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The electronic structure of a Cu monolayer buried in Ni1€©) is studied by means of x-ray emission and
absorption spectroscopies in combination with first principles calculations. The local character of the x-ray
probes allows us to investigate changes in the chemical interaction for these ultrathin film systems. In com-
parison to bulk Cu, the occupietistates of a buried Cu monolayer, as mapped in the x-ray emission spectrum,
remain mostly unaltered. The absorption spectrum on the other hand shows that the empty states of the buried
Cu monolayer are modified, and instead resemble the unoccupied electronic density of bulk Ni. These findings
agree well with our first principle electronic structure calculations and the results are interpreted in terms of
short- and long-range hybridization.

New techniques for growing high quality layered nanode-and XE spectra. We show how this behavior can be under-
vices have created a number of fascinating possibilities irstood in terms of hybridization. Similar findings for Cu-Ni
materials science. By reducing the dimensionality, new efsystems have previously been discussed for CuNi afloys.
fects may occur due to finite size effects, especially the surThe results of that work are consistent with the picture pre-
face and interface features, which can be very different fronsented here. We compare the spectral properties as viewed
the bulk properties, and may dominate the behavior of thirby the XA and XE spectra to calculated, ground state, partial
film materials. This applies to magnetic, electronic, and medensity-of-stategpDOS), using a linear muffin-tin orbital
chanical properties. This area also attracts much attentiodMTO) Green’s function methodl.Although the calcula-
from a technological point of view, such as, for instance, intions do not account for the core hole, the agreement be-
connection with the development of new magnetic material$ween theory and experiment is very good.
and the exploitation of new magnetic phenomena. The The experiments were performed at the Advanced Light
magneto-electronics industry focuses on low-dimensionaBource (ALS) at Lawrence Berkeley National Laboratory
electronic systems that display spin-dependent phenomena tbBNL ), using the undulator beamline 8.0. The end-station is
create magnetic storage and reading media such as computemprised of a x-ray fluorescence spectrométen electron
memories and magnetic sensors. It is thus of great interest gnergy analyzét (Scienta SES-200 and a MCP detector
be able to study different features specific for this kind ofused for XAS! To record the XAS spectra, a photon reso-
low-dimensional systens. lution of 0.4 eV was used. Spectra were recorded in the

In the present work we address the question of how difpartial-yield mode by applying a retardation voltage of 900
ferent states, characterized by different degrees of localiza¥. During the XE measurements, the photon bandwidth was
tion, behave in connection with the interaction between lay-1.0 eV, while the resolution of the x-ray fluorescence spec-
ers of different atomic species. Core level probes providérometer was 1.1 eV. The MO0 single crystal was cleaned
information on the electronic structure with elemental speci-and checked using standard procedures. During Cu evapora-
ficity. This has many advantages in the investigation of in-tion the pressure was>»510™° Torr, which was performed
terface systems, in particular, and heterostructures in generalt room temperature. In order to avoid diffusion and alloying
X-ray emission spectroscop{XES) and x-ray absorption of the Cu-Ni interface, the sample was cooled to liquid ni-
spectroscopyXAS) provide site-projected electronic struc- trogen temperature during the Ni evaporation and measure-
ture information on the occupied and unoccupied electronienents. Spectra from “bulk” Cu were recorded when the
states, respectively. XAS vyields information on changes irsample was covered with enough evaporated Cu to com-
the electronic structure, even for small changes in, e.g., epletely suppress the Ni signals in XPS spectra. The sample
emental or structural composition. Due to the appreciablevas oriented so that the photons were incident at a glancing
penetration depth of soft x rays, it is possible to detect angle of about 7° and with the polarization vector parallel to
buried laye2 XAS has also found important applications in the surface plane.
magnetic x-ray circular dichroisitMXCD) of thin film mag- The ab initio calculations were performed by using the
netic structure$-® interface Green’s function technique developed by Skriver

We have chosen to study the experimentally well-and Rosengaar. The method is based on the LMTO
characterized Cu/Ni systefWe demonstrate how different method®* within the tight-binding'® frozen core, and
types of metallic states in this system, with varying degreesitomic-sphere approximatiof&SA), together with the local
of localization, give rise to very different behavior in the XA spin density approximation as parametrized by Vosko, Wilk,
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FIG. 1. Calculated DOS and partial DOS -DOS). In order  valence region of bulk Ni, a buried Cu layer in Ni, and Bulk Cu as
to compare theory with our experimental findings, the calculatednapped by XES and XAS. The short vertical lines in the XE spec-
occupied and unoccupigetDOS were convoluted with 1.0 eV and tra indicate the centroids derived from the spectral data. The verti-
0.4 eV Gaussians, respectively, to account for the instrumental resgal lines in the XA spectra serves as guides for the eye, and indicate
lution. the peak positions of the features discussed in the(s®d text

and Nusait® An advantage of the Green’s function tech- t0 the Fermi level, and is only partially occupied. The pDOS
nique is that it ensures a correct description of the loss off the buried Cu layer reveals only small changes from bulk
translational symmetry perpendicular to the interface withoufcU in the energy regiof0—2 eV) aboveEe . However, be-

the use of an artificial slab or supercell geometry. For theyond this region, the calculated DOS of the buried Cu layer

investigation of the electronic structure, the spectral densitys quite different from that of bulk Cu but remarkably similar
function to that of bulk Ni. This effect cannot be attributed to a

change in the lattice parameter for the buried layer, since

1 calculations(not shown of the band structure of Cu using
D7k, B)=—ImTrG(k,E), (1) the lattice parameter of Ni results in a DOS function that
shows very small or no difference to the DOS of bulk Cu at
calculated from the Green’s functic®’(k,E) of spin o, its experimental lattice constant.
energyE, and wave vectok in the 2D Brillouin zone(BZ) Figure 2 showd 5 XE and XA spectra of bulk Ni, bulk

was used. Layer and symmetry resolved spectral densitigSu, and of a Cu monolayer buried in Ni, on a common
may be obtained by restricting the trace to specific singleenergy scale, obtained by subtracting the corresponding 2
atomic layers or orbitals of different symmetries. When in-XPS binding energies, recorded in connection to the mea-
tegrated over the entire system, the state density functiosurements. In order to enhance the relevant spectral features,
yields the total density of states. All calculations were per-an arbitrary normalization between the XA data sets of the
formed using an fcc latticE. The studied situations were different systems was adopted. The XE spectra were ob-
bulk Cu, bulk Ni, and a buried Cu layer in Ni. The model tained using the excitation energies 852.7, 932.5, and 932.2
system for the buried monolayer Cu consisted of 15 layergV, respectively. This corresponds to threshold excitation, in
(Nipu/Ni7/Cuy /Ni7 /Nip) where all parts were treated order to avoid contributions from initial-state satellites. The
self-consistently. The boundary conditions on both sides oKE spectra are dominated byd$, 5, 2ps, transitions and
the system were the self-consistently calculated bulk Ni pomap the occupied @ bands:® We find the centroid of the
tentials. bulk CulLj; XE spectrum at-2.8 eV (marked by a vertical

In Fig. 1, we show the calculated spin-integrated totalline in Fig. 2. The corresponding position for bulk Ni is
DOS and @ pDOS curveg(solid and dotted lines, respec- —1.5 eV!® We find the widths FWHM denotes full width
tively). In general, the valence electronic structure of Cu isat half maximum of these bands to be 2.9 and 2.2 eV, re-
characterized by a broad free-electron-likp band and a spectively. The 8 centroid for the buried Cu layer is located
narrow, almost fully occupied@8band. In the case of Ni, the at —2.7 eV and the width of this band is also 2.7 eV, which
sp bands are similar to Cu, but thel®and is located closer is slightly narrower than for bulk Cu. The main effect of
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replacing the Cu neighbors by Ni atoms is therefore that théhe XA spectrum of the buried Cu layer will reflect the prop-
Cud bands are somewhat narrower, as a consequence of teeties of the chemical surrounding. Consequently, the delo-
reduced number of scatterers at the energy of the Cu stategalized states will not be particularly sensitive to the site at
Furthermore, the calculations indicate very small chargavhich they are probed, i.e., whether the states are projected
transfer (~0.005 electrons) from Cu to Ni. Consequently, Onto a Cu or N| site. Hence, our theory demonstrates that. an
the general appearance is that the occupied part of the Cu€lement specific probe can also be used to detect delocalized

band is little affected by the replacement of Cu with Ni at-States, distributed over several atomic layers of different
oms. atom types. States that are less influenced by hybridization

The XA spectrum of bulk Cu has previously been de-effeCtS' €g., t.he occupigd part of téands, shovv_ a di.ffer-
scribed in the literaturésee, e.g., Ref. 20The two features ent behavior in the StUd.'?d systems. As seen pr|m.ar|ly from
in Fig. 2, denoted as (4 7’e\/) a;ndB (9.0 eV), are due to the XE spectra, the position of the electrodistates is pre-

van Hove singularities at thie and X points of the Brillouin dominantly set by local(atomiclikg properties. The Ni

zone, respectively. The calculations show that the peaks ha e;?;ggrzohi\fssﬁte; zﬁ.g%";’ﬁa bl.?]dg:]%fnerggér??ﬁetlga Cl\llJ
S, P, andd character, but due to the sma-s radial ma- coordination is altelredlglnlsltead yalsli ht ggc\r,\(laase of thduCuI
trix elements, the overall contribution from thgs—s ab- ; ) 9

sorption channel to the experimental spectrum is only?8%. bandwidth is observed in the XE spectra when the Ni coor-

. . dination is increased. The main effect of replacing the Cu
Therefore the absorption spectra are expected to essennaﬁj . ; :
map thed-DOSZ° However, all features in the totabpd) nyelghbors by Ni atoms is therefore that the €bands be-

DOS are represented in tdeDOS and it is therefore valid to gz?eed snourr%et:/; ?%tf Z]t(;:zsngrg\\;\grlzs 3vi(t:r? gstiggegr?; of g}ethf'
compare the XAS spectra to the total DOS. P gy

When comparing to the occupied states. dominated b thCu states. The small changes in the XE spectrum of the
paring P > Y Muried cu layer compared to bulk Cu, indicate only a weak
d band, we find a different overall behavior for the unoccu-

pied states abovE, . First we note that the near threshold effect of hybridization due to the more localized character of

) L thesed states.
region (0-2 eV aboveky), is 'S|m|Ia'1r for bulk Cu and the In summary, we carried out XAS and XES measurements
buried Cu layer spectra. In this region, the calculations shovg)n a single bLJried monolayer Cu in bulk Ni that were in
that the unoccupied states are mainlydotharacter, and in

; ; excellent agreement with our KKR-ASA DOS calculations.
the same fashion as described above for the occupbethd, In this way we demonstrated the unique power of the com-

we do not observe any large change in the electronic densnﬁfination soft x-ray emission and absorption spectroscopies

betl\:]vetﬁg :rl:(lekr Cur:n_gr:h?? ?_l(J)”:\(j ggjolay?rr{ere are consid for resolving changes of the local electronic structure with
gy regi ~ e S0 elemental specificity. The results of our combined

erable differences between the spectra for bulk Cu and fo‘g : :
. . xperiment-theory approach are that the occupied states of
the buried monolayer spectra. StructureandB in the bulk the Cu monolayer buried in fcc Ni exhibits a small narrow-

;peg:trum, coincides with minima in the spectrum of the bur'ing of the A band due to coordination effects, but shows a
ied interface layer. Instead, we find that the spectrum of th

buried Cu layer in this energy regime is similar to the spec?/ery weak hybridization with the Nil states. On thse other
trum of bulk Ni. The features found at 4.7 and at 9.0 eV forhand' the unoccupied states in the energy re ev

bulk Cu, are shifted for the buried Cu layer and coincide"’\boveEF of the buried Cu layer largely resemble the unoc-

with the features, at approximately 6.0 and 10.9 eV in theCUpIecj states in bulk Ni. Consequently they do not depend

. . . strongly on the local atom they are probed at, but rather
bulk Ni spectrum. The same shift can also be seen in th%epend on the chemical environment. This latter finding

calculated pDOS, in Fig. 1. From this observation, we con ives strong support for a band-structure interpretation of the
clude that the projected Cu DOS in this energy region for th g supp . : P
eature at 6 eV in the Ni x-ray absorption spectrum. It also

buried Cu interface layer is dominated by the features Charéhows that via an atomic specific probe it is possible to de-
acteristic of the surrounding Ni. This implies that the unoc- P P P

: . . tect delocalized states that are located on many different
cupied Cu states are strongly influenced by the chemical e om types in a crystal
vironment, and therefore characterized by their hybridization '
with Ni atoms. We note in passing that the above-mentioned This work was supported by Swedish Natural Science Re-
result shows that the 6 eV feature in the Ni XA spectrum,search Counci{NFR and TFR, the Swedish Foundation for
which has been discussed both in terms of localized multiStrategic Researdi$SH and by the Gman Gustafsson Foun-
electron states and delocalized one-electron band $tafds, dation for Research in Natural Science and Medicine. The
is best described within a band structure picture. use of the LMTO Green’s-function code developed by H. L.
In the spectral region£3 eV aboveEr), where the cor-  Skriver for the electronic structure calculations is gratefully

responding DOS is dominated by highly delocalized statesacknowledged.
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