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Theory for Spin-Polarized Oscillations in Nonlinear Optics due to Quantum Well States
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Using an electronic tight-binding theory we calculate the nonlinear magneto-optical response from an
x-Cu/Fe/Cu(001) film as a function of frequency and Cu overlayer thickness=(3-25). We find
very strong spin-polarized oscillations with periods of 6 and 11 monolayers due to quantum well states.
These oscillations are enhanced by the large density af Btates close to the Fermi level acting as
intermediate states for frequency doubling. The results show that optical second harmonic generation
is a very sensitive probe of electronic structures and is &vsensitive. [S0031-9007(96)01235-5]

PACS numbers: 75.70.Cn, 73.20.Dx, 78.20.Ls

The magnetism of low-dimensional metallic structuressition and since the Drude term of the dielectric func-
such as surfaces, thin films, and multilayer sandwiches hasn creates a strong background of transitions fronkall
recently become an exciting new field of research and apdirections.
plications [1]. In particular, thin magnetic films and mul- A simple physical picture explains already that SHG
tilayers exhibit a rich variety of properties not previously and NOLIMOKE, involving optical transitionsk; he
found in bulk magnetism such as enhanced or reduced /o 2w N . .

) . » — Ep "— E; between initial, intermediate, and final
moments [2], oscillatory exchange coupling through non- tesE, E dE tivelv. should exhibit |
magnetic spacers [3], giant magnetoresistance [4,5], argjtesEy, £y, and ki, respectively, should exhibit large

the reorientation of the magnetic easy axis upon thick9Scillations due to quantum well states. We assume for

ness and temperature variation [6]. Especially the obsers-'mp!'c'ty that., for thex-Cu/Fe/Cu(001) Sf"de'_Ch |n|t!al
vation of spin-polarized quantum well states (QWS) [7_and intermediate statefs; a}nd Ey haye Ilttlg dl_sper3|on
10] in Cy/Co(001) has attracted a great deal of attention®S €xpected for electronid states in thin fims and

It has become clear that quantum well states are indedfat the relevant unoccupied states above the Fermi level
responsible for the important oscillatory behavior of theare Cu s-QWS, whose energies depend on the film
exchange coupling of ferromagnetic thin films via non-thickness and which occur only for discrete values of
magnetic spacers [11,12]. Presently mainly photoemisthe perpendicular wave vectkr-. Then the final optical
sion (PE) and inverse photoemission [7—10] have beeﬂansitionEp ho E;» must reach a quantum well state in
used to_identify QWS gffects. Very recently a poss.ibleorder to contribute to SHG. For giveiw this happens
connection between thlckness dependent changes in t%ﬂly for a certain film thickness and multiples of this.
nonlinear magneto-optical Kerr effect (NOLIMOKE) and 5 gsciliations arise. The period of the oscillations

QWS [13] has been proposed. should depend characteristically on the photon energy and

It_ IS the 906!' Olf th;\ls Lﬁtl;{;r tKOEShOW that a'm”.",”ear | the electronic structure. The oscillations will eventually
optics, in particular NOLIMOKE, is a new sensitive too get washed out for thicker films, since the QWS get

for studying QWS. _We find very interesti.ng structure in gopser. The amplitude of the oscillations is strongly
the second harmonic generation (SHG) signal due 10 paf; - eased by the Fe interlayer, since SHG benefits from

ticular transitions ink space. This is very remarkable we high density of Fe states. Also it becomes clear
since it indicates that SHG is able to detect very sensig,

. . : ; . relative peak shift upon changing the magnetization
and its relationship to the underlying electronic structure ;.o tion M to (—M) [see Eq. (1)]. Thek selectivity is

Nonlinear optics, in contrast to linear optics, is able 10, ngequence of the fact that unoccupied final states are
give wave-vector resolved information about the underly-necessary for a contribution to the SHG yield

ing electronic structure. We demonstrate this by extend- To verify this physical picture we performed calcu-
Ing our phreVIoude_orhk on the [7€u(001) bilayer Sftem lations using our previous theory to evaluate the SHG
[ﬁ4]|to the Sag] wic Syséegm-Cu/lFe/CUEjOOl) where | intensity I,,(w) for opposite magnetization directions
the layer numbex Is varied between 3an 2_5'. We cal- [15-17]. Employing an electronic theory for both the
culate the SHG yield(.,)(«) and the magnetic intensity ,,njinear susceptibility 2 and the linear dielectric func-

contrastAl, = % of SHG for these systems tion e(w) and separating? into even and odd parts un-

and find very large quantum well oscillations, originat-der magnetization revers;zdg)en(w) and)(é?d(w), we get
ing from particular transitions irk space. Note linear for the SHG vyield within the electric-dipole approxima-
optics is less informative, since it involves only one tran-tion for the polar geometryM is normal to the surface
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for a Fe monolayer) [18]
Ly (EM) | Eol* | f(0)’F(2w)

@

X2, (@) = xoaa(@)H. (1)

Here, f(w) and F2w) are calculated from the linear
Fresnel factors. The susceptibility® which is a key
quantity for the nonlinear optical response, is given by

1
2 3
= M
X (w) l,l’,l'%i"f Eyn — E, —2how + 2iha
X { f(El”) - f(El/)
Ep — Ey — ho + ila
f(Ev) — f(E)

}. )

Here, f(E;) denote the Fermi distribution functions; is
the Lorentzian broadening, ard are the dipole matrix
elements. The sum is performed over all eigenstétes
and all allowedk * points [19]. Note that all eigenvalues
E; depend onk' and spino and that the nonlinear

a Ey—E —ho + ihay
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FIG. 1. SHG yield for opposite magnetization directiovMb

and —M. The dominating 11 ML period is due to Ziw
resonance between Cd states and quantum well states,
drastically enhanced by the kebands and thus demonstrating
the k selectivity of SHG. In the absence of the Fe bands the
SHG yield1,, (Cu) is nearly indistinguishable from zero on this
scale. The peak shift between the and —M signal is due to
the spin polarization of the Fé bands. The inset shows the

magnetic contrash/l,, = I (M)~ 1 (=M)

susceptibility tensoy ® (w) is material specific. T

As input for the calculation ofy® we used for the
electronic band structure of theCu/Fe/Cu(001) system
a Cu bulk Hamiltonian combined with a Fe monolayer.of the SHG signal for both magnetization directions
The Hamiltonian is calculated within the combined inter-M and —M and the relative peak shift upon changing
polation scheme [20], the parametrization is according tiM — —M. A smaller period of 6 ML is also present.
Fletcher and Wohlfarth [21]. The parameters for the CuThe enhancement of the SHG signal due to thedFe
bulk band structure are taken from Ref. [22]. For the Febands becomes apparent if we compéig(=M) with
monolayer they have been obtained from a fit tahrini-  the nonlinear respondg,, (Cu) of the system without the
tio calculation [23]. We are evaluating the SHG responsd-e interlayer (but keeping the confinement for the Cu
at (ky, ky) = (0,0), since for the (001) direction the high overlayer), which is 50 times weaker, in good agreement
density of states due to the extremal Fermi surface diamwith experiment [28]. The inset of Fig. 1 showing results
eter (caliper) atk! = (0,0), which give the QW period for the magnetic contrast/», gives further evidence for
from Ruderman-Kittel-Kasuya-Yoshida calculations [24],the importance of the Fé bands. The result indicates
dominates the output [25,26]. THesummation is per- clearly that the exchange splitting of the Fe interlayer is
formed overk points along thek* direction. QWS are heavily involved. The magnetic contrast varies between
introduced for the Cds-band in which states occur only 100% and —80% and changes sign several times, due
at equally spaceR* values Ak <« 1/n, nis the number to the equal amplitudes of the SHG intensity for both
of Cu overlayers). magnetization directions. Our results for the period, the

To simplify our calculation, we assume constant matrixamplitude, and the magnetic contrast are in excellent
elements, which are fitted by the linear dielectric functionagreement with experiment [28].

e(w) [17,27] and perform the summations in Eq. (2) In Fig. 2 we show for comparison tHmear dielectric
using an appropriate interface cutoff. This approximatiorfunction e(w), and the linear Kerr angle for the same
is reasonable because tlhkedependence of the matrix system as a function of the Cu overlayer thickness. Two
elements is expected to become less important in twoscillation periods for the imaginary part of the dielectric
dimensions due to the shrinking of thieband width for  function e(w) for both magnetization directions can be
the reduced coordination number [17]. To compare withdetected, a dominant one with period 6 ML and a less
experiment [28], we choose 1.61 eV as incident photorpronounced oscillation with a period of 3 ML. In contrast
energy. to nonlinear optics, the amplitude of the oscillation is much

In Fig. 1 we show results of our calculation for smaller (5% of the signal), in agreement with experimental
the SHG signal of thex-Cu/Fe/Cu(001) system as a observations [29]. Furthermore, an overall increase of the
function of the Cu overlayer thickness demonstratindinear signal with Cu thickness is observed, since it results
the pronounced QWS oscillations (nearly 100% of thenot only from the interface, but from all layers. Note the
signal) and their strong spin dependence. Most strikingnagnetic effect is 3 orders of magnitude smaller than for
is the dominant oscillation period of 11 monolayers (ML) the nonlinear signal. This small magnetic effect becomes
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FIG. 2. Linear dielectric function of the:-Cu/Fe/Cu(001)

sandwich for opposite magnetization as a function of the CIFIG. 3. Band structure of the--Cu/Fe/Cu(001) sandwich
layer thickness. Note the 6 ML period as fundamental periocelongk* for 11 Cu monolayers. Bands with energy less than
is visible, while the 11 ML period is completely absent. The —5 eV are not drawn. The filled dots mark some of the QWS
magnetic contrast is much smaller than for the SHG signalas derived from the Cu bulk band structure for 11 ML. The

The inset shows the linear Kerr anglg.., as a function of the ~ contributing transitions giving the dominant peak of the SHG
Cu layer thickness. yield at 11 ML (and 22 ML) are indicated. Transition (b) is

resonant fo27iw and only possible in nonlinear optics. For the
case of 6 ML only the QWS akr and at—2.1 eV is present.
. . . Thus the peak of the SHG yield at 6 ML and multiples results
obvious from the linear Kerr angl&@ge, shown in the  mainly from transition (a).

inset of Fig. 2. ®k.,, is of the order of mdeg, whereas
the nonlinear Kerr angle is 2 to 3 orders of magnitude
larger [23]. The polar Kerr angle also displays the 6 MLthe SHG with layer thickness, since the SHG results only
oscillation period, and the overall increase with increasingrom the FgCu interface. A transition similar to (b) in
layer thickness is again due to the large probing depth dfig. 3, which involves the Fe minority bands as interme-
the magneto-optical Kerr effect. diate states, gives additional resonances for the minority
Our results for the pronounced oscillations Igf,(w)  transitions, thus resulting in a peak shift and broadening
due to QWS can be understood in view of Fig. 3, wherefor magnetization—M at 11 ML; see Fig. 1. This peak
the electronic structure of the-Cu/Fe/Cu(001) system shift then results in the strong magnetic contrast; see inset
for x = 11 ML along k+ is sketched [30]. The QWS of Fig. 1.
(filled dots) result from the confinement of theslectrons In a sandwich withx = 6 ML of Cu, however, only
in thin Cu films, causing an equally spaced discretizatiorthe QWS atEr and at—2.1 eV are present, giving rise
in the k* direction, whereby the number df points to a strong contribution td,,(w) due to the transition
equals the number of Cu layers. Only the four rightmosindicated by (a). This transition causes the oscillation
QWS are displayed in Fig. 3 for simplicity. Clearly this period of 6 ML.
discretization of thek values affects the SHG intensity, Next we discuss the oscillation due to QWS for the
since photon transition&; — E;» are limited to these linear response. For the linear dielectric functiefw)
distinctk - points. The appearance of a QWS abdye a resonance between the Guand d bands, which is
as a final state for the nonlinear optical transition resultsesponsible for the very strong peak in SHG at 11 ML,
in an increase of the nonlinear response. This occurs onlgransition (b) in Fig. 3] is not possible. Therefore the
for a certain film thickness. period of 11 ML as a fundamental period is absent. Only
Apparently only if the QWS is at resonance for a sig-the upper transition in (a) of Fig. 3 with absorbed and
nal frequency/iw = 1.61 eV, two incident photons are emitted photon energ¥fw is involved [32]. Since this
able to excite electrons from the Giliband to the Cu QWS atEr is present at 6 ML and is in resonance with
s-QWS [transition (b)]. Then &/iw photon may be Fe majority d band at—2.1 eV, we find a dominant
emitted resonantly, generating the frequency-doubled norescillation period of 6 ML. The smaller 3 ML period
linear response [31]. Transitions of this kind are mainlyis due to a QWS at-2.1 eV, which occurs at 3 ML
responsible for the peak at 11 ML and multiples thereofand multiples thereof and which allows for a resonant
in Fig. 1 for both magnetization directions and a signaltransition to the minority F& band near. The strong
frequency of 1.61 eV. At 11 ML also the second QWSinfluence of the nonmagnetic intraband transitions on the
close toEr contributes [nonlinear transition (a), Fig. 3]. linear signal is responsible for the suppression of the
Consequently, this gives an additional contribution to themagnetic effect as observed in the linear Kerr angle [33],
SHG yield. Nevertheless, there is no general increase afhich exhibits mainly the 6 ML period (see inset).
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