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Photoemission from Ir(001): Evidence for an Orbital Angular Momentum Dependence
to X-Ray Photoelectron Di8'raction
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Polar angle x-ray photoelectron diffraction (XPD) curves are presented for the Ir(001) 5p3/2, 4f7/2,
4d5/2 4@3/2 and 4sl/2 core levels, as well as for the valence band. The core-level XPD intensity enhance-
ments along the [0011 and [0111 crystallographic directions show a substantial dependence on the
initial-state orbital angular momentum I;. XPD from regions within the Ir valence band correlate well
with core-level XPD of the same /;. This correlation indicates that I;-dependent XPD can inAuence the
angular dependence of spectral intensities within angle-resolved x-ray photoemission valence-band spec-
tra.

PACS numbers: 79.60.Cn, 61.14.Rq, 68.35.Bs

X-ray photoelectron diffraction (XPD) is the name
given to a class of angle-dependent intensity variations in
angle-resolved x-ray photoelectron spectroscopy (XPS)
[1]. The phenomenon is due to the interference between
the directly propagating unscattered wave and the elasti-
cally scattered wave in the photoemission final state. The
sensitivity of the technique to crystalline geometry has
made XPD a powerful probe of solid-state geometric
structure [1].

Our studies are motivated by recent advances [2,3] in

the theoretical modeling of XPD data that have predicted
a dependence of the amplitude of the XPD on the orbital
angular momentum involved in the dipole photoelectric
excitation. We present here a comparison of the polar-
angle-dependent XPD for the Ir(001) 5p3/i, 4f712, 4d5/2,

4p3/2, and 4si/2 core levels, as well as for the valence
band. The results show a significant dependence of dif-
fraction intensity on the initial state that can most con-
sistently be described as a dependence of XPD on orbital
angular momentum.

The experiments were conducted using Lehigh Univer-
sity's SCIENTA ESCA-300 x-ray photoelectron spec-
trometer, employing an angular acceptance of + 1.7', a
photon energy of 1486.6 eV, and an instrumental energy
resolution of 0.82 eV F%'HM. The spectrometer pro-
vides an exceedingly high sensitivity, stability, and a very
fIat polar angle respon-se function, which allows a quanti-
tative comparison of spectral intensities over the angular
range of the experiment. Experimental angles are accu-
rate to within 1'. The sample temperature was 298 K for
all measurements. Electron kinetic energies (relative to
the Fermi level) for the Sp3/2, , 4f7/q, 4dq/2, 4p3/2, and

4s~/2 core levels are 1438.7, 1426.1, 1190.6, 992.1, and
795.3 eV, respectively.

Our sample was a high-purity Ir(001) single crystal.
The crystal was oriented with the Laue method and
cleaned in situ by argon-ion sputtering and cycles of
heating in oxygen (I x10 Torr) for 5 min at 1200 K.
This produced a clean (5x 1) reconstructed surface [4] as
observed by LEED. However, in the residual vacuum of
the preparation chamber (5x10 Torr) this surface

quickly converted to a c(2x2) structure characteristic of
0.5 monolayer contamination. Carbon and oxygen were
the only contaminants, as determined by XPS. While not
aesthetically pleasing, this half monolayer of contam-
inants produced a surface that was devoid of the compli-
cating effects of the Ir(001) surface reconstruction, and
stable in the spectrometer vacuum (2x10 ' Torr) for
days. The carbon 1s overlayer photoelectric signal also
provided a valuable internal confirmation of the flatness
of the instrumental polar-angle response function. The
—13-20-A depth sensitivity of the present measurements
[5], as well as previous observations [6], suggest that the
surface contamination produces negligible effects on the
Ir core-level and valence-band XPD signals.

The Ir core-level and valence-band spectral intensities
were measured as a function of the polar angle 8, be-
tween the detector and the [001] surface normal in the
(100) mirror plane perpendicular to the [100] direction.
For each initial-state XPS spectrum at each 0„ the in-
elastic spectral background was fitted with a Shirley
background [7] and the integrated area above this back-
ground was recorded. These integrated spectral intensi-
ties I(8,) were measured at 2' intervals in the range
—10' to 56' by rotating the sample. The 8, =0 direc-
tion corresponds to [001];8, -45' corresponds to [011].

The XPD data are presented in the traditional "chi"
form: g(8, ) [I(8,) Ip]/Ip. Theoretically, Ip is the
spectral intensity in the absence of diFraction eAects.
Such Io values were generated by measuring core-level
and valence-band XPS intensities from clean polycrystal-
line Ir. These relative polycrystalline Io values match to
within 3% or less the relative Io values obtained by angle
averaging the Ir(001) XPS data, the small discrepancy
being due to the fact that an angle average over —66' is

not sufhcient to completely remove XPD eAects. The
polycrystalline Ir measurements provide the conceptually
correct and slightly more accurate relative Io values need-
ed to compare the g(8, ) curves for different initial states.
All of the XPD data, except for the 4si/2 level [81, em-

ploy Io values in relative agreement with the polycrystal-
line Ir measurements. The reproducibility of our intensi-
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ty data is poorest for the very weak 4s~g level. For this
level the intensity reproducibility was -S%%uo.

Figure 1 compares g(8, ) versus the polar angle 8, for
the 4si/2(l; 0, lf 1), Spy2(i; =1, lf =0,2), 4ds/2(l; =2,
lf =1,3), and 4fy2(i; =3, If =2,4) core levels of Ir(001).
Here l; is the initial-state orbital angular momentum, and

lf is the final-state orbital angular momentum. Peaks at
0' and 45' are due to "zeroth-order" diffraction (i.e.,
forward scattering) along the [001] and [011] directions,
respectively, in the fcc lattice of Ir. The peak at 8, 18
coincides with the [013] direction and may represent for-
ward scattering through atoms along [013]. However,
the peaks at 8, 18' and 32 are likely to have a strong
contribution from first-order diffraction associated with

scattering from atoms along the [001] and [011] direc-
tions. Our discussion will focus entirely on the forward
scattering intensity enhancements at 8, 0' and 8, 45'
that have a clear origin.

Figure 1 shows that the intensity enhancement g(8, )
produced by forward scattering is dependent on the core-
level initial state, and that this dependence is itself a
function of the geometry of the scattering. For emission

along 8, 0', the 4dy2 and 4s~y2 levels show the strong-
est enhancement, followed by the Spy2 and 4f7g2 levels.

For emission along 8, 45, the order of the intensity
enhancement changes significantly. The 4s~y2 level shows

a very strong enhancement, followed in order by the

Sp3i2, 4dy2, and 4f7i2 levels. A striking aspect of Fig. 1

is that the ratio of the enhancement along [011] (8,
=45') to that along [001] (8, =0 ) decreases signifi-
cantly as I; increases.

The Ir 4f7i2 and 4fy2 levels produced identical Z(8, )
curves, as did the 4dy2 and 4dy2 levels. This suggests
that initial states with the same 1;, but small differences
in binding energy, produce the same XPD curves, with no
detectable dependence on the spin-orbit interaction.

Figure 2 indicates that the form of XPD curves for the
zeroth-order scattering along [001] and [011) is very
similar for initial states with the same I;, even with large
differences in binding energy. Both the Z(0') and Z(45')
enhancements are very similar for the 4py2 and 5py2 lev-

els, even though their binding energies differ by 446.6 eV.
Also, the ratio of the enhancement along [011] to that
along [001] is identical for the 4py2 and Spy2 core levels.

One cannot consistently relate the core-level XPD data
in Figs. 1 and 2 to the diff'erent electron kinetic energies
(or the different escape depths) of the core-level photo-
electrons. The Spy2 and 4py2 peaks (both I; 1) show

good agreement for z(0') and z(45') despite the 446.6-
eV kinetic energy difference, while the 4f@2(i; 3) and

Spy2(l; 1) levels show significant differences despite be-
ing separated by only 12.6 eV in kinetic energy. In addi-
tion, the identical curves generated from the 4f and 4d
spin-orbit split components indicate that when two initial
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FIG. 1. Polar-angle XPD from lr(001) for various core lev-
els. Z(8, ) is defined in the text. The angle 8, indicates the po-
lar angle of photoelectron detection. Inset: The relationship
between 8, and Ir atomic positions in the (100) mirror plane.
8, 0 corresponds to the [001] crystallographic direction;
8, 45' corresponds to the [01 ll direction. Graph lines con-
nect experimental data points.
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FIG. 2. Comparison of polar-angle XPD for the Ir Spy and

4py2 core levels. Graph lines connect experimental data points.
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states have the same I;, then identical g(8, ) curves can
result even with small differences in kinetic energy.

Thus, the differences observed in Fig. 1 between the
various initial states with diferent I; and the similarities
observed in Fig. 2 between two different initial states with

the same I;, are most consistently explained as a depen-
dence of XPD on the initial-state orbital angular momen-
turn I;.

No theoretical results exist for XPD from Ir. We can,
however, qualitatively compare our experimental results
with the single-scattering spherical-wave theoretical work
of Friedman and Fadley [2]. Their calculations modeled
the dependence of XPD on I; for a photoemitting Cu
atom located 3.5 A away from a single Cu scatterer.
Their results for the high kinetic energy of 1000 eV can
be summarized as follows [2]: Increasing the initial-state
orbital angular momentum from I; =0 to I; =3 systemati-
cally decreases the amplitude of the forward scattering
intensity g(8, ). An additional more subtle eff'ect of in-

creasing I; is the "filling in" of the first minimum of g(8, )
between the zeroth-order diffraction peak and the first-
order diffraction peak.

Our XPD results are in qualitative agreement with the

theory of Friedman and Fadley in that an /; dependence

is observed. However, the differences observed in Fig. 1

for the [001] [g(0')] and [011] [g(45')] directions show

that the ordering of the enhancements for the different 1;

depends on the scattering geometry —an aspect that has

not been examined theoretically. There is evidence in

Fig. 1 for the filling-in phenomenon predicted theoretical-

ly in the valleys between the zeroth-order and first-order

diff'raction features.
The I; dependence in Fig. 1 may be due in part to an I;

dependence of the multiple-scattering "defocusing" that
is known to occur [9] for electron propagation along
chains of atoms. This could explain why the differences
in the g(8, ) are greater for the high atomic density [011]
direction than for the less dense [001] direction.

It is natural to speculate that Ir valence-band initial
states retain a sufficiently well-defined orbital angular
momentum character to display XPD effects analogous to
XPD from core levels with the same I;. Figure 3(a)
displays a normal emission (8, 0') valence-band XPS
spectrum for Ir(001). The dashed line represents the
Shirley inelastic background estimated for this spectrum.
We divide the valence-band spectrum into two regions.
Region 1 covers the binding energy region 14.0 to 5.5 eV.
From band structure calculations [10] one expects the
spectral intensity in region 1 to have —90% 6s character,
—10% 6p character, and virtually zero 5d character. Re-
gion 2 covers the binding energy range 4.25 to —2.0 eV.
Band theory [10] and cross-section considerations [11]in-

dicate that the spectral intensity of region 2 should be al-

most entirely 51 in character. The integrated spectral in-

tensities above the inelastic background in these two re-

gions were measured as a function of the polar angle 0, in
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FIG. 3. (a) Valence-band XPS spectrum from Ir(001). Re-
gion 1 covers 14.0 to 5.5 eV binding energy. Region 2 covers
4.5 to —2 eV binding energy. The Fermi level is 0.0 eV bind-
ing energy. (b) Comparison of polar-angle XPD for the valence
regions 1 and 2. Graph lines connect experimental data points.

the same manner as the core-level measurements of Figs.
I and 2. The results are shown in Fig. 3(b).

Both regions 1 and 2 show strong diffraction effects.
This is not too surprising, since energy-integrated va-
lence-band XPD has been observed in Au [12], Al [13],
and W [I]. However, regions I and 2 display g(8, )
curves quite different from each other, yet very similar to
XPD from core levels of the same I;. Region I (6s char-
acter with a small contribution from 6p states) shows

g(0 ) and g(45') enhancements in good agreement with
the 4sig2 core-level XPD data of Fig. 1, particularly with

regard to the amplitude and angular width of the XPD
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enhancement. Region 2 (Sd character) shows a strong
g(0') and a weak g(45') in qualitative agreement with
the 4ds/2 core-level XPD data. The similarity between
the XPD data from a core level of given l; and the XPD
data from a valence-band region with the same l; strongly
suggests that the angle-dependent XPD from a valence
band state in Ir can to a large extent be determined by
that state's orbital angular momentum 1;.

One might suspect that some of the intensity variations
in Fig. 3 could be due to direct photoelectric transitions.
Ir has a rather large Debye-Wailer factor of 0.60, sug-
gesting that direct (wave-vector-conserving) transitions
could comprise 60% of the valence XPS intensity [14].
However, XPS work on tungsten (with a Debye-Wailer
factor of 0.55) indicates that "pure" direct transitions
contribute only -25% of the total valence-band XPS in-

tensity, with the remaining 75% attributable to nondirect
(wave-vector-integrating) transitions [15]. It should be
noted that energy integrat-ed W valence-band XPD
differs from W 4f core-level data by only —10% [1],sug-

gesting that direct transitions play a minority role in

determining energy-integrated valence-band XPS intensi-

ty variations with 8,.
The same situation is likely true for Ir. Indeed, high

energy resolution and high angular resolution XPS stud-
ies of the Ir valence band [16] indicate a much smaller
direct transition component than that suggested by the
Debye-Wailer factor. The overall correlation at 8, 0
and 45' between region 1 and the 4s~y2 core level, and re-
gion 2 and the 4ds/2 core level suggests that l;-dependent
XPD is a major contributor to relative angle-resolved
XPS intensity variations within the valence band of Ir.

In summary, XPD from Ir core levels and valence-band
states show a substantial dependence on the orbital angu-
lar momentum of the initial state l;. This dependence is
found to be particularly strong along the high atomic
density [011] direction. Future XPD experiment and
theory, both for Ir along different directions and for
different elements, will reveal the generality of the ob-
served phenomena.
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Note added. —Additional valence-band XPD work on
W has been recently reported by Herman et al. [17].
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