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Double quantum well states in CuÕCoÕCu grown on Co„001…
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A double quantum well~QW! system of Cu/Co~1 ML!/Cu grown on Co/Cu~001! has been investigated by
photoemission spectroscopy. Energy spectra of the valence band from one of the Cu QW’s have been measured
as a function of the other Cu QW thickness. The results show strong resonance between the two Cu QW states
across a 1 ML Cobarrier. In particular, we observe that quantum well coupling removes the degeneracy of the
two Cu QW states, resulting in a state crossing effect. A phase accumulation model is developed to explain
these observations.
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The ability to grow atomically flat thin films opens a gre
opportunity for nanostructures research, especially for e
tron confinement or quantum well~QW! states in metallic
layered structures.1 Because of the role of electrons near t
Fermi level in the electronic properties of materials, sp
polarized valence electron QW states in magne
nanostructures2,3 have attracted wide interest recently in t
study of magnetoelectronic properties in nanostructures
specific example is the intrinsic connection between Q
states and oscillatory interlayer coupling4 in magnetic multi-
layers. The photoemission technique plays a key role in s
studies because QW states in momentum space can b
solved by performing angle resolved photoemission sp
troscopy~ARPES!.5,6 By measuring the momentum-resolve
QW states, the physical origin of the long- and short-per
oscillations of the interlayer coupling as well as the relatio
ship between the two oscillations have been unambiguo
identified.7,8

In spite of this progress, most of the QW studies ha
been focused on a single QW and its relation to the interla
magnetic coupling. As coupling of electrons from differe
layers generates new properties not realizable in individ
layers, it is important to investigate the electronic interact
between QW’s in nanostructures. Recent results on magn
tunnel junctions show that the insertion of a QW film b
tween the ferromagnetic and insulating layers can sign
cantly alter the magnetoresistance of the junction,9,10 sug-
gesting that interaction of electrons between different lay
may play an important role in the overall electronic states
a nanostructure. Photoemission results also indicate tha
electron wave function in one QW can tunnel across a t
barrier layer to interact with the wave function in anoth
QW.11,12 While these discoveries are promising, it is uncle
how new electronic states are generated by the interac
between QW’s. For instance, it is yet unclear if the pha
accumulation model~PAM!,13 which successfully describe
single QW systems, can be extended to multi-QW system

In this Brief Report, we report photoemission results o
Cu/Co~1 ML!/Cu double QW system grown on Co~001!. We
choose the Cu/Co system because of the following reas
First, Cu/Co~001! has become a representative system
studying QW’s in magnetic nanostructures.2,3,12,14 Second,
Cu has a simple Fermi surface whosesp band can be easily
0163-1829/2002/65~11!/113406~4!/$20.00 65 1134
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separated from the other energy bands. Finally, Cu and
grow epitaxially on each other in the~001! orientation, giv-
ing rise to an atomically flat interface in this system.15,16

Photoemission results show that as QW states from the
individual Cu layers reach the same energy level, the c
pling between the two QW’s splits the degeneracy to res
in state crossings. We extend the PAM by matching
boundary conditions at all interfaces of the double QW s
tem and successfully reproduce this state crossing effect

A Cu~001! single crystal was prepared by mechanical p
ishing down to 0.25mm diamond paste followed by electro
chemical polishing. The Cu crystal was then cleanedin situ
with cycles of Ar ion sputtering at 1.5 keV and annealing
;600 °C. Co and Cu layers were subsequently deposite
room temperature by molecular beam epitaxy at 0.7 ML/m
and 1.7 ML/min, respectively. Thickness of the film wa
monitored by a quartz crystal oscillator, the thickness read
of which is consistent with the reflection high energy ele
tron diffraction oscillations17 and the periodicity of quantum
well oscillations.18 15 ML Co was grown on Cu~001! as the
ferromagnetic base layer, on top of which a Cu/Co~1 ML!/Cu
sandwich was grown to form a double QW. The two C
layers were grown as perpendicular wedges for indepen
thickness variation of the two Cu QW’s. Photoemission m
surements were performed at beam line 7.0.1.2 of the
vanced Light Source at Lawrence Berkeley National Lab
ratory. The beam spot size of 50–100mm gave a thickness
resolution of better than 0.4 ML on the wedged sample. N
mal emission with 83 eV photon energy was used to se
the electronic states near the belly of the Cu Fermi surfa
quantum well states derived from thesp band withD1 sym-
metry were thus probed with this geometry.5

We first present the photoemission results of the dou
QW with the outer Cu well thickness (dout) fixed. Figure 1
shows a series of photoemission spectra atdout517 ML
with different inner Cu thicknesses (din). The dominant fea-
tures of these spectra are the three peaks located at 0.1
and 1.4 eV below the Fermi level~dotted vertical lines! that
coincide with the three QW states in a 17 ML Cu film grow
on Co~001! (din50 ML). Additional features are observe
in the spectra. First, the intensities of the three dominant Q
peaks vary with the inner Cu film thickness. Second, ad
tional peaks are present in the spectra, the positions of w
©2002 The American Physical Society06-1
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depend on the inner Cu film thickness~indicated by arrows
in Fig. 1!. Since photoemission measures the outer Cu la
with a probing depth of only;5 ML, the dependence of th
energy spectra on the inner Cu film implies that the el
tronic states of the two Cu QW’s are coupled. This is co
sistent with our recent results on the symmetric double Q
Cu/Ni~1 ML!/Cu, which shows that electronic coupling o
two Cu wells lifts the degeneracy of QW states.12

To gain a detail understanding of the double QW inter
tion, we measured the energy spectra as a function of
inner Cu thickness at a fixed outer Cu thickness@Fig. 2~b!# as
well as energy spectra as a function of the outer Cu thickn
at a fixed inner Cu thickness@Fig. 2~c!#. In this way, we tune
the energy levels of one Cu QW by changing the well wid
while fixing the energy levels of the other Cu QW. Spectra
single Cu QW on Co~001! are shown in Fig. 2~a! as a refer-

FIG. 1. Photoemission spectra at fixed outer Cu layer thickn
of 17 ML with various inner Cu layer thickness. Dotted lines sho
the original states of the 17 ML Cu/Co single quantum well in t
absence of an inner Cu layer. Arrows point at additional featu
arising from the inner Cu layer at various thickness.

FIG. 2. ~a! Photoemission spectra in Cu/Co~001! structure.
Dashed lines are calculated results from the phase accumul
model. Photoemission intensity as a function of~b! the inner Cu
thickness at fixed outer Cu layer thickness of 17 ML, and~c! the
outer Cu thickness at fixed inner Cu layer thickness of 17 M
Dashed lines show the isolated outer~labeled by quantum numbe
nout) and inner (n in) single quantum well states, respectively.
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ence. The dashed lines in Fig. 2~a! are calculated results from
PAM.13 To see the effect of the double QW interaction, w
plot in Figs. 2~b! and 2~c! ~dashed lines! the locations of QW
states that correspond to isolated inner and outer Cu QW
Recalling that photoemission probes only the outer Cu el
tronic states, we would expect Figs. 2~b! and 2~c! to give
results of the isolated outer Cu QW only~dashed line labeled
by nout) if the two Cu QW’s were totally decoupled. The fac
that the results shown in Figs. 2~b! and 2~c! are distinguish-
able from the isolated QW states prove the existence of e
tronic coupling between the two Cu QW’s.

Let us look at Fig. 2~b!. The QW states in this case evolv
with the inner Cu thickness in a way as to avoid the cross
points of states from the two isolated QW states. As t
crossing points correspond to degeneracy of the two isola
QW’s, the results of Fig. 2~b! can be easily understood sinc
coupling of two degenerate states would lead to symme
and antisymmetric states, which lift the energy degenera
This leads to an avoided-crossing behavior such tha
n in-like state evolves continuously into a (n in11)-like state as
it passes anout-like state, where ‘‘n in- (nout-!like state’’ refers
to a state derived from the isolated inner~outer! well with
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FIG. 3. Photoemission intensity as a function of~a! the inner Cu
thickness at various fixed outer Cu layer thickness and~b! the outer
Cu thickness at various fixed inner Cu layer thickness. Dotted lin
show the calculated results from the phase accumulation mode
the double quantum well states.
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BRIEF REPORTS PHYSICAL REVIEW B 65 113406
quantum numbern in (nout). This is exactly what we observe
in Fig. 2~b!. Similar state-crossing behavior also occurs
double QW’s with fixed inner Cu thickness@Fig. 2~c!#.

To confirm that the state crossing occurs where the
lated inner and outer wells have degenerate states, we to
series of spectra as a function of the inner Cu thicknes
various fixed outer Cu thickness@Fig. 3~a!# and as a function
of outer Cu thickness at various fixed inner Cu thickne
@Fig. 3~b!#. It is obvious that state crossings always occ
near the energy levels of the QW states in the fixed Cu la
supporting our analysis.

For a quantitative understanding of the state crossing,
extended the PAM to calculate the quantization condition
the double quantum well states. In the PAM, the QW pro
lem is reduced to that of an electron in a square poten
well where the continuity of the wave functions at th
boundary is embodied in a QW phase factor. For single
QW states, mismatching of minority spin energy bands
tween Cu and Co determines the Cu/Co phasefCo, and the
be
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image potential at the vacuum interface determines the
vacuum phasefvac.

13 For double QW’s, additional boundar
conditions need to be satisfied at each side of the middle
barrier within which the wave function is a superposition
exponentially decaying wave functions from the two C
QW’s. If the middle Co barrier is infinitely thick, the
two wave functions decaying from the two Cu/Co interfa
will have negligible overlap inside the Co barrier an
this automatically brings back the single QW case. F
ultrathin Co barriers, however, the significant overlap
the two decaying wave functions inside the Co correla
the boundary conditions at the two Co/Cu interfaces so
QW states in the two Cu layers have to be adjusted
match the correlated boundary conditions. This is the ph
cal origin of the QW interaction. By introducing a phasef to
relate the decaying wave vectork in the Co barrier to the
electron wave vectork in the Cu layer such thatk5
2k tan(f/2), we found the quantization condition of th
double QW’s, given by
tanS keffdout2
fvac1f

2 D5

f ~L,k,f!sinS keffdin2
fCo2f

2 D
sinS keffdin2

fCo1f

2 D2 f ~L,k,f!cosS keffdin2
fCo2f
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f ~L,k,f!5
sinf

expF22kL tanS f

2 D G21

.

Here keff5kBZ2k, wherekBZ is the magnitude of the Bril-
louin zone vector along@001# direction, andL is the width of
the Co barrier. A similar equation for the inner QW can
obtained with a simple variation of Eq.~1!. The coupling
between the two QW’s manifests in Eq.~1! most promi-
nently in the factorf (L,k,f). In the limit of infinitely thick
Co barrier,f (L,k,f) approaches zero~2p,f,0 in PAM!
so that the solution of Eq.~1! is 2keffdout2fvac2f
52pnout, which is the expected single QW solution. In th
limit of zero thickness Co barrier,f (L,k,f) approaches in-
finity so that Eq. ~1! yields the solution 2keff(dout1din)
2fvac2fCo52pn, with the inner and outer Cu layers join
ing together to form a single QW. ForL;1/k, which corre-
sponds to our experimental condition, Eq.~1! describes the
state crossing behavior due to QW coupling. For a numer
evaluation of Eq.~1!, experimental valuesdin and dout are
substituted andkeff , fCo, fvac are calculated using the sam
method as that of Kawakamiet al.18 We substitutef with
the bulk Co/Cu valuefCo and useL as a fitting paramete
~we will discuss the validity of this operation later!. The
calculated results are shown as dashed lines withL51.0
60.3 Å for all spectra in Figs. 3~a! and 3~b!. The general
trends of the double QW states, especially the state cros
al

ng

behavior, are reproduced reasonably well. Therefore, we c
clude that the state crossing comes from the overlap of Q
wave functions inside the Co barrier.

Despite the overall agreement, the calculated curves d
ate quantitatively from the experimental data. We belie
that comes from the assumption in modeling the 1 ML
barrier. Even though a nearly perfect 1 ML Co interface lay
should be obtained in this system under our grow
condition,16,19a square well potential used in the PAM is st
an oversimplification. First, we notice that the fitting value
L is smaller than our experimental value of 1 ML (1.8 Å
which is a sign that the step potential may no longer b
good approximation for a monolayer-thick Co film. Th
shortcoming arises since using a step potential assum
complete change of the Cu-to-Co electron wave function
a sharp boundary, which should break down in the mo
layer limit. When a step potential is casually used witho
justification, the potential widthL would be reduced from 1.8
Å in modeling the 1 ML Co as the more localized Cod band
is expected to draw the Co/Cu electronic boundary mu
closer to Co than the itinerants band in Cu. Second, the
value of f for 1 ML Co should be different from the bulk
value offCo. As x-ray magnetic linear dichroism measur
ments show that 1 ML Co is not ferromagnetic, an averag
potential barrier of the minority and majority energy ga
should be used to account for the spin fluctuations. Nev
theless, we find that changingf by varying the energy gap
from minority-spin energy gap to majority-spin energy g
do not yield a significantly different Co barrier thickness f
6-3
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the best fitting in Fig. 3. We thus leave the discussion off as
a topic for future study. Spin-dependent QW measurem
will be especially illuminating. Finally, the potential energ
barrier of Co comes from thes-d hybridized energy gap tha
is located atkÞ0, which should complicate the bounda
condition between Co and Cu. Tight-binding calculati
shows that thes and d orbitals have different electroni
boundaries and that the orbitals exhibit oscillatory chara
within the energy gap.13 A more quantitative understandin
of the double QW states requires theoretical calculation
the 1 ML Co electronic structure. Nevertheless, disregard
the detailed structure of the interface, the 1 ML Co has
equivocally formed a barrier coupling two QW’s and o
simple model has successfully described the overall qua
tive behavior of the double QW system.

In summary, we investigated double QW states in C
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Co~1 ML!/Cu grown on Co~001! with photoemission. Thick-
ness dependent measurements show clear evidence o
coupling between the two Cu QW’s across the Co barrier
addition, the evolution of double QW states shows st
crossing behavior near degenerated energy levels of the
responding two isolated Cu QW’s. The phase accumula
model has been developed to explain the double QW s
evolution. It has been shown that the QW coupling origina
from the overlap of the wave functions from the two C
QW’s in the Co barrier.
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