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L-edge x-ray absorption in fcc and bcc Cu metal:
Comparison of experimental and first-principles theoretical results
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High resolution Cu_, 3 x-ray absorption spectra of bulk fcc Cu metal are compared with those of thin Cu
layers in Cu/Fe multilayers. Comparison of the measured fine structure with that obtained from a fully rela-
tivistic first-principles calculation for fcc and bce Cu reveals that Cu is bec itB@&)/Fe(10 A) and fec in
Cu(10 A)/Fe3 A) multilayers. This result indicates that the thicker layer simply acts as a template for the
structure of the thinner layer. The excellent agreement between experimental and theoretical spectra also
demonstrates the validity of the theoretical approach. The theoretical spectra are discussed in terms of their
angular momentum composition and the energy dependence of the radial transition matrix elgB0a63-
182996)03024-X

[. INTRODUCTION sitions, the analysis of the spectra is relatively simple.
Lately, L-edge XAFS studies of transition metals have

Artificially layered structures where each layer consists ofbecome of great interest, since they allow access to the im-
a different transition metal, a few atomic layers thick, exhibitportantd valence electrons through—d dipole transitions.
a variety of scientific phenomena which are about to be uti{n particular, the investigation of absorption of circularly po-
lized in technological devices. The discovery of giant mag-arized x rays by magnetic materials, so called x-ray mag-
netoresistance effedtéand oscillatory exchange couplifig, Netic circular dichroismXMCD) spectroscopy; allows the
for example, underlie the technology used in a spin-valvelirect detlerlrgmatmn of element-specific magnetishell
magnetic read hedt Similarly, layered structures with per- moments:'~'® From a theoretical point of viewl-edge
pendicular magnetic anisotrofy,show promise as “blue” XAFS is complicated by the presencepf-s in addition to
magneto-optical medfLIt is expected that the magnetic p—d transitions, and their relative contn_bu'uons in the near
properties of such multilayer structures may be strongly in_edge region are 'not well understood. IF IS, therefpre, hlghly
fluenced by the crystal structures of the thin layers which aréjes'r‘r’lble to ogtaln a bette_r ur;]dersta}ndlniq of the lhnforrt?atlon
expected to differ from those of the bulk. The understandin ig?}teerétggﬂ‘l'teisgﬁ]spge;;ao:(ntrt]eepﬁ%ggt Cpg;zrt?ot :i dainsc'[)r:?s_
of the correlation between magnetic and crystallographic '

structure in thin films is, therefore, an important problem Process.
. ' ' P P! ' Our studies report experimental data for thedge spec-
A considerable amount of work has been carried out b

. . . Yra of Cu metal, prepared in both fcc and bcc structures, by
the surface science community characterizing the magnet@andwiching a thin Cu layer between Fe layers of various
and structural properties of thin layers grown on single CrySyhickness. The experimental spectra are compared to a fully
tal substrates. Relatively little work has been done on thgg|ativistic first-principles calculation of the-edge absorp-
structure of thin sandwiched and therefore buried layersgjon spectra for fcc and bec Cu metal. The sensitivity of the
however, owing to the difficulty of most surface sciencenegr edge structure to the crystallographical structure is con-
techniques to probe below the surface. Another difficulty thatincingly demonstrated by comparison of experiment and
is often encountered is the separation of the signals from thgyeory. The theoretical results reveal quantitatively the vari-

different layers in multilayerlike structures. ous angular momentum contributions to theedge spectra.
It is well established that the x-ray absorption fine struc-

ture (XAFS) above absorption edges is directly related to the
local crystallographic structure around the absorbing atom.
Particular strengths of x-ray absorption spectroscopy are its
element specificity and the fact that no long range crystallo- The x-ray absorption spectrum of fcc Cu metal was re-
graphic order of the sample is required. In the past, the mostorded on a C@.00 single crystal, which was clean@usitu
powerful use of XAFS for structural determinations has beerby ion sputtering and annealed to 600 °C prior to the mea-
the analysis of the fine structure above K absorption edgesurement. All other samples were grown by dc magnetron
BecauseK -edge absorption is governed by-p dipole tran-  sputtering as discussed befdra.200 A Cu film was grown

Il. EXPERIMENTAL METHODS
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on S(001), using a 100 A Ru buffer layer and a 15 A Ru 04 . : : :
capping layer to prevent oxidation. Its absorption spectrum - 0:2 f

was identical to that of the Cu single crystal. The Fe/Cu 0.0 :

multilayer samples were grown as structures1BeA)/

10 Cu@ A)/Fe(10 A)] and Cy10 A)/10Fe3 A)/Cu(10 A)] 40 k |

onto a S{100/Ru(100 A) substrate and covered with a
Ru(15 A) capping layer. These samples will be referred to as
Cu(3)/Fg10) and Cuyl0/Fe3), respectively. In both
samples the coupling between Fe layers is ferromagnetic and
XMCD results on the C{B)/Fg10) sample at both the Fe
and Cu L,3; absorption edges have been reported
previously!’

The high resolution x-ray absorption measurements were
carried out at the Stanford Synchrotron Radiation Laboratory
on the wiggler beam line 10-1, which is equipped with a
spherical grating monochromator. We used 1000 I/mm holo-
graphic gratings and 1Am entrance and exit slits, resulting
in a resolution of about 0.3 eV at the @y edge. Spectra
were measured by recording the photocurrent of the sample

~10.0 0.0 10.0 20.0 30.0 40.0

with a picoammeter at normal x-ray incidence angle. The (5 E-E, (eV)
. . A . F
electron yield signal from a gold grid monitor was used to
normalize the spectra to the incident photon fifafter 0.4 T T T T
subtraction of a linear background fitted to the preedge re- = 0.2
gion, the spectra were scaled to a unit step height far above 0.0
thelL edges.

I1l. CALCULATION OF THE ELECTRONIC STRUCTURE
AND OF THE ABSORPTION SPECTRA 3.0
A. Electronic structure EUC:,
. 2.0
The electronic structure of fcc- and bcc-Cu has been cal-

culated within the framework of the local density formalism,

using the parametrization for the exchange-correlation poten- 1.0

tial due to Moruzziet al® For the fcc phase, the experimen-

tal lattice constantd;..=6.83 a.u) has been used. That for 0.0

the bcc phase has been chosen to give the same atomic vol- .45

ume @p=5.42 a.u. All work has been done using the 0.0 [t

Korringa-Kohn-RostokeKKR) method of band structure w02k ]
calculation in connection with the atomic sphere 0.0 S .
approximatiorf’ This multiple scattering technique gives di- -10.0 00 100 200 300 400

rectly access to the electronic Green’s function and, there- () E-E V)

fore, provides an extreme flexibilitysee below. To account
in a consistent way for all mechanisms that give rise to a FIG. 1. Density of states curves,(E) (full line) and n,(E)
difference in the x-ray absorption spectra at theandL,  (dotted line: k=+/, i.e., Py, dzp, and fs,; dashed line:
edges all calculations have been done in a fully relativistioc=—7"—1, i.e., p3, dsp, and fy), resolved according to the
way. The resulting density of staté80S) curves for fcc-Cu  Orbital angular momentum and spin-orbit quantum numpeend
resolved for the orbital angular momenturhis shown in respectively, for Cu in units of (states/atom e_(é)).and(b) give.
Fig. 1 for a wide range of energy. In addition the curvesthe results for the fcc and bee structurg, respef:tlvely. The Qensn.y of
resolved according to the spin-orbit quantum numbeare states has been calculated for energies having a small imaginary
given, with x specifying the orbital angular momentuas part of _0.14 eV. The curves shovyn are, therefore, folded with a
. — Lorentzian of the corresponding width.
well as the total angular momentupn(e.g., k=—1,1-2,
2, and —3 corresponds t®;5, P12, Pap. dgp, anddsgps,
respectively. As is well known, the electronic structure of the f contributions, which is more or less negligible below
fcc-Cu is characterized by a broad free-electron-fipdband  the Fermi energy. Comparing théresolved DOS curves in
and a narronwd-band complex that lies about 1.4 eV below Fig. 1 with results of corresponding nonrelativistic calcula-
the Fermi energy. However, this crude description does ndions(see, e.g., Ref. 20 pronounced relativistic influences
imply that thed-like states are completely filled. In fact, the on the electronic structure are found. However, as can be
number ofd electrons corresponding to the occupied part ofseen in Fig. 1 for/'=2, the x-resolved DOS curves with
the DOS curve is found to be 9.55. Furthermore, dhigke da, and dg;, character differ remarkably in shape. This
DOS around and above the Fermi energy is of the same ordetearly manifests the importance of the spin-orbit coupling
of magnitude as the other contributions. This also applies téor the electronic structure of Cu, in spite of its relatively low
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atomic number. A further consequence of spin-orbit couplingems and, therefore, gives access to the magnetic dichroism
for these DOS curves is that—in spite of their similar shapen x-ray absorptiorf> The expressions resulting from Egs.
around the Fermi level—the ratio of the corresponding DOS4) and(3) are given in detail in Ref. 23 and have been used
values is below the ideal ratio 4:6. Because of the energyere for the calculation of, (w).
dependence of the spin-orbit coupling, the deviation from the For paramagnetic systems, the expressionufgfw) can
ideal ratio gets rapidly smaller with increasing energy. be further simplified. The first step is to replace the scattering
For bcc-Cu, the main features of the electronic structurgpath operatorr, ,-(E) with the x-resolved density of states
are very similar to those of fcc-Cu. Of course, the detailech, (E) and accordingly the matrix elementZ,|eca,|®;)
structure of the DOS curves differs, showing, for example, ayith (Z,|ecay|®;), whereZ,(r,E) is the wave function
clear separation of theé band into bonding and antibonding normalized to 1 within the atomic cell. Assuming unpolar-
states as it is typical for metals with the bcc struct(see, ized radiation the summation over the magnetic quantum

e.g., Ref. 19 numbery in Eq. (3) can be performed in a straightforward
way, because the matrix elements can be split into an angular
B. Calculation of the absorption spectra and radial part. As mentioned above, these matrix elements

Using Fermi's golden rule and adopting the electric diIOoleoriginally refer to the operator eca, . This form has been
approximation, the x-ray absorption coefficignt(w) at the used here to calculaye-)\(w). AIternat-lver, one may replace
photon energyiw can be evaluated starting from the expres-(Za|€Ca,|®;) by matrix elements with respect to the opera-
sion torsV, VV, orr. The last form—the so-called configuration

form—is numerically questionabfé but allows us to discuss
o the behavior of the resulting radial matrix elements in a
pr(frw)e .E [(nk[j[D)I*0(Enk—Ei~fw). (1) graightforward way. Using that form, one finds for the

occ H =27
nkunocc andL; edges, the expressions

Here,|i) and|nk) represent the involved core and unoccu-

pied .band states, respectively. Within a fu!ly relativistic cal- = §n51/zR§1/zP1/2+ 3N ds/zszislzpl/z' (5)
culation, the elements of the current density vector operator
j) are given by—eca, , with a the vector of Dirac matrices
and the indexn specifying the polarization of the radiation. _ En R2 I in R2 i En R2
By making use of the identity Hig™ 3 s s yabgn T 15 da daaPzn | 5 ds dsiPzn
. (6)
— ZImG*(E)=2>, |nk)}{nk|8(En—E), (20  which have been derived originally starting from EQ)
w nk

(Ref. 24 [the argumenE of n, (E) andR, . (E) has been

for the electronic Green’s functioG * (E), this expression omitted). Here, thex-resolved density of states.(E) repre-
can be transformed to the foffn sents all contributions from the orbitals with charaatei.e.,
it is not defined per orbital. The radial matrix elements oc-

M(fiw)ocz (i 1MG* (B +%w)j, i 0(E; + hw—Ep), curring in Eqs.(5) and (6) are defined by
1occ

O R (B)= [ [04(1E)0 (1 B+ (LB (1B,
with Er the Fermi energy. This expression is the standard 7
starting point for the extended x-ray absorption fine structure
theory! and is also applicable for the x-ray absorption neawith g, (r,E) andf, (r,E) the major and minor components
edge structure region if the proper Green’s function for thepf the wave functionz,(r,E) for the final state and
f@nal states is used, i.g., the scatterin_g for the electrpns in thﬁxi(nyi) andf, (r,E;) for the initial state, respectively.
final state is not restricted to few neighboring atomic shells. For a direct comparison with experiment, the spectra ob-

Within the KKR formalism InG ™ is given by tained from Eqs(5) and (6) or Egs.(3), respectively, still
have to be broadened appropriately. To account for appara-
ImG*(r,r',E)= > ZA(r,E)ImrAA,(E)Z:,(r’,E), tive broadening, a Gaussian function with a width of 0.4 eV
AA’ has been used. All intrinsic broadening mechanisms as, e.g.,
(4)  the finite lifetime of the core hole were treated adopting the
with 7, ,/(E) the so-called scattering path operator andprocedure suggested by Mer et al,? using two Lorentzian
Z.(r,E) the regular solution to the Dirac equation normal-functions with a constant and an energy dependent width,
ized according to scattering thed®yThe combined index respectively. For the., and L; edges the constant width
A represents the relativistic spin-orbit and magnetic quanturparameter was set to 0.62 eV and 0.4 eV, respectfiely.
numbers.x and u, respectively.
Inserting Eq. (4) into Eq. (3) allows us to express IV. RESULTS AND DISCUSSION
uy(w) in terms of the scattering path operatgy, /(E) and
the matrix element$Z,|eca,|®;) with ®(r,E;) the core
wave function. This approach is quite general and is even The theoretical absorption spectra are shown in Fig. 2.
applicable for disordered systems. Furthermore, in its spiffhe lowest panel gives the decomposition of the spectra into
polarized relativistic form, it can be applied to magnetic sys-L, andL; channels which are shifted against one another by

A. Theoretical absorption spectrum
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FIG. 2. Theoretical x-ray absorption coefficiem23 for the
L, 3 edge of Cu. The lower panel gives the decompoéitio;mpi3
according to the initial core statepz, and 25, i.e., intoL,- and
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FIG. 3. Square of the radial x-ray absorption matrix elements
|R,<f,<i(E)|2 of fcc-Cu according to Eq(7) multiplied by the nu-
merical prefactorsWKfKi in Egs. (5) and (6), as a function of the
energyE of the final state.

The DOS curves given in the top panel in Fig. 2 have
been aligned to thé;-absorption edge. Comparing the cor-
responding absorption spectrum with the DOS curve one
finds—as expected from Eq&) and (6)—that all structure
in the spectrum can be traced back to corresponding peaks in
the DOS curve. Inspection of the dispersion relafiqk) in
turn allows us to connect these peaks to regionis gpace.
For fcc-Cu, for example, the features at 4.5 and 7.5 eV stem
from van Hove singularities at the and X point in the
Brillouin zone, where, due to the symmetdg/dk vanishes
leading to a band edge. For bce-Cu, a singularity of the band
structure at th&l point leads to a band edge giving rise to the
feature at 5 eV in the DOS curves and the corresponding
spectra.

Information on the relative importance of the and
d-like partial DOS can be obtained by a decomposition of
theL, andL; spectra, as it is given by the second and third
panel in Fig. 2. For both spectra, one finds that the
s-absorption channel contributes only 5% to the total absorp-
tion. This is partly due to the numerical prefactors in E&§$.

L; spectra. These spectra are further decomposed according to tA&@d(6) but predominantly, due to the radial matrix elements
final states with 4,/,, 3ds, and s, character in the second and Ry« (E), which are given in Fig. 3 as a function of energy.

third panels. The uppermost panel gives #1@, ds»,, and dsp

One of the main reasons that thes matrix elements are so

resolved density of states as full, dotted, and dashed, respectiveljauch smaller than thp-d matrix elements seems to be the

lines from Fig. 1 for the sake of referenc@) and (b) give the

results for the fcc and bcc structure, respectively.

the spin-orbit splitting of the @ states. This splitting was

fact that the » and 3 radial wave functions, are nodeless
functions, while the 4 wave function has three radial nodes.
Furthermore—closely connected to this—the Bave func-

found to be 20.4 eV compared to 20.2 eV as deduced fronon is stronger localized than thes 4vave function resulting

core level x-ray photoemission spectroscédithe L, and

in a stronger overlap with the@wave functiongsee Eq.

L, spectra are very similar in shape with their relative mag<7)]-

nitude close to 1:2, as expected from the numbers of states The fact that thes-absorption channel plays only a minor
within the 2p,,, and 24, subshells, respectively. Deviation role together with the weighting factors in E@) causes the
from this ratio is to some extent due to the spin-orbit splittingL ,-edge spectrum to be dominated by ttig,-absorption
within the 3d states, but also due to the stronger lifetime channel(around 95% while theL ;-edge spectrum is prima-
broadening for the R;, states compared to that of the rily due to theds;-absorption channefaround 90% The

2py, States.

variation of thedy,,- andds,,-DOS curves in the near edge
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region mentioned above is, therefore, one of the main rea-
sons that the peak at the; edge is more pronounced than
that at thel, edge. 300
As can be seen in Fig. 3, the matrix elements involving
3d states have a maximum close to the Fermi energy. For the
energy range shown here, they decrease monotonously to
about 40% of the maximum value at higher energies, until a
flat minimum at 30 eV is reached. This property obviously
emphasizes the absorption in the near-edge region and, there-
fore, enhances the white line. This behavior is further sup-
ported by the energy dependent Lorentzian linewitibe
aboveg, which is meant to account for the energy dependent 10.0 .
mean free path of the excited electr§nwithin the energy
range shown in Fig. 2, this mechanism increasingly washes

200

L (arb. units)

— Theol
out the structures in the absorption spectra for increasing /' —— Expe:iyment
energy. This is especially pronounced for the peaks at 27 and 0.0 o ) , )
31 eV in the case of the fcc structure and at 23 and 26 eV for ~10.0 0.0 10.0 20.0 30.0 40.0
the bcc structure, respectively. As a consequence of the en{a) E-E.(eV)

ergy dependent broadening, thg-absorption spectrum con-

tribute for the range investigated here only slightly in the

region of thelL ,-absorption spectrunisee lowest panel of 30.0
Fig. 2). This behavior is exemplified by the peak at 15 eV in

the DOS curve of bcc-Cu. This is well below the Zpin-

orbit splitting and, therefore, the peak can be clearly seen in

the total absorption spectrum. For the fcc structure, thereisa
corresponding peak at 20 eV. This is so close tolthedge g 200 ¢
that the corresponding peak cannot be distinguished from the ¢

L ,-absorption spectrum. Nevertheless, the pronounced peaks E'Q

in the DOS curves at higher energigetween 20 and 30 eV =

result in a nonmonotonous background for the 10.0
L,-absorption spectrum. This is giving rise to an apparent
change in the relative height of some peaks in the total spec-

—— Theory
trum as compared to thes-edge region. As one can see in —-— Experiment
the lower panel of Fig. 2 for the fcc structure the third peak 0.0 o , ,
at 29 eV in thel, region seems to be higher than the second ~10.0 0.0 10.0 20.0 30.0 40.0

one at 25 eV—in contrast to tHe;-edge region. For the bcc  (b) E-E.(eV)

structure the second peak at 26 eV also seems to be higher

than the first one at 21 eV—again in contrast to the FIG. 4. Experimental and theoretical x-ray absorption coeffi-
Ls-edge region. That these relative heights read from theients, ,for thel,sedge of Cu(a) and(b) give the results for the
total spectrum are indeed spurious can clearly be seen frofac and bcc structure, respectively. The experimental data for Cu
the L,-absorption spectrum drawn separately in the lowemith the bcc structure stems from the multilayer system3gu
panel of Fig. 2. Fe(10) bec.

B. Comparison with experiment tion edge. All other prominent peaks in the spectrum can be

The theoretical absorption spectra for fcc- and bee-Cu distraced back to band edges in the dispersion relation. Because
cussed in the last section are compared in Fig. 4 with correof the overlap of the; with the L, spectrum, the relative
sponding experimental data. As can be seen, a very satisfpeak heights for the later can be read only with some uncer-
ing agreement between experimental and theoretical datainty from the total spectrum. This feature, together with the
could be found for fcc-Cu, for which the proper structure spin-orbit splitting of thed band, give rise to deviations of
was investigated experimentally. Deviations of both spectrdhel, to L5 ratio at the absorption edges from the ideal one.
from one another seem primarily caused by the background Figure 5 shows that the experimenthl absorption
subtraction procedure for the experimental spectra. Becauspectra of Cu in fcc-Cu and CLO)/Fe(3) are extremely simi-
of this good agreement, the discussion and interpretation dér. This means that for the multilayer system the Cu layers
the theoretical spectrum can be transferred directly to th@ossess essentially fcc structure with a lattice constant close
experimental one. In summary, this means thatltheand to that of pure fcc-Cu, in good accord with the observations
L, spectra are nearly exclusively due t@,;2—3ds, and  of Pizzini et al3? The thin Fe interlayers adopt the imposed
2ps,—3dsg), transitions, respectively. This is a somewhatfcc-structure®® It might seem surprising that few—here ten
surprising feature because of the low lyidgband complex —atomic layers are sufficient to show essentially the elec-
of Cu. Furthermore, the energy dependence of the radial mdronic structure of bulk Cu. However, this behavior is well
trix elements strongly enhances the white line at the absorgcnown from angular resolved photoemission spectroscopy.
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adlayers on the electronic structure of Cu can be ignored, the

25 ' ' ' ' agreement could presumably be further improved by choos-
ing a more realistic lattice constant for bcc-Cu. Nevertheless,
20} even without this optimization, the spectra in Fig. 4 convinc-
Cu(3)/Fe(10)-bec ingly demonstrate that for G8)/Fe(10) it is the Fe sub-
) system that imposes its structure onto the total multilayer
5 187 Cu(10)/Fe(3)fec system. These results also support the observations of Pizzini
£ et al3 Finally, it should be noted that—as for fcc-Cu—the
%’ 10 k U metalfec good agreement of the thepreticgl and e'xperimentgl spectra
< allows one to transfer the discussion and interpretation of the
s theoretical spectrum directly to the experimental one.
S 05t
w V. SUMMARY
00 High resolutionL, 3 x-ray absorption spectra of Cu in
bulk fcc-Cu, as well as Cu/Fe-multilayers have been pre-
-05 . . ; . . sented together with corresponding first-principles calcula-
-10.0 0.0 10.0 20.0 30.0 tions of these spectra. From a comparison of the various

Energy from threshoid (eV) spectra, it could be concluded that, for the (DQ)/Fe(3)-
multilayer system, it is Cu that imposes the fcc structure onto
FIG. 5. Experimental x-ray absorption spectra atlthg edges  the total system. For GB)/Fe(10), on the other hand, it is

of Cu. The various panels give from bottom to the top the spectra othe Fe that dictates altogether a bcc structure. All details of

Cu in pure fcc-Cu and in the multilayer systems(OD/Fe(3) fcc  the experimental spectra could be explained and directly

and Cy3)/Fe(10) bec, respectively. connected to the electronic structure with the help of the
theoretical spectra. This demonstrates the usefulness of x-ray

Here, few surface layers on a substrate are sufficient to givgbsorption spectroscopy as a probe for the local electronic

essentially the dispersion relation of the corresponding bulktructure, as well as the power of modern band structure

material®* calculations.
In contrast to CWO)/Feg3) for the Cu3)/F&10)

multilayer system, a Ci., absorption spectrum is found
that is very different from that of fcc-C(see Fig. 5. Obvi-
ously it is here that the thicker bcc-Fe layer imposes its This work was supported by the German ministry for re-
structure on the thinner Cu-layers. This interpretation issearch and technologyBMFT) under Contract No. 05
strongly supported by the good agreement between the the621WMA within the programmeirkular polarisierte Syn-
retical spectrum for bcc-Cu and the experimental one for thehrotronstrahlung: Dichroismus, Magnetismus und Spinori-
multilayer system. Assuming that the influence of the Feentierung

ACKNOWLEDGMENT

IM. N. Baibich, J. M. Broto, A. Fert, F. N. V. Dau, F. Petroff, P. Frahm, and G. Materlik, Phys. Rev. Le8, 737 (1987).
Eitenne, G. Creuzet, A. Friederich, and J. Chazelas, Phys. Re¥!H. Ebert, B. Drittler, R. Zeller, and G. S¢tw) Solid State Com-

Lett. 61, 2472(1988. mun. 69, 485(1989; H. Ebert and R. Zeller, Phys. Rev. £,
2G. Binasch, P. Gmberg, F. Saurenbach, and W. Zinn, Phys. Rev.  2744(1990.

B 39, 4828(1989. 12C. T. Chen, F. Sette, Y. Ma, and S. Modesti, Phys. Rev2B
3S. S. P. Parkin, N. More, and K. P. Roche, Phys. Rev. I62it. 7262(1990.

2304(1990. 13G. van der Laan and B. T. Thole, Phys. Rev® 13 401(1991.
4B. Dieny, V. S. Speriosu, S. S. P. Parkin, B. A. Gurney, D. R.'*F. Sette, C. T. Chen, Y. Ma, S. Modesti, and N. V. Smith, in

Wilhoit, and D. Mauri, Phys. Rev. B3, 1279(1991). X-Ray Absorption Fine Structuredited by S. S. Hasnaiillis

5C. Tsang, R. E. Fontana Jr., T. Lin, D. E. Heim, V. S. Speriosu, Horwood Limited, Chichester, England, 199p. 96.
B. A. Gurney, and M. L. Williams, IEEE Trans. Mag0, 3801  15J. Stdwr, J. Electron Spectrosc. Relat. Phendi®. 253 (1995.

(1994. 18C. T. Chen, Y. U. Idzerda, H. J. Lin, N. V. Smith, G. Meigs, E.
8U. Gradmann and J. Mier, Phys. Status Solid27, 313 (1968. Chaban, G. H. Ho, E. Pellegrin, and F. Sette, Phys. Rev. Lett.
’P. F. Carcia, A. D. Meinholdt, and A. Suna, Appl. Phys. Léf. 75, 152 (1995.

178 (1985. G. A. Held, M. G. Samant, J. &to, S. S. P. Parkin, B. D. Herms-
83. E. Hurst, Jr. and W. J. Kozlovsky, Jpn. J. Appl. PI8%.5301 meier, F. Herman, M. van Schilfgaarde, L. C. Duda, D. C. Man-

(1993. cini, N. Wassdahl, and R. Nakajim@anpublishedl

9X-Ray Absorption: Principles, Applications, Techniques of'8J. Stdr, NEXAFS Spectroscop$pringer Series in Surface Sci-
EXAFS, SEXAFS and XANE&dited by D. C. Koningsberger ences Vol. 25Springer, Heidelberg, 1992
and R. PringWiley, New York, 1988. v, L. Moruzzi, J. F. Janak, and A. R. Williams, iBalculated
10G, Schiiz, W. Wagner, W. Wilhelm, P. Kienle, R. Zeller, R. Electronic Properties of Metal@ergamon, New York, 1978



53 L-EDGE X-RAY ABSORPTION IN fcc and bcc Cu ... 16 073

200, K. Andersen, Phys. Rev. B2, 3060(1975. 283 E. Muler, O. Jepsen, and J. W. Wilkins, Solid State Commun.
2lw. L. Schaich, Phys. Rev. B2, 6513(1984. 42, 365(1982.
22p_ Strange, H. Ebert, J. B. Staunton, and B. L. Gyorffy, J. Phys?°J. C. Fuggle and J. E. Inglesfield, idnoccupied Electronic
Condens. Mattef, 2959(1989. States edited by J. C. Fuggle and J. E. Inglesfield, Topics in
23H. Ebert and R. Zeller, Phys. Rev. £, 2744(1990. Applied Physics, Vol. 69Springer, Berlin, 1992
24y, V. Nemoshkalenko, V. N. Antontonov, V. N. Antonov, and W. L. Ley and M. Cardona, ifPhotoemission in Solids I, Case Stud-
John, Phys. Status Solidi 83, 575(1979. ies edited by L. Ley and M. Cardona, Topics in Applied Phys-
25p, Weinberger and F. Rosicky, Theor. Chim. AdtBerlin) 48, ics, Vol. 27 (Springer, Berlin, 1979
349(1978. 31C. M. Schneideet al, J. Phys. Condens. Matt8r 4349 (1991).
26|, F. Mattheiss and R. E. Dietz, Phys. Rev2B, 1663(1980. 323, Pizzini, F. Baudelet, D. Chandesris, A. Fontaine, H. Magnan, J.
27y, V. Nemoshkalenkoet al., Phys. Status Solidi Bl11, 11 M. George, F. Petroff, A. Barflemy, A. Fert, R. Loloee, and P.

(1982. A. Schroeder, Phys. Rev. 86, 1253(1992.



