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Double quantum well states in CUCao/Cu grown on Co(001)
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A double quantum wellQW) system of Cu/C@ ML)/Cu grown on Co/C(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
acros 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 great separated from the other energy bands. Finally, Cu and Co
opportunity for nanostructures research, especially for elecgrow epitaxially on each other in tH&01) orientation, giv-
tron confinement or quantum welQW) states in metallic ing rise to an atomically flat interface in this systént®
layered structuresBecause of the role of electrons near thePhotoemission results show that as QW states from the two
Fermi level in the electronic properties of materials, spin-individual Cu layers reach the same energy level, the cou-
polarized valence electron QW states in magnetipling between the two QW'’s splits the degeneracy to result
nanostructurés have attracted wide interest recently in thein state crossings. We extend the PAM by matching the
study of magnetoelectronic properties in nanostructures. Aoundary conditions at all interfaces of the double QW sys-
specific example is the intrinsic connection between QwWem and successfully reproduce this state crossing effect.
states and oscillatory interlayer couplfrip magnetic multi- A Cu(00)) single crystal was prepared by mechanical pol-
layers. The photoemission technique plays a key role in suclshing down to 0.25.m diamond paste followed by electro-
studies because QW states in momentum space can be @emical polishing. The Cu crystal was then cleaireditu
solved by performing angle resolved photoemission specwith cycles of Ar ion sputtering at 1.5 keV and annealing at
troscopy(ARPES.>® By measuring the momentum-resolved ~600 °C. Co and Cu layers were subsequently deposited at
QW states, the physical origin of the long- and short-period'oom temperature by molecular beam epitaxy at 0.7 ML/min
oscillations of the interlayer coupling as well as the relation-and 1.7 ML/min, respectively. Thickness of the film was
ship between the two oscillations have been unambiguouslgnonitored by a quartz crystal oscillator, the thickness reading
identified’® of which is consistent with the reflection high energy elec-

In spite of this progress, most of the QW studies havetron diffraction oscillation¥” and the periodicity of quantum
been focused on a single QW and its relation to the interlayewell oscillations'® 15 ML Co was grown on Q@@01) as the
magnetic coupling. As coupling of electrons from different ferromagnetic base layer, on top of which a CU/CML)/Cu
layers generates new properties not realizable in individuagandwich was grown to form a double QW. The two Cu
layers, it is important to investigate the electronic interactionlayers were grown as perpendicular wedges for independent
between QW'’s in nanostructures. Recent results on magnetibickness variation of the two Cu QW's. Photoemission mea-
tunnel junctions show that the insertion of a QW film be-surements were performed at beam line 7.0.1.2 of the Ad-
tween the ferromagnetic and insulating layers can signifivanced Light Source at Lawrence Berkeley National Labo-
cantly alter the magnetoresistance of the juncfibhsug- ratory. The beam spot size of 50—1Q0m gave a thickness
gesting that interaction of electrons between different layersesolution of better than 0.4 ML on the wedged sample. Nor-
may play an important role in the overall electronic states ofmal emission with 83 eV photon energy was used to select
a nanostructure. Photoemission results also indicate that thibe electronic states near the belly of the Cu Fermi surface;
electron wave function in one QW can tunnel across a thirguantum well states derived from te@ band withA; sym-
barrier layer to interact with the wave function in anothermetry were thus probed with this geometry.

QW2 while these discoveries are promising, it is unclear We first present the photoemission results of the double
how new electronic states are generated by the interactioW with the outer Cu well thicknesdg,) fixed. Figure 1
between QW's. For instance, it is yet unclear if the phaseshows a series of photoemission spectradgi=17 ML
accumulation mode{PAM),*® which successfully describes with different inner Cu thicknessesl,). The dominant fea-
single QW systems, can be extended to multi-QW systemstures of these spectra are the three peaks located at 0.1, 0.8,

In this Brief Report, we report photoemission results on aand 1.4 eV below the Fermi levédiotted vertical linesthat
Cu/Cd1 ML)/Cu double QW system grown on @®1). We  coincide with the three QW states in a 17 ML Cu film grown
choose the Cu/Co system because of the following reasonen Cd001) (d;,=0 ML). Additional features are observed
First, Cu/Cg¢001) has become a representative system foiin the spectra. First, the intensities of the three dominant QW
studying QW’s in magnetic nanostructures'>!* Second, peaks vary with the inner Cu film thickness. Second, addi-
Cu has a simple Fermi surface whasgband can be easily tional peaks are present in the spectra, the positions of which
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FIG. 1. Photoemission spectra at fixed outer Cu layer thicknes
of 17 ML with various inner Cu layer thickness. Dotted lines show :
the original states of the 17 ML Cu/Co single quantum well in the R
absence of an inner Cu layer. Arrows point at additional features
arising from the inner Cu layer at various thickness.
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depend on the inner Cu film thickne@adicated by arrows 10

in Fig. 1). Since photoemission measures the outer Cu laye
with a probing depth of only-5 ML, the dependence of the . = i e
energy spectra on the inner Cu film implies that the elec: o 5 10 I
tronic states of the two Cu QW's are coupled. This is con- ® Oper Cuthicknees s (ML)
sistent with our recent results on the symmetric double QW

Cu/Ni(1 ML)/Cu, which shows that electronic coupling of
( ) piing thickness at various fixed outer Cu layer thickness @dhe outer

two Cu wells lifts the degeneracy of QW staf8s. : i N . .
To gain a detail understanding of the double QW interac-Cu thickness at various fixed inner Cu layer thickness. Dotted lines

. - show the calculated results from the phase accumulation model for
tion, we measured the energy spectra as a function of th e double quantum well states
inner Cu thickness at a fixed outer Cu thickngsg. 2(b)] as '

A, as energy spectra as a fL_mction of the_ outer Cu thiCknesénce. The dashed lines in FigaPare calculated results from
at a fixed inner Cu thickneg#&ig. 2(c)]. In this way, we tune PAM.2 To see the effect of the double QW interaction, we

the energy levels of one Cu QW by changing the well width - . ;

o plot in Figs. Zb) and Zc) (dashed linesthe locations of QW
wh|le fixing the energy levels of the o_ther_ Cu QW. Spectra Ofstates that correspond to isolated inner and outer Cu QW'’s.
single Cu QW on C@01) are shown in Fig. @) as arefer-  pocajling that photoemission probes only the outer Cu elec-
tronic states, we would expect Figstbp and Zc) to give
results of the isolated outer Cu QW or{lyashed line labeled

V=1 2 3 Vo=l 2 3
100 by v, if the two Cu QW’s were totally decoupled. The fact
- P that the results shown in Figs(l2 and Zc) are distinguish-
B able from the isolated QW states prove the existence of elec-
5 2 tronic coupling between the two Cu QW's.
Let us look at Fig. &). The QW states in this case evolve
6 5 do s o 3 fo 15 ©

with the inner Cu thickness in a way as to avoid the crossing
points of states from the two isolated QW states. As the
crossing points correspond to degeneracy of the two isolated
FIG. 2. (8 Photoemission spectra in CulD81) structure. QW’s! the results of Fig. @) can be easily understood since

Dashed lines are calculated results from the phase accumulatidfPUPling of two degenerate states would lead to symmetric
model. Photoemission intensity as a function(bf the inner cu ~ @nd antisymmetric states, which lift the energy degeneracy.
thickness at fixed outer Cu layer thickness of 17 ML, aadthe ~ This leads to an avoided-crossing behavior such that a
outer Cu thickness at fixed inner Cu layer thickness of 17 ML. Vi -like state evolves continuously into &;(, ,)-like state as
Dashed lines show the isolated outibeled by quantum number it passes alike state, where ¥;,- (vor)like state” refers

vou) @nd inner g;,) single quantum well states, respectively. to a state derived from the isolated inneuten well with

E-Eg (eV)

FIG. 3. Photoemission intensity as a function@fthe inner Cu

T
Cu thickness (ML) Inner Cu thickness d;, (ML) Outer Cu thickness d,, (ML)
(@) (b) ©
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quantum number;, (vo). This is exactly what we observed image potential at the vacuum interface determines the Cu/
in Fig. 2(b). Similar state-crossing behavior also occurs invacuum phase, .. For double QW’s, additional boundary
double QW's with fixed inner Cu thickne$FEig. 2(c)]. conditions need to be satisfied at each side of the middle Co
To confirm that the state crossing occurs where the isobarrier within which the wave function is a superposition of
lated inner and outer wells have degenerate states, we tookexponentially decaying wave functions from the two Cu
series of spectra as a function of the inner Cu thickness &@W's. If the middle Co barrier is infinitely thick, the
various fixed outer Cu thickne$Big. 3(@)] and as a function two wave functions decaying from the two Cu/Co interface
of outer Cu thickness at various fixed inner Cu thicknesawill have negligible overlap inside the Co barrier and
[Fig. 3(b)]. It is obvious that state crossings always occurthis automatically brings back the single QW case. For
near the energy levels of the QW states in the fixed Cu layewltrathin Co barriers, however, the significant overlap of
supporting our analysis. the two decaying wave functions inside the Co correlates
For a quantitative understanding of the state crossing, wéhe boundary conditions at the two Co/Cu interfaces so that
extended the PAM to calculate the quantization condition ofQW states in the two Cu layers have to be adjusted to
the double quantum well states. In the PAM, the QW prob-match the correlated boundary conditions. This is the physi-
lem is reduced to that of an electron in a square potentiatal origin of the QW interaction. By introducing a phagéeo
well where the continuity of the wave functions at the relate the decaying wave vectarin the Co barrier to the
boundary is embodied in a QW phase factor. For single Celectron wave vectok in the Cu layer such thak=
QW states, mismatching of minority spin energy bands be—ktan(¢/2), we found the quantization condition of the
tween Cu and Co determines the Cu/Co phagg, and the  double QW's, given by

f(L,k,¢>)sin( Kl — M)

byact & 2
tar( keffdout_ 2 - ] ¢Co+ ¢ ¢Co_ ¢ l (1)
sin keﬁdin_T —f(L,k,qb)CO keffdin_ 2
|
where behavior, are reproduced reasonably well. Therefore, we con-
) clude that the state crossing comes from the overlap of QW
siné wave functions inside the Co barrier.

Despite the overall agreement, the calculated curves devi-
ate quantitatively from the experimental data. We believe
that comes from the assumption in modeling the 1 ML Co
Here kes=kgz—k, wherekg; is the magnitude of the Bril-  parrier. Even though a nearly perfect 1 ML Co interface layer
louin zone vector alonf001] direction, and_ is the width of  should be obtained in this system under our growth
the Co barrier. A similar equation for the inner QW can becondition®*°a square well potential used in the PAM is still
obtained with a simple variation of Eql). The coupling  an oversimplification. First, we notice that the fitting value of
between the two QW's manifests in E(L) most promi- | s smaller than our experimental value of 1 ML (1.8 A),
nently in the factorf(L,k, ¢). In the limit of infinitely thick  which is a sign that the step potential may no longer be a
Co barrier,f(L,k,¢) approaches zerb-n<¢<0in PAM)  good approximation for a monolayer-thick Co film. This
so that the solution of Eq(1) is 2Kegdoy—dvac—®  shortcoming arises since using a step potential assumes a
=2mvoy, Which is the expected single QW solution. In the complete change of the Cu-to-Co electron wave functions at
limit of zero thickness Co barrief(L,k,#) approaches in- a sharp boundary, which should break down in the mono-
finity so that Eq.(1) yields the solution Re(doytdin)  layer limit. When a step potential is casually used without
— ¢vac— Pco=27v, with the inner and outer Cu layers join- justification, the potential width would be reduced from 1.8
ing together to form a single QW. Far~ 1/, which corre- A in modeling the 1 ML Co as the more localized @dand
sponds to our experimental condition, Ed) describes the is expected to draw the Co/Cu electronic boundary much
state crossing behavior due to QW coupling. For a numericatloser to Co than the itinerargt band in Cu. Second, the
evaluation of Eq.(1), experimental values, andd,, are  value of ¢ for 1 ML Co should be different from the bulk
substituted andtey, dco, Pyacare calculated using the same value of ¢,. As x-ray magnetic linear dichroism measure-
method as that of Kawakangit al*® We substitute¢ with  ments show that 1 ML Co is not ferromagnetic, an averaged
the bulk Co/Cu valuepc, and usel as a fitting parameter potential barrier of the minority and majority energy gaps
(we will discuss the validity of this operation lajefThe  should be used to account for the spin fluctuations. Never-
calculated results are shown as dashed lines Wwithl.0  theless, we find that changing by varying the energy gap
+0.3 A for all spectra in Figs. (@ and 3b). The general from minority-spin energy gap to majority-spin energy gap
trends of the double QW states, especially the state crossirgp not yield a significantly different Co barrier thickness for

f(L,k,¢p)= ¢ .
exp{ —2kLtar<§ -1
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the best fitting in Fig. 3. We thus leave the discussiogafs  Co(1 ML)/Cu grown on C¢01) with photoemission. Thick-

a topic for future study. Spin-dependent QW measuremeri?€ss .dependent measurements show clear evidencg of the
will be especially illuminating. Finally, the potential energy cOUpling between the two Cu QW's across the Co barrier. In

barrier of Co comes from the-d hybridized energy gap that 2ddition, the evolution of double QW states shows state
i located atk=0 which should licate the bound crossing behavior near degenerated energy levels of the cor-
IS located a » Which should complicate the bounaary esnonding two isolated Cu QW's. The phase accumulation

condition between Co and Cu. Tight-binding calculationygdel has been developed to explain the double QW state
shows that thes and d orbitals have different electronic evolution. It has been shown that the QW coupling originates
boundaries and that the orbitals exhibit oscillatory charactefrom the overlap of the wave functions from the two Cu
within the energy gap® A more quantitative understanding QW's in the Co barrier.

of the double QW states requires theoretical calculation of

the 1 ML Co electronic structure. Nevertheless, disregardin%mder Contract No. DMR-0110034. The Advanced Light

the Fieta|led structure of thg mterfac;e, the 1 ML,CO has UNSource is supported by the Director, Office of Science, Office

equivocally formed a barrier coupling two QW's and our of Basic Energy Sciences, Materials Sciences Division,

simple model has successfully described the overall qualitapf the U.S. Department of Energy under Contract No.

tive behavior of the double QW system. DE-AC03-76SF00098 at Lawrence Berkeley National
In summary, we investigated double QW states in Culaboratory.

This work was funded by National Science Foundation

1T.C. Chiang, Surf. Sci. Ref89, 183(2000). Rev. Lett.83, 3029(1999.
2J.E. Ortega and F.J. Himpsel, Phys. Rev. Le89, 844  'W.E. McMahon, T. Miller, and T.-C. Chiang, Phys. Rev. Lét,
(1992. 907 (1993.
3K. Garrison, Y. Chang, and P.D. Johnson, Phys. Rev. L7it. 12R K. Kawakami, E. Rotenberg, Hyuk J. Choi, Ernesto J. Escorcia-
2801(1993. Aparicio, M.O. Bowen, J.H. Wolfe, E. Aronholtz, Z. Zhang,
4S.S.P. Parkin, N. More, and K.P. Roche, Phys. Rev. bd{t2304 N.V. Smith, and Z.Q. Qiu, Naturd_ondon 398 132(1999.
(1990. 13NLV. Smith, N.B. Brookes, Y. Chang, and P.D. Johnson, Phys.
5P. Segovia, E.G. Michel, and J.E. Ortega, Phys. Rev. [7att. Rev. B49, 332(1994.
3455(1996. 14p, van Gelderen, S. Crampin, and J.E. Inglesfield, Phys. Rev. B

6Dongqi Li, J. Pearson, S.D. Bader, E. Vescovo, D.-J. Huang, P.D. 53, 9115(1996.
Johnson, and B. Heinrich, Phys. Rev. Lett8 1154 15y, Ramsperger, A. Vaterlaus, P."Hfia U. Maier, and D. Pescia,

(1997. Phys. Rev. B53, 8001(1996.
"F.G. Curti, A. Danese, and R.A. Bartynski, Phys. Rev. L&®&.  ®Ch. Wirsch, C.H. Back, L. Brgi, U. Ramsperger, A. Vaterlaus,
2213(1998. U. Maier, D. Pescia, P. Politi, M. G. Pini, and A. Rettori, Phys.

8R.K. Kawakami, E. Rotenberg, Ernesto J. Escorcia-Aparicio, Rev. B55, 5643(1997.
Hyuk J. Choi, J.H. Wolfe, N.V. Smith, and Z.Q. Qiu, Phys. Rev. Ernesto J. Escorcia-Aparicio, R.K. Kawakami, and Z.Q. Qiu,

Lett. 82, 4098(1999. Phys. Rev. B54, 4155(1996.
%S, Zhang and P.M. Levy, Phys. Rev. LetBl, 5660 !®R.K. Kawakami, E. Rotenberg, Ernesto J. Escorcia-Aparicio,
(1998. Hyuk J. Choi, T.R. Cummins, J.G. Tobin, N.V. Smith, and Z.Q.

10.]agadeesh S. Moodera, Janusz Nowak, Lisa R. Kinder, Paul M. Qiu, Phys. Rev. Lett80, 1754(1998.
Tedrow, Rene J.M. van de Veerdonk, Bart A. Smits, Maarten van®J. Fassbender, R. Allenspach, and UriguSurf. Sci.383 L742
Kampen, Henk J.M. Swagten, and Wim J.M. de Jonge, Phys. (1997.

113406-4



