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RESONANT PHOTOEMISSION AND MAGNETIC X-RAY CIRCULAR DICHROISM
IN THE M SHELL OF ULTRATHIN FILMS OF FE

J.G. Tobin and G.D. Waddill
Lawrence Livermore National Laboratory
Chemistry and Materials Science Department
Livermore, CA 94550 « USA

ABSTRACT

Using magnetic ultrathin films (2-4 ml) of Fe on Cu(001) and bulk-like Fe, the Fe3p and Fe3s
core states have been investigated with resonant photoemission and core-level photoemission,
including magnetic x-ray circular dichroism (MXCD) experiments. The resonant photoemission
experiment has been done in fine steps over a wide photon energy range (hv = 695eV-715¢eV), to
probe the parentage of various spectral structures. The onset of secondary channels at the L3(hv
=707eV) and L2(hv = 720eV) edges will be analyzed in light of results from bulk Ni (Reference
1). The MXCD photoelectron spectroscopy of the Fe3p exhibits a 0.2eV shift with circular
polarization variation. The previously observed split peak structure in the Fe3s (Reference 2)
will be discussed with regard to the new resonant photoemission results. The resonant
phetoemission results will also be put into the context of our MXCD absorption results for

monolayer (Reference 3) and multilayers (Reference 4) of Fe.
INTRODUCTION
Although the observation of spin-dependent splitting in photoelectron spectroscopy of magnetic

materials has become fairly common, a complete understanding of the causes remains elusive.

For example, consider the case of the M shell core levels of Fe. The Fe3s exhibits a doublet peak
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structure that can be observed with non-helically polarized x-rays and without a spin detector? or
separated by use of spin-sensitive detection36. The Fe3p has been shown to have a splitting with
circular polarization’, spin-detection3:9, and even with linear polarization in a spin integrated
mode (linear dichroism)!0, Examples of these splittings are shown in Figures 1, 2, and 3: In
Figure 1, an Fe3p in 2 ML of Fe/Cu(001); in Figure 2 (top-most spectrum) the Fe3s of 4
monolayer (ML) of Fe/Cu(001) displays a split peak; and in Figure 3 (top-most spectrum), a
bulk-like Fe sample [25 ML of Fe on Cu(001)] also exhibits an asymmetrically-split Fe3s peak.
The lower spectra in Figures 2 and 3 are examples of resonant photoemission!l, where additional
channels for electron emission have opened up as the 2p3p and 2py core-level thresholds were
reached (Figure 4). The interplay of the direct and resonance channels is a means to test theories
concerning the origin of the 3s peak splitting, as discussed in Reference 1. Here, we will present
detailed resonant photoemission spectra of Fe/Cu(001) and bulk-like Fe which will call into

question the analysis advocated in Reference 1. |
EXPERIMENTAL

These experiments were performed at the Stanford Synchrotron Radiation Laboratory, using the
University of California/National Laboratories Participating Research Team facilities, on the
spherical grating monochromator (SGM) beamline!2, Beamline 8-2. Both Beamline 8-2
(Reference 13) and Beamline 8-1 (Reference 14), a torroidal grating monochromator, have been
demonstrated to be very high resolution instrumentation. Beamline 8-2 can a’lso be used as a
source of circularly-polarized x-rays2—*7. The data was collected in a three-tiered, two-chamber
photoelectron spectrometer!d, equipped for photoemission with full energy and angular (+3 °)

resolution and multi-channel detection.

DISCUSSION
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In resonant photoemission, new channels open up with the crossing of each core-level threshold.
In Figures 2 and 3, major spectral changes occur at hv = 707eV (2p3y, threshold) and hv = 720eV
(2p172 threshold). Because of finite energy broadening, the onset of these changes often occur at
photon energies just below the nominal threshold. New spectral features can be seen at the
valence bands (BF = 0; BF is the binding energy with respect to the Fermi energy), the Fe3p (BF
=53eV) and the Fe3s (BF = 92eV). As the photon energies are increased, the new featufes move
across the spectra, with a constant kinetic energy (KE) associated with each feature. A summary
of constant BF and constant KE features is shown in Table 1. In fact, these constant KE features
can be viewed as Auger peaks. In the third column of Table 1 are values taken from an Auger
handbook!7: All except one are printed-assigned values, with the exception being 620eV, which
corresponds to a smaller unmarked minimum. The constant difference between column 2 and
column 3 arises from the measurement procedure: In this work we use peak maxima and in
Reference 17, the minima of differential peaks is used. Thus, this shift is not unexpected and a

one-to-one correspondence is found between the members of column 2 and those of column 3.

The strongest features, B, C, and F are associated with a hole in the L3 (2p3n) level:
L3M45M45,L3.M23M4 s and LiMa3M3 3 respectivelyls. These are intense Sut broad
transitions. The L3M4 M4 5 (KE = 692eV), the L3M23M4 5 (KE = 642eV, 637eV) and the
L3M3z3M23 (KE = 592eV, 587¢eV) are all intra-shell interactions. The observed splitting in C
and F, which were smeared out in the lower resolution Auger handbook spectra, is well
understood!8. The other feature which first appears at the L3 threshold is a weaker peak at KE =
602eV (E in Table 1). This appears to be a L3M Mgy 5 transition. Also, when the L threshold is

reached, an additional transition will contribute intensity at this energy, as will be described next.

The LoMM transitions become accessible at hy = 720eV but in general are far less intense than

their L3MM counterparts, as discussed in Reference 1. This is due in part to the Coster-Kronig!9

decay channel, LyL.3Mg4 5, which rapidly transfers the hole into the L3 states and thus decreases
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the LoMM intensities while maintaining the L3MM intensities. A fairly strong LoM4,sM4 5 peak
can be observed at KE = 702eV (peak A in Table 1). The other two possibilities, LoM2 3M4 5
and LoM» 3M3 3 are difficult to observe, and the LyM2 3M32 3 may overlap with the L3M 1My 5 at
KE = 602eV. The final feature, D in Table 1 at KE = 612eV, appears to be the LpM M4 s peak
and is fairly weak, although this is the strongest of the LoMM features relative to its L3MM
counterpart. For the sake of argument, the results of a frozen shell model are shown in Table 1.
Obviously, this model is deficient and only energy differences make any sense quantitatively,
e.g., LpM1My 5 versus LsM 1My s and LoM3 3M2 3 versus L3sM3 3M2 3. Nevertheless, it is clear

that these assignments are quite reasonable.

Moreover, the spectra shown here in Figures 2 and 3 are only a part of the overall data set. A

much finer grid of spectra, taken with Ahv = 2eV, were also collected and were used in this

analysis, although space limitation precludes their inclusion here.

Finally, one last observation should be made. Because x-ray absorption at the L2 and L3 edges
is such a crucial part of the resonant photoemission process and because very strong absorption
circular dichroism has been observed for both monolayers3 and multilayers4, it was plausible that
a magnetic circular dichroism effect might be seen in resonant photoemission. Unfortunately, no

such effects were observed.

CONCLUSIONS

An extensive resonant photoemission investigation of 4 ML Fe/Cu(001) and bulk Fe were
performed. All observed resonance features can be explained by assignment as Auger peaks, so
the increased intensity of the high binding energy 3s multiplet feature at resonance appears to be
related to the overlap with the L3aM 1My 5 (or LyM 1My 5) Auger transition and does not uniquely

establish this feature as arising from d-mixing. This seriously calls into question the arguments
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proposed earlier in Reference 1, where the variation in spectral intensities of the components of
the 3s doublet were used to support a configuration-based model of photoelectron emission. The
apparent variation of the 3s doublet components appears to be due merely to the onset of an

Auger transition at the L3 threshold.
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FIGURE CAPTIONS

Figure 1: Magnetic x-ray circular dichroism in photoemission of the fcc-Fe 3p core level. The
bottom panel shows the alignment of the Fermi edge, which allows for a direct comparicon of the
3p binding energies in the top panel. The sample was 2 ML Fe/Cu(001), with perpendicular
magnetization. Taken from Reference 7, the circularly polan’zed x-rays were incident along the
sample normal and the electron emission direction was at 55° from normal,approximately in the

[210] plane.

Figure 2: Wide photoelectron emission scans of 4ML of Fe/Cu(001) at a series of photon
energies near the 2p3p (707eV) and 2p12 (720eV) thresholds. All scans shown were taken with
linear polarization, with the photons incident at 45 ° from the sample normal. The electrons were
collected at an angle of 45° from the surface normal, with the electron momentum parallel to the

photon electric polarization vector.

Figure 3: Similar to Figure 2, but here the sample is a bulk-like Fe film (25ML) on Cu(001).
Note the absence of Cu spectral features. All scans shown were taken with linear polarization, at

normal incidence and the electrons were collected at an angle of 45° from the normal.
Figure 4: Diagrams of direct and resonance channels in core-level photoemission. Here,

emission from the 3p level is illustraied, with the 2p3/2 ionization providing the auxiliary

channels.
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Table 1

Auger
Constant BF Constant  KE Features® Frozen Shell Model
BF(eV)™ KE(eV) | KE(eV) KE = BF| - éFz -pF3-0
VB(Ma s) ~2 A 702 716 L2M4,5M4 5 712eV
Fe3pMz,3) 53 B* 692 703* L3M4,5M4.5 699V
Cu3p 75,77 c* 642,637 651* L3M23M4 5 648eV
Fe3s(My) 92 D 612 (~620) LoM1M4 5 623eV
Cu3s 120 E 602 610 L3M My 5 610eV
LaM23M2 3 610eV

F* 592,587 598* L3M23M23 597eV
* = Strong Feature
A = From Reference 17
# = From Reference 16
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Photoemission Intenslity (arb. units)
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