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Spin motion of electrons during reflection from a ferromagnetic surface
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If electrons are reflected from a ferromagnet, the spin moves depending on the magnetization vector of the
ferromagnetic surface. The spin motion, consisting of a precession around the magnetization direction and a
rotation into it, is measured and explained in terms of the electronic band structure of the ferromagnet. If
applications within a solid-state device are considered, sizeable transverse torques on the magnetization due to

the spin precession can be expected.
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The manipulation of the magnetization by spin currents isare accelerated to an energy of 100 keV for the measurement

one of the most intriguing concepts of contemporaryof the transverse components Bfin the Mott polarimeter.
magnetisnt.” Injection of polarized electrons into a thin fer- The resolution of the retarding grid analyzer is 0.5 eV full-

romagnetic film generates a transverse tofcaewell as a
dampinglike torqub? acting on the magnetizatioh, and
either type of torque may be used to switth into a new

width at half maximum. WhileM lies in the scattering plane,

ISO of the incident electron beam is perpendicular to it.
The samples investigated here are Co films grown on two

direction, albeit on quite different time scal®® Recently, types of substrates, namely,(&L1)-textured polycrystalline
the transverse torque generated by spin injection has beeku film on glass and a G001 single crystal. The metal
determined by transmitting a polarized electron beanfilms are deposited with electron-beam bombardment, and
through ferromagnetic films and measuring the motion of thaheir thickness is measured by a quartz microbalance. The

polarization vectorP of the electrons upon transmissibn. details of film growth are described in Refs. 9 and 10, re-
This experiment establishes in fact a new differentialSPectively. The first type of substrate generates a polycrys-

torquemeter measuring, by virtue of Newton's law of equalt@lline Co film while the second type of film grown on

and opposite reaction, the torque generated by the exchan

(001) is single crystalline fcc Co. Magnetic characteriza-

interaction of the injected electrons with the magnetization.tOn is achieved with the magneto-optic Kerr effect. In the
Quantitative understanding of a solid-state device, ifc@S€ of the polycrystalline Co/Au/glass films the easy direc-

which spin injection may be utilized, requires the consider-tion of the magnetization is induced by oblique incidence of

ation not only of transmission, but also of the reflection of
the electrons within the device as will be shown below. The
purpose of this paper is then to present a model experiment
revealing the physical principles underlying the spin motion
of the electrons in elastic reflection from a ferromagnetic
surface. The experiment shows that torque is exercised by
the reflected electrons on the magnetization and that the
magnitude and even the sign of the torque depends critically
on the electron energy and the nature of the ferromagnetic
surface. However, the model experiment cannot be applied
directly to devices as it does not cover electron energies
closer to the Fermi energy relevant in the applications.
While numerous studies have been done previously on the
scattering of polarized electrons from ferromagfiethe

present experiment is distinguished by the fact fhﬁt)f the

incident electrons is at an angle 6&=90° to M. It is only
with this noncollinear initial configuration that the motion of

P can be observed. We also can separately measure the pre-

cession angle and the rotation anglé of P (see inset in
Fig. D).
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The experiment is sketched in Fig. 1. The source of the k|G, 1. Principle of the experiment. The experiment consists of
polarized electron beam is a GaAs-type photocathode. Thg polarized electron source of the GaAs type, a ferromagnetic Co
polarized electron beam impinges at an angle of 45° to th@im which is magnetized remanently in-plane, a retarding field en-
normal of the ferromagnetic surface, and the electrons elagrgy analyzer, and a Mott polarimeter. The inset defines the angles
tically reflected at 45° can traverse the retardation grid an@ and ¢ used in the discussion.
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AR RARAL AL AR RN LA AL RS is always positive and} is always reduced. Therefore, the
20} ® 5 nm Co/Cu(00r) precession abow¥l has always the sense of a right-handed
[ O 50 nm Co/Au/glass 1
15E ] screw independent of the energy of the electrons, and the
] sense of the rotation indicates tHatand M tend toward a
5 10¢ parallel alignment! The same behavior d® has also been
3 5F observed with electrons injected into the bulk of polycrystal-
@ 5 line Ni, Fe, and Cd. This sense of the precession Bfis
0 . ] explained by the exchange field to which an electron is sub-
sf v ] jected as soon as it interacts with the ferromagnet, while the
rotation intoM has been explained by preferential inelastic
e scattering of minority spins into the holes of thel 8hell*?
r g Py However, Fig. 2 shows that with single-crystalline Co, both
100 | : snmGelcuool 3 3 precession and rotation show strong changes as the energy is
- ;4 ] varied.
95} 2 . To analyze this phenomenon, we consider the spin part of
S [ oA R the wave liunction of a single electron with its spin perpen-
S 90 . oo 00 dicular toM. In this case it is a coherent superposition of a
o r majority-spin and a minority-spin  wave functiongy
85 E ] ~[(1,0)+(0,1)]e'¢. The two partial waves have an arbitrary
C ] but identical phase prior to the interaction with the ferro-
80:' ] magnet. If one now takes into account that the reflection at
o the ferromagnetic surface is spin selective, the reflected in-

0 10 20 30 40 50 60 70 80 90 tensity of the majority spins™ will be different from that of
E-Eg[eV] the minority spind ~. This defines the spin asymmetry of the
reflectionA=(1"—17)/(1" +17). Furthermore, spin-up and
FIG. 2. The angle: of precession and the angteof rotation of  spin-down waves may have different phase velocities leading
P with single-crystalline(closed symbolsand polycrystalline Co to a differencee in phase between the two partial waves after
(open symbols vs the energy of the electrons above the Fermia timet of interaction:e=[(E~—E™)/#]t. In real space this
energy. The inset shows the spin-integrated intensity of the specygghase difference corresponds to the precession of the spin-

larly reflected electron beam as a function of electron energy for th%olarization vector abodt?l. HereE™ is the energy of the
single-crystalline case. The lines are guides to the eye. majority spins ancE~ the energy of the minority spins, both

the atom beam during deposition. With fcc Co, the easy diWith respect to the inner potential. In reflectianis deter-
rection is along one of theL10) directions'® Of importance ~ Minéd by the length of the pathway within the material,

to the present experiment is the observation that both typeRencet is governed by the absorptive properties of the fer-
of films exhibit full magnetic remanence, i.e., they can befomagnet. Therefore, the precession angle reflection is

investigated while in a single domain state without applyingdetermined by both the action of the exchange field and the
an external magnetic field. The direction of the remanenfPin-dependent absorption. This is analogous to the case of

magnetization is set by applying an external magnetic fieldight, where the Kerr rotation in reflection is determined by
pulse. both the real and imaginary parts of the refractive indices for

: : : > left- and right-circularly polarized ligh® Furthermore, there
Both types of spin motlo.n, the precession abblby an may also be a jump in phase upon reflection of the waves. If

anglee as well as the rotation intd! by an angle 90> 9,  this jump is of different magnitude for spin-up and spin-

induce components of the spin-polarization vector in the regown waves or if it occurs at different energies, there will be

flection plane. To distinguish the precession from the rotaan additional contribution t@& The spin part of the wave

tion, the direction in space as well as the relative alignmenfunction of the reflected electron is then:y

of P, andM must be interchanged. On reversiRg, only e  ~[V1+A(1,0)e”'“?+ J1—A(0,1)e'?] e'¢.

changes sign, while on reversing, the sense of both pre- Taking now into account the incomplete spin polarization

cession and rotation change sign. Hence it is possible to oo Of the incident electron beam, the expectation values of
tain the contribution of each motion separately. The techihe Pauli matrices yield the spin polarization of the reflected

nique of changing both the absolute directiorPgfandM as ~ P€am:P=(Poy1—A”coseP, y1—A”sineA). The z com-
well as their relative orientation also eliminates the effects ofponent of P yields cosy=A/|P|. Therefore,s greater than
spin-orbit interaction. 90° means that minority spins are reflected more efficiently
Figure 2 shows the experimental results éoand 9 ob-  compared to majority spins. This is in contrast to both trans-
tained with polycrystalline and single-crystalline fcc Co mission through and reflection from polycrystalline Co
films and with elastic reflection of electrons of energy 5—90where always the majority spins are transmitted or reflected,
eV above the Fermi energy. With the polycrystalline filen, respectively, with greater efficiency. This is due to the fact
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FIG. 3. The derivativele/dE of the precession angle vs energy /G- 4. The precession angle vs thickness of the single-
for single-crystalline Cod(E) is replotted from Fig. 2. The lines crystalline fcc-Co layer for three selected electron energies.

are guides to the eye. The inset shows the result of self-consistent . I .
gut Y ! W . ) energy effects, such as energy shifts and lifetime broadening.

band-structure calculations along tkéines relevant in the experi- At 41 eV, however, many bands are involved, and we have
ment (solid lines, majority-spin bano_ls; dashed lines, minority-spinnot been, able to firlld clear correlations so far.,
Ei?hdi;;gi' lﬁ;(a_rilgys_b%t[lvf ese(?(;?ﬁ d'j;’:_t' K=k, =0.2(2n/a). In Figure 3 also shows a remarkable additional result of this
z experiment. The derivativeeddE traces closely the energy
that in polycrystalline Co, where one has to consider rathegependence o). Elementary optical dispersion theory con-
the density of states than theresolved band structure, the nects the reflection, absorption, and the index of refragtion
unoccupied density of states of the minority spin is largery/n s proportional to the phase velocity in the medium
than that of the majority spin. _which changes abruptly depending on the width and magni-
It is well known that spin-dependent band gaps dominatgge of the reflection peak. Figure 3 thus suggests that there
the reflection of electrons from single-crystalline surfaces, ing 4 physical analogy between magneto-optics and polarized
fact, lth'ds IS usEd t? image the m?g.netl_zg;gcioanhd to effi-  ojactron scattering. In fact, the present experiment is for-
icge\?atlr)ile de;i%;seaebe;r:[jon_splr;' pct) ?hnzatl . '.Stt N gnergl)ll pmally identical to the longitudinal magneto-optic Kerr effect.

. ' 9ap, 1irst the majority spins Wil Dq, o, optics and polarized electron scattering, the marix
preferentially reflected in the middle of the majority gap. that connects the incident wavi, with the reflected wave
Subsequently, the minority spins will be preferentially re'z/szz// contains the material constamsand e while the
flected in the middie of the 'm.inority g?p that lies highgr in off-diag(])onal elements that mix the two polariz,ations or spin
energy by the exchange splitting (~E ). Thus, the exis- channels, respectively, remain zero. It is emphasized that the

tence of the exchange splitting causes a change of sign ‘Contribution of elastic spin-exchange scattering is indeed

cosd. There is also an increasing phase shift of the wave ~ . =" 3712 . ; X
function on changing the energy from the top of the IOWerneghglble. Consequently, spin precession due to elastic

i : .. spin-exchange scattering, as discussed in Ref. 18, can be
band to the bottom of the higher batftiThis phase shift excluded here.

occurs at different energies for up and down partial waves Fiqure 4 shows the variation of the precession angle

and hence leads to a contributiongolhe band gaps should 'hgh hick f the sindl li pf Co il ngh

therefore produce changes in the sign of @daaccompanied with the thickness of the single-crystalline fcc Co film on the
Cu(001) substrate. As Cu will not produce any precession,

bygggg%e_; Oft;hlf. relgtlvseirpf(;?sr(eassf:tllaftan d 9 occur atE one expects that grows from zero to its final saturation
ng 9. <, structu ! Y value when the thickness of Co is on the order of the pen-

~Ep=16eV, 28 eV, and 41 eV. To establish whether there,, i, depth of the electrons and/or when the spin-

are absolute or relatlvg band gaps at these electron energi Slarized ferromagnetic band structure of Co has reached the
with the present experlr_nent.al gepmgtry, we have p_erfqrme nal configuration. At 9 eV energy saturates indeed yield-
babr!d-structure cal<f:url1at|on€r|ght—b|nld!ng. linear muffin-tin ) ing an inelastic mean free pakhof about 1 nm: while at 28
orbital). Because of t e_non-normaﬁ |r_1C|deTnce geometry,t %V, a linear decrease of occurs up to 20 nm thickness
band structures along high-symmelkrglirections of the Bril-  followed by a slower increase at still larger thickness. While
louin zone are not sufficient. Instead, for each energy, an nm is consistent with the inelastic mean free path of low-
independent calculation has to be performed. The inset ignergy electrons in CB,the decrease of at 28 eV signals
Fig. 3 shows the resulting band structure along two differenhat a final band structure is still not established even at these
k lines, which have to be considered if we want to know thesizeable thicknesses. It is, in fact, known that the strain in-
conditions encountered by the electrons of 16 and 28 e\Wluced by the misfit between the Co overlayer and the Cu
respectively. The calculations indeed reveal relative bandubstrate relaxes from 2 nm thickness onwards, but even at 7
gaps around these energies. The agreement between the em, the lattice parameter of the Co film still is changing both
ergies of the structures observeddiand & and the location in the interior and at the surfa¢® Assuming an extraordi-

of the relative band gaps is not perfect but satisfactory, keemary sensitivity of the hybridization gap at 28 eV to the crys-
ing in mind that the calculations do not include any self-tal structure, this may then explain the decrease iof this
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thickness range. The fact that the transformation of fcc Cqpe electrons o by virtue of Newton’s third law. Knowing
into hcp Co occurs from 20 nm thickness onwafdsorre-  that the exchange interaction tends to even increase on ap-
lates with the observed turning point ef(28 eV) at this  proaching the energy of thed3orbitals close to the Fermi
thickness. energy, the contribution of specularly elastic reflected elec-
The most important finding is the occurrence of largetrons to the torque in a solid-state device is expected to be
positive precession angles in reflection of low-energy elecsignificant and probably even larger per reflected electron
trons. This shows that a significant transverse torque per vothan observed here at the higher energies. The largest re-
ume is exercised on the surface magnetization upon reflegrorted current densitieis= 10° Alcm? (Refs. 21,22 and the
tion of polarized electrons, adding at low energies to thgargest possibl®,=1 combined with complete specular and
torque generated by the fraction of the electrons that argjastic reflection lead t8.4~1 T for the above example of
transmitted and absorbed. The torque density is equivalent Qg
a pressure oM tending to turn it intoP. The magnitude of In conclusion, precessional motion of the spin-
this pressure is commonly expressed in terms of an effectivpolarization vector of electrons reflected at a ferromagnetic
magnetic field from which the actual motion f may then sur_face is obs_erved. Because of angular-momentum conser-
be calculated, e.g., with the Landau-Lifshitz equation. Fol.vation torqug is exercised _by the_ reflected electrons on the
lowing Ref. 7, the effective field.; produced by the reflec- ferromagnetic surfacg region. Sizeable transverse .torqu_es
tion of the polarized electrons may be calculated from thddue to ref_Iected polarized electrons can be expected in solid-
precession anglee~20° acquired over the distance  State devices.

~1 nm the reflected electrons have traveled in the ferri)mag- We gratefully acknowledge financial support by the Swiss

net. This arises because the transverse torque exerciddd by National Science Foundation. We thank J.Hich for help-
on the electrons is equal to the transverse torque exercised Iyl advice.
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