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Spin-polarized photoelectron difFraction using circularly polarized x rays
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The observation of spin-dependent photoelectron diffraction using circularly polarized x rays is re-

ported for Fe films on Cu(001). Circularly polarized x rays produce spin-polarized photoelectrons from
the Fe 2p doublet, and intensity asymmetries in the 2p3/2 level are observed. Fully spin-specific
multiple-scattering calculations reproduce the experimentally determined energy and angular depen-
dences. An analytical procedure is introduced which removes exchange shift contributions to the Fe 2p

asymmetry, and focuses instead upon intensity variations due to spin-dependent diffraction.

Ascertaining the nanoscale structure-property relation-

ships of a magnetic surface, ultrathin film, or interface
remains a formidable but potentially extraordinarily re-

warding task. For example, as studies of giant magne-
toresistive' and spin valve~ systems have progressed, it
has become clear that spin-specific interfacial scattering
is a critical but poorly understood event. To properly ad-

dress such problems, a probe which combines elemental

specificity with a sensitivity to local order, both
geometric and magnetic, is essential. Spin-polarized pho-
toelectron difFraction (SPPD} is potentially an ideal can-

didate for studying nanoscale magnetic systems, with the
above attributes plus the promise of an ultimate extension

to element- and spin-specific imaging. However, while

the potential for SPPD is very high, particularly with the
advent of third generation synchrotron-radiation facili-

ties such as the Advanced Light Source, until now a
definitive demonstration has been lacking. This is pri-

marily because of the relatively inefficient nature of spin

detectors and the relatively weak nature of magnetic

scattering effects. Here we present a prototype study us-

ing magnetic x-ray circular dichroism, to permit a direct
and unambiguous control of electron polarization
without the necessity of the low-eSciency spin detectors.
This is coupled with a fully spin-specific, multiple-

scattering computational analysis. While we remained

hampered by the limitations of existing sources of circu-

larly polarized x rays and hence are constrained in terms
of signal to noise, this is a definitive demonstration of
SPPD and consequently permits us to project, via our
spin-specific, multiple-scattering analysis, the direction of
future work at third generation sources.

To provide a stringent test of SPPD, we chose to study
Fe/Cu(001). This model system exhibits the perpendicu-
lar magnetization that may be used in higher density
magnetic recording media. Additionally, FeiCu(001) has
been highly studied and the subject of considerable in-
terest: ' in fact, we reproduced the forward focusing
photoelectron diffraction (PD) results of Chambers,
Wagener, and Weaver as an in situ cross check of align-
ment. Fe/Cu(001) at low temperatures and low cover-
ages is an irregular fcc structure, thus exhibiting the tem-
plate efFects so crucial to manipulation of ultrathin prop-

erties plus providing a classical test of the sensitivity of
photoelectron difFraction to local order.

In some respects, this SPPD investigation is an in-

dependent verification and extension of the pioneering
studies of Schiitz et a/. ,

" who used spin-polarized ex-
tended x-ray absorption fine structure (EXAFS) to probe
bulk magnetic systems. Consistent with nonspin PD and
EXAFS studies, the SPPD shows a larger efFect: the
SPPD oscillations are on the order of 2%, while the Gd
metal SPEXAFS oscillations are &

—,'%%uo. Additionally,

SPPD has the advantage of both energy and angular vari-
ations, which is essential to the extension to photoelec-
tron diffraction imaging. Both this work and the
ground-breaking studies of Schiitz et al." are predicated
upon control of spin polarization of ejected electrons via
excitation with circularly polarized x rays. In a simplistic
picture, 2p photoemission total cross sections from fer-

romagnetic materials will exhibit a polarized distribution
of 62.5%%uo (37.5%%uo) minority spin electrons from the 2p3&z

and 25% (75%) minority spin electrons from the 2p»2,
when excited with right (left) circularly polarized radia-
tion that is collinear with the magnetic axis of the sam-

ple. These adjustably spin-polarized electrons can then
scatter off of nearby neighbors, producing a sensitivity to
both local geometric and magnetic ordering. (Although
we have chosen to use a ferromagnetic system as a test
case, these same selection rules will apply in general, e.g.,
to paramagnetic and antiferromagnetic ordering, and the
multiple-scattering analysis should be sensitive to
differences in the local order of each structure. } To avoid
extraneous effects and to allow internal cross checking of
data, measurements were performed only in mirror

planes, where only the relative alignment of the photon
helicity and magnetization is crucial. Thus reversing the
absolute value of these quantities, while maintaining the
same relative spin orientation, serves as a convenient but
absolutely essential consistency test to determine if the
observed asymmetry is due to spin-dependent diffraction.
It is the absence of such polarization control or electron-

spin detection, plus the ill-de6ned nature of the intrinsic
3s polarization, that has hampered previous attempts at
SPPD using the 3s level of 3d transition metals. '

In this paper, we present experimenta1 results for Fe
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films on Cu(001) which demonstrate the spin-dependent
photoelectron diffraction using circularly polarized x
rays. Results for scattering along two high-symmetry
directions demonstrate strong angular effects in the spin-
dependent scattering, and we make an observation of
spin-specific, energy-dependent photoelectron diffraction.
Comparison of experimental results with fully spin-
polarized multiple-scattering calculations demonstrates
good agreement. This is a comparison between experi-
ment and theory for spin-dependent scanned-energy pho-
toelectron diffraction. To facilitate comparison, we intro-
duce an analytical approach to dichroism asymmetry
which removes the peak shift due to the exchange in-

teraction in order to isolate the spin-dependent intensity
variations due to diffraction. From this, we have ob-
tained a detailed and unambiguous structural determina-
tion using SPPD. Finally, calculations with internally
spin-polarized photoelectrons combined with external
spin detection suggest that this will be a powerful tech-
nique for studying magnetic materials in the future.

The experiments were performed at the Stanford Syn-
chrotron Radiation Laboratory using a spherical grating
monochromator capable of delivering -90% circularly
polarized radiation. ' Four monolayer (ML) Fe films

were grown on a Cu(001) substrate held at —150 K. This
results in relatively poorly ordered metastable fcc Fe
overlayers as evidenced by the diffuse p (1 X 1) low-energy
electron-diffraction (LEED) pattern observed for these
films. These films have a magnetic easy axis along the
sample normal, ' and were magnetized in situ with an

electromagnet coil. A11 measurements were made in
remanence. The Fe 2p spectra were collected with an
angle-resolving hemispherical analyzer with angular ac-
ceptance of k3'. The magnetic axis dictated that the
photoelectron polarization is maximized for photons in-

cident along the sample normal. The analyzer position
was adjusted to the desired electron emission angle.
When the scattering plane contained the sample normal
and the (110) azimuth, the electron emission was along
the [111]direction. For the (100) azimuth, the electron
emission was along the [110]direction. In all situations,
the scattering plane coincided with the orbital plane of
the storage ring, i.e., the horizontal plane. Photon ener-

gies between 800 and 860 eV were used to give Fe 2p3&2

kinetic energies of 90—150 eV. Angular alignment was
determined using LEED and laser reflection.

Typical Fe 2p spectra for emission along the [110]
direction [Fig. 1(a)] and [111]direction [Fig. 1(b)] are
shown in Fig. 1. These spectra were collected with pho-
ton energy hv=835 eV resulting in an electron kinetic
energy of —125 eV at the Fe 2p3/z peak. It is important
to note that the spectral differences discussed below were
dependent only on the relative orientations of photon and
minority electron spin and not on any absolute orienta-
tion for either quantity. In both sets of spectra the ap-
parent spin-orbit splitting is reduced for the antiparallel
orientation of photon and minority electron spin. This
has been observed previously for these films' as well as
for Fe(001}(Ref. 17}and is due to the magnetic exchange
interaction which shifts the primarily majority-spin pho-
toelectrons in the 2p3/2 peak to higher binding energy

and the primarily minority-spin 2p&&2 photoelectrons to
lower binding energy. Venus et al. ' also reported angu-
lar variations in the Fe 2p dichroic asymmetry in angle-
resolved photoemission, and attributed this to crystalline
symmetry in the photoelectron state. These previous
works focused on the dichroic asymmetry arising primari-
ly from the magnetic exchange interaction. We are in-
terested instead in isolating spin-dependent diffraction
effects and therefore concentrate on the Fe 2p peak inten
sity differences which depend only on the spin polariza-
tion of the photoelectrons. Along the [111]direction
[Fig. 1(b)], our data demonstrate this spin-dependent in-
tensity difference. It is observed primarily at the 2p3/2
peak for the two electron- and photon-spin orientations.
This is indicative of spin-dependent photoelectron
diffraction along this direction. Much smaller intensity
asymmetry is observed along the [110] direction [Fig.
l(a)]. No intensity asymmetry is observed for an unmag-
netized film.

To focus on spin-dependent diffraction effects, it is
necessary to separate exchange energy shift effects and in-
tensity variations in the spin-orbit split 2p doublet. To
remove shifting effects, we individually align the cen-
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FIG. 1. Fe 2p spectra for 4-ML Fe/Cu(001) along the [110]

direction (a) and [111]direction (b) for parallel (solid curves)
and antiparallel (dashed curves) photon and minority electron-
spin orientation. The energy shifts are due to the magnetic ex-
change interaction of the spin-polarized photoelectrons. Note
the intensity variations in the 2p3/2 peak for the [111]direction
and its absence along [110]. (c) A demonstration of how the
peaks are shifted to remove exchange shift effects from the com-
parison of intensities. (d) Intensity asymmetry derived from the
spectra in (b). The 2p3/2 peak asymmetry is -S%%uo. The data in
the pre-peak region (binding energy & 705 eV) was smoothed to
reduce noise in the difference spectra in this region.
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troids of both peaks. This is accomplished by shifting the

2p3&2 peak for the antiparallel orientation to lower bind-
ing energy and the antiparallel 2p &&2 peak to higher bind-

ing energy after separating the features in the region be-
tween the two peaks. This operation for the [111]direc-
tion is displayed in Figs. 1(b) and 1(c). Here, Fig. 1(b) is
the raw data and Fig. 1(c) shows the energy shifts for the
antiparallel data (the spectra are offset for clearer presen-
tation). We note that the spectra are normalized to the
low- and high-binding energy backgrounds to extract in-
tensity differences in the 2p photoemission peaks. Be-
cause each peak is spin polarized due to excitation by cir-
cularly polarized x rays, comparing the integrated inten-
sities of peaks collected with parallel and antiparallel
photon and electron-spin orientations isolates the spin-
dependent diffraction effects.

To determine the intensity asymmetry in the data, we

take the difference and divide by the sum of the two spec-
tra on a channel by channel basis. We thereby obtain a
spin-dependent intensity asymmetry (SIA) at each bind-

ing energy. This result is shown in Fig. 1(d) where the
asymmetry varies from —2 to 5%. This normalization
scheme effectively equates the intensity of the 2p»2
features for the two spin orientations and places all the
intensity asymmetry in the 2ps/2 peak. The equalization
of the 2p&&2 features is due in part to the larger back-
ground and the Coster-Kronig broadening of this
feature. ' Along the [111]direction a peak asymmetry is
consistently observed for the entire photon range exam-
ined. The peak asymmetries varied from -2% to as high
as -6%. The observed intensity asymmetry is in marked
contrast with the fairly isotropic intensity differences that
are expected due to mixing of m states with 2p3/2 and

2pi/2 character. ' The agreement between our experi-
mental measurements and results of spin-dependent pho-
toelectron difFraction calculations (which will be present-
ed below for both angular and energy dependences of the
intensity asymmetry) conclusively demonstrates that the
observed intensity asymmetries derive primarily from
spin-dependent diffraction.

The theoretical calculation of spin-polarized, multiple-
scattering photoemission combines conventional photo-
emission and spin-polarized low-energy electron-
diffraction methods. For calculation of the excitation
matrix element, (@zlH'l4z), the nonrelativistic ap-
proximation is incorporated and the dipole approxima-
tion for the interaction Hamiltonian is used. For this
study, the Dirac matrix, a, is replaced by Pauli matrices,
o. The selection rules for excitation by circularly polar-
ized light restrict excitations to hm, =+1 for right-
circular polarization and hm. = —1 for left-circular po-
larization. The Fe 2p core-level is split into two sublevels
due to the spin-orbit interaction, and transitions from the
sublevels are governed by these selection rules.

After excitation, the internally polarized photoelec-
trons are multiply scattered inside the crystal in a way
similar to spin-polarized LEED electrons. The single-site
scattering matrix t"„". is calculated using the Dirac equa-
tion ' with spin-polarized potentials generated by a self-
consistent linear augmented-plane wave band calcula-
tion. This scattering matrix is converted to the (lms)

where, for example, I3/2 is the parallel intensity integrat-

ed over the 2p3&2 manifold. In Fig. 2, we show the calcu-
lated asymmetry (solid curve) along the [111]direction
for a model with fcc Fe spacings (d,2=1.8 A, d2s=1. 8

A) (Ref. 14) as a function of photon energy compared to
the asymmetry extracted from the experimental data. In
order to obtain an integrated SIA from our experimental

data, the SIA curves [like that shown in Fig. 1(d)] are in-

tegrated over a 10-eV window centered at the 2p3/2 peak.
The integrated SIA gives a good agreement with the cal-
culations and even reproduces the sign change in the
asymmetry -h v=840 eV. Extending the integration
limits will lower the asymmetry curve, but the choice of
limits is not completely unrestricted due to the mixing of
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FIG. 2. Calculated (solid curve: d» =d» =1.8 A, rp 0 19;
dashed curve: d»=1.9 A, d»=1.7 A, r~=0. 17}and measured

intensity asymmetries along the [111]direction as a function of
photon energy. The oscillatory behavior in the curves is due to
spin-dependent photoelectron diffraction. Representative error
bars are included with the experimental data, shown as discrete
values (triangles}. See text for details.

representation and used to construct layer de'raction ma-
trices M~ .

After that, the calculation proceeds as in a convention-
al photoemission calculation except that the dimension
of the layer diffraction matrices is doubled to include
spin-dependent scattering and spin-Hip effects. Note
that both spin-orbit coupling and exchange effects are ac-
counted for since off-diagonal matrix elements are non-
vanishing. In the calculation, the inner potential is set to
10 eV, and inelastic scattering is simulated by an imagi-
nary potential of 4.5 eV. Since the electron kinetic ener-

gy is relatively low, only terms up to 1=4 are used for
most calculations, but convergence is checked using
terms us to 1 =6 with insignificant difFerences found.

Because the calculated spin-dependent intensities are
for an entire 2p»z or 2p»z manifold, the best compar-
ison with experiment uses an integrated spin-dependent
intensity asymmetry (or integrated SIA) defined as fol-
lows:

Integrated SIA(h v)

[Ii/i(h v)/I i/2(h v) —I i/i(h v)/I t/i(h v)]

[I3/i(hv)/I t/2(h v)+I3/Q(h v)/I t/2(hv)]
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states with 2p3/2 and 2p, &2 character. However, the
qualitative trends are all reproduced independent of the
integration range and background parameters. The ener-

gy oscillations due to spin-dependent photoelectron
diffraction are fundamental and are present even in the
peak height intensities. Furthermore, variations of the
structural parameters by +0.2 A destroys the agreement
between the measurements and simulations. In fact, we
have performed a detailed structural determination by
varying the spatial parameters in the model and perform-
ing a quantitative r factor analysis of calculated and mea-
sured values. Our best fit occurs for d|2=1.9 A and

0

dz3 =1.7 A (dashed curve), with a Pendry r factor (r~ ) of
0.17, which is 9% better than the unrelaxed structure, a
measurable difference. This is consistent with our previ-
ous determination' but exceeds those earlier results with
a clear improvement in sensitivity to the small surface re-
laxations. Thus, the agreement between theory and ex-
periment indicates that the intensity asymmetry arises
from spin-dependent diffraction.

Next, we return to the angular dependences in the SIA.
Figure 3(a) shows the results of calculations for scattering
of 125-eV kinetic energy electrons (i.e., hv=835 eV)
along the (110) azimuth as a function of electron polar
emission angle from the sample normal. The arrow indi-
cates the angle for the [111]direction studied experimen-
tally. At this angle an integrated SIA of 1.02% is calcu-
lated. Note also that the calculated SIA displays sharp
angular dependence along this azimuth. This is also evi-
dent in Fig. 3(b) where identical calculations for the (100)
azimuth are presented. Here the SIA varies between
—1.83—3.26% as a function of electron emission angle
and is 0.27% for emission along the [110]direction. This
value is about four times lower than that for emission
along the [111]direction and is again consistent with the
qualitative trends in the experimental data. It is impor-
tant to note that identical calculations omitting fina-state
diffraction events do not reproduce the energy and angu-
lar variations in the SIA. Additionally, because our mea-
surements are made in mirror planes, other dichroic
efFects vanish. (These efFects also depend on the abso-
lute photon helicity and not the relative spin orientations.
Thus the internal cross check of varying both quantiza-
tion axes is critical in isolating the SPPD effect. ) Thus
the agreement in both the angular and energy variations
of the experimental and calculated intensity asymmetries
demonstrates that the underlying cause of this intensity
asymmetry is spin-dependent photoelectron diffraction.

Finally, in Fig. 3(c) we show the result of calculations
which include both internal spin polarization and exter-
nal spin detection for the Fe/Cu(001) system along the
(110) azimuth. These are compared to the same calcula-
tions for no internal spin polarization (i.e., linearly polar-
ized x rays) with external spin detection [Fig. 3(d)] and
for internal spin polarization (circularly polarized x rays)
with no external spin detection [the conditions of the
current experiment, Fig. 3(a)]. With external spin detec-
tion [i.e., Figs. 3(c) and 3(d)], the integrated SIA is for the

2p3/2 manifold only. Only with both internal spin polar-
ization and external spin detection are asyrnrnetries
greater than a few percent predicted. Thus it appears
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FIG. 3. Integrated SIA, calculated using Eq. (1) for scatter-

ing along (a) the (110) and (b) the (100) azimuths as a function
of electron emission angle in degrees. Asymmetries of 1.02 and
0.27% for the [111]and [110]directions, respectively, are cal-
culated. As throughout this work, circularly polarized x rays
and a spin-integrating detector are used for (a) and (b). In-
tegrated SIA calculated for the 2p3/2 manifold only for (c) com-
bined use of both circularly polarized x rays and external photo-
electron spin detection and (d) linear polarization and external
spin detection, along the (110)azimuth as a function of electron
emission angle. Rapid angular variations are apparent for a11

combinations, but asymmetries as large as 10—50% are only ob-
servable using both circularly polarized x rays and external spin
detection, i.e., (c).
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that the combination of internally spin-polarized photo-
electrons produced using circularly polarized radiation
with external electron-spin detection provides the most
powerful means of studying magnetic order.

In summary, we have measured spin-dependent photo-
electron diffraction using circularly polarized x rays. The
resultant spin-polarized 2p photoemission peaks exhibit
angle- and energy-dependent intensity variations due to
spin-dependent final-state diffraction. The results are
well described by spin-polarized photoemission,
multiple-scattering calculations which also suggest that
incorporating external photoelectron spin analysis will

yield large effects and will be beneficial in future studies
of magnetic materia1s.
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