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Quantum-well states and the short period of oscillation in Cu/C§001) multilayers
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We report a combined photoemission and inverse-photoemission study of the quantum-well states formed in
copper thin films deposited on a fcc ©01) substrate. In particular, we examine tkepoint that would
correspond to the Fermi-surface crossing that would allow the quantum-well states to mediate the short period
of exchange coupling in the associated magnetic multilayers. The states do not display a strong intensity in
photoemission, an effect that we attribute to interfacial roughri&€4.63-182606)11348-5

There is currently considerable interest in the propertieshort period oscillations should be stronger. A recent experi-
of magnetic multilayers. These systems show an oscillatorynental study has, in fact, shown that in certain samples the
exchange coupling between adjacent ferromagnetic lhyershort oscillation period does indeed dominate the coupfing.
and a giant magnetoresistance dependent on the thickness ofIn the present paper we report the results of a search for
the intervening nonmagnetic layern the case of noble the quantum-well states that should lead to the short oscilla-
metal films deposited on ferromagnetic substrates, it hation period. Using photoemission and inverse photoemission,
been shown that “quantum-welllQW) states reflecting the we examine the development of quantum-well states in cop-
finite layer thickness exist within the film and that theseper films deposited on a @@01) substrate at thé point
states are highly spin polarizéd® The latter spin polariza- corresponding tok,=0.769" X. The states display two-
tion arises because of the marked asymmetry in the spirdimensional character in that they do not disperse Wijth
dependent reflectivities of the states at the interface with thélowever, when compared with the states at the center of the
ferromagnetic laye?. As the thickness of the noble metal zone, they do not in fact show the dramatic enhancement in
film increases, the QW states sample the Fermi surface wittheir intensity that we might expect on the basis of increased
a frequency identical to that observed for the exchange cowsonfinement. We associate the lack of intensity with interfa-
pling in the associated multilayets:"® These observations cial roughness®
taken together, the spin polarization and the frequency of The angle-resolved photoemission studies were carried
Fermi surface crossings, lend support to the idea that it is theut on the U5 undulator beam line at the National Synchro-
quantum-well states that mediate the oscillatory coupling irtron Light Source?” The photoelectrons are analyzed in en-
the magnetic multilayefs and indeed theoretical studies in- ergy and momentum with a commercial hemispherical ana-
dicate that the relative strength of the oscillatory couplinglyzer. The total energy resolution(spectrometer and
may be directly related to the reflectivity of the quantum-monochromatgrand the angular resolution are300 meV
well states at the interfade’® and*1°, respectively. The momentum-resolved inverse pho-

In the case of Cu/Gd00 multilayers, several theories toemission studies were carried out using an ultraviolet spec-
predict more than one period of oscillation for coupling in trometer and an electron source that have been described in
the (001) direction!* These two periods, corresponding to detail elsewheré® This instrument has the capability of ex-
spanning vectors at the belly and neck of the copper Fermamining the unoccupied electronic structure at points far re-
surface “dog bone,” have been observed experimentally irmoved from the center of the zone. It is therefore ideal for
several studié$ although in general the long period of os- the present experiment. The energy and angular resolution of
cillation has proven easier to obseffeContrary to such the instrument are of the order of 300 meV and®, respec-
experimental observations, recent theoretical studies suggestely.
that the short period oscillation should in fact dominate the Cu films of various thickness were deposited onto a fcc
coupling!**® This prediction reflects the observation that Co(001) film at room temperature in a base pressure of
away from the center of the Brillouin zone at the point cor-3x107%° Torr. The fcc Co film was prepared by epitaxially
responding to the neck of the Cu Fermi surface dog bone, thgrowing Co onto a freshly cleaned @01 substrate to a
minority spin hybridization band gap in the Co substratethickness of approximately 20 monolayefsiL's). Else-
spans the Fermi surface. This differs from the center of thevhere we have shown that certainly for the states at the
zone where the top of the minority spin gap lies 0.5 eVcenter of the zone, a Co thickness of three to four layers is
below the Fermi level. It is the reflectivity in the vicinity of required to completely confine the sp-derived quantum well
these gaps that determines the degree of confinement of tistates™® In the inverse photoemission experiment the clean-
guantum-well states. We may therefore anticipate that out itiness and the surface order of all films were monitored using
the zone the minority spin quantum-well states will be moreAuger electron emissio(AES) and low-energy electron dif-
“confined” within the copper layer and hence the relatedfraction, respectively. For the photoemission studies the pho-
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FIG. 1. Tight-binding calculation of the copper band structure as [ R N
a function ofk, for k,=0.765T X. The filled circles indicate the 04 0z 00 02
experimentally determined dispersion of band 6 as derived from the Energy (eV)

spectra of Fig. @).
FIG. 2. Photoemission spectra recorded from copper films as a

toemission itself was used as a monitor of cleanliness. Thinction of thickness. The photon energy is 21 eV and the angle of
relative thicknesses were monitored with a quartz crystal an§Mission corresponds tolg=0.763" Xfor the Fermi level.

a quadrupole mass spectrometer. The absolute thickness Wgg note that the intensity of the state is not particularly
calibrated via the attenuation of the photoelectron and Augestrong even though the states fall within a substrate band

electron intensities. o _ ~ gap, and furthermore the photon energy has been selected to
We first search for quantization effects in the Cu thinmaximize the cross section.

films by examining the occupied states immediately below |t should be remembered that in an off-normal photoemis-
the Fermi level with photoemission. In Fig. 1 we show thegjg spectrum, such as those shown in Fig. 2, only the emis-
calculated electronic structure for bulk copper as a functiorgjgn, immediately at the Fermi level corresponds to the cho-
of k perpendicular at a point corresponding koparallel  senk, . wWe therefore continue our study by examining the
equal to 0.763" X. These calculated bands are derived fromproperties of the quantum-well states in the unoccupied re-
a tight-binding fit to a first-principles calculated band gion. In Fig. 3a) we show a series of inverse photoemission
structure’® At k perpendicular corresponding to approxi- spectra recorded from a clean ©01) sample and in Fig.
mately 1.27/a, the calculation indicates a&p band cross- 3(b) a second series of spectra recorded from a 10-ML Cu
ing the Fermi level. A Fermi surface crossing at this pointfilm deposited on an fcc G601) substrate as a function of
will correspond to a spanning vectqrof length 1.Gr/a and  the incident electron kinetic energy. For each spectrum the
therefore an oscillation period for the related multilayers ofincident angle of the electrons was selected to maintain
2.5 ML's. As noted earlier, a substrate minority spin gapy =0.765I X in the initial state. Becausk, is determined
exists in the vicinity of the Fermi level at this point in the py the initial state, all binding energies in each spectrum now
Brillouin zone and there should therefore be strong confinegorrespond to the sanie.
ment of any QW states derived from the €p band. Figure 3a) clearly shows a state dispersing down to and
In Fig. 2 we show a series of photoemission spectra reghrough the Fermi level as the electron energy increases from
corded from different thickness Cu films deposited on the Coj4 tg 22 eV. In Fig. 1 we compare these experimental obser-
substrate as indicated. The spectra are recorded at an eMiggions with the calculated electronic structure. Fhefor
sion angle such that the Fermi edge corresponds to gach experimental point is determined from the equality
k,=0.763" X. It is evident from the figure that a small peak
appears in the vicinity of the Fermi level at a thickness of
approximately six monolayers. A much weaker peak is also
observed at the Fermi level for a thickness of 9.6 ML'’s.
These observations are consistent with the predicted shonthere Exg is the kinetic energy of the incident electrons
period of oscillation of approximately three layers. However,relative to the Fermi level and, represents the inner poten-
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3(a) and the copper film, Fig.(B). The solid lines represent Lorent-

FIG. 3. (a) Inverse-photoemission spectra recorded from azian fits to the experimental data.
Cu(00Y) crystal as a function of the incident electron beam energy
as indicated. The incident angle is adjusted for each spectra tgiate 0.6 eV above the Fermi level in FigbB with the
maintaink,;=0.765I" X. (b) As in (&), but now for a copper film of intensity of the bulk Cu spectra in Fig(88 at a point 0.6 eV
thickness 10 ML as determined by Auger electron spectroscopy. gpove the Fermi level. In each case a representative back-

ground has been subtracted. In the thin film the wave func-

tial. From the comparison between experiment and calculagon of the QW state retains many of the characteristics of the
tion it is clear that we are examining the electronic Structur%arent bulk band. The intensity therefore peaks at an energy
at the appropriate point in the Brillouin zone. close to that of the appropriate direct transition in bulk cop-

The quantization effects in the thin film are evident in Flg per. Such effects are well known in studies of photoexcita_
3(b) Unlike the SpeCtra in Flg(a), the SpeCtra in Flg(ﬁ) tion from surface Statég-_
now show a number of peaks which do not disperse as the The quantum-well state represents a constant final state
photon energy is changed. These peaks are at binding enqEEFg as the initial state is varied by changing the incident
gies of 0.6, 1.5, and 1.9 eV above the Fermi level with thee|ectron beam energy. Smiét al?2 have considered in con-
nondispersion most evident for the state immediately abovgiderable detail the linewidths that we might anticipate in
the Fermi level. Indeed examination of FighBshows that sych studies. In particular, they examine the linewidths of the
this latter state persists in the spectra even as the incidegbnstant initial statéClS) mode in photoemission for normal
electron energy is increased to the higher energies for whiciind off-normal emission. The CFS mode in inverse photo-
the bulk transition would no longer exist. The lack of disper-emission is simply related to the CIS of photoemission
sion in the binding energy is consistent with localized two-through time reversal. Smitht al. restrict their analysis to
dimensional states and, hence, the quantization of the assfhre case of emission at constant po|ar ang]e_ However in the
ciated bulk bands. Our tight-binding analysis places the topyresent studies the polar angle is varied to maintain constant
of the minority spin band gap in the Co substrate approxik, as the incident electron beam energy is varied. It is a
mately 1.0 eV above the Fermi level. Consequently, becausgivial extension of their analysis to show that the measured
the quantum-well states at 1.5 and 1.9 eV above the Ferminewidth I, in an inverse photoemission CFS study at con-
level no longer fall within this gap they are less confined andstantk” is given by
never gain the same intensity as the state immediately above
the Fermi level.

In Fig. 4 we compare the intensity of emission as a func- h _ 1 n i
tion of incident electron beam energy for the quantum-well lvil  |vil vl

2



17 126 D-J. HUANG, P. D. JOHNSON, AND X. SHI 54
I'; andI’; represent the inverse lifetime of the initial and final QW states found in the copper films at the center of the zone.
states, respectively, angandy; are the perpendicular group They find that the states have an infinitesimal width when
velocities in the related bands. A more complete analysishey fall within the substrate band gap but that they are ex-
will include an angular-dependent term that accounts for théremely broad when they move out of the gap to become
finite angular spread of the incident bed. resonances. Thus in our study, if the QW state is within the
We firs_t con_sider the intensity variationzg)r cross-set_:tiongap’F?WiS effectively zero again anB,, will be determined
scan obtained in the bulk case. Eastneaml™ have previ-  gnirely by the energy and angular resolution of our instru-
ously shown that such a method provides a good measurgient ‘From the width of the Fermi edge we estimate that at

ment of the lifetime in ?h.G. final state qf photoemission Ol Nihe higher incident energies the energy resolution is approxi-
the present case the initial state in inverse photoemission,

Because of the proximity of the final state to the Fermi Ievelmatel_y 0.5 eV. The angular term in E) reflects the group
we follow Eastmaret al. and approximatd’; by zero. Then veIOC|ty_of the state parallel to the surface. Comparlson with
from Eq. (2) the lifetime in the initial state is obtained from cal_cul_atlons for bulk copper suggest that at thls_part|cula_r
Ii= F%”'k. Fitting the intensities associated with the bulk point in the zonezéhe rate of dispersion .Of the st.ate IS approxi-
data in Fig. 3 with a Lorenztian leads to a full width at half ma}tely 0.7 eV A We are therefore still left W'th. a brqa}d—
maximum (FWHM) or inverse lifetime in excellent agree- ening of.the order of 0.2 e\{. We suggest that Fh|s additional
ment with data for noble metals published elsewR&rn broadening reflegts scatterlng parallel to Fhe interface. Mq-
fact, the earlier data were recorded in a photoemissioﬁne”tum broadenmg perpendicular to the mtt.erface.results in
study?® with almost identical angular acceptance to the@n €ven larger width because the rate of dispersion of the
present study. Turning to the intensity variation for the Qwassociated Cu bulk band perpendicular to the interface is an
state we first note that the width of the thin film is suffi- order of magnitude larger than that parallel to the interféce.
ciently large that we may consider the initial state to be esFurther, momentum broadening perpendicular to the inter-
sentially identical for both the bulk studies and the thin-film face would also broaden QW states at the center of the zone.
data. If we make the simple assumption that the initial statélowever all studies of the latter stat@3°appear to indicate
is represented by a plane wave then we may assume that theat their experimental widths are limited solely by the ex-
intensityl, of the QW state will reflect the width of the well perimental resolution.
W such thet® A broadening of 0.2 eV represents a mean scattering
_ , length of 3.5 A parallel to the film. This appears ano-
sin(k—k")W/2 3) molously small and may indicate interface mixing. However
(k=k"Hwiz |~ we note that if we have underestimated the broadening due

wherek andk’ represent wave vectors for the initial and to finite angular resolution the mean scattering length that we

final states. Thus the width of the intensity peak is inversel;}’vOUId obtain Véou'd be larger. A deta”eq study by M.einel
related to the width of the well and in the limit that the well @"d co-workerS' has also examined the influence of inter-

becomes infinitely thickthe bulk casg I, reduces to @ face and surfacg roughr_1ess on the intensity of quantum-well
function &k—k’). In fact, in the present case the inverse of States observed in thin films. They found that for states at the
the difference in the Lorentzian FWHM for the bulk and QW center of the zone roughness at either interface can easily
state cross sections is close to the width of the well as detefead to reduction in the peak intensity by a factor of 40% or
mined by AES. However such a correlation needs to be exmore. Momentum broadening as a result of impurities or step
amined further in more detailed studies. imperfections has also been studied extensively in the case of
We now consider the width of the QW state itself in Fig. surface state¥.

3(b). Examining the spectra at the higher incident energies In summary, we have demonstrated the existence of
where there is no interference from adjacent QW states wguantum-well states in copper at the Brillouin-zone point
find that the width of the QW state at 0.6 eV above the Fermcorresponding to the neck of the Fermi surface dog bone. We
level is approximately 1.0 eV. Interestingly we note that be-have shown that the intensity of the QW states reflects the
cause we are using a spectrometer the individual spectra iflirect transitions observed for the parent bulk bands. How-
Fig. 3(b) represent CIS spectra in that the initial state isever in our photoemission study the states never show the
constant and each point in the spectrum represents a differejnitensity that we might anticipate for good confinement in
photon energy. Smitret al?> have again considered the the vicinity of a substrate band gap. We suggest that this
widths that would be anticipated in such a spectrum. If wereflects the interfacial roughness but note that scattering at
assume no dispersion of the QW state vktiperpendicular any impurity center will couple the quantum-well states to
as evidenced by the lack of dispersion in Figh)then we  other momenta which will allow reduced confinement. An
can show that the measured linewidth of the QW statés  understanding of such effects would benefit from further

2
e

given by study with higher energy and more importantly higher mo-
ow mentum resolution. Indeed studies of the linewidths of the
=17+ 20y 0K (49 QW states may offer an interesting probe of the roughness of
wherel' ?Vrepresents the inverse lifetime of the QW state, buried interfaces.
represents the group velocity parallel to the surface, &qd The authors would like to acknowledge useful discussions
reflects the finite angular resolution. with G. Fernando and M. Weinert. This work was supported
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