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A method for measuring the asymmetry parameter y arising from dipole-quadrupole interference in
core-level photoemission is proposed which is based on condensed thin films and exploits the influence of
this asymmetry in photoemission monitoring of x-ray standing wave field absorption. The high density of
material in this method offers some advantages over a conventional gas-phase measurement. Results are
presented for C, O, and F 1s photoemission at photon energies around 3 keV. The combined nondipole
asymmetry factor (6 + vy/3) for non-s-states can be determined in a similar way.

PACS numbers. 32.80.Fb, 61.10.—i, 68.35.Bs

The dipole approximation has been widely used to
interpret photoemission from atoms, molecules, and solids
for many years and was commonly regarded as being ap-
propriate except for x-ray excitation with photon energies
greater than 10—20 keV. However, recent theoretical [1]
and experimental data [2,3] for photoemission from inert
gas atoms have shown that both quadrupole and magnetic
dipole effects can substantialy influence the angular
dependence of such photoemission at much lower photon
energies, and in some cases very close to threshold.
We have shown [4] that this effect can be important
for at least one application of photoemission in surface
science, that of photoemission detection in x-ray standing
wave (XSW) determinations of surface structure. Proper
interpretation of these experiments requires a knowledge
of the nondipole asymmetry parameters, and the materials
of interest cover the whole periodic table, including many
atoms, such as C, N, O, which are well removed from
the inert gases, the only systems for which published data
(experimental or theoretical) currently exist.

We have therefore devised a new method to measure
these parameters which exploit the sensitivity of the stand-
ing wave experiment to this effect. This method is rather
straightforward, exploiting samples that are in the form of
condensed matter and thus have a density many orders of
magnitude (typically 10'° times) larger than the gas phase
traditionally used for such measurements. Specifically,
we use deposited films, containing the element of interest,
which are structurally incoherent with the underlying
crystalline substrate in which the x-ray standing waves
are established. Here, we illustrate our approach with the
results of measurements of quadrupolar asymmetry pa
rameters for photoemission from the C, O, and F 1s states
(nominal binding energies 284, 543, and 697 €V) at photon
energies around 3 keV. While our results are al for emis-
sion from s states, a minor modification of our method
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is applicable to initial states of higher orbital angular
momentum.

Electric quadrupolar and magnetic dipole contributions
to photoemission from an atomic core level interfere with
the electric dipole component, introducing an asymme-
try for emission at an angle 6 to the photon polarization
vector A depending on whether the emission direction has
apositive of negative component relative to the direction of
travel of the incident photon, i.e., whether electron emis-
sion is “forwards’ or “backwards’ relative to the photon
propagation direction. The resulting angular derivative of
thetotal cross section, do/d(), can be parametrized in the
form [1]

do/dQ = (o/4m)[1 + (B/2)(3cos’d — 1)
+ (8 + ycos’@)sing cose], (1)

where 8 isthe usual dipolar asymmetry parameter, 6 and
v are the additional asymmetry factors associated with
eectric dipole-quadrupole and electric-magnetic dipole
interference, and ¢ is the angle between the photon
propagation direction and the projection of the electron
wave vector in the plane perpendicular to A. The factor
cosg isthus +1 or —1 for forward or backward emission,
respectively. Figure 1 shows this angular distribution for
thecaseof B = 2,6 = 0,and y = 1, close to the values
in our measurements (see below); aso shown (dashed
line) for comparison is the pure dipole case (6 = 0 and
v = 0) with no forward/backward asymmetry.

In the x-ray standing wave technique [5—7] for surface
structure determination, an x-ray Bragg reflection condi-
tion is established in the crystal sample, and the inter-
ference of the incident and scattered x rays produces a
standing wave field with a periodicity equal to that of the
scatterer planes. By scanning through the Bragg condi-
tion in x-ray wavelength, the phase of this standing wave
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incident X-rays

FIG. 1. Polar diagrams showing the influence of quadrupolar
asymmetry in photoemission in measurements of the signal in-
duced by the incident and Bragg-reflected x rays in a norma
incidence XSW experiment. The curves plotted as full lines
correspond to asymmetry parameter values of 8 =2, § = 0,
and y = 1, similar to the cases measured here. The dashed
line shows the situation when the dipole approximation is valid
(6 = 0 and y = 0). For the reflected x rays, an arbitrary value
for the reflectivity of 0.9 has been used. The figure aso illus-
trates the experimental geometry for the (111) reflection with
the surface aligned along the abscissa facing upwards, and the
photoemission signal collected along the direction marked e~ .

field shifts in a systematic fashion, and the x-ray absorp-
tion profile of an adsorbed atom on the surface is charac-
teristic of its layer spacing relative to the scatterer planes.
For low atomic number adsorbates, or in cases in which
chemical-state resolution is required, photoemission from
the adsorbed atom is the preferred method of monitoring
the x-ray absorption. An electron energy analyzer placed

(1+0) [1+(B/2)(3cos0

outside the crystal surface is typically in a geometry such
that the photoemission from the incident x rays are mea-
sured in a backwards direction; whereas that from the
reflected x rays is measured in the forwards direction (see
Fig. 1). If there is a forward/backward asymmetry in the
photoemission, the detected photoemission signal does not
then monitor the true x-ray standing wave absorption. If
the atomic asymmetry factors are known, however, we
have shown that the true absorption profile can be extracted
[4]. Alternatively, if the true structureis known, or if atrue
x-ray absorption profile can be measured (e.g., by moni-
toring the intensity of an Auger electron emission signal),
then the photoemission XSW profile can be used to deter-
mine the asymmetry parameters.

Although this general approach offers a route to mea-
surement of the nondipole asymmetry factors, situationsin
which photoemission monitoring of x-ray absorption pro-
filesispreferred are generally those in which no suitable al-
ternative method of monitoring is available. Detailed prior
knowledge of the relevant surface structural parametersis
also commonly not possible. A solution is to exploit the
case in which the x-ray absorbing atoms are in a structure
which is sufficiently disordered that there is no coherence
in the atomic positions relative to the substrate scatterer
periodicity. In this case, the relevant (trivial) structural pa-
rameters are known, and the extraction of the nondipole
asymmetry parameters is especially straightforward.

Our XSW experiments use normal incidence to the scat-
terer planes, a geometry which greatly lowers the demands
of crystalline perfection and allows standard metal single
crystals to be used [7,8]; this geometry also ensures that
the A vectors of the incident and reflected x rays are co-
incident, and that the incident and reflected photon propa-
gation directions are collinear (but opposite). We define
a forward/backward asymmetry parameter for our experi-
ment, O, such that the ratio of the photoemission signal
detected in the forward direction to that detected in the

(1-0) [1+(8/2)3cosk6

backward direction is (1 + Q)/(1 — Q). Reative to
Eg. (1), we then have
- 1)+ (6 + S*6) sind

) + (8 + ycos'd)sind] @

— 1) — (6 + ycos*0)sing]’

For the specific problem addressed here of emission from |
ls states, 8 =2 and 6 = 0 [1], so

(1+0) _[3+ ysind]
(1-90) [3-ysing]l’

and thus Q = vy sing/3. In our experiments, the angle 6
between the detector and the x-ray A vector was 50°, so
0 = 0.26y.

For the specia case in which interference of the inci-
dent and reflected x-ray beams is not detected because the
absorbing atoms are incoherent relative to the substrate pe-
riodicity in which the standing wave is established (as in

the case of a disordered film), one obtains the following
for the detected angle-resolved photoemission signal:

do/dQ «[1 + R(1 + 0)/(1 = 0)],

and the photoemission absorption profile has the same
shape as the x-ray reflectivity R but is enhanced in modu-
lation amplitude for the usual case of apositive value of Q.

If we are able to grow incoherent overlayers containing
the element of interest on a crystalline substrate, a com-
parison of the intensity variation of the photoemission and
the reflectivity as one scans through the Bragg condition
provides a direct measure of Q, and, for photoemission
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from a 1s core level, a direct measure of y. Idedly, this
involves growing an amorphousfilm on the crystalline sub-
strate, but in reality the requirements are much less strin-
gent than this. Even if the film is crystalline, providing
that the interlayer spacing of the film is different from that
of the substrate in the same direction, the signal from sev-
eral layers will add to produce a signa which is largely
incoherent providing the sampling depth is sufficient (are-
quirement favored by photoel ectron kinetic energies above
about 1 keV, asin the present case). The simplest normal-
incidence X SW experiment involves Bragg scattering from
the scatterer planes parallel to the surface, but ordering in
afilm grown on this surface will be most pronounced per-
pendicular to the surface; the effects of this layering can
be overcome by using a different Bragg condition which
exploits scatterer planes inclined to the surface. Indeed, a
comparison of data obtained from scatterer planes paral-
lel to, and inclined to, the surface provides a convenient
additional means of checking the degree of structural co-
herence of the deposited film.

In order to illustrate the utility of this approach, and to
obtain asymmetry parameters relevant to the interpretation
of our XSW surface structural studies, we have measured
the quadrupole-dipole interference asymmetry parameter,
v, for the 1s photoemission from O and F at the photon
energy of 2975 eV corresponding to the normal-incidence
(111) Bragg condition of Cu, together with a similar mea-
surement for C 1s at the energy of 3046 €V corresponding
to the same condition for Ni. The experiments were con-
ducted using Cu(111) and Ni(111) substrates with incident
(synchrotron radiation) x rays from the Daresbury SRS and
Grenoble ESRF sources, respectively. The samples, ini-
tially prepared by x-ray Laue alignment, spark machining,
and mechanical polishing, were mounted in conventional
ultrahigh vacuum surface science end-stations and cleaned
in situ by the usual combination of argon ion bombardment
and annealing cycles. Surface cleannessand order were es-
tablished by Auger electron spectroscopy and low energy
electron diffraction, although we note that for the present
purpose some degree of disorder of the surface may be a
positive advantage. More important is the good crystalline
order in the subsurface region of the substrate, and thiswas
checked by measuring substrate XSW absorption profiles
from the clean surfaces. For the O 1s measurements, mul-
tilayer films of water (H,O) were grown onto the Cu(111)
surface cooled to approximately 140 K, while similar films
of perfluorohexane (Cg¢F14) and benzene (CgHg) were used
for the F 15 and C 1s measurements, respectively. XSW
profiles were recorded using normal incidence to the (111)
planes parallel to the surface, and to the (111) planes in-
clined at 70.5° to the surface.

The general methodology for the analysis of the datawas
the same as that developed for our XSW surface structural
studies [7]. In particular, the nonstructura fitting parame-
ters for the XSW data, the exact photon energy calibra-
tion, and the energy resolution, were obtained by fitting
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XSW obtained from the substrate, in the present case com-
prising both reflectivity measurements using photodiodes
at x-ray incidence approximately 1° off normal and sub-
strate absorption profiles measured from the intensity of
the substrate LMM Auger electron emission. The adsor-
bate 1s photoemission signals were then fitted using the
full form of the XSW equation (including Q) [9] to check
that the coherent fractions needed really were closeto zero.
Examples of these data sets, for H,O and Cg¢Fy4 overlay-
ers on Cu(111), are shown in Fig. 2. Notice that the O
and F 1s intensity variations through the XSW region mir-
ror the shape of the reflectivity measurement, but show a
much stronger modulation. These can be fitted by values
of Q of 0.27 = 0.01 and 0.25 = 0.01, for O and F, respec-
tively, corresponding to values for y of 1.04 = 0.04 and
0.96 = 0.04. The corresponding value of y for C 1s was
0.92 = 0.08. These values were consistent for both the
(111) and (111) XSW measurements confirming the inco-
herence of the films; further confirmation for the CsF4
film comes from the F KLL Auger data which do not
show backward/forward asymmetry [see Fig. 2(c)]. The
published theoretical value for 1s photoemission from Ne,
adjacent to F in the period table, at this photon energy is
0.95 [1], essentialy identical to our measured value for F.
Very recent (unpublished [10]) calculations for O and F
1s a a photon energy of 3 keV gave values of 1.03 and
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FIG. 2. Results of experiments to determine the quadrupolar
asymmetry parameter for O 1s and F 1s at a photon energy of
2975 eV. In (a) are shown the x-ray reflectivity and Cu absorp-
tion profile (measured by the Cu LMM Auger electron yield)
as the photon energy is scanned through the normal incidence
(111) Bragg reflection condition. In (b) and (c) arethe O 1s and
F 1s photoemission intensities measured in the same range from
incoherent overlayers. The lines are fits to the data as described
in the text. (c) aso shows the F KLL-monitored absorption
profile which reproduces the reflectivity profile of (a).
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1.05, the first of these, in particular, being an excellent
agreement with our measured value.

While our primary motivation in conducting these
experiments is to aid interpretation of our XSW sur-
face structural studies, this approach to determining the
quadrupole-dipole interference asymmetry parameter
does offer some advantages over conventional gas phase
measurements. In particular, the density of the sample
(a multilayer solid film) is many (typically 10) orders
of magnitude larger than in the gas phase, so the data
collection times can be expected to be very much shorter.
Of course, thisis an advantage of any solid-state measure-
ment, but usually the importance of elastic scattering of
photoel ectrons by atoms surrounding the emitter precludes
the use of a solid sample for measurements of intrinsic
angular effects in photoemission. In the present case, we
exploit a technique which measures only the difference in
the angular distribution of photons traveling in opposite
directions; this measurement is almost totally unaffected
by strong scattering, because its effect is identical for
the photoemission derived from both the incident and
reflected x-ray beams.

Of course, there are limitations to our approach. Here,
we have used an experimental geometry of § = 50° for
which the direct measurement of the quadrupole-derived
asymmetry parameter, vy, is possible only when g8 and
& are known, as in the case of an initial s state. How-
ever, if one sets A to the “magic angle’ of 54.7°, then
(3cos’d — 1) = 0 and Eq. (2) becomes independent of
B, leading to O = 0.816(6 + y/3); one can thus mea
sure directly, for states of any orbital angular momentum,
the combined nondipole parameter (§ + y/3), which has
been recently measured for emission from the Ne 2p state
in a gas-phase study [11]. In the measurements we have
made, which exploit the experimental simplification pro-
vided by normal incidence to the Bragg scatterer planes,
the measurement energy is restricted to the specific value
for this Bragg condition. Even including normal incidence
Bragg conditions from other scatterer planes in the same
substrate [e.g., (200) in the present case], only a few dis-
crete energies are accessed. One way to overcome this
limitation is to use severa different substrates with dif-
ferent interplanar spacings. A more versatile solution is
to move away from the normal incidence condition. This
typically requires the use of more perfect crystals, but one
could envisage using a silicon substrate crystal and then
making measurements over a wide range of angles. The
basic integrity of the method, and, in particular, its in-
sensitivity to dipolar angular effects, is retained as long
as one conducts the experiments in ¢ polarization [12].
Finally, we note that in our approach we specifically ignore
any molecular or solid-state effects on the parameter vy,
with so few experimental measurements of any kind, this
seems a reasonable initial stance, and indeed this seems to

be supported by the good agreement between our results
and those of recent calculations for free atoms. Ultimately,
such effects may prove of interest, and in this case one may
also wish to exploit the ability of a surface to produce pre-
ferred orientations of the molecular species in a way not
possible in smple gas-phase measurements.

In conclusion, we have demonstrated that we can ex-
ploit the sensitivity of photoemission monitoring of x-ray
standing waves in crystalline solids to measure in a rather
simple way the quadrupol e-dipol e interference asymmetry
factor for photoemission from core levels of s symmetry.
The fact that the sasmpleisin the form of a condensed film
provides a very large advantage in cross section relative to
conventional gas-phase measurements. The method can be
used for almost any element, and, while our own studies
were conducted at single photon energies, extension of the
approach to a wider range of energies is possible. Spe-
cific values for C, O, and P 1s photoemission have been
measured. Devel opments of this approach to cover awider
energy range, to study non-s-states and ultimately to study
oriented molecular species, appear viable.

The authors are pleased to acknowledge the support of
the EPSRC in the form of aresearch grant, and the awards
of beamtime at the SRS and ESRF synchrotron radiation
facilities.

[1] J.W. Cooper, Phys. Rev. A 47, 1841 (1993).

[2] B. Krassig, M. Jung, D.S. Gemmell, E.P. Kanter, T.
LeBrun, S.H. Southworth, and L. Young, Phys. Rev. Lett.
75, 4736 (1995).

[3] M. Jung, B. Krassig, D.S. Gemmell, E.P. Kanter, T.
LeBrun, S.H. Southworth, and L. Young, Phys. Rev. A
54, 2127 (1996).

[4] C.J. Fisher, R. Ithin, R.G. Jones, G.J. Jackson, D.P.
Woodruff, and B.C.C. Cowie, J. Phys. Condens. Matter
10, L623 (1998).

[5] B.W. Batterman and H. Cole, Rev. Mod. Phys. 36, 681
(1964).

[6] J. Zegenhagen, Surf. Sci. Rep. 18, 199 (1993).

[7] D.P. Woodruff, Prog. Surf. Sci. 57, 1 (1998).

[8] D.P. Woodruff, D.L. Seymour, C.F. McConville, C.E.
Riley, M. D. Crapper, N.P. Prince, and R. G. Jones, Phys.
Rev. Lett. 58, 1460 (1987); Surf. Sci. 195, 237 (1988).

[9] An automated fitting program written as a macro in
IGOR-PRO produced by R.G. Jones was used, and copies
can be obtained from Robert.G.Jones@Nottingham.ac.uk.

[10] V.I. Nefedov and V. G. Yarzhemsky (private communica-
tion).

[11] O. Hemmers, G. Fisher, P. Glans, D.L. Hansen, S.B.
Whitfield, R. Wehlitz, J.C. Levin, I.A. Sdlin, R.C.C.
Perera, E.W.B. Dias, H.S. Chakraborty, P.C. Deshmukh,
S.T. Manson, and D.W. Lindle, J. Phys. B 30, L727 (1997).

[12] L.E. Berman and M. J. Bedzyk, Phys. Rev. Lett. 63, 1172
(1989).

2349



