
Figs. 3a)—3(c) is depicted. In contrast to theory, the experi-
ments show a considerable increase in the coincidence rate
for very low electron energies, i.e., for large negative initial
binding energieg e=(E;,+E,) —Eg]. In fact the extent of

the experimental spectfaot fully shown in Figs. 3(9-3

(c¢")] goes beyond the conduction bandwidth. On the other

Spin Asymmetry

hand these slow electrons might have been originally (st 2 o1l _
the time of their creationand suffered one or more inelastic £ piiitd f
electronic collisions before escaping into the vacuum. This % M
additional channel, not accounted for theoretically, leads to T 0 l¥ T IT
an increase in the cross sections for the emission of two slow & E.=17 eV

electrons(or from levels deep in the bapdDue to the spin -0.1 . L .
decoherence associated with these inelastic processes the ' ‘ '
spin asymmetry, as shown in Figs(aB-3(c), diminishes E.=163eV I
when the contribution of such inelastically scattered electron
pairs becomes a sizable part of the recorded coincidence
spectra. This argument gains support by correlating the
behavior of the experiments in Figs.(ag-3(c) and
Figs. 3(&4)—-3(c"), e.g., with increasing impact energy the _0.2 .
contribution of the inelastic, energy-loss processes of the -08 04 0 04 08
electron pairs increases, while in this case the spin asymme- (E-E)Ew
try decreases. As expected, the theory shows hardly a depen-
dence ork, of the spectra in Figs.(8) and 3(¢).

In Fig. 2 we highlighted the importance of the equal-
energy lineL and showed in Fig. 3 the electron-pair spec-
trum alongL. For events along this line, the binding enekgy

of vqlencg electrpn removec! from tiepoint varies. If we are shown corresponding to three different value€gf as indi-
Cons!der lined., in F_'g' 2 V_Vh'(_:h are perpe_nd_lcular ig We_ cated in the figures. The experimental data are obtained from Fig. 2
consider events at fixed binding energythis is because in  py taking cuts along the lines perpendiculat tdhe position mark-

this caseE,y=E;+E, is constant and due to Eql), € ing equal energies. Theoretical results have been averaged over the
=E i~ Eol- The electron-pair spectrum alohg is an en-  solid angle, as stated in Fig. 2.

ergy pair-correlation function. It is a measure of the probabil-

ity that the first electron will escape with energy and the 1-€., it is more likely that the fast incoming electron will
other electron will emerge with energ§,=E,,—E,. This ~ €S¢ape as the fast electron than it is for it to lose almost all its
o .

probability will strongly depend on the strength of the corre-ENergy and gmerge as the slow one. As deduced above,
lation between these two electrons. In particular, the spi r']m(|9\/|ft\r);°A —(Ift||g|_CO§_é)/(H|d|g| —|f||g|cos_tér)1§0, and g
asymmetry in this spectrum is intimately related to the ence the asymmetry in Fig. 4 decreases with increasing de-

strength of the exchange interaction as quantified by the amv-Iatlon fromE,=E,.

Spin Asymmetry
|
=4
- o
—a—
-
—e—
—a—
L 1

FIG. 4. For a fixed total energl,,; and a fixed energg=Ey
—E, of the initially bound electron we measutill square$ and
calculate(solid lineg the spin asymmetry (34) as a function of
the energy sharing dE,,; between the two emitted electrons. The
zero point indicates the position of equal-energy sharing. Three sets

plitude g [Eq. (22)]. If g vanisheqdistinguishable electrons V. CONCLUSIONS
the spin asymmetry diminishes. Therefore it is of interest to
analyze A along the lineL, , as done in Fig. 4 for three In this work we presented a theoretical and experimental

different total energies of the electron pair for a fixed inci- analysis of the correlated electron-pair emission from mag-
dent energyE,=22.6 eV. When the two electrons escapenetic surfaces induced .by the impact of polgrlzed .electrons.
with equal energie&,=E, (the crossing point of the lines We emplloyed a tensorla! symmetry.analy5|s to dlsentangle
L, andL) the triplet scattering(S~1) vanishes, as explained geometrical fro_m dynam_lcal properties and_ to classify the
above. Therefore, fdE,=E, we obtainA®'=1. In this situ- spectra accordmg_to their symmetry properties. We also de-
ation (E,=E,), themagnitudeandsign of the asymmetry4 scribed a calculatlonall model for .the twq—pamcle ;pgctrum
are dictated merely bP,(e). SinceP,(e) may be positive and.performed numerical calculations using a rgahstlc _glec-
or negative,A may have a different sign depending B, tronic band structure of the sample. Under certain c.;on.dmons
(or on e=E—E,). In general, the shape of as depicted worked out in this study, the present two-particle coincidence

in Fig. 4 can be understood from the following argumentstecm'que allows for an insight into the spin-split electronic

emerging from the analysis of our theoretical results: For?and structure of the sample and is also suitable to investi-
E,=E,, the triplet cross section vanishes, and therefdf gate the electrons’ exchange scattering at surfaces.
reaches its highest valuenity). This structure is at a peak
(minimum) when P,>0 (P,<0). The decrease id for
E,>E, or E;<E, is due to a dominance of the direct- The technical assistance of H. Schwabe and A. Wiessner
scattering amplitudef| over the exchange amplitudg|, is gratefully acknowledged.
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