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It is shown that the spin asymmetry of the elastic transmission of electrons through ferromagnetic
films can approach unity. The polycrystalline Co films are a few nanometers thick and saturated with
the magnetizatiorzf/l in the plane. The contribution of spin-productive scattering events is below 5%.
If the electron spin at incidence is chosen to be perpendicul&l,tdi rotates into the direction aff
and also precesses around it. [S0031-9007(98)07521-8]

PACS numbers: 73.50.Yg, 79.20.Kz

The application of polarized electron beams to the studyering cross section governs the nonequilibrium magneti-
of magnetism took its beginning when the first spin-zation dynamics which is presently at the forefront of fun-
polarized electrons were obtained by photoemission frondamental research in magnetism [10-13]. Furthermore,
magnetic materials [1]. The most obvious way of lookingexperiments of the type described here might help to im-
at photoemission of electrons theoretically is to assumerove the performance of spin filters, spin transistors, and
that the fast photoelectron does not interact appreciablgpin tunneling, and may also lead to magnetic imaging in
with the other electrons in the metal so that the phototransmission electron microscopy.
emission experiment often is thought of as measuring the The experiment is sketched in the upper part of Fig. 1.
energy spectrum of its own hole state left behind. ThisWe have prepared a spin-modulated electron beam with
theory of renormalized one-electron states has been dis- GaAs-type photocathode. By switching from right- to
cussed in the present context by Anderson [2], Doniacheft-circularly polarized light for excitation of the source,
[3], Gutzwiler [4], and many others [5]. However, it we can invert the vectoP, of the spin polarization. By
could never explain the fact that no negative spin polarapplying a combination of electric and magnetic fields to
ization is detected in photoemission from states near the
Fermi energyEr in Co [6,7]. This and many other fea- Au [Col+lAu

tures observed in emission of low energy electrons from P

transition metals are now understood by considering the Spin Intensity
scattering of the excited electron on the partially filéd | Modulated &
states ofall of the atoms encountered in transport through | source Polarization
the transition metal [8]. To study this important phenome-

non more thoroughly, we have measured the total scat-

tering cross section as a function of electron energy. In ; “

contrast to numerous earlier investigations [9], we have T '*#_')1 Fl st AT
observed very large transmission asymmetriesf up to E T v 5 [v LM & s ]
80% with an electron beam passing through a thin ferro—E I *owdfmoo ) e A
magnet depending on whether its spin is parallel or an-= .‘}" o = A s ]
tiparallel to the magnetizatiol. Furthermore, when the 2 5 6 7 80 %
spin polarization vectoP, of the incident electron beam E-Er [eV] E-Eg[eV]

'S' chqsen toebe perp.endlcularM), then it rotates into the FIG. 1. The upper part shows the principle of the experiment
direction of ¥ and simultaneously also precesses aroundonsisting of a spin-modulated electron source of the GaAs
M. There is a complete analogy to the magneto-optidype, a AyCo/Au trilayer in which the ferromagnetic poly-

phenomena observed when a light beam passes throu fystalline hcp Co film is magnetized remanently in the plane,

. . nd a detection system in which the intensitand degree of
ferromagnetic material. But, even when measured on th,pin polarizationP perpendicular to the axis of the electron

length scale of the penetration depth, the magneto-“optiCheam are measured for the electrons transmitted by the trilayer.
effects observed with electron beams are at least 1 offhe lower part shows on the left the energy distribution curve
der of magnitude larger as compared to those observedE) and the degree of relative polarizati®n Py after the elec-
with light beams. This arises because the electron beaf e” d%earleme g?sstriﬁ"eﬁ:ﬁzg:% S%F;Fﬁ?/g'rg% ﬁu t'ﬁgesroﬁ'g:@-'?n the
couples directly to the magnetization, while the CouD”nglower gart on thpe ri%ht, the intensity distrib%nion curvb*’siE)

of the light beam must be mediated by the spin-orbit interang 7-(£) are shown for a Co film of 4 nm thickness and its
action. The observations presented here have a number ®fhm thick Au capping added/ ™ (E) is valid for spin parallel

immediate important implications. For instance, the scatto the magnetization, and/~(E) for spin antiparallel to\.
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the electron beam, we can also rot&ginto any desired passing through the Au film. Yet the secondaries having
direction in space. We can produce an unpolarizedgsuffered collisions with valence electrons in Au have a
electron beam as well by applying linearly polarized light.lowered polarization that decreases with decreasing energy
The spin-polarized electron beam impinges along thelue to the increasing admixture of unpolarized electrons
surface normal onto a trilayer consisting of a supportingexcited from the conduction bands of Au.
Au film 20 nm thick, a ferromagnetic Co layer of varying  The inset at the right shows data when a Co film of
thickness ranging from 1—-6 nm, and a capping Au layethicknessy = 4 nm with its Au capping is added. One
of 2 nm thickness to prevent corrosion. In this geometryobserves two different energy distribution curves of the
spin-orbit coupling cannot produce any spin dependencemerging electron beam! " is valid for P, parallel and
of the transmission. I~ for P, antiparallel toM, where the direction oM/ is
The trilayer is made in a separate chamber on ajefined by the direction of the majority spins. The elastic
substrate consisting of a film of nitrocellulose supportecbart of the beam displays a huge spin asymmeitry
by a Si wafer with a number of 0.5 mm wide apertures.(j* — 7)/(I* + I~) for a pure spin state. On the other
The Au layer of 20 nm thickness is deposited on top ofhand, the inelastic part of the electron spectrum exhibits
the nitrocellulose by evaporation of Au from a heated MolowerA. This is partly due to the lower polarization of the
crucible. On top of this layer, polycrystalline films of hcp inelastic electrons generated in the supporting Au layer. In
Co are deposited by electron bombardment of a 99.998%ye following, we focus on the elastic part of the spectrum
pure Co rod. Their thickness (as measured by a calibrategihich we can separate by applying a retarding field.
quartz microbalance) ranges from 1-6 nm. The Co films The most important condition for observing the large
are capped with a protecting Au layer of 2 nm thicknessis that the trilayer must have absolutely no holes. This
The first set of hysteresis loops is measured right aftejs evident from Fig. 2, where the relative intensity trans-
deposition byin situ Kerr magnetometry. The in-plane mitted through the AfiCo/Au is shown vs the energg
hysteresis loops are square and exhibit full magnetigf the incident electron beam. The attenuation increases
remanence. After the magnetic tests are completed, th§/ 3 orders of magnitude wheh increases from 6 eV
whole sample is let to air. The nitrocellulose on theaphoveE, to 16 eV. If there is the tiniest hole, the main
apertures is removed in a solution of pentyl acetatepart of the elastic signal observed at the back side of the
The sample is then introduced through a load-lock systerttilayer is caused by electrons that have passed through
into the chamber with the GaAs electron source wherghe hole. We suspect that this is the reason why much
the measurements are done. There, the sample is firsinallerA values were reported in Ref. [14] at higher elec-
exposed to mild sputtering designed to get rid of theron energies. The steep increase of the attenuation with
contaminants acquired in the process of letting it to air anghcreasingE is in reasonable agreement with the energy
dissolving the nitrocellulose. Further sputtering throughdependence of the electron mean free path in Au [15].
the apertures thins the supporting Au layer until electrons \we now consider the attenuation of the elastic elec-
of a primary energy of-6 eV aboveEy are transmitted tron beam in the Co film of thickness for each spin
at an attenuation of0~>-107°. The final thickness of direction separately. With the incident currefit the
the supporting Au layer is estimated atl8 nm. The  transmitted current ig = Ipe °>. The absorption co-
Kerr hysteresis loops taken later show no difference tQgficient o depends on the angké betweenP, and M:

the loops obtained just after deposition of the samples. he largest valuer~ occurs with¢ = 7 and the smallest
In the actual measurements, the Co films are rema-

nently magnetized in the plane by applying a positive

or negative magnetic field pulse. The electrons emerging

from the Ay/Co/Au multilayer are energy analyzed by a 10'55 L e e B A
retarding field, and subsequently accelerated to an energy i
of 100 keV to determine the components of the spin po- 106
larization vector perpendicular to the axis of the electron
beam via Mott scattering.

In the lower part of Fig. 1 we show data observed with
an incident electron beam of about 7 eV energy &d E
perpendicular to the electron beam. The inset on the left 108l o_|
shows intensity and polarization as a function of energy f
without the Co film in order to illustrate what kind of gi ]
an electr(_)n bea_m actually enters th_e _ferro_magnet_. In the 10 5 ; 6 ' 7 ; 8 ' 9 '1'0'1'1 '1'2'1'3'1'4'1|5'1I6
energy distribution curvd(E) one distinguishes still an
elastic peak at 7 eV, but secondary electrons have of course E-Er M

also been_pro_duced in Au at I_ower energigs. However, the|G. 2. The attenuation of the elastic electrons after penetra-
spin polarization of the elastic electrons is not altered onion of the trilayer vs the energy above the Fermi enefgy

10'75- % 3

Transmission
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o with ¢ = 0. With Ac = 0~ — 0", we haveAd =  fact that thed shell is comparatively little extended in
[explAoy) — 1]/[exp(Acy) + 1]. One obtains space. For the interpretation one must be aware ¢hat
1 I is the sum of all scattering on thé shell, elastic and

Ao = —In(—_). (1) inelastic. Gokhale and Mills [17] have shown on the

Y I example of a single crystalline Fe film that effects of elastic

Figure 3 shows a number of data obtained with variouscattering plus crystal diffraction and channeling can lead
samples. To interpret this further, we assume that all ofo sizable contributions to the spin-dependent transmission.
the spin-dependent scattering is scattering ondttsbell, However, these contributions favor both majority-spin
and that the strength of the scattering is proportional to theand minority-spin transmission depending on the energy.
number of holes in that shell. The number of holes indhe Furthermore, they are generally not as large as observed
shell is nota priori known for atoms in a metal. However, here and also tend to increase on increasing the electron
with the ferromagnetic metals, one knows the spin part oenergy above 10 eV. Furthermore, crystal diffraction must
the saturation magnetization which is the difference in thecancel out for truly polycrystalline samples. We believe
occupancy of thel shell between majority- and minority- therefore that the main contribution to the total scattering
spin electrons known as the number of Bohr magnetongross sectio® in Fig. 3 obtained from the average &tr
ng, per atom. With the present electron energies severaln all polycrystalline samples reflects predominantly the
eV aboveEy, all of thed holes are available for scattering. inelastic scattering on the shell.
This yields Ao = ngo,, where o, is the absorption To analyze the spin-selective scattering in ferromagnets
coefficient for one unoccupied state in thé shell in  in more depth, one must ask the question of what happens
Co. This approach is well supported by a number of quiteafter the minority-spin electron has scattered into a hole of
different experiments [16]. the d shell forming one of th&4d"*! multiplet states. It
With hcp Co, the density of atoms i = 8.6 X has been argued [18] that the excess energy is dissipated
10?2 atoms/m?> andnz = 1.7 Bohr magnetons. Hence, by reemitting a majority-spin electron which, however,
one obtains the following for the total scattering crosshas lost at least the energy of the Stoner gapin total,

section: this process, called a Stoner excitation, would have made
1 I+ out of a minority spin in the primary electron beam a
Q= n(—_) (2) majority spin with a small energy los8. Such Stoner
Nngy —\1 excitations have been detected experimentally [19,20].

The lower part of Fig. 3 showg) calculated from the We can test how important these excitations are in the
average ofAo. The order of magnitude aP reflects the spin-polarized transmission by making use of the theorem
that a polarizing spin filter must be equal to an analyzing
spin filter in the absence of spin-productive scattering

0.6 ——————— T events such as Stoner excitations [21]. The change in the
- * * e 1.5nm majority-spin current isi/* = —o*I"dy — adl~, and
05F *4 & o 2nm in the minority-spin currentll— = —o I~ dy, wherea
04l x Il-** ; ggmnm ] is a constant. The fraction of minority-spin electrons that
- I gﬂmé M %y % 4nm has undergone a spin flip in a Stoner excitation but is
g 03p O-Oo®QnoM x, < 6nm still detected in the elastic channel becausés small,
P I o':'nmﬂ * 1 typically a fraction of an eV, is given by = a/(1 —
0.2 elom o] a + 0¥ /o”). The polarizationP of an unpolarized
01k ° i electron beam passing through the ferromagnet will be
0.0 1 " " 2 " 1 s 2 " . 1 . P=A+P*(A,r,y), (3)
< 03} ° 1 o _
% . o0 00 ] while it is P = A for r = 0. Experimentally, the com-
e 02F o [ LY ] parison ofP andA shows that the contribution of Stoner
=) L TP ] excitationsr is below 5% and thus of minor importance
— 01} o ® o0 | in spin-dependent transmission. R
© - We now consider the situation in whidby is perpen-
05 dicular to M. In this case the spin part of the incident
E-Er[eV] electron wave function can be described as a coherent

_ _ _ N superposition of a majority-spirj (parallel to]\71) and a
FIG. 3. Difference in the absorption coefficiemio for minority-spin § antiparallel toM) wave function with

majority- and minority-spin electrons vs electron energy for six . _ L 0 -
samples each with a different Co thickness. The lower grapl‘?qual amplitudesp, = V2 [(o) + (})]. Because of spin-

shows the average total scattering cross seafidor one hole = dependent absorption, the amplitude of the two wave
in the 3d shell of Co. functions becomes different on passing the ferromagnet.
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A phase differencee develops as well. This yields the accessible. The overall motion of the electron spin ob-
following for the wave function) of the electrons leaving served here is important for the understanding of ultra-
the ferromagnet: fast magnetization dynamics. The angkésand e are
| | 4 0 4 large considering that, depending on energy, the electrons
=7 [\/1 + A<O>e"5/2 + V1 - A<1>e+’5/2:|. spend only~0.3 X 10~ sec per nanometer film thick-
ness within the ferromagnet.
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is determined by the expectation values of the Paul
matrices. (Note that the axis is parallel taPy, they axis

is parallel to the electron beam, and thaxis is parallel

toM.) This yields project.
. PoV'1 — A%coge)
P =1 Pov1 — AZsin(e) |, 4)
A [1] U. Banningeret al., Phys. Rev. Lett25, 585 (1970).

[2] P.W. Anderson, Philos. Mag4, 203 (1971).

and corresponds to two types of motion of the spin [3] S. Doniach, inMagnetism and Magnetic Materialedited

polarization vector, namely, a rotation by an angledof by D.C. Graham and J.J. Rhyne, AIP Conf. Proc. No. 5

into theedirection ofM and a precession by an angleef (AIP, New York, 1971), p. 549.

aroundM. R [4] M.C. Gutzwiler, in Magnetism and Magnetic Materials,
The rotation takes place in the plane spannedtand edited by C.D. Graham and J.J. Rhyne, AIP Conf. Proc.

M. This rotation is due to absorption in the ferromagnetic __ NO- 10 (AIP, New York, |1972)’ P (1:197' Solid S
film, as discussed above, where the minority-spin wave ] 'F:f;]r salge‘ggv‘(”lgssele) L. Kleinman, Comments Solid State
function is more strongly attenuated than the majority-spin ys. 2% :

. ST [6] G. Buschet al.,Phys. Rev. Lett28, 611 (1972).
wave function. The anglé of the rotation is givenby (77 3 ¢ Grobliet al., Physica (Amsterdang048, 359 (1995).

& A 5) [8] H.C. Siegmann, J. Electron Spectrosc. Relat. Pherg@n.
tang = —F—. 505 (1994).
M — A2
Povl — A [9] A. Filipe et al., Phys. Rev. Lett.80, 2425 (1998), and
The direct measurement ap confirms Eq. (5). For references therein.

example, for a Co film withA = 0.3, ¢ for a pure spin [10] J. Hohlfeldet al., Phys. Rev. Lett78, 4861 (1997).
state is~17° [11] M. Aeschlimannet al., Phys. Rev. Lett79, 5158 (1997).

. > [12] A. Schollet al., Phys. Rev. Lett79, 5146 (1997).
The precession around is the electron analog to the [13] Ganping Jiet al., Phys. Rev. B57, R700 (1998).

Faraday rotation observed with linearly polarized light. It[14] H. J. Drouhinet al., J. Appl. Phys79, 4734 (1996).

is a quantity that does not depend arbut is caused by [15] 0. Paul, Dissertation ETH Zurich No. 9210, 1990.

the phase difference that develops between majority- ande] H.C. Siegmann,Selected Topics on Electron Physics,
minority-spin wave functions due to the spin dependence  edited by M. Campbell and H. Kleinpoppen (Plenum, New
of the inner potential. We found that the precession angle  York, 1996).

€ is16 = 2° per 1 nm of Co film thickness for an electron [17] M.P. Gokhale and D.L. Mills, Phys. Rev. Le@i, 2251

energy of 7 eV. It will be discussed in more detail (1991), and references therein.
elsewhere. [18] J. Glazer and E. Tosatti, Solid State Comm®&a, 905
(1984).

In conclusion, we note that the very strong spin de- 91 3. Kirsch b. Rebenstorfi. and H. Ibach. Phvs. R
pendence of the transmission observed in polycrystallin&®] J- Kirschner, D. Rebenstorff, and H. Ibach, Phys. Rev.
o . Lett. 53, 698 (1984).
hcp Co opens up the possibility to construct highly ef-

. A . 20] H. Hopster, R. Raue, and R. Clauberg, Phys. Rev. Lett.
ficient spin filters, and to determine the Bohr magnetor{ ] 53 692 (1984). g Py

numberng of thin films. Furthermore, the precessien [21] . Kirschner,Polarized Electrons at Surface§pringer
around the direction oM is unique because it measures Tracts in Modern Physics Vol. 106 (Springer-Verlag,
the spin dependence of the inner potential otherwise in-  Berlin, 1985), p. 60.

4231



