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High resolution CuL2,3 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 bcc Cu reveals that Cu is bcc in Cu~3 Å!/Fe~10 Å! and fcc in
Cu~10 Å!/Fe~3 Å! 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 elements.@S0163-
1829~96!03024-X#

I. INTRODUCTION

Artificially layered structures where each layer consists of
a different transition metal, a few atomic layers thick, exhibit
a variety of scientific phenomena which are about to be uti-
lized in technological devices. The discovery of giant mag-
netoresistance effects1,2 and oscillatory exchange coupling,3

for example, underlie the technology used in a spin-valve
magnetic read head.4,5 Similarly, layered structures with per-
pendicular magnetic anisotropy,6,7 show promise as ‘‘blue’’
magneto-optical media.8 It is expected that the magnetic
properties of such multilayer structures may be strongly in-
fluenced by the crystal structures of the thin layers which are
expected to differ from those of the bulk. The understanding
of the correlation between magnetic and crystallographic
structure in thin films is, therefore, an important problem.

A considerable amount of work has been carried out by
the surface science community characterizing the magnetic
and structural properties of thin layers grown on single crys-
tal substrates. Relatively little work has been done on the
structure of thin sandwiched and therefore buried layers,
however, owing to the difficulty of most surface science
techniques to probe below the surface. Another difficulty that
is often encountered is the separation of the signals from the
different layers in multilayerlike structures.

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.9

Particular strengths of x-ray absorption spectroscopy are its
element specificity and the fact that no long range crystallo-
graphic order of the sample is required. In the past, the most
powerful use of XAFS for structural determinations has been
the analysis of the fine structure above K absorption edges.
BecauseK-edge absorption is governed bys→p dipole tran-

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

become of great interest, since they allow access to the im-
portantd valence electrons throughp→d dipole transitions.
In particular, the investigation of absorption of circularly po-
larized x rays by magnetic materials, so called x-ray mag-
netic circular dichroism~XMCD! spectroscopy,10 allows the
direct determination of element-specific magneticd-shell
moments.11–16 From a theoretical point of view,L-edge
XAFS is complicated by the presence ofp→s in addition to
p→d transitions, and their relative contributions in the near
edge region are not well understood. It is, therefore, highly
desirable to obtain a better understanding of the information
content ofL-edge spectra in the region close to the absorp-
tion edge. It is the goal of the present paper to aid in this
process.

Our studies report experimental data for theL-edge spec-
tra of Cu metal, prepared in both fcc and bcc structures, by
sandwiching a thin Cu layer between Fe layers of various
thickness. The experimental spectra are compared to a fully
relativistic first-principles calculation of theL-edge absorp-
tion spectra for fcc and bcc Cu metal. The sensitivity of the
near edge structure to the crystallographical structure is con-
vincingly demonstrated by comparison of experiment and
theory. The theoretical results reveal quantitatively the vari-
ous angular momentum contributions to theL-edge spectra.

II. EXPERIMENTAL METHODS

The x-ray absorption spectrum of fcc Cu metal was re-
corded on a Cu~100! single crystal, which was cleanedin situ
by ion sputtering and annealed to 600 °C prior to the mea-
surement. All other samples were grown by dc magnetron
sputtering as discussed before.3 A 200 Å Cu film was grown
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on Si~001!, using a 100 Å Ru buffer layer and a 15 Å Ru
capping layer to prevent oxidation. Its absorption spectrum
was identical to that of the Cu single crystal. The Fe/Cu
multilayer samples were grown as structures Fe~10 Å!/
10@Cu~3 Å!/Fe~10 Å!# and Cu~10 Å!/10@Fe~3 Å!/Cu~10 Å!#
onto a Si~100!/Ru~100 Å! substrate and covered with a
Ru~15 Å! capping layer. These samples will be referred to as
Cu~3!/Fe~10! and Cu~10!/Fe~3!, respectively. In both
samples the coupling between Fe layers is ferromagnetic and
XMCD results on the Cu~3!/Fe~10! sample at both the Fe
and Cu L2,3 absorption edges have been reported
previously.17

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 l/mm holo-
graphic gratings and 10mm entrance and exit slits, resulting
in a resolution of about 0.3 eV at the CuL3 edge. Spectra
were measured by recording the photocurrent of the sample
with a picoammeter at normal x-ray incidence angle. The
electron yield signal from a gold grid monitor was used to
normalize the spectra to the incident photon flux.18 After
subtraction of a linear background fitted to the preedge re-
gion, the spectra were scaled to a unit step height far above
theL edges.

III. CALCULATION OF THE ELECTRONIC STRUCTURE
AND OF THE ABSORPTION SPECTRA

A. Electronic structure

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-
tial due to Moruzziet al.19 For the fcc phase, the experimen-
tal lattice constant (afcc56.83 a.u.! has been used. That for
the bcc phase has been chosen to give the same atomic vol-
ume (abcc55.42 a.u.!. All work has been done using the
Korringa-Kohn-Rostoker~KKR! method of band structure
calculation in connection with the atomic sphere
approximation.20 This multiple scattering technique gives di-
rectly access to the electronic Green’s function and, there-
fore, provides an extreme flexibility~see below!. To account
in a consistent way for all mechanisms that give rise to a
difference in the x-ray absorption spectra at theL2 andL3
edges all calculations have been done in a fully relativistic
way. The resulting density of states~DOS! curves for fcc-Cu
resolved for the orbital angular momentuml is shown in
Fig. 1 for a wide range of energy. In addition the curves
resolved according to the spin-orbit quantum numberk are
given, withk specifying the orbital angular momentuml as
well as the total angular momentumj ~e.g., k521,1,22,
2, and23 corresponds tos1/2, p1/2, p3/2, d3/2, andd5/2,
respectively!. As is well known, the electronic structure of
fcc-Cu is characterized by a broad free-electron-likesp band
and a narrowd-band complex that lies about 1.4 eV below
the Fermi energy. However, this crude description does not
imply that thed-like states are completely filled. In fact, the
number ofd electrons corresponding to the occupied part of
the DOS curve is found to be 9.55. Furthermore, thed-like
DOS around and above the Fermi energy is of the same order
of magnitude as the other contributions. This also applies to

the f contributions, which is more or less negligible below
the Fermi energy. Comparing thel -resolved DOS curves in
Fig. 1 with results of corresponding nonrelativistic calcula-
tions~see, e.g., Ref. 19! no pronounced relativistic influences
on the electronic structure are found. However, as can be
seen in Fig. 1 forl 52, the k-resolved DOS curves with
d3/2 and d5/2 character differ remarkably in shape. This
clearly manifests the importance of the spin-orbit coupling
for the electronic structure of Cu, in spite of its relatively low

FIG. 1. Density of states curvesnl (E) ~full line! and nk(E)
~dotted line: k51l , i.e., p1/2, d3/2, and f 5/2; dashed line:
k52l 21, i.e., p3/2, d5/2, and f 7/2), resolved according to the
orbital angular momentum and spin-orbit quantum numbersl and
k, respectively, for Cu in units of (states/atom eV).~a! and~b! give
the results for the fcc and bcc structure, respectively. The density of
states has been calculated for energies having a small imaginary
part of 0.14 eV. The curves shown are, therefore, folded with a
Lorentzian of the corresponding width.
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atomic number. A further consequence of spin-orbit coupling
for these DOS curves is that—in spite of their similar shape
around the Fermi level—the ratio of the corresponding DOS
values is below the ideal ratio 4:6. Because of the energy
dependence of the spin-orbit coupling, the deviation from the
ideal ratio gets rapidly smaller with increasing energy.

For bcc-Cu, the main features of the electronic structure
are very similar to those of fcc-Cu. Of course, the detailed
structure of the DOS curves differs, showing, for example, a
clear separation of thed band into bonding and antibonding
states as it is typical for metals with the bcc structure~see,
e.g., Ref. 19!.

B. Calculation of the absorption spectra

Using Fermi’s golden rule and adopting the electric dipole
approximation, the x-ray absorption coefficientml(v) at the
photon energy\v can be evaluated starting from the expres-
sion

ml~\v!} (
iocc

nkunocc

u^nku j lu i &u2d~Enk2Ei2\v!. ~1!

Here, u i & and unk& represent the involved core and unoccu-
pied band states, respectively. Within a fully relativistic cal-
culation, the elements of the current density vector operator
j l are given by2ecal , with a the vector of Dirac matrices
and the indexl specifying the polarization of the radiation.
By making use of the identity

2
1

p
ImG1~E!5(

nk
unk&^nkud~Enk2E!, ~2!

for the electronic Green’s functionG1(E), this expression
can be transformed to the form21

ml~\v!}(
iocc

^ i u j l
3ImG1~Ei1\v! j lu i &u~Ei1\v2EF!,

~3!

with EF the Fermi energy. This expression is the standard
starting point for the extended x-ray absorption fine structure
theory21 and is also applicable for the x-ray absorption near
edge structure region if the proper Green’s function for the
final states is used, i.e., the scattering for the electrons in the
final state is not restricted to few neighboring atomic shells.
Within the KKR formalism ImG1 is given by

ImG1~r ,r 8,E!5 (
LL8

ZL~r ,E!ImtLL8~E!ZL8
3

~r 8,E!,

~4!

with tLL8(E) the so-called scattering path operator and
ZL(r ,E) the regular solution to the Dirac equation normal-
ized according to scattering theory.22 The combined index
L represents the relativistic spin-orbit and magnetic quantum
numbers,k andm, respectively.

Inserting Eq. ~4! into Eq. ~3! allows us to express
ml(v) in terms of the scattering path operatortLL8(E) and
the matrix elementŝZLuecaluF i& with F i(r ,Ei) the core
wave function. This approach is quite general and is even
applicable for disordered systems. Furthermore, in its spin
polarized relativistic form, it can be applied to magnetic sys-

tems and, therefore, gives access to the magnetic dichroism
in x-ray absorption.23 The expressions resulting from Eqs.
~4! and~3! are given in detail in Ref. 23 and have been used
here for the calculation ofml(v).

For paramagnetic systems, the expression forml(v) can
be further simplified. The first step is to replace the scattering
path operatortLL8(E) with the k-resolved density of states
nk(E) and accordingly the matrix elements^ZLuecaluF i&
with ^Z̄LuecaluF i&, where Z̄L(r ,E) is the wave function
normalized to 1 within the atomic cell. Assuming unpolar-
ized radiation the summation over the magnetic quantum
numberm in Eq. ~3! can be performed in a straightforward
way, because the matrix elements can be split into an angular
and radial part. As mentioned above, these matrix elements
originally refer to the operator2ecal . This form has been
used here to calculateml(v). Alternatively, one may replace
^Z̄LuecaluF i& by matrix elements with respect to the opera-
tors¹, ¹V, or r . The last form—the so-called configuration
form—is numerically questionable,24 but allows us to discuss
the behavior of the resulting radial matrix elements in a
straightforward way. Using that form, one finds for theL2
andL3 edges, the expressions25–27

mL2
5
1

3
ns1/2Rs1/2p1/2

2 1
1

3
nd3/2Rd3/2p1/2

2 , ~5!

mL3
5
2

3
ns1/2Rs1/2p3/2

2 1
1

15
nd3/2Rd3/2p3/2

2 1
2

5
nd5/2Rd5/2p3/2

2

~6!

which have been derived originally starting from Eq.~1!
~Ref. 24! @the argumentE of nk f

(E) andRk fk i
(E) has been

omitted#. Here, thek-resolved density of statesnk(E) repre-
sents all contributions from the orbitals with characterk, i.e.,
it is not defined per orbital. The radial matrix elements oc-
curring in Eqs.~5! and ~6! are defined by

Rk fk i
~E!5E @gk f

~r ,E!gk i
~r ,Ei !1 f k f

~r ,E! f k i
~r ,Ei !#r

3dr,

~7!

with gk f
(r ,E) and f k f

(r ,E) the major and minor components

of the wave function Z̄L(r ,E) for the final state and
gk i

(r ,Ei) and f k i
(r ,Ei) for the initial state, respectively.

For a direct comparison with experiment, the spectra ob-
tained from Eqs.~5! and ~6! or Eqs. ~3!, respectively, still
have to be broadened appropriately. To account for appara-
tive broadening, a Gaussian function with a width of 0.4 eV
has been used. All intrinsic broadening mechanisms as, e.g.,
the finite lifetime of the core hole were treated adopting the
procedure suggested by Mu¨ller et al.,28 using two Lorentzian
functions with a constant and an energy dependent width,
respectively. For theL2 and L3 edges the constant width
parameter was set to 0.62 eV and 0.4 eV, respectively.29

IV. RESULTS AND DISCUSSION

A. Theoretical absorption spectrum

The theoretical absorption spectra are shown in Fig. 2.
The lowest panel gives the decomposition of the spectra into
L2 andL3 channels which are shifted against one another by
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the spin-orbit splitting of the 2p states. This splitting was
found to be 20.4 eV compared to 20.2 eV as deduced from
core level x-ray photoemission spectroscopy.30 The L2 and
L3 spectra are very similar in shape with their relative mag-
nitude close to 1:2, as expected from the numbers of states
within the 2p1/2 and 2p3/2 subshells, respectively. Deviation
from this ratio is to some extent due to the spin-orbit splitting
within the 3d states, but also due to the stronger lifetime
broadening for the 2p1/2 states compared to that of the
2p3/2 states.

The DOS curves given in the top panel in Fig. 2 have
been aligned to theL3-absorption edge. Comparing the cor-
responding absorption spectrum with the DOS curve one
finds—as expected from Eqs.~5! and ~6!—that all structure
in the spectrum can be traced back to corresponding peaks in
the DOS curve. Inspection of the dispersion relationE(k) in
turn allows us to connect these peaks to regions ink space.
For fcc-Cu, for example, the features at 4.5 and 7.5 eV stem
from van Hove singularities at theL and X point in the
Brillouin zone, where, due to the symmetry,dE/dk vanishes
leading to a band edge. For bcc-Cu, a singularity of the band
structure at theN 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 thes- and
d-like partial DOS can be obtained by a decomposition of
theL2 andL3 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 Eqs.~5!
and~6! but predominantly, due to the radial matrix elements
Rk fk i

(E), which are given in Fig. 3 as a function of energy.

One of the main reasons that thep-s matrix elements are so
much smaller than thep-d matrix elements seems to be the
fact that the 2p and 3d radial wave functions, are nodeless
functions, while the 4s wave function has three radial nodes.
Furthermore—closely connected to this—the 3d wave func-
tion is stronger localized than the 4s wave function resulting
in a stronger overlap with the 2p wave functions@see Eq.
~7!#.

The fact that thes-absorption channel plays only a minor
role together with the weighting factors in Eq.~6! causes the
L2-edge spectrum to be dominated by thed3/2-absorption
channel~around 95%!, while theL3-edge spectrum is prima-
rily due to thed5/2-absorption channel~around 90%!. The
variation of thed3/2- andd5/2-DOS curves in the near edge

FIG. 2. Theoretical x-ray absorption coefficientmL2,3
for the

L2,3 edge of Cu. The lower panel gives the decomposition ofmL2,3
according to the initial core states 2p1/2 and 2p3/2, i.e., intoL2- and
L3 spectra. These spectra are further decomposed according to the
final states with 4s1/2, 3d3/2 and 3d5/2 character in the second and
third panels. The uppermost panel gives thes1/2, d3/2, and d5/2
resolved density of states as full, dotted, and dashed, respectively,
lines from Fig. 1 for the sake of reference.~a! and ~b! give the
results for the fcc and bcc structure, respectively.

FIG. 3. Square of the radial x-ray absorption matrix elements
uRk fk i

(E)u2 of fcc-Cu according to Eq.~7! multiplied by the nu-
merical prefactorsWk fk i

in Eqs. ~5! and ~6!, as a function of the
energyE of the final state.
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region mentioned above is, therefore, one of the main rea-
sons that the peak at theL3 edge is more pronounced than
that at theL2 edge.

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 linewidth~see
above!, which is meant to account for the energy dependent
mean free path of the excited electron.28 Within the energy
range shown in Fig. 2, this mechanism increasingly washes
out the structures in the absorption spectra for increasing
energy. This is especially pronounced for the peaks at 27 and
31 eV in the case of the fcc structure and at 23 and 26 eV for
the bcc structure, respectively. As a consequence of the en-
ergy dependent broadening, theL3-absorption spectrum con-
tribute for the range investigated here only slightly in the
region of theL2-absorption spectrum~see lowest panel of
Fig. 2!. This behavior is exemplified by the peak at 15 eV in
the DOS curve of bcc-Cu. This is well below the 2p spin-
orbit splitting and, therefore, the peak can be clearly seen in
the total absorption spectrum. For the fcc structure, there is a
corresponding peak at 20 eV. This is so close to theL2 edge
that the corresponding peak cannot be distinguished from the
L2-absorption spectrum. Nevertheless, the pronounced peaks
in the DOS curves at higher energies~between 20 and 30 eV!
result in a nonmonotonous background for the
L2-absorption spectrum. This is giving rise to an apparent
change in the relative height of some peaks in the total spec-
trum as compared to theL3-edge region. As one can see in
the lower panel of Fig. 2 for the fcc structure the third peak
at 29 eV in theL2 region seems to be higher than the second
one at 25 eV—in contrast to theL3-edge region. For the bcc
structure the second peak at 26 eV also seems to be higher
than the first one at 21 eV—again in contrast to the
L3-edge region. That these relative heights read from the
total spectrum are indeed spurious can clearly be seen from
the L2-absorption spectrum drawn separately in the lower
panel of Fig. 2.

B. Comparison with experiment

The theoretical absorption spectra for fcc- and bcc-Cu dis-
cussed in the last section are compared in Fig. 4 with corre-
sponding experimental data. As can be seen, a very satisfy-
ing agreement between experimental and theoretical data
could be found for fcc-Cu, for which the proper structure
was investigated experimentally. Deviations of both spectra
from one another seem primarily caused by the background
subtraction procedure for the experimental spectra. Because
of this good agreement, the discussion and interpretation of
the theoretical spectrum can be transferred directly to the
experimental one. In summary, this means that theL2 and
L3 spectra are nearly exclusively due to 2p1/223d3/2 and
2p3/223d5/2 transitions, respectively. This is a somewhat
surprising feature because of the low lyingd-band complex
of Cu. Furthermore, the energy dependence of the radial ma-
trix elements strongly enhances the white line at the absorp-

tion edge. All other prominent peaks in the spectrum can be
traced back to band edges in the dispersion relation. Because
of the overlap of theL3 with the L2 spectrum, the relative
peak heights for the later can be read only with some uncer-
tainty from the total spectrum. This feature, together with the
spin-orbit splitting of thed band, give rise to deviations of
theL2 to L3 ratio at the absorption edges from the ideal one.

Figure 5 shows that the experimentalL2,3-absorption
spectra of Cu in fcc-Cu and Cu~10!/Fe~3! are extremely simi-
lar. This means that for the multilayer system the Cu layers
possess essentially fcc structure with a lattice constant close
to that of pure fcc-Cu, in good accord with the observations
of Pizzini et al.32 The thin Fe interlayers adopt the imposed
fcc-structure.32 It might seem surprising that few—here ten
—atomic layers are sufficient to show essentially the elec-
tronic structure of bulk Cu. However, this behavior is well
known from angular resolved photoemission spectroscopy.

FIG. 4. Experimental and theoretical x-ray absorption coeffi-
cientmL2,3

for theL2,3 edge of Cu.~a! and~b! give the results for the
fcc and bcc structure, respectively. The experimental data for Cu
with the bcc structure stems from the multilayer system Cu~3!/
Fe~10! bcc.
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Here, few surface layers on a substrate are sufficient to give
essentially the dispersion relation of the corresponding bulk
material.31

In contrast to Cu~10!/Fe~3! for the Cu~3!/Fe~10!
multilayer system, a CuL2,3-absorption spectrum is found
that is very different from that of fcc-Cu~see Fig. 5!. Obvi-
ously it is here that the thicker bcc-Fe layer imposes its
structure on the thinner Cu-layers. This interpretation is
strongly supported by the good agreement between the theo-
retical spectrum for bcc-Cu and the experimental one for the
multilayer system. Assuming that the influence of the Fe

adlayers on the electronic structure of Cu can be ignored, the
agreement could presumably be further improved by choos-
ing a more realistic lattice constant for bcc-Cu. Nevertheless,
even without this optimization, the spectra in Fig. 4 convinc-
ingly demonstrate that for Cu~3!/Fe~10! it is the Fe sub-
system that imposes its structure onto the total multilayer
system. These results also support the observations of Pizzini
et al.32 Finally, it should be noted that—as for fcc-Cu—the
good agreement of the theoretical and experimental spectra
allows one to transfer the discussion and interpretation of the
theoretical spectrum directly to the experimental one.

V. SUMMARY

High resolutionL2,3 x-ray absorption spectra of Cu in
bulk fcc-Cu, as well as Cu/Fe-multilayers have been pre-
sented together with corresponding first-principles calcula-
tions of these spectra. From a comparison of the various
spectra, it could be concluded that, for the Cu~10!/Fe~3!-
multilayer system, it is Cu that imposes the fcc structure onto
the total system. For Cu~3!/Fe~10!, on the other hand, it is
the Fe that dictates altogether a bcc structure. All details of
the experimental spectra could be explained and directly
connected to the electronic structure with the help of the
theoretical spectra. This demonstrates the usefulness of x-ray
absorption spectroscopy as a probe for the local electronic
structure, as well as the power of modern band structure
calculations.

ACKNOWLEDGMENT

This work was supported by the German ministry for re-
search and technology~BMFT! under Contract No. 05
621WMA within the programmeZirkular polarisierte Syn-
chrotronstrahlung: Dichroismus, Magnetismus und Spinori-
entierung.

1M. N. Baibich, J. M. Broto, A. Fert, F. N. V. Dau, F. Petroff, P.
Eitenne, G. Creuzet, A. Friederich, and J. Chazelas, Phys. Rev.
Lett. 61, 2472~1988!.

2G. Binasch, P. Gru¨nberg, F. Saurenbach, and W. Zinn, Phys. Rev.
B 39, 4828~1989!.

3S. S. P. Parkin, N. More, and K. P. Roche, Phys. Rev. Lett.64,
2304 ~1990!.

4B. Dieny, V. S. Speriosu, S. S. P. Parkin, B. A. Gurney, D. R.
Wilhoit, and D. Mauri, Phys. Rev. B43, 1279~1991!.

5C. Tsang, R. E. Fontana Jr., T. Lin, D. E. Heim, V. S. Speriosu,
B. A. Gurney, and M. L. Williams, IEEE Trans. Mag.30, 3801
~1994!.

6U. Gradmann and J. Mu¨ller, Phys. Status Solidi27, 313 ~1968!.
7P. F. Carcia, A. D. Meinholdt, and A. Suna, Appl. Phys. Lett.47,
178 ~1985!.

8J. E. Hurst, Jr. and W. J. Kozlovsky, Jpn. J. Appl. Phys.32, 5301
~1993!.

9X-Ray Absorption: Principles, Applications, Techniques of
EXAFS, SEXAFS and XANES, edited by D. C. Koningsberger
and R. Prins~Wiley, New York, 1988!.
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