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We have helped to develop novel synchrotron-radiation-based techniques, using circularly polarized
X rays. Photoelectron spectroscopy, photoelectron diffraction, and x-ray absorption variants will be
discussed. From these, we are working to establish the structure—property relationships in nanoscale
magnetic systems. €995 American Vacuum Society.

I. INTRODUCTION composed of different alloys and mixtures of elements. The
interfacial regions between the layers or the granules and

The magnetic properties of nanoscal®—-9 ) systems  host materials are of great importance. It may be that most of
are of significance both because of their intrinsic scientifiche physics that gives rise to the unique properties of these
importance and the potential commercial exploitation of ad-materials occurs at the interfaces and is intimately coupled to
vances in magnetic technology. As the sophistication of synthe nanoscale dimensioning of the layers and granules, pos-
thesis and processing has increased and the device size hisly connected to a Ruderman-—Kittel-Kasuya—Yosida
decreased, new tools have been required to characterizRKKY) picture® Nevertheless, the details remain unclear:
properties and structures on the nanoscale. A powerful nefor example, two schools of thought have already developed,
class of techniques has been developed, based upon the ame favoring the use of perfectly abrupt interfd@eand the
plication of the tunable and circularly polarized x rays avail-other arguing for intermixed structur&sTo resolve this dis-
able from synchrotron-radiation sources. It is now possible tgpute and ultimately determine the details that govern these
utilize the combined elemental selectivity and spin sensitiveffects, it is desirable to apply techniques which intimately
ity of these core-level spectroscopies to obtain elementeombine elemental selectivity, spin specificity and a sensitiv-
specific magnetic moments, exchange and spin-orbit splitity to atomic-scale magnetic structure. As will be shown
tings, and atomic-scale magnetic structures. next, these requirements can be met by using techniques

As an example of economic significance, consider thepased upon core-level spectroscopies coupled with excitation
case of magnetic recording device read head techndlbgy. by circularly polarized, tunable x rays.
Presently, magnetoresisti¥®IR) heads are replacing induc-  The new family of techniques is based upon magnetic
tive heads, with a significant improvement in sensitivity. Butx-ray circular dichroism(MXCD). Here, we will briefly dis-
today’s MR heads are based upon Permalloy, with only &uss three classes of experiments: MXCD absorption,
2.5% MR effect. This pales in comparison with the muchMXCD photoelectron spectroscopy, and MXCD photoelec-
larger effects previously observed in Spin_va[\]@%S and tron diffraction. From these it is possible to extract element-
giant-magnetoresistivBGMR), 15094*~° systems. In fact, Specific magnetic moments, decouple spin orbit and ex-
IBM is already developing GMR prototype devices. change splittings, respectively, and determine atomic-scale
Larger effects generally mean greater sensitivity, which willmagnetic structure.
ultimately translate into smaller devices, one of the key in-
gredients in successfully competing in the multibillion-
dollar-per-year magnetic-recording market.

The new spin-valvéand GMR systenfs® are composite The experiments were performed at the Stanford Synchro-
materials, made up of various layers or imbedded granulairon Radiation LaboratorySSRL using a spherical grating
deposits. The different layers or agglomerations are, in turnmmonochromator capable of delivering frorB0% to ~90%
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circularly polarized radiation. The beamlin®L 8-2) is
based upon a spherical grating monochromator, which can
operate in either high-resolution or circular polarization
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modes. It is also part of the UC/National Laboratory Facili-
ties at SSR1? 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 diffusep(1x1) low-energy electron diffractiofLEED)
pattern observed for these films. At low coverages, these
films have a magnetic easy axis along the sample normal and
were magnetizeih situ with an electromagnet coil. All mea-
surements were made in remanence. The spectra were col-
lected with an angle-resolving hemispherical anallfzeith
angular acceptance of3°. The magnetic axis dictated that
the spin-dependent effects were optimized for photons inci-
dent along the sample normal. The analyzer position was
adjusted to the desired electron emission angle. Generally,
the collection plane coincided with the orbital plane of the
storage ring, i.e., the horizontal plane. Angular alignment™®: 1 MCXD-x-ray absorption for the F2p—3d transitions. The near-

. . . edge x-ray-absorption fine-structulEXAFS) dichroism of 2 ML of Fe/
was determined using LEED and laser reflection. Cu(001). These are plots of absorption versus photon energy. The upper

panel shows the effect of reversing the magnetization while maintaining the
I1l. MXCD ABSORPTION positive helicity of x rays. Similarly, for the lower panel and negative he-
) ) ) licity x rays. Samples are perpendicularly magnetized either (positive
Let us now consider the absorption of an x ray with themagnetizatiop or out of (negative magnetizatiorthe surface. The symbol
concurrent excitation of an electron from a core level. Be-pardant) means that the helicity and mag”e;f/gﬂon are parédietiparal-

_ P : e l). The 2p°'“ peak is at the, edge and the peak is at the_, edge.
cause core-level bmdmg eqergles are ,6|ement SpeCIfIC, a tuEﬁhe strong were normalized to each other by equating the pre-edge intensity,
able x-ray source automatically permits a controlled, seleca; energies below approximately 700 eV. In x-ray absorption, there is the
tive examination on an element-by-element basis. Moreovenbservation of strong dichroic effecté:rom Ref. 14)
the localization of tightly bound core levels encourages the
dominance of electric-dipole selection rufés? It is the . . .

necessary to properly quantify the impact of complicating

combination of strong dipole selection rules and variable cir-f tor h as delocalization and multielectronic effétt
cular polarization that allows a direct specificity of the spin actors such as delocalization a uttielectronic S

of the excited electrons, without having to resort to the IOWmaAnp;:ECsulz::eymsserv?':ﬁ ;?:gzonérsﬁg:lcigﬁcﬁr:OC:rl:ée; Izr o
efficiency spin-polarizing detectots. 9 y 9 q g 9

A manifestation of these strong selection rules can be seef" moment, is shown in Table I. Here BR is the branching

in Fig. 1. Here, the process is x-ray absorption in 2 rnono_rat|o, i.e., the intensity of they,, peak divided by the sum

layers of Fe on C{@01). The strong dichroism, i.e., spectral ﬂj:n Z‘b):/\ii:vr\]/g da?alls/zapliegiliirl]migsslgisf'tlhnef;frt‘;m trhullst’aeeiprreesssslic;)r;s
changes between the parallel and antiparallel configurationg, 9 P '

is a result of combination of the dipole selection rules an
the high degree of spin polarization in the unoccupied corﬂv' MXCD PHOTOELECTRON SPECTROSCOPY

duction bands. In x-ray absorption, the number of photons Just as the electric dipole selection rules give rise to
absorbed is measured as a function of photon energy, particgtrong dichroisms in the near-edge x-ray absorption spectra,
larly as the threshold energpinding energy of a specific  they also produce strong polarized beams of photoelectrons.
core level is attained. At threshold, the excitation is into theln photoelectron spectroscopy, the energies have been in-
lowest energy unoccupied states. In magnetic materialgreased to cause actual ejection of the core-level electrons.
these states are highly spin polarized and dense. Thus in FBgcause of the dipole selection rules, there will be strongly
the 2p to 3d transitions show “white lines” or peaks, not polarized emission. In the case of the Ag 2ve would na-

just steps, at the thresholds. Because the empty conductidvely expect+25% for the 23, and +50% for the 2,
states are spin polarized and of specific orbital quantunievel. These numbers are for parallel and antiparallel align-
number distribution, the white line peak intensity varies withment of the photon helicity and magnetization, and represent
both circular polarization and the angular momentum quanan average over each manifold. Within each manifold, i.e.,
tum numbers of the excited electron. Hence we see reversétPz/, Or 2p;,, peak, individual multiplet structures can have
effects at theL,(2p5,,) andL,(2p,,,) edges. Strong dichro- much larger polarizations. The magnetic quantum number
isms such as this have been observed in a number of

overlayer** multilayer® and bulk’ systems. It has also been
shown that, for at least some cases, both the'$pfrand

Lm

— Helicity
s — +Mag.: Anti.
B e —Mag.: Para.

Intensity (arb. units)

690 700 710 720 730 740
Photon energy (eV)

TaBLE |. Branching ratio(BR) analysis.(wu=magnetic moment)=number
of valenced electrons;p,,,=photon polarization, circular

orbitaf'®!® moment can be directly determined from such
spectra using “sum rules.” This is intuitively appealing be- . _ 4(10-n) (BRP—BR®
cause the polarization of the conduction bands is inherently Fspn = 75 T | BRPT BRa)

coupled to the magnetic moment, but further work will be
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1.0 toelectrons. The electron—photon interactidnis well ap-
Fe/Cu(001) P proximated here by the dipole form and the intensity and
0.8 - 0000? ° spin polarization of photoelectrons are obtained from the
0.6 - oo o p spin density matrix. Although the photocurrent can be fully
02299' /o‘ / described by the single-hole Green function, it is difficult to
w04 pos 333" A . renormalize the Green function to account for the many-
g 02 L °;. body interaction between the hole and the other crystal elec-
g Experiment . trons. For delocalized systems like metallic Fe, the problem
S O T Ly Peeteaey is complicated and has been studied only for the free-
E 1.0 electron system, in which the line spectra are modified with a
Z’ 0s L Doniach—SunjigDS) line shape characterized by a singular-
L ity parameter. Since a DS line-shape modification does not
£ o6l affect the positions of lines in the multiplet structures, we
have not included this type of many-body effect in our cal-
04 - culations. Many-body effects are included in our calculation
02l in two different ways. First, finite hole lifetime effects are
) included through an imaginary part of the optical potential in
L L the hole Green function, broadening the discrete energy

0 ] ] 1 ]
57 5 55 54 53 52 51 50

Bindlng energy (eV) eigenstates into a continuous spectrum. Second, the effective

potentials(i.e., self-energy correctiorfor the 3p holes are

Fic. 2. Fe 3p photoemission ahv=160 eV, inside circularly polarized eXpeCted to be strongly energy‘ate dependent and act dif-

x rays. The experimental and theoretical photoemission spectra emitted frofeérently on the majority and minority spins so that the effec-

the 3p state of the Fe/Q001) surface by left-handed circularly polarized tive Spin-orbit and exchange splittings can be modified from

(positive helicity light of 160 eV incident normally. The magnetic moment . S

vector is parallelthe solid circle and the solid liner antiparalle(the open the ground-state values in the photoexcitation process. In-
circles and the dashed linéo the light helicity. Here the information is stead of estimating the effective potentials in a many-

principally in the front edge of the peaks, independent of the tailing asyM-alectron theory, we treat these splittings and a center binding
metry of the Doniach—Sunijic line shape. The theoretical results can be sum- !

marized as follows: spin-orbit splittingl.0~1.2 eV and exchange splitting €NErgy of the ® holes as adjustable parameters and deter-
=0.9-1.0 eV.(From Ref. 24). mine them by comparing to the experimental spectra. The

magnetic Dirac equation based on density functional theory
is accordingly modified in the core-state calculations. The

states that give rise to the multiplet structure are shifted nog*change splitting is reduced by renormalizing the difference
only because of the spin-orbit interaction but also because dtetween the majority- and minority-spin ground-state poten-
the exchange Sp||tt|ng In thq:ﬂdoutﬂet, the exchange Sp||t_ tials. For the Spin—orbit interaction, we construct a quaSire'
ting manifests itself as a small shif0.2—0.5 eV on top of  lativistic Dirac equation in which the strength of the spin-
the much larger spin—orbit splitting~13 eV).?%?> But it  orbit coupling can be continuously tuned from the fully
would be wrong to assign the exchange splitting a value ofelativistic to the scalar relativistic Dirac equation. These ap-
0.2 eV based upon such a crude analysis. proximations to the many-body effects allow us to take full
To extract spin-orbit and exchange splittings accuratelyadvantage of the realistic final state wave function calculated
and thus provide a meaningful benchmark for modelling ofpy our fully relativistic multiple scattering computer code
magnetic systems, it is necessary to simulate the spectigysed on the layer Korringa—Kohn—Rostoker Green function
properly, including emission direction eﬁeéﬁsShowp iN " method. An accurate representation of the final LEED state is
Fig. 2 is a difficult case, the Fep3 where the spin-orbit and o1y important, since it is known to be very energy sensitive

exchangg _sp_llttlng_s are b_o_th on the c_erer of an ev. Using, the low-energy region, and its character can change across
fully relativistic, spin-specific and multiple-scattering calcu- the entire Fe  linewidth, thereby altering the photoemis-
lations, it is possible to mimic experimental results. . '

) . sion spectra.

However, before comparing the experimental and theo- N let turn to Fia. 2 and th : tal
retical results, it is appropriate to briefly consider our theo- or\:v, € l_JS Ire urn 1o F1g. ar;] (?ofmpare. e.egpele?n a
retical approact{for a more detailed description, including &nd theoretica spectra.. Here, the information is in the lead-
references, see Ref. RNeglecting scattering between pho- "9 €dge of each peak: the asymmetrical experimental line
toelectrons and their holes in the photoexcitation process, thehape is due to multielectron effects that cause the Doniach—

spin density matrix of the photoelectrons can be written inSunjic tails which, along the rising low kinetic energgE)

the form tail and instrumental broadening, contribute to the obfusca-
tion of the structure at higher binding energy. Nevertheless,
Poor=——ve Y| A Im GAT|Y7), (1)  from the comparison with previous linear dichrofSmesults
aw

and consistent with our observed peak shift-cd.3 eV, we
can extract spin-orbi{1.0-1.2 eV and exchang€0.9-1.0
eV) splittings?*

where|y”) is the time-reversed LEED state for spinG the
single-hole Green function, and, the velocity of the pho-
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Experiment = Integrated (peak areas) trons are multiply scattered inside the crystal in a way simi-
Theory = Structure optimization lar to spin-polarized LEED electrons. The single-site scatter-
4 ing matrix t“#/ is calculated using the Dirac equation with
+~ Theory/Relaxed spin-polarized potentials generated by a self-consistent linear
s augmented plane-wave band calculation. This scattering ma-
trix is converted to thé€lms) representation and used to con-
struct layer diffraction matriceM gy, . After that, the calcu-
lation proceeds as in a conventional photoemission
calculation except that the dimension of the layer diffraction
matrices is doubled to include spin-dependent scattering and
- spin-flip effects. Note that both spin—orbit coupling and ex-
change effects are accounted for since off-diagonal matrix
elements are nonvanishing. In the calculation, the inner po-
L tential is set to 10 eV, and inelastic scattering is simulated by
£ an imaginary potential of 4.5 eV. Since the electron kinetic
-4 ' ) = energy is relatively low, only terms up to=# are used for
780 800 820 840 860 880 most calculations, but convergence is checked using terms us
Photon energy (eV) to 1=6 with insignificant differences found.
In some respects, this spin-polarized photoelectron dif-
Fic. 3. Here is shown a comparison of experimental and theoretical resultaction (SPPD investigation is an independent verification
for spin-dependent photoelectron diffraction using magnetic x-ray circularand extension of the pioneering studies of Qrhet a|_127

dichroism. Calculated (solid curve: d12=d23=1.8 A, rp=0.19; . : AL . .
dashed curved12=1.9 A, d23=1.7 A, rp=0.17 and measured intensity who used spin-polarized extended x-ray-absorption fine

asymmetries along thEL11] direction are shown as a function of photon Structure(EXAFS) to probe bulk magnetic systems. Consis-
energy. Representative error bars are included with the experimental dateent with nonspin PD and EXAFS studies, the SPPD shows a
shown as discrete valuésiangles. The oscillatory behavior in the curves is larger effect: the SPPD oscillations are on the order of 2%
due to spin-dependent photoelectron diffraction. It is the positions of the ~ ~ ) . o !
minima and maxima that is the crucial variation in photoelectron diffraction. While the Gd metal SPEXAFS oscillations arel/3%. Ad-
Exact quantitative agreement will require higher signal to noise and refineditionally, SPPD has the advantage of both energy and angu-
ment of the model structure. This is first structure determination with|5, \,ariations. which is essential to the extension to photo-
energy-dependent MXCD PD, performed by comparing integrated peak ar-I d'ff' . . . 58 Both thi K d th
eas and a model including surface relaxati@ashed curye (From electron diffraction Imaging. h oth this work and the
Ref. 26) ground-breaking studies of Sduet al?’ are predicated
upon control of spin polarization of ejected electrons via
excitation with circularly polarized x rays. In a simplistic
V. MXCD PHOTOELECTRON DIFFRACTION picture, 2 photoemission total cross sections from ferro-
Perhaps the most important utilization of the spin-magnetic materials will exhibit a polarized distribution of
polarization photoelectrons will be for direct magnetic struc-62.5% (37.5% minority-spin electrons from the®,, and
ture determination via photoelectron diffraction. It has beerp5% (75%) minority-spin electrons from the [,,, when
k_nown for some t.ime that Ph0t0_?|?0tf0f1 diffraction iS_ sensi-excited with right(left) circularly polarized radiation that is
tive to local atomic ordet? By utilizing circularly polarized  collinear with the magnetic axis of the sample. These adjust-
x rays to generate a localized source of spin-polarized elecsply spin-polarized electrons can then scatter off of nearby
trons, it is possible to Qetgrmlne Iogal magnetlc structure aReighbors, producing a sensitivity to both local geometric
well. An example of this is shown in Fig. 3, where FB2 5,4 magnetic orderingAlthough we have chosen to use a
emission has been used to ascertain the local morphology @i omagnetic system as a test case, these same selection

26

4 ML F_e/_(MOOl. . . . rules will apply in general, e.g., to paramagnetic and antifer-

Again it is useful to digress to a consideration of the theo- ; ; . : .

X . . .~ romagnetic ordering, and the multiple-scattering analysis
retical framework. The theoretical calculation of spin- iy . .

. . . L . should be sensitive to differences in the local order of each

polarized, multiple-scattering photoemission combines con-

. . : . structure). To avoid extraneous effects and to allow internal
ventional photoemission and spin-polarized low-energy )

electron-diffraction methods. For calculation of the excita-C'0SS checking of data, measurements were performed only

tion matrix element(®g|H’|®g), the nonrelativistic ap-

N
]

Exp.

Integrated SIA (%)
o

|
N
T

Shoulder &> oy

in mirror planes, where only the relative alignment of the

proximation is incorporated and the dipole approximation forPhoton helicity and magnetization is crucial. Thus reversing
the interaction Hamiltonian is used. For this study, the Diradh€ absolute value of these quantities, while maintaining the
matrix « is replaced by Pauli matrices. The selection rulesS@me relative spin orientation, serves as a convenient but
for excitation by circularly polarized light restrict excitations absolutely essential consistency test to determine if the ob-
to Am;=+1 for right-circular polarization andm;=—1 for served asymmetry is due to spin-dependent diffraction. It is
left-circular polarization. The Feg core level is split into  the absence of such polarization control or electron-spin de-
two sublevels due to the spin—orbit interaction, and transitection, plus the ill-defined nature of the intrinsie polar-
tions from the sublevels are governed by these selectiorzation, that has hampered previous attempts at SPPD using
rules. After excitation, the internally polarized photoelec-the 3s level of 3d transition metal$®-3!
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