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Quantum Well States and Short Period Oscillations of the Density of States at the
Fermi Level in Cu Films Grown on fcc Co(100)
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Quantum well states are observed around the “neck” of the Fermi surface in Cu films grown on
magnetic fcc Co(100) substrates, using high-resolution angle-resolved photoemission. The observation
is only possible with an abrupt, nonreacted CuyCo interface, which is produced by low temperature
deposition of the first Cu layer. The analysis of the spectra gives a periodic crossing of the Fermi level
of , 2.6 atomic layers, the same short magnetic coupling period obtained in CoyCuyCo trilayers, and
also the same value predicted by the theory. This is a strong confirmation of the role of quantum well
states as mediators of magnetic coupling in superlattices. [S0031-9007(96)01428-7]

PACS numbers: 75.70.Cn, 73.20.Dx, 79.60.–i
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The oscillatory exchange coupling between magne
layers separated by a nonmagnetic metal thin film spa
[1] created in past years a widespread interest, due b
to the potential applications and to the unexpected pe
odicities observed. The discovery of quantum well (QW
states and the related oscillations at the Fermi level [
as well as their spin-polarized character [3], in thin n
ble metal (Cu, Ag) films deposited on ferromagnets (C
Fe) suggested a direct connection between these st
and magnetic coupling in superlattices. The role of Q
states as mediators of magnetic coupling was already p
dicted in the early theoretical model of Edwardset al. [4],
who directly linked the oscillatory coupling to the peri
odic change in the spectral density of the spacer, which
considered as a quantum well of varying thickness. T
QW model, such as the Ruderman-Kittel-Kasuya-Yosid
(RKKY-) like model [5], predicts magnetic coupling pe
riods dictated by the shape of the Fermi surface of t
spacer; i.e., in the QW model only the oscillatory de
sity of states at the Fermi surface extrema is releva
to magnetic coupling. In the case of the well-know
CoyCuyCo(100) system the two extreme points of the C
Fermi surface, namely, the “neck” and the “belly,” giv
rise in the QW model to two different magnetic couplin
periods of 2.6 and 5.7 monolayers (ML), respectivel
These are indeed close to the periodicities found in ma
netic measurements: from 5.5 [6] to 8 ML [7] for the lon
period and 2.6 ML [7] for the short period. On the othe
hand, the long period oscillation of the density of stat
at EF is the one observed in inverse and direct ang
resolved photoemission spectroscopy (ARUPS) measu
ments (5.9 ML) [2], since these were taken under norm
emission geometry, i.e., probing states at the belly of t
Fermi surface. Therefore, in order to definitely probe t
connection between photoemission experiments, the Q
model predictions, and the observed oscillatory magne
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coupling, it is necessary to demonstrate the existence
QW states and the related short period oscillations at
neck. This is done in this Letter for Cu films deposited o
fcc Co(100), i.e., we present the experimental evidence
QW states at the neck of the Cu Fermi surface which le
to short period oscillations of the density of states atEF .
Such an observation is only possible with a nonreact
abrupt Cu-Co interface, which is produced by depositi
the first Cu layer at low temperature.

ARUPS experiments were performed at the hig
resolution VUV photoemission beam line of the syn
chrotron radiation laboratory ELETTRA at Trieste (Italy
with a total energy resolution of 40 meV and an ang
lar resolution of better than61±. The polarization of the
synchrotron light was set top-like (70± incidence with
respect to the surface normal) in order to enhance s
sitivity to D1-symmetry initial states. To normalize th
photoemission spectra, we registered also the photon
with a Au grid that intercepts the beam before it ente
the chamber. Both Co and Cu were evaporated fr
electron-beam-heated sources, with a deposition rate
, 1 Åymin. A fcc Co(100) film (10 ML) was grown at
300 K (RT) on top of a Cu(100) single crystal, whic
had followed a mechanical and electrochemical polish
treatment prior to thein situ sputter-annealing cycles [2]
On top of the Co film, the deposition of the first Cu laye
was done at 100 K (LT), and it was immediately anneal
to RT to provide a good surface diffusion of the Cu laye
Subsequent layers were deposited at RT. The LT de
sition of the first layer is needed to prevent mixing at t
interface, which can damp or even “wash out” QW fe
tures in the valence band [8].

The two different measurement geometries used in t
work are schematized in Fig. 1. The thick arrows repres
the initial state wave vector of Fermi level electrons
the two extrema of the dog bone, whereas thin arro
© 1996 The American Physical Society 3455
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FIG. 1. Photoemission geometry to detect states at the be
(hn  83 eV, normal emission) and at the neck (hn  77 eV,
11± off-normal emission) of the Fermi surface of Cu.

are the Fermi surface spanning vectors whose magnitu
determines the two different oscillation periods [9]. In
photoemission experiments, vertical transitions to the
two extreme points of the Fermi surface are possible
the conditions indicated in Fig. 1. Under normal emissio
geometry with angular resolution, the Fermi level intensi
is primarily due to states at the belly (thinnest part of th
dog bone). Such an intensity is maximized withhn 
83 eV, i.e., by selecting vertical transitions fromEF . To
reach the neck (or “head” of the dog bone) it is necessa
to change the photon energy and move the emissi
angle away from the normal direction [100] towards th
[011] direction in the bulk Brillouin zone (or theG X
direction in the surface Brillouin zone). Around the
nominal value for the neck (kjj  0.87 Å21 along [011]),
we have maximized the Fermi level intensity by slightl
moving both the photon energy and the emission ang
obtaining the conditions indicated in Fig. 1, i.e.,hn 
77 eV andue  11±. This gives a fixed parallel momentum
kjj  fs2mpyh̄2dEking1y2 sinue  0.8 Å21 along [011] for
electrons atEF.

In Fig. 2 we display the valence band region of th
photoemission spectra obtained under normal emissi
At this energy range, onlys, p-like, D1 states from Cu
contribute to the spectrum. A first coverage calibratio
was obtained with a quartz microbalance. However, th
exact number of Cu layers given in Fig. 2 is obtaine
by adjusting the periodic oscillations of the intensity a
EF to the expected periodicity of 5.8 layers [10]. Suc
a periodic oscillation is shown in the top panel of th
figure. The thickness-dependent modulation of the valen
band in Fig. 2 is expected for a bulk band which i
being discretized in the direction perpendicular to the film
Because of the angular resolution, we are observing t
discretization of thes, p-like band along theGX direction.
The bumps can also be viewed as emission from QW sta
(numbered from 2 to 9) confined in the Cu film, whos
position and number depend on the thickness. In fa
by increasing the number of layers, the peaks of Fig.
appear to move to the right side of the spectrum, crossi
the Fermi level and leading to the periodic changes
3456
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FIG. 2. Quantum well modulations (numbered from 2 to 9) in
the valence band of a Cu film of increasing thickness near th
belly of the Fermi surface (bottom). The Fermi level crossing
of the QW states produces the long period (5.8 ML, 1.8 Å each
oscillation in the density of states atEF (top).

the intensity shown in the top panel of the figure. The
intensity atEF is measured directly from the spectra, but
it is normalized to the photon flux and also to the tota
intensity of the corresponding spectrum, which is found to
change periodically as a function of Cu thickness. Suc
a variation is believed to be a sign of quantization of the
photoemission final state [11]. The normalized-intensity
data points are then fitted with a sinusoidlike function
with the period and the phase as fitting parameters. A
a check to the fit, we can observe that the maxima alway
correspond to QW states crossingEF in the spectra below.
A small attenuation is needed for a correct fitting. This is
also inferred from the spectra, where the QW modulation
are damped for the thicker film. When we compare with
a RT-deposited interface the QW states in Fig. 2 appe
better defined [11]. On the other hand, we observe i
Fig. 2 how the emission from the Co film underneath is
almost attenuated with the first evaporation of 2.8 ML. In
contrast, with a RT-deposited interface one needs abo
6 ML of Cu to shade the valence band emission of Co [2]
This is an indication of the presence of a Cu-Co mixed
layer at the interface during RT growth. Therefore mixing
at the interface leads to the attenuation of the QW feature
as also observed for rough (stepped) interfaces [12]. I
the low-coverage spectra of Fig. 2 the QW states appe
wider. Such an effect can be due to emission from area
with different thicknesses (at incomplete layer coverages
but also to the presence of spin-split components. We wi
discuss this issue elsewhere [11].
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In Fig. 3 we show the valence band spectra for the sam
film of Fig. 2, but taken around the neck of the Ferm
surface, as explained in Fig. 1. Angular resolution an
parallel momentum conservation restrict us to a fixed val
of kjj (, 0.8 Å21), and hence for the energy range show
in Fig. 3 the emission is due to a portion of thes, p-
like band similar to the one probed in normal emissio
(see this band in Fig. 4 of Ref. [13]). The valence ban
spectra in Fig. 3 are again strongly thickness depende
indicating quantization of the electronic structure aroun
the neck [14]. As in normal emission, the spectra als
display total intensity variations, related to the quantizatio
of the final state [11]. At the lowest coverages show
in Fig. 3 the spectra appear clearly modulated by Q
features (numbers and tick marks), but in contrast
Fig. 2 the number of quantized states per energy interv
is higher. The numbering of the states given in Fig. 3
consistent with the analysis developed further below. T
increased density of QW states hinders their visualizati
at higher coverages, but, as a sign of quantization, we c
still detect big changes in the overall shape of the spect
The number of QW states at a given thickness can

FIG. 3. Valence band photoemission spectra for the same
film as Fig. 2, but taken around the neck of the Fermi surfac
The thick solid lines are guides to the eye. The spect
are thickness dependent, as expected for a quantized vale
band, also for the thicker films. The typical QW features a
observable only at lower thicknesses, but the overall sha
displays big changes still at higher coverages.
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calculated using the quantization formula [2]

d  fn 2 DfsEdgyf1 2 k'sEdg , (1)

wheren is an integer,d is the thickness (in ML),DfsEd
the energy-dependent total phase shift for the reflection
the electron waves at both sides of the film (in units
p), andk'sEd the bulk band dispersion in units of2pya.
Since thes, p-band portion tested here has basically t
same dispersion as the band alongGX [13], the shorter
distance between states found in Fig. 3 is due to a fa
energy variation of the phase for the reflection at t
interface. This is what we expect close to the ed
of a band gap [15], like the one opened up at abo
0.6 eV belowEF for minority-spin electrons in the Co
band structure around the neck [13]. We have to n
that the energy dependence of the phase shift will
affect the oscillation periodicities of the density of stat
with thickness, which are strictly given by the inverse
1 2 k'sEd [2].

A structure plot containing all the QW features of th
spectra of Fig. 3 is displayed in the top panel of Fig.
In a first approximation, we can make a linear fit to th
energy shift as a function of thickness for the same Q
state. Indeed the relative variation of the denominator
Eq. (1) within the energy range here considered is ve
small. On the other hand, the phase shift can be assu
to have a linear dependence in energy [2], and he
the data points for different QW states in the structu
plot are fitted with straight lines. The different crossin
points at the Fermi level give the periodic oscillatio
of the intensity. We obtain a value of2.6 6 0.3 ML
[16]. This is the same short periodicity obtained
magnetic measurements [7] and predicted either in RKK
like models or in the QW theory for magnetic couplin
[5,9,13]. This result is also consistent with the intens
plot in the lower part of Fig. 4. Here we represent th
normalized photoemission intensity (dots) atEF as a
function of thickness. The evaporation rate allows us
observe the short periodic oscillation through a beat
frequency. In fact, we notice that the intensity atEF

passes through maxima and minima every 14–19 M
This is directly observed in the corresponding shape
the spectra of Fig. 3, especially for thicker films. Suc
a result indicates that we are sampling the short per
oscillation with a close, but different, periodicity. Th
thick line represents the beating points of a short perio
oscillation (dotted lines) with the sampling frequency (i.e
the evaporation rate). The best fit is obtained for a per
of 2.45 ML, which is within the error range of the perio
obtained from the analysis of the structure plot [17].

In summary, we present evidence for quantization
the electronic structure around the neck of the Fer
surface in Cu films deposited in Co(100). The observat
is only possible with nonreacted interfaces, obtained
LT deposition of the Cu contact layer. The effect of th
interface reactivity is to attenuate the QW states. T
3457
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FIG. 4. Structure plot for the QW states of Fig. 3 (top). Th
linear fit to the different states is extrapolated toEF , where
a periodic crossing of states every2.6 6 0.3 ML (1.8 Å each)
is obtained. Forn  1 and n  3 two parallel crossing lines
are estimated (dotted lines). In the bottom, the data poin
represent the photoemission intensity measured atEF in the
spectra of Fig. 3. The maxima and minima approximate
follow the thick line, which represents the beating points for
short period oscillation (2.45 ML, dotted line) and the samplin
frequency (2.8 ML).

is even more critical for shorter periodicities, and thi
explains why QW states at the neck were not previous
found in RT-grown films [18]. The analysis of our QW-
state data gives a short period oscillation of the dens
of states at the neck of about 2.6 ML, in accordance wi
QW theory and magnetic measurements. We have to n
that QW states at the neck and their related short peri
oscillations atEF have been found to have a major role
3458
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in magnetic coupling, even more important than state
the belly [13]. Here we present experimental evidence
their existence.
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