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Abstract. Using a previously developed, relativistic theory of photoemission we calculate 
the off-normal photocurrent emerging from the ( l , l , l )  face of a platinum single crystal 
irradiated by normally incident, circularly polarised photons. We study the dependence of 
the photoemission intensities on the helicity of the photons and the spin and direction of the 
emitted electrons. Our results support the recent suggestion of Oepen and co-workers that 
photoemission experiments with circularly polarised light can provide useful information 
about the spin structure of the electronic spectra of solids, even if the spin polarisation of the 
photocurrent is not measured. 

1. Introduction 

Recently it has been suggested by Oepen et aZ(1986) that one can dispense with the 
expensive spin-polarisation analysis of photoemitted electrons and still learn something 
about the spin-dependent features of the band structure of solids if the incident photons 
are circularly polarised. In this paper we report a number of photocurrent calculations 
directly relevant to the experimental configurations employed by Oepen et a1 (1986) and 
later by Garbe and Kirschner (1989b) in their investigation of the Pt ( l , l , l )  face by 
photoemission spectroscopy using circularly polarised radiation. We will show that first- 
principles, more or less parameter-free calculations reproduce most features of the 
experimental data and provide strong support for the arguments put forward in the 
quoted papers. 

In short we study photoelectrons, induced by circularly polarised radiation incident 
along the surface normal, emitted in off-normal directions. The physical effect of interest 
is the following. Due to spin-orbit coupling circularly polarised photons give rise to spin- 
polarised photoelectrons (Eyers et al 1984). Moreover when the helicity of the incident 
photons is reversed the spin orientation of the excited electrons changes sign. The 
interesting observation of Oepen et a1 (1986) was that the transmission of electrons 
through the surface also depends on their spin orientations. This effect is another 
consequence of the spin-orbit coupling. Furthermore, they have argued that as a result 
of this differential transmission of electrons with opposite spin orientation the spin- 
integrated photocurrent intensities will be different for left-handed (helicity+) and 
right-hanced (helicity-) incident radiation. This is, indeed, what they found. 
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A quantitative measure of the above effect is the intensity asymmetry A which was 
defined by Oepen et a1 (1986) as 

where I' are the measured photocurrent intensities for incident photons with -t helicity. 
They studied A as a function of the kinetic energy of the outgoing electrons. Recently, 
Garbe and Kirschner (1989b) published a more extensive investigation of A .  Our aim 
here is to comment on their findings in the light of first-principles calculations of the 
photocurrent. Our results fully support their semi-phenomenological analysis and inter- 
pretation of the experimental data. 

Of course, the calculation of the total photocurrents, Z', proceeds through the 
calculation of their spin components, Z:p and ZiOown via the relation I' = Z,$ + Z~ow,. 
Although in experiments using Mott detectors for collecting the photoemitted electrons 
Z& and Z&,, are measured directly (Garbe and Kirschner 1989a), in the experiments of 
interest here only I' is recorded. Nevertheless, it will be seen that the knowledge of the 
spin components Ztp and can be extremely useful in the analysis of the measured 
intensity asymmetries. 

Our calculations are based on a fully relativistic theory of the photoemission process 
and hence automatically include a full description of the spin-orbit coupling, which is 
the root cause of the intensity asymmetry. The theory was developed by Ginatempo et 
a1 (1985) and a detailed account of it has been given in a recent publication (Ginatempo 
et a1 1989). Nevertheless, in the interests of clarity, we shall briefly review its main 
features in section 2. 

An alternative but closely related theory was developed by Ackermann and Feder 
(1985). The extent to which our calculations agree with those based on that will be 
illustrated in section 2. 

In section 3 we compare our results with the experiments and in section 4 we 
comment on the interpretation of their data by Garbe and Kirschner. We summarise our 
conclusions in section 5. 

2. On the formal aspects of the theory 

In this section we recall, briefly, some of the principal features of the formal theory 
(Ginatempo et a1 1985,1989). We study the probability of electrons being photoemitted 
in the direction de, defined by the angles 8,. Q?,, as a consequence of photons incident 
along the surface normal with helicity -+1. The geometrical arrangement of the various 
directions in the problem is depicted in figure 1. All through this paper the surface 
through which the photoelectrons pass is the (1 ,1,1) surface of an FCC Pt crystal and the 
various potential functions are designed to reflect this fact quantitatively. In fact they 
have been extracted from a relativistic self-consistent LMTO calculation of the band 
structure which gave results virtually equivalent to those of Guo and Temmerman 
(1989). 

Although it is often useful to analyse photoemission experiments in terms of tran- 
sitions between bulk states, propagation to the surface and refraction at the surface, a 
fully consistent theory of the photoemission process recognises that real electrons make 
transitions between the states of the semi-infinite solid with a surface in a single step. 
Our theory describes this one-step process following the multiple-scattering approach 
of Pendry (1976). 
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Figure 1. The directions and angles relevant to a 
calculation of spin-polarised photoemission 
intensities. 

The logic of the theory is the opposite to the physical process. We start by defining 
the state of the final electron at the Mott detector by the relativistic plane wave: 

where A stands for ‘up’ and ‘down’ and refers to the spin direction accepted by the Mott 
detector with an internal axis of spin quantisation along Ad = (6d7 Vd), US, is the usual 
four-spinor amplitude of the plane wave with s = +.1 denoting the spin state of the 
photoelectron with respect to the surface normal, and the coefficients qj, are defined by 

qup = exp(ied)sin(Od/2) 
(3) 

q:p = c0s(ed/2) 

qd+oown = -exp(-iqd)sin(ed/2) qdown = cos(ed/2)* 

Having defined the final state at the detector it is then matched to the time-reversed 
LEED states in the bulk. Finally, the amplitudes of such states are calculated by regarding 
them as having been induced by a circularly polarised photon incident along the surface 
normal with helicity v = t 1. Thus for a given photon energy ho, emission direction A, 
and Mott detector orientation Ad we calculate four spectra 

I:;+(&, w ,  h e ,  Ad) I:,=,+,(&, 0, f i e ,  Ad)  I:;-(&, w ,  f i e ,  A d )  I::;(&> 0, A,, Ad). 

From these we construct the intensities 

These are the intensities that are measured when no Mott detector is used. That is to say 
when both up and down electrons are accepted by the detector. Namely, these are the 
intensities measured by the experiments of interest here. 
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Figure2. Calculatedspin-resolved photocurrents for the caseof normalincidence and normal 
emission from the (l,l,l) face of Pt, for a photon energy of ho = 25 eV and right circular 
polarisation. Full curve: total intensity; broken curve: up intensity; dotted curve: down 
intensity. The inset shows the analogous calculation of Tamura et a1 (1989) for the up (on 
the left) and down (on the right) photocurrents and the experimental results of Garbe and 
Kirschner (1989b). 

Following Oepen etaE (1986) we shall focus much attention on the intensity anisotropy 
defined by (1). We shall also find it useful to study the polarisation of the photocurrent 
given by 

93 = ?? * it ,  = (Zip - z:own)/(z;p + Z&J. ( 5 )  
Having decided on the crystal surface to study, the corresponding potential functions 

and the experimental geometry, in the above theory there are two more choices to be 
made. These are the description of the surface potential barrier and the mean free path 
of the excited electrons travelling towards the surface. The physical origins of both of 
these quantities are subtle and deserve separate theories in their own rights (see, for 
example, Feder (1985) and references therein). However, in this, first-pass, attempt to 
study the phenomenon at hand we have contented ourselves with the simplest recipes 
of each case. For the former we used a simple step function of height 0.9 Ryd and for 
the latter we used two energy-independent optical potentials (inverse lifetimes): A = 
SQ * 93 = Voi = -20 m Ryd and Vpi = -300 m Ryd respectively for the low- and high- 
energy states. 

For general orientation we display in figure 2 the spin components of a photoelectron 
spectrum corresponding to normal incident normal emission from a Pt ( l , l , l )  surface 
as calculated by following the procedure described above. The incident photon energy 
was taken to be hw = 25 eV. In the inset we display the results of the corresponding 
calculations by Tamura et a1 (1989) together with the experimental spectra of Garbe and 
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'*-.. represent the intersections of the three rLUX 
mirror planes with the surface. Full and broken 
portions of the intersections represent the non- 
equivalent sides of the mirror planes with respect 
to the threefold symmetry axis. 
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Kirschner (1989a). The first point we wish to make is that although the two calculations 
differ in many practical details the results are in good quantitative agreement. This 
suggests that in spite of their complexity these large fully relativistic one-step-process 
calculations can be reliably implemented. 

Our second point refers not to the above comparison between two calculations but 
to their relevance to experiments. We note that Tamura et a1 (1989) studied normal- 
emission spectra from the Pt ( l , l , l )  face in considerable detail and found satisfactory 
agreement with the experiments of Garbe and Kirschner (1989a). This establishes our 
calculational scheme as a credible method for studying the intensity asymmetries for off- 
normal emission on this particular surface. 

Finally we stress that using non-relativistic instead of relativistic quantum mechanics 
to calculate the intensity asymmetry A would yield zero. This is in agreement with the 
symmetry arguments of Oepen et a1 (1986), according to which A # 0 is a consequence 
of spin-orbit coupling. We also checked the selection rule according to which the 
intensity anisotropy is zero along mirror planes. For later reference we show in figure 3 
the intersections of the three mirror planes of the (l,l,l)-face, with C3" symmetry, and 
the ( l , l , l )  surface. Although A = 0 along these lines the photocurrent is not the same 
along the full portions of the lines as along the broken portions. However, the intensities 
are the same along the three full lines and also along the three broken lines as required 
by the threefold axis of symmetry perpendicular to the ( l , l , l )  surface of an FCC lattice. 

3. The calculated photocurrents 

With the purpose of interpreting the data of Garbe and Kirschner (1989b), we have 
performed the calculations of the photoemission spectra corresponding to a photon 
beam of energy hw = 18 eV incident along the surface normal of either right or left 
circular polarisation. The emission angle is fixed as 8, = 62". In all the calculations the 
number of beams for the plane-wave expansion of the multiple-scattering matrices is 
fixed as 19, which corresponds to the first 4 shells of the (l,l,l)-layer reciprocal vectors. 
The corresponding results for several values of the azimuth angle cpe = cps = cp (cp = 0 
corresponds to the emission direction lying in the rLUX mirror plane) are shown in 
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Figure 4. The calculated photocurrents versus the azimuth angle QI. Positive- and negative- 
helicity photons are incident normally onto the (1,1,1) surface of Pt; hw = 18 eV; 8, = 62". 
Full curves correspond to positive helicity, broken curves to negative helicity. The number 
in the upper left corner of each panel indicates the value of p .  

figure 4, where the full and broken curves refer to the spectra calculated for radiation of 
positive and negative helicity respectively. 

The first thing to note about these results is that no asymmetry has been found for 
cp = -0"and cp = -60" (i.e. two mirrorplanes). Moreover, these spectralookdifferent. 
Evidently, both these facts are in agreement with the symmetry analysis of the preceding 
section. Note also that in figure 4 only the calculations for negative cp are displayed. The 
spectra corresponding to positive values of cp are identical to those for negative ones, 
with the difference that the helicities are interchanged. This symmetry was predicted and 
to some extent observed by Garbe and Kirschner (1989a). The experimentalviolations of 
it can be easily explained by misalignment of the sample. 

An unexpected feature of our calculation is the almost symmetric interchange 
between If and I -  across the cp = 30" line. Clearly this interchange corresponds to a 
change of sign of the asymmetry A .  The extent to which A at - 10, - 15, -20 and -25 is 
equal to - A  at -50, -45, -40 and -35 is displayed in figure 5. Reassuringly the 
experiment data by Garbe and Kirschner (1989a) also manifest the above phenomena. 
A quantitative comparison between the corresponding theory and the experiment will 
be given in the next section, together with an explanation of it. 

A rough comparison between theory and experiment shows a gratifying agreement 
over the positions of the larger peaks and even the relative amplitudes are often right. 
However, there are many more small bumps in the theoretical curves than can be 
identified in the experimental data. These may be due to bands in the wrong places in 
energy or to inadequate treatment of the lifetime effect. In connection with the latter 
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Figure 5. The calculated asymmetry spectra versus the azimuth angle p .  The number in the 
upper left corner of each panel indicates the value of rp. 

we would like to stress, again, that we could improve the quantitative agreement between 
theory and experiment substantially by using energy-dependent lifetimes which shorten 
for higher binding energy. This should smooth out many of the small structures in the 
calculation below -4 eV where the experiment is quite structureless. Nevertheless, as 
we have mentioned in the introduction, we did not do this. To illustrate the effect of the 
assumed lifetime on the appearance of the calculated spectra we display in figure 6 
the photocurrents for Ziw = 12 eV, it, = (44', 12.75"), itd = (00, 12.75') calculated with 
inverse lifetimes Voi = -20 mRyd (left-hand panel) and Voi = - 10 mRyd (right-hand 
panel). Evidently halving the lifetime makes a number of small features disappear. 

4. Analysis of the results 

To investigate quantitatively the changesinA on crossing the cp = 30" emission direction 
we wish to focus attention on the dominant peak at - 1.5 eV which has been identified 
by Garbe and Kirschner (1989b) as due to the emission from band 4, according to the 
labelling of the bands by Oepen. We have calculated the asymmetry A for various values 
of cp and the results are displayed in figure 7 together with the experimental points. 
Clearly, the agreement in the range -30 < cp < 30 is excellent and lends strong support 
to the conclusion that the theory does in fact describe what has been observed in the 
experiment. The fact that the agreement is getting poorer as the angular distance from 
cp = 0 increases supports the explanation that it is due to a misalignment of the sample. 

Another useful way of making contact with the experimental observation is to 
calculate the polarisation of the emerging photocurrent. Garbe and Kirschner (1989b) 
argued that the contributions to this quantity from band 4 and 5 should be roughly 
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Figure 6. The total photoelectron spectra and their up and down components from Pt ( l , l , l )  
excited by normally incident photons of left and right circularly polarised radiation of energy 
ho = 12 along ri, = (44", 12.75") and detector quantisation axis Ad = (o", 12.75"). The left- 
hand panels refer to a calculation performed with V,, = -20 mRyd, the right panels to V,, = 
-10 mRyd. The light polarisation is as indicated. 
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Figure 7. The asymmetry of band 4 versus the aximuth angle q ~ .  Open circles: experimental 
data of Garbe and Kirschner (1989a); rhombohedra: theoretical prediction. 

perpendicular (see also same paper as before). We calculate for Q, = 0" the up and down 
component of the photocurrent with respect to a detector z axis which is at first in the 
longitudinal (Ad = Oo,oO)) and then in the transverse (Ad = (90°, 90")) direction. They 
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Figure 8. The total and spin components of the photoelectron spectra for the longitudinal, 
Ad = (O", 0"), and transverse, rid = (go", go"), orientation of the Mott detector, with respect 
to the mirror plane. The photon energy is fiw = 18 eV; the polarisation is right circular; the 
emission direction is ri, = (62", 0'). Full curves: total photocurrent; broken curves: up 
photocurrents; dotted curves: down photocurrents. 

are shown in figure 8. Note that the two peaks at binding energies = 0.75 eV and 
-1.75 eV correspond to bands 4 and 5 respectively. Evidently, the total photocurrents 
for the two different orientations of the detector are the same. Next we evaluate the spin 
polarisation as defined in ( 5 ) ,  along the two z axes. The results of these calculations are 
shown in figure 9. The various features for binding energies above -2 eV are, again, 
due to bands 4 and 5. Clearly, with respect to their signs the two peaks behave in 
opposite manners. From these components of the polarisation we can reconstruct the full 
polarisation vector at every energy. For energies corresponding to the approximate 
positions of the band-4 and band-5 peaks we show the component parallel and orthogonal 
to the mirror plane of polarisation vectors P4 and ?P6 in figure 10. Full and broken vectors 
refer to the uncertainty related to the finite width of the corresponding peak in figure 9. 
Thus the deductions of Garbe and Kirschner (1989b) that P4 is roughly perpendicular 
to P6 is born out by our detailed calculation. 

Finally, we wish to comment on the origin of the approximate symmetry of the 
anisotropy A across the Q, = 30" plane of the emission direction. Clearly, if 
A(30" - 6; E )  = -A(30" + 6 ;  E )  was directly true for each energy E the surface would 
appear to have the sixfold rotational symmetry about the surface normal instead of the 
actual, threefold, symmetry of the (l,l,l) face of an FCC lattice. Note, however, that the 
top layer of atoms have precisely the sixfold axis of symmetry mentioned above, In fact 
each layer on its own has this symmetry but the spacing of the subsequent layers breaks 
it by rotating the layers through 30" and -30" alternatively with respect to each other. 
Our suggestion is that the photoemission intensity is dominated by the contribution from 
the top layer and fails to have the full hexagonal symmetry only because the contributions 
from the other layers is not negligible. In support of the above hypothesis we can 
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Figure 9. The spin polarisations relative to the calculation of figure 7 .  Full curve: longitudinal 
components; broken curve: transverse component. 

Figure 10. The polarisation vectors of photo- 
n electrons originating from the bands 4 and 5 at 

. j q = o", as deduced from the spin-polarisation 
spectra of figure 8. 2 is the surface normal; ri is a 
unit vector lying on the surface and orthogonal to 
the mirror plane. The full and broken vectors 
represent thepossiblevariation of the polarisation + vectors due to the finite width of the cor- 

4 

responding peaks in the spin polarisation (see the 
text). 

offer the following argument. The relative contributions from the various layers to the 
photocurrent are greatly influenced by the lifetime. The scattering described by the 
inverse lifetime gives rise to a short mean free path for the outgoing electrons and will 
increase the relative importance of the contribution from the top layer at the expense of 
those coming deeper down in the sample. Thus, if our hypothesis is correct, reducing 
the inverse lifetime should mean that A(30"; E )  gets smaller less rapidly than A(20"; E )  

or A(40"; E). As shown in figure 11 this is indeed what we find. Consequently, the 
approximate hexagonal symmetry of the observed anisotropy is due to the influence of 
the top layer and hence a dramatic measure of the surface sensitivity of this particular 
probe. 
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5. Conclusion 

We have studied the photoemission intensity asymmetry A(fie; E )  discovered by Oepen 
e f  af (1986). In off-normal photoemission from the Pt (1,1,1) face for circularly polarised, 
normally incident photons. We found that a fully relativistic, first-principles calculation, 
which gives an adequate account of the photoelectric spectra, reproduces the most 
dominant features of A(&.; E ) .  Moreover, our calculations support the interpretation of 
the relevant experimental data by Oepen et a1 (1986) and Garbe and Kirschner (1989b). 
In short, we provided further evidence that the photoemission intensity asymmetry 
(PIA) can be a useful probe of the spin-dependent features of the electronic structure. 
Moreover, we called attention to the extreme surface sensitivity of the effect. 

Evidently, in addition to providing information about the spin structure of the 
electronic states, the above effect might also be useful in detecting the helicity of incident 
photons in the uv range. The surprisingly large value of A found for Pt (l,l,l) suggests 
that this metal surface is a good candidate for such a use. 
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