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Abstract. For light in a general state of polarization incident off-normally on (001) surfaces
of non-magnetic cubic solids, the intensity and spin polarization of photo-electrons in normal
emission are investigated. The radiation field inside the solid is approximated firstly by the
external field and secondly according to Fresnel's formulae. Analytical expressions are derived
to reveal the physical origin of individual spin-polarization components. They also clearly reveal
differences between photoemission from surfaces and from single atoms. Quantitative results
calculated by a relativistic one-step photoemission formalism are presented for Pt(001). The
components of the photo-electron spin-polarization vector are strongly affected by metal optics.
In addition to changes in sign and magnitude, components which are identically zero in the
external-field approximation can become sizeable as a consequence of the optical response of
the solid. Linearly polarized light with the electric field rotatedshg4 out of the reaction plane
induces spin-polarization components comparable to those arising from circularly polarized light.

1. Introduction

Spin—orbit-induced spin polarization of photo-electrons from clean solid surfaces and from
ultrathin-film systems is a widespread phenomenon, which in recent years has established
itself as a powerful source of detailed information on the electronic structure. For
ferromagnetic systems, it combines with the usual exchange-induced spin polarization and
is intimately connected with magnetic dichroism, an easily measurable intensity asymmetry
upon reversal of the magnetization direction (cf e.g. [1, 2, 3, 4] and references therein). For
non-magnetic systems, it occurs ‘by itself’ and requires for its observation a spin analysis
of the photocurrent.

Electron spin polarization (ESP) from non-magnetic surfaces was first found for
circularly polarized light (cf e.g. [4, 5, 6] and references therein). This ‘optical orientation’
is the solid analogue of the Fano effect in atomic photo-ionization (cf e.g. [7]). More
recently, linearly polarized light was theoretically and experimentally proven to give rise
to three different types of ESP effect in normal emission from non-magnetic surfaces of
centrosymmetric crystals. The first of these effects occurs only for surfaces with a threefold
rotational axis, e.g. (111) surfaces of cubic solids or (0001) surfaces of hexagonal closely
packed solids. S-polarized light induces an in-plane spin-polarization component which can
be attributed to the time-reversal degeneracyzgfand A initial states [8, 9]. A second
effect is present at all low-index surfaces for off-normally incident p-polarized light. The in-
plane spin-polarization component is perpendicular to the reaction plane which is spanned by
the light incidence direction and the surface normal [10, 11, 12]. This effect is also produced
by unpolarized light [13]. A third effect occurs only at (110) surfaces. S-polarized light
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produces an ESP component normal to the surface as a consequence of hybridization of
initial states withzg and Eg spatial symmetry by the spin—orbit interaction [14, 15]. In

the following we refer to these spin—orbit-induced phenomena as linear spin-polarization
effects (LSPES).

So far, theoretical photo-electron spin-polarization investigations have focused on
geometries of maximal symmetry and—uwith the exception of some unpublished work [16]—
neglected the modification of the radiation field by the optical response of the metal. In
particular, the second effect mentioned above [10, 11] was found for p-polarized light
incident in a mirror plane normal to the surface. In this paper, we present analytical
and numerical investigations of intensity and ESP from non-magnetic surfaces for light
in a general state of polarization incident at general polar and azimuthal angles. The
approximation of the electric field inside the solid by the external field, which is valid
for s-polarized and for normally incident circular polarized light, is now insufficient. A
microscopic theory of the optical response being beyond the scope of the present work,
we employ the classical field as described by Fresnel's formulae. The light propagation
direction inside the solid is then changed and, more importantly, the imaginary part of
the dielectric constant induces circular polarized parts of the electric field vector for linear
polarized incident light and vice versa.

In the following, we confine ourselves to the case of normal emission. The higher
symmetry compared to off-normal emission yields a rich variety of relations between the
components of the ESP vector for several set-ups (light incidence angles and polarizations).
Further, we focus on (001) surfaces. Since for these the above-mentioned two LSPEs of
s-polarized light do not exist, we are dealing with a ‘pure’ case which allows us to work
out the basic symmetry relations. Numerical calculations by means of a relativistic one-step
photoemission formalism are performed for Pt(001) with an unreconstructed)(¢urface,
which can actually be produced experimentally [17]. Because of the large atomic number
of Pt (Z = 78), spin—orbit coupling is strong and so are therefore the ESP effects.

This paper is organized as follows. In section 2 we analytically derive expressions for
the intensity and spin polarization of photo-electrons emitted normally from cubic (001)
surfaces. To elucidate the general results we focus on some special cases, notably s-, p- and
circular polarized light. In section 3 we present and discuss numerical results for Pt(001)
for various light polarizations and incidence angles, with an emphasis on the influence of
the optical response of the metal within the Fresnel approximation.

2. Analytical details

In the framework of a relativistic golden-rule-type one-step photoemission model, we derive
in this section explicit intensity and spin-polarization formulae in normal emission for
generally polarized light incident at general polar and azimuthal angles. Some illustrative
special cases are discussed in more detail. As a prerequisite for calculating dipole matrix
elements, we first outline some essential properties of the initial and final states.

2.1. Symmetry and electronic states

The (001) surfaces of cubic solids show# symmetry (G, in Schinflies notation). We
use a Cartesian co-ordinate system withzrexis along the outward-directed surface normal
(Jo01] direction), thex-axis along [100], and the-axis along [010]. The basic symmetry
operations are the rotation hy/2 around the surface normal, the reflection atitheplane,
and the reflection at the plane spanned by.the y-diagonal and the-axis (cf figure 1).
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Figure 1. Sketch of the photoemission geometry used in this paper. A cubic (001) surface is
indicated by the grey area-plane). Thez-axis is along the outward-directed surface normal
[001], which is a fourfold rotational axis. The [100] and [010] directions are traces of mirror
planes normal to the surface and are labeliednd y, respectively. Dashed lines indicate
additional perpendicular mirror planes. The electric field vector of the incident radiation with
photon energyiv is represented by two orthogonal vectors: withify X and perpendicular to
(E.) the incidence plane which is spanned by the light incidence direction and the surface
normal. Electron emission is considered in thdirection.

Without spin—orbit coupling (SOC), there are five irreducible representations of the point
group: four one-dimensional onea¥, AY, A%, A?) and a two-dimensional oneé\f). With
SOC included, we have two two-dimensional representatiasand A7) of the double
group.

Electronic states can be classified with respect to the above representations. Relativistic
states, which automatically include SOC, can thus be expressed as

|Ag) = |AY + [AY) + |AY) 1)
and
|A7) = |A%) +|AZ) + |AS). @)

The terms on the right side of the above equations have the spatial symmetries of single-
group representations as indicated by the superscripts, and each of them consists of a radial
part, an angular part, and a Pauli spinor. The latter two follow from group theory (see for
example [18]). The radial parts are solutions of the radial Dirac equation. For the present
analytical purposes however, we do not compute them, but incorporate them only implicitly
into radial matrix elements.

Because of Kramers' degeneracy each electronic state appears in a pair, the wave
functions of which have the same radial part and spin-angular parts connected via the



2966 J Henk et al

time-reversal operatof’ = —io,K, whereo, is the usual Pauli matrix an& denotes
complex conjugation.

2.2. Photoemission formalism

Details of a fully relativistic one-step theory of photoemission from semi-infinite crystalline
systems have been presented in chapter 4.5 of [5]. To obtain transparent analytical
expressions, we adopt a golden-rule formulation (neglecting hole lifetime effects) and further
approximate the initial- and final-state four-component spinors by two-component spinors
liy) and|f;), with s = £, which are the time-reversal degenerate pair eigenfunctions of a
Pauli-like Hamiltonian including spin—orbit coupling (see [5], p 131). The photocurrent at
the detector is then described by a2 spin density matridp with elements

s (Ep) = Y (il H'lig) iy | H'| f) 8(Ef —ho» — E;,) €)

is"

whereH’ is the electron—photon interaction, to be discussed in more detail below. The final
states| f,.) and|f_) both have the energ¥,, and only initial states with energff; — how
contribute, withiw denoting the photon energy. As a consequence of lattice periodicity
parallel to the surface, all states have the same surface-parallel wave kgctohich is
fixed by E; and the detection direction. For normal emission, which is considered in this
paper,k; = 0, the final stategf;) have the totally symmetricg form (cf equation (1))
and the initial state§;) are of Ag or A7 symmetry (cf equations (1) and (2)).

The intensity/ and the electron spin polarizatid® are obtained fronp as

I =1tr(o) P =tr(oo)/I 4)

with the vectore comprising the three Pauli matrices.

For valence-band photoemission by radiation in the vacuum-ultraviolet (VUV) regime
and below, it is adequate to approximate the photon—electron intera@tidry the dipole
length form E - r, where E is the electric vector of the radiation field inside the solid,
assumed to be spatially constant. The light polarization can be characterized by the two
quantities £, and E; (see figure 1), which are the amplitudes of the component& of
parallel and perpendicular to the plane of incidence, respectively. In the usual terminology
of classical optics, s-polarized light (from German ‘senkrecht’, i.e. perpendicular) is thus
described by E,, E ;) = (0, 1), and p-polarized light (from ‘parallel’) byE,, E,) = (1, 0),
where ‘perpendicular’ and ‘parallel’ also refer to the plane of incidence. For circularly
polarized light, there is a phase shift &fi between the s- and p-components Bf i.e.
(Ey,E1)=(1, +i)/+/2. Further, we will consider below the particularly interesting special
case of linearly polarized lighte, E1) = (1, +1)/+/2, which for short we will refer to as
sp-polarized light.

In the following, we approximate the radiation field inside the solid macroscopically
according to classical electrodynamics (cf e.g. [19]). We recall that the dielectric constant
¢’ of the solid is in general complex and related to the refractive indeby n’ = /e’
wheren’ has a positive real part. (In the following, quantities inside the solid are indicated
by a prime.) The internal polar angl# is related to the external one (vacuum side) by
Snell’'s law,

sin®’ = siny/n’ (5a)

cosy = —vVe —sinf9/n'. (5b)
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Becausec’ is complex, 9’ is also necessarily complex. The internal amplitudes of the
electric field are given by Fresnel's formulae as

P 2 COSU E | (62)
T cost + Ve — sty
, 2n' COSV E

E| = I (6b)

€ cos® + Ve — sit

which are also complex due td. Note that incident s- and p-polarized light remain so
inside the solid, whereas for general linear polarized light and for circular polarized light
the internal field becomes elliptically polarized.

We now evaluate, for normal emission, the matrix elements in equation (3) with the
initial states according to equations (1) and (2) and the final state according to equation (1).
This leads firstly to an explicit dependence on the incidence angles of the light (polatangle
and azimuthy) and on the light polarization (given b, andE, ). Secondly, there remain
partial radial transition matrix elemenig{' ~*', wherei indicates the spatial symmetry part
of the initial state with double-group symmetjy= 6, 7, andk = 1, 5 the spatial symmetry
part of the final state (which necessarily has double-group symmedry It turns out that
these matrix elements occur pairwise such that they can be combined into elem‘@nts
defined as

Mél) — Mé1—>l) + Mé5—>5) (7a)
MO = M 4 D, (70)

If spin—orbit coupling in the final state is comparatively weak, as is often the case, the index
iin MY reflects mainly the spatial symmetry type of the relevant initial-state part. The
expression for the density matrix which is thus eventually obtained, is in general a sum
of two terms, one arising from\g and the other from\; initial states. Consequently, the
total photocurrent is the sum of the two corresponding individual photocuregisls + I7,
and the total ESP is

_ Paje + P717‘ ®)
6+ I7

2.3. General photocurrent and polarization expressions

Bearing the above decomposition in mind, we present in the following separately the explicit
results obtained foAg and for A; initial states. Although somewhat complicated at first
sight, these expressions have a simple structure: products of partial radial matrix elements
multiplied by terms involving the electric field components and angles.

From Ag initial states (cf equation (1)) we obtain the photoemission intensity

Is = 2|M{" 12 | sino' E| > + 2|M$ 12 (|E'|? + | cosv’ E||?) (9)

where the radial matrix elementg’ are defined according to equation (7). SOC in the
final state is thus included. However, since it is often relatively weak, we prefer to ignore
it in the following discussions. First, we note thaf is independent of the azimutp.
Further, emission from states with® spatial symmetry (second term in equation (9)) is
mediated by the surface in-plane components of the electric field vector. The component of
E normal to the surface leads to emission from states witlspatial symmetry (first term

in equation (9)).
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The in-plane components of the ESP vecidread
—4 * . * H H / 1* /
Ps, = T{Im(Mél)MéS) )[cosp Re(sing’E| E'*) + sing Re(sin®’ cos’™)| E}|?]
6

+Re(M" MO [cosp Im(sind’ E[ E'*) + sing Im(sinz?’cosﬁ’*)|E(‘|2]}

(10a)

%:’ {lm(Mgl)Mgs’*)[singo Re(sind’E| E' ") — cosp Re(sin®’ cosy'")| E||?]
+ReMP MO [sing Im(sin®’E| E*) — cosp Im(sinz‘}’cosﬁ/*)|E(‘|2]}.

(100)

The products of matrix elements involving initial-state parts with and A® spatial
symmetry directly reflect the spin—orbit-coupling origin B, and Ps,: without hybrid-

ization of the two spatial symmetry parts by SOC, these products would not occur. Further,
there is a delicate dependence on the phase of the matrix elements and of the light
polarization. The normal component is

—4 N
P, = TS|Mé5)|2 Im(cos?'E|E'"). (11)

For A initial states (cf equation (2)), there are only matrix elements involving/Ahe
part, and we obtain

I; = 2IMY 2 (|E * + | cosy' | E} ) (12)

and the ESP shows only a non-zero normal component,

4 N
Pr.= |M 12 Im(cosyE|E|"). (13)

7

The ESP components normal to the surfalg, and P;,, are seen to involve only the
A spatial symmetry parts of the initial-state wave functions.

For the discussion of the above expression we proceed as follows. We first neglect
the optical response of the solid and consider in some detail the results for typical special
cases of light polarization. Subsequently, we focus on effects brought about by the optical
response.

2.4. Special cases in the absence of optical response

In this section, we discuss intensity and spin-polarization results, which one obtains if the
internal radiation field is simply approximated by the external field. Obviously, these results
correspond t&’ = 1 and follow from our above general equations by replacing the primed
incidence angle and electric field components by their un-primed (external) counterparts.
Firstly they are approximations for systems and photon energies eWitthose to unity,
secondly we find them rather interesting in their own right, and thirdly they provide a
reference basis for the subsequent elaboration of effects produced by the optical response.

2.4.1. Linear polarized light. For off-normally incident p-polarized light, i.€E), E,) =
(1, 0), the intensity expression equations (9) and (12) become

Is = 2(|1MY 12 sir? 9 + M1 cod v) (149)
I; = 2/M |2 cog . (14b)
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The ESP forA- initial states (cf equation (13)) is now identically zero. R states,
equations (16) and (11) reduce to

Ps, = —25in 29 sing ImM(M" M)/ Is (154)
Pg, = 25in 29 cosp IM(MP MP™) /I (15b)
Ps, = 0. (150)

The spin-polarization vectoP is normal to the plane of incidence and its modulus does
not depend on the azimutp. It vanishes for normal incidence? (= 0°) and for grazing
incidence ¢ = 90°). The origin of this LSPE is the hybridization of initial states with

Al and A® spatial symmetry due to SOC: without SOC no products of matrix elements
of initial-state parts with different spatial symmetry would occur. Thus, there would be
no ESP. This LSPE has been theoretically predicted by Tamura and Feder [10, 11] and
experimentally confirmed by Schmiedeskastal [12]. It is also present in photoemission
from (111) and (110) surfaces. For ferromagnetic systems, it gives rise to magnetic linear
dichroism in angular distribution (MLDAD) in the standard geometry (plane of incidence
normal to the in-plane magnetization) [20].

The results for s-polarized light can be obtained from the above by settiad”, i.e.
normal incidence, or, equivalently, from the general expressions in subsection 2.3 by setting
(Ey, E1) = (0,1). In particular, the ESP is then identically zero.

A particularly interesting special case of off-normally incident linear polarized light is
one with the electric field rotated by/4 out of the plane of incidence, i.€E), E|) =
(1, +£1)/+/2, which in the following we refer to as sp-polarized light. As will be seen below,
this case is closely connected to that of off-normally incident circular polarized light. For
the intensities we obtain

Is = Sif 9 |M" 12 + (1 + cod 0)| MY 2 (16a)

I; = (14 co$ 9)| M2 (16b)
and the ESP reads

Pg, = [F2sin® cosp — sin 29 sing] Im(MY MP™) /1 (174)

Ps, = [F2sinv sing + sin 29 cosg] IM(MP M) /I (17b)

P, =0 (A7)

and P; = 0. Consider especially the cage= 0°, i.e. light incident in thexz-plane. Ps,

is then seen to have the same numerator as above for off-normal incident p-polarized light,
but Is in the denominator is somewhat different. A more striking difference is that for
sp-polarized lightPs, does not vanish. By switching the light polarization frad, E )

to (E;, —E ), one reverses the sign &%, whereasP, remains unchanged.

2.4.2. Circular polarized light. For left- and right-handed circular polarized light we
have a phase shifti between the s- and p-polarized partial waveskfi.e. (Ey, E1) =
(1, £i)/+/2. Let us first consider the case of normal incidente; 0°. The intensities read

Is = 2| M2 I; = 2|MP? (18)

i.e. they are the same as for s-polarized light. The in-plane components of the ESP vanish
and P, becomes

Po. = £2M{” 12/ I = +1 (1%)
P = F2IMP P/ = F1. (19b)
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P is thus normal to the surface and aligned to the photon helicity, which corresponds to the
so-called complete optical orientation. Further, the partial polarizations are complete and
the sign of Ps, is opposite to that ofP;,.

We use the term ‘complete optical orientation’ in the sense that the ESP vector is parallel
or antiparallel to the light helicity. Further, the term ‘optical orientation’ is restricted to the
case that an ESP component is only present if there is a non-zero phase shift bEjween
and E |, as is the case for circular polarized light. ‘Optical orientation’ is thus a special
case of photo-electron spin polarization from (non-magnetic) solids.

For off-normal incidence we arrive at

Is = sif 9| MY 12 + (1 + cog 0) | M |2 (20a)

Iy = (1+ cog 9)| M ? (20b)
and
Ps, = [£25sinv cosp Re(MP M) — sin29 sing Im(MS" ME™)]/Is (21a)
Ps, = [£25inv sing Re(M{" M) + sin 29 cosp Im(MSP ME™)]/Is (21b)
Ps. = £2cosd | M2/ Is. (21c)
The in-plane components @ vanish and the normal component is

Pr. = F2cos | M 12/ 1. (22)

The modulus ofP; is independent ofp. Further, if the incidence plane is rotated &y
around the surface normakR is rotated by the same angle. The in-plane components of
P are sums of two terms. The first term can be attributed to ‘optical orientation’ because
it depends on sift and changes sign if the helicity is reversed. The second term depends
on sin2 and is seen to be identical to the LSPE term for off-normal incident p-polarized
light. The two types of in-surface-plane polarization are perpendicular to each other, as is
evident from the trigonometrical factors with For the special azimutlh = 0°, the first

and second terms by themselves prod#ge and Ps,, respectively. Upon reversal of the
light helicity, Ps, and Ps, then change sign, whereds, does not.

From the above expressions it is clear that in gengYa not aligned to the incidence
direction, i.e. there is no complete optical orientation. If it were so, there would be no
component of P perpendicular to the plane of incidence. FurthBr,and the remaining
in-plane component would be identical, except for geometrical factors which correct for the
polar angle of incidence. Complete optical orientation occurs only for normal incidence
(9 = 0°) and grazing incidenced(= 90°), i.e. where there is no LSPE for off-normal
incident p-polarized light.

The deviation of the direction dP from the incidence direction of the circular polarized
light depends distinctly on the symmetry type of the initial state. Apinitial states,P is
always perpendicular to the surface, irrespective of the angle of the incidence direction. For
Ag initial states (cf equation (21))P has in general, in addition t8s,, two non-vanishing
components parallel to the surface, i.e. in particular a component normal to the incidence
plane. Pg, and Pg, arise from the spin—orbit hybridization of initial states witt and A®
spatial symmetry, whereak. depends only on initial states with® spatial symmetry.

Comparing these results with the above ones for sp-polarized light, the main distinction
is that for circular polarized light there is a non-vanishiiy, i.e. there is ‘optical
orientation’. Further, there is a difference in the component parallel to the surface and
to the incidence planePg, in the casep = 0°): for circular polarized light it is proportional
to Re(M{Y M{>™), for sp-polarized light it is proportional to IoM(” M>"). Therefore, by
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measuringP, for these two different light polarizations one is able to determine products
of matrix elements and their phase directly. This implies new information on the electronic
states. From the experimental point of view, the set-up can be left unchanged and only the
light polarization has to be switched from ‘sp’ to ‘circular’.

2.5. Influence of the optical response

We now focus on effects which arise from approximating the internal radiation field
according to Fresnel rather than simply replacing it by the external field.

Perhaps the most striking effect is that the optical response can produce components
of P which are identically zero in its absence. Consider for example linearly polarized
light, for which bothE, and E is real (and non-zero) outside the solid. In the external-
field approximation,Ps, and P;, are zero because the imaginary parts in equations (11)
and (13) vanish. With Fresnel’s correction, however, they will in general be non-zero, since
E, and E; (cf equations (6)) are complex, with a relative phase shift between them, and
furthermore co#® (cf equation (b)) is complex. These three factors are obviously complex
if € is complex or if it is real and smaller than $if. The resultingPs, and P7. versus initial
state energy spectra will have the same shape as for circular polarized incident light because
only the transition matrix elements depend on the initial-state energy. For the special case
of s-polarized incident lightP remains identically zero and the intensity spectra are scaled
by a factor|E’L|2 (cf equation (®)). For p-polarized light,P; and P, remain identically
zero, I7 spectra are scaled by a factor, ald Ps,, and Ps, spectra are generally modified
with respect to their counterparts without optical response (cf equations (9), (10), and (11)).

Another consequence of the optical response is a change in the dependence of both the
intensity and the ESP ah. This is most obvious in the limit of grazing incidenae £ 90°).
Employing the external field and angle in equations (9) and (12) gives in general a finite
photocurrent. In contrast, the photocurrent vanishes in the Fresnel approximation, since
according to equations (6) the electric field inside the solid is zero. JHiependence
is easily computed from our analytical expressions, taking in the Fresnel case the internal
angle and field parts as obtained from equations (5) and (6) with the experimental dielectric
constant = —0.23+i2.16 for Pt athv = 21.2 eV [21].

The I; curves calculated for various light polarizations are shown in figure 2. Note
that they are identical for circular polarized light and for linear polarized light with the
electric field vector rotated by an angte= /4 out of the incidence plane, which for short
we refer to as sp-polarized light. Likewis®;, and P7, (cf equations (11) and (13)) are
strongly affected by the optical response. For circular polarized light, in the external-field
approximation, the denominators remain finite in the lithi= 90° and the co# term in
the numerators lets the polarizations vanish. ‘With Fresnel’, however, the denominators also
go to zero, resulting in non-zero polarizationsvat= 90°. The computedP7, () curves
are shown in figure 2. The influence of the Fresnel correction is seen to be strongest at
polar angles larger than 60 For sp-polarized light, the effect of the optical response on
Pz, is even more drastic: whilst identically zero in the external-field approximation,
acquires large values in the Fresnel-field approximation, as can be seen in figure 2. Its
sign is opposite to that for circular polarized light. The signRef obviously changes if
E, is replaced by—FE, i.e. going to negative helicity for circular polarized light and to
o = —m /4 for linear polarized light.
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Figure 2. Photoemission intensity (a) and spin polarization compottemtormal to the surface

(b) from A7 initial states for positive-helicity circular and for linear sp-polarized radiation as
functions of the polar incidence angte computed from the analytical expressions equations (12)
and (13). Solid (short-dashed) lines: for circular polarized light with the internal electric field
taken as the external field (Fresnel field, for dielectric constant vali@3 + i2.16 of Pt at
21.22 eV photon energy). For sp-polarized light, the intensities are the samg;.asdchon-zero
only in the Fresnel case (long-dashed line).

2.6. Comparison with photoemission from atoms

Comparison of the above results with those for spin polarization in photoemission from a
single atom reveals some corresponding facts, but also pronounced differences which can be
attributed to the presence of the solid surface, i.e. to a reduction of symmetry with respect
to the atomic case.

Consider light incident along the® axis on an unpolarized atom. (We indicate the
co-ordinates used in the atomic case with the supers@ipto distinguish them from those
of the solid surface case). Electrons are detected at a polar &ff§levith respect to the
7@ axis. The reaction plane is spanned by these directions, see figure 3 (cf also table 5.1
in [7]). The components of the electron spin polarization Bf® (along the light incidence
axis), P{*" (parallel to the reaction plane and perpendicular to #f# axis), and P
(normal to the reaction plane).

We first discuss optical orientation by circular polarized light. For an atom there is
complete alignment of electron spin and helicity, i.e. ofl{® is non-zero, if the angle
between incidence direction and detection direction 9s @ or 180 which follows
immediately from symmetry. For example, fof @r 180 a rotation about any angle
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Figure 3. Geometry of photoemission from a solid surface (left) and an atom (right). Photons
impinge from the first quadrant:() onto the surface of the solid (grey rectangle) or onto the
atom (grey circle). Electrons are detected in the second quadrant Tde surface normal is
markedz, the in-plane axis. The y-axis points into the plane of the drawing. In the left panel,

9, denotes the polar angle of electron emission. In the atomic case, the light incidence direction

is labelledz@, the axis perpendiculap@. The axis perpendicular to the drawing plane is
n@,

around the emission direction@) is a symmetry operation which leaves oy along

this axis invariant (in this case the symmetry grougis,). In the case of 9 reflection

at the plane perpendicular to the incidence direction is a symmetry operation. Thus the in-
plane components aP are zero, leaving only the perpendicular component non-zero. For
any other angle, all Cartesian componentsFofire allowed to be non-zero. In particular,
P@ does not change sign if the helicity of the light is reversed, as in the case of emission
from a solid.

For p-polarized light onlyP® is non-zero and depends on sin®. Further, this
component is brought about by the same transition matrix elements as in the case of circular
polarized light.

In order to compare the atomic case with the solid surface case, one has to consider
the surface plane explicitly (see figure 3). Let us start with the case of complete alignment,
e.g. circular polarized light and@ = 180 (there is no case which corresponds to
@ = 0° because valence-band photoemission from solid surfaces cannot be performed in
transmission due to the small mean free path of the photo-electrons). In normal emission
from the solid surface, complete alignment is observed in normal and grazing incidence.
Thus, we find a close correspondence to the atomic case. However, the surface plane breaks
the symmetry of the system in the sense that off-normal emission and off-normal incidence
with 0° and 90 between incidence and detection direction yield no complete alignment
(which can be attributed to the LSPE for p-polarized light). We checked this result by
numerical calculations for Pt(001).

In the case of arbitrary@ we have P(® non-zero. This case corresponds to off-
normally incident circular polarized light which also produceB-&omponent perpendicular
to the reaction plane. This component is due to the LSPE for p-polarized light. In the two
cases, the angular dependence is 8if2or sin 29, respectively. Further, in both cases
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the P-components are brought about by transition matrix elements which differ from those
which produce the other ESP components. In conclusion, we find an additional close
correspondence between the atomic and the solid surface case.

3. Numerical results for Pt(001)

The analytical expressions presented in section 2 show which spin-polarization components
can occur and reveal details of their physical origin. To determine their magnitude and
spectral shape, we have, for an unreconstructed (001) surface of PtZAwith78 and
consequently large SOC), performed numerical calculations by means of a fully relativistic
one-step-model Green function theory of photoemission [22]. For the purpose of interpreting
the resulting spectra, we have simultaneously calculated the relativistic bulk band structure
along the A line. As the effective quasi-particle potentials for initial and final states,
we employed the same as in earlier calculations for Pt(111) [23] and Pt(110) [14]. In the
following, we present some typical results obtained for linear and circular polarized ¥

(He) photons incident af = 45° in the xz-plane (p = 0°). For the internal radiation field

in the Fresnel approximation we used the experimentally determined dielectric constant
€ = —0.23+42.16 [21], which differs strongly from the vacuum value and in particular has

a large imaginary part.

3.1. Band structure and photoemission by p-polarized light

As a basis for interpreting our calculated photoemission intensity and spin-polarization
spectra, we show in panel (a) of figure 4 the relativistic bulk band structure of Pt along
the '-A—X line for the initial states and—shifted downward by the photon energy—for
the final states. Crossing points between initial- and final-state bands then mark energies at
which direct bulk interband transitions are possible. The photoemission intensity spectra (as
obtained by our one-step-model Green function calculations) for p-polarized light at several
polar incidence angles are seen (panel (b) of figure 4) to have their maxima at such crossing
point energies, i.e. can be interpreted in terms of direct transitions. The dependence of the
spectra on? is readily understood from the selection rule findings that emission from initial-
state parts witl\! (A) spatial symmetry is mediated by the component of the electric field
normal (parallel) to the surface. For example, the peak@b eV is maximal for normal
incidence (i.e.E parallel to the surface) and absent for grazing incidence Fi.aormal to

the surface). It can be traced to a transition fromainitial state, which has a significant

A® spatial symmetry part. Converse behaviour withis observed for the main peak at
—1.8 eV, which stems from\g initial states with substantiah® spatial symmetry parts.

For p-polarized light incident at = 45°, the intensity changes due to employing the
Fresnel field instead of the external field are shown in panel (c) of figure 4. Firstly, there is a
significant reduction of the overall intensity which is due to the reduction of the modulus of
the electric field vector inside the solid with respect to its vacuum value by a factor of about
0.77. Further, the ratio between the maxima-dt8 eV and—0.8 eV is strongly decreased.

This can be explained by the change of the light propagation direction from polar angle
45 to about 17, the real part of the complex internal angle as given by Snell's law. The
electric field component normal (parallel) to the surface is thus reduced (enhanced), leading
to a decrease (increase) of emission from initial-state parts'qfA®) spatial symmetry, as

has been demonstrated in panel (b).

In line with our analytical results, the numerical calculations yield a photo-electron
spin polarization vector normal to the reaction plane, i.e. in the present geometry only a
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Figure 4. Normal photoemission from Pt(001) by p-polarized 21.22 eV light incident at polar
angle 9 in the xz-plane. (a) Symmetry-resolved band structure along [0Q4dx{s, '—A—

X). Initial states are classified with respect to their double-group symmaigyso6lid andA;
dotted). The prominent spatial symmetry in various parts of the initial-state bands is indicated by
encircled numbers. Final-state bands with prominghtspatial symmetry are shifted down by

the photon energy (dash—dotted). (b) Photoemission intensity in the external-field approximation:
for ¢ = 90° (grazing incidence, dotted}, = 45° (solid), and? = 0° (normal incidence, dashed).
Note that the latter spectrum is the same as for s-polarized light. (c) Photoemission intensity
for incidence at? = 45° calculated with the external electric field (solid) and the Fresnel field
(dotted). (d) Photo-electron spin polarization compon@ptalong [010] {-axis). Line styles

are as in panel (c). (The componeifts and P, are identically zero.)

non-vanishing componer®,, which we show in panel (d) of figure 4. It exhibits large
features (up to 70%), several of which coincide in energy with sizeable intensity values.
The effect of employing the Fresnel field is very strong arowdeV and between-3 eV
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and —4 eV. We recall from our analytical results that in the external-field approximation,
P, is brought about by IntMél)MéS)*) (cf equation (16)). In the Fresnel approximation, in
which in the present geometdy, is complex, there is (cf equation (1)) an additional term
which is proportional to Rev{" M"). The difference between the spin-resolved intensities
(not shown here) is largest where emission fragA2 hybrids is strong. This allows the
identification of such spin—orbit-induced hybridization regions in reciprocal space. On the
other hand,P, vanishes for emission from initial states of almost pure spatial symmetry.
This is illustrated in figure 4 around0.5 eV, where transition from an initial state &
spatial symmetry produces an intensity peak, but the spin polarization (with and without
Fresnel) vanishes.

3.2. Photoemission by sp-polarized light

If the electric field vector of incident linear polarized light is rotated by some angle, in
particularz /4, out of the plane of incidence (i.e. ‘sp-polarized’ light), normal photoemission
results are modified in a number of respects, some of which are quite drastic. We
demonstrate this in the left-hand part of figure 5.

The intensity spectra (bottom panel) are similar to those for p-polarized light (cf figure 4),
but emission fromA® (A1) initial-state parts is enhanced (reduced) since sp-polarized light
has a larger (smaller) projection & parallel (normal) to the surface. Th® spectra are
similar in shape to those for p-polarized light, but reduced in magnitude and different in
some details (notably the height of the maximum-at5 eV relative to its neighbours). This
can easily be understood from our analytical expressions in section 2. As suggested)by (10
and (1'4), there is now also a polarization componéht which attains sizeable values. In
the external-field approximatior®, (E) is seen to have the same shape-d% (E), but is
larger by a factor/2. This is also obvious from equation @7

The influence of crystal optics (i.e. employing the Fresnel field)Ioand P, (E) is
very similar as in the case of p-polarized light, which we discussed in subsection 3.1. This
similarity extends toP,(E). A qualitatively new effect is however the appearancePof
(normal to the surface) (cf top left-hand panel of figure 5), which reaches values up to 25%.
As can be seen from equation (1B, requires for its existence a phase difference between
E, and E,. Such phase difference is brought about by the imaginary part of the dielectric
constant. Especially foe = —0.23+ i2.16 (for Pt athv = 21.22 eV) and sp-polarized
light incident at® = 45°, one obtains from Fresnel's formuleié{| = (0.65—i0.34)//2

and E| = (0.58 — i0.43)/+/2. Since one may view this internal field as composed of

a circular and a linear polarized part, and since a linear polarized (internal) field cannot
produceP;,, the spectral shape d@,(E) should be similar as for circular polarized incident
light (provided the latter retains a circular polarized part inside the solid). This is indeed
the case, as can be seen by comparison with the top panel of the right-hand part of figure 5.
With regard to the opposite sign we recall tHa¥(E)—as well asP"(E)—changes sign

if the rotation angle of the electric field vector out of the incidence plane changes sign, i.e.
in the present case goes from4 to —r /4.

3.3. Photoemission by circular polarized light

We first briefly address the photoemission intensity. At normal incidence, circular polarized
light produces the same spectra as s-polarized light, which is obvious from symmetry
considerations as well as from equations (9) and (12) with 0°. At off-normal incidence,
the intensity is the same as for sp-polarized light (linear fitiat 45 out of the incidence
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Figure 5. Normal photoemission from Pt(001) by 21.22 eV light incident in theplane with

¥ = 45°. (a) For sp-polarized light, i.e. linearly polarized light with the incidéhtrotated

by 7 /4 out of the incidence plane: intensity and spin-polarization comporgnfalong [100]-
direction), P, (along [010]) andP, (along [001]) as calculated using the external electric field
(solid lines) and the Fresnel field (dotted lines). Note tRatis zero using the external field.
(b) As (a), but for positive-helicity circular polarized light incidentiat= 45°. In addition, P,

for normally incident circular polarized light is shown (dashed line in the topmost panel).

plane). This is anticipated from our analytical expressions and confirmed by the numerical
results shown in the bottom panel of figure 5.

Far more interesting is the spin-polarization vecl®y the components of which are
shown in the right-hand part of figure 5. For normal incident circular polarized light, it
is completely aligned to the surface normalaxis). As is well known (cf e.g. [4, 5]
and references thereinp, is, for positive photon helicity, positive (negative) for emission
from initial states of double-group symmeteys (A7). In particular, the+90% feature
around—3.7 eV and the-70% feature around-0.7 eV are thus directly related to crossing
points between initial- and final-state bands (cf panel (a) of figure 4), which are associated
with peaks in thel (¢ = 0°) spectrum in panel (b) of figure 4. Thg¥ = 0°) peak at
—1.5 eV arises fromAg and fromA; bands (so close in energy that the finite electron and
hole lifetimes prevent their resolution) and is consequently associatedPwith0. Going
to off-normal incidence f = 45°), the shape ofP, remains almost unchanged, but its
magnitude is reduced due to the additional emission from statesAgispatial symmetry.

This reduction is weaker for the curves obtained in the Fresnel approximation, which is
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plausible from the smaller (real part of the) internal incidence angle.

Now consider the components Bf parallel to the surface produced by circular polarized
light incident at = 45° in the xz-plane. As is seen from figure 5, the spectrafpf(the
component normal to the incidence plane) without and with Fresnel are the same as their
counterparts obtained for sp-polarized light. This is in accordance with equatidh (10
(with ¢ = 0°), since the relevant factdrEl’||2 is the same for circular and for sp-polarized
light. In contrast, theP, spectra differ most strongly in the external-field approximation.
This is directly understandable from equationsa)l@nd (2&): for sp-polarized light,P,

is determined by I’ M{>"), whereas for circular polarized light it is determined by

Re(Mél)MéS)*). In the Fresnel approximation, th® -expression equation (&p involves
both of these matrix element terms and depends on the electric field|\ia". Since
E'| for circular polarized light differs from that for sp-polarized light by a factor oPj,
should in general be different for the two polarization types, but less strongly so than in
the external-field approximation. This is also qualitatively plausible, since for both circular
and sp-polarized light the internal field is elliptically polarized, i.e. has a linear and a
circular polarized part. For circular polarized incident light, the Fresnel correction is seen
(cf figure 5) to reduceP, over a wide energy range by about a factor of two. Around
—1.7 eV, where the main intensity peak is located, it is even reduced 8626 to only
—10%. Itis interesting to note that at this peak energy sp-polarized light prodycssues
of about—20% without Fresnel and-30% with Fresnel.

Since the dielectric function is strongly energy dependent (cf [21]), it remains to be
investigated how Fresnel quantitatively affects the photo-electron spin polarization vector
at other photon energies.

4. Conclusion

Spin-polarized photoemission normal to (001) surfaces of non-magnetic cubic solids has,
within a relativistic one-step model, been approached in a twofold way: analytically and
numerically. We analytically derived explicit formulae for both the intensity and the spin-
polarization vector of the photo-electrons produced by off-normally incident light in a
general state of polarization. The optical response of the solid has been approximately
included by employing the classical internal field according to Fresnel's formulae. The
connection with spin-polarized photoemission from atoms has been considered qualitatively.
In particular the orientation of the spin-polarization vector differs in the case of a solid
surface due to a spin-polarization effect for off-normally incident p-polarized light. Our
analytical results are fully confirmed and quantitatively illustrated by the results of numerical
calculations, which we performed for Pt(001) using a relativistic Green function method.

Qualitatively novel and in fact sizeable spin-polarization effects are, as a consequence of
spin—orbit coupling in the initial states, predicted for off-normally incident linear polarized
light with the electric field vector rotated out of the incidence plane (which we refer to
as sp-polarized light): for both the external field and the Fresnel field there is a spin-
polarization component, which is parallel to the surface and to the incidence plane; further,
the Fresnel field leads to a spin-polarization component normal to the surface, similar to
the one obtained for circular polarized incident light.

In all cases considered (except for s-polarized light and normally incident light), the
Fresnel approximation was found—in addition to significantly affecting ratios of intensity
peaks—to rather drastically modify the spin-polarization vector. This raises the question of
whether an improvement of the treatment of the optical response of the metal would entail
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further significant changes. We therefore performed analogous calculations using, as a
fairly simple approximation ‘beyond Fresnel’, the so-called hydrodynamical model of metal
optics [24]. In contrast to the pronounced influence found for semiconductors by Schattke’'s
group [25], we obtained intensity and spin-polarization spectra almost identical to the ones
in the Fresnel approximation. This is understandable from the fact that our photon energy
21.22 eV is well above plasmon frequencies in Pt and the induced longitudinal electric field
is consequently very small.

We hope that our theoretical spin polarization results, in particular those for sp-polarized
light, will stimulate their experimental verification. From the detailed comparison of
calculated and measured spectra one can also expect an answer to the question of whether
and under which conditions a more sophisticated treatment of the optical response is required
in photoemission theory from metals.

Finally, we would like to point out the relevance of this study on non-magnetic systems
for photoemission from ferromagnets. From previous investigations (cf [1] and references
therein) it is clear that the spin—orbit-induced spin-polarization components, which we
predicted, especially, and P, for sp-polarized light, will give rise to magnetic dichroism
if the magnetization direction is aligned to them.
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