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Spin-Dependent Transmission of Electrons through the Ferromagnetic Metal Base
of a Hot-Electron Transistorlike System
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A quasimonoenergetic spin-polarized electron beam, emitted in vacuum from a GaAs photocathode,
is injected into a thin ferromagnetic metal layer deposited onratoped GaAs substrate. The
current transmitted through this Schottky barrier is measured. The striking feature of this hot-
electron transistorlike system is a current gain spin dependency as hi@h%s The measured
variations of the current gain and its spin dependency with the injection energy are well explained
by a very simple analytical model describing the transport of hot electrons in metallic thin films.
[S0031-9007(98)05318-6]

PACS numbers: 73.30.+y, 73.50.Bk, 75.30.—m

Electron transport at the Fermi level in ferromagneticcovered with 5 nm of Pd in order to prevent Fe from oxi-
metals has been largely investigated since the discovery afation during the transportation from the growth chamber
giant magnetoresistance [1]. At energies well above théo the experiment chamber. The oxide layer was shown to
vacuum level, spin selective electron transmission throughvoid the interdiffusion between Fe and GaAs. We have
a magnetized layer, the so-called spin filter effect, hasneasured the magnetic moment indeed expected for a
been demonstrated using electron spectroscopy techniqgug$-nm-thick Fe layer. Magnetization is in plane, and
and spin polarimetry [2]. Experiments reported at inter-an almost square hysteresis loop is measured with a
mediate energies (a few eV above the Fermi endfgy remanence of 90% and a coercive field of about 20 Oe.
are very scarce: among them, the overlayer photoemissiadicroscopy measurements show that the Fe layer is
technigue on cesiated magnetic surface [3], hot-electropolycrystalline and continuous, with a mean roughness
transport in a metal-base spin-valve transistor [4], andf about 1 nm. Then the sample is introduced into the
transmission of spin-polarized electrons through freeexperiment chamber, where a base pressure in the
standing ultrathin magnetic structures [5]. We preseni0~'! Torr range is obtained after bakeout at 2Q0
here a new experiment where the magnetic metallic layeduring 24 h.
is grown on a GaAs substrate and acts as a spin filter on The experimental setup, schematized in Fig. 1, mainly
polarized electrons injected from vacuum and detectedonsists of the spin-polarized electron source, the electron
as a transmitted current in the semiconductor. All theseptics, and the sample set betweersitu magnetic coils
configurations may be analyzed as a hot-electron transistoised to magnetize the Fe layer. The electron source is a
with a spin-dependent transport in the magnetic base. The
current gain (or transmission coefficient) may be defined magnetic
asa = 1./1,,1.(I.) being the injected (collected) current. cgoil — X 1><]
In experiments using spin-polarized injected electrons,
a transmission asymmetryt is obtained by reversing
the saturation magnetization fromtM to —M : A =
[a(+M) — a(=M)]/[a(+M) + a(—M)]. The pecu-
liarity of our experiment is to measure and A in a
carefully engineered base-collector contact while the spin
polarizationP, and the energy (referred to a&r) of the
incident electrons are well-defined, aRdmay be varied
over a wide range. L

The sample preparation and characterization are de- ¢
scribed in detail elsewhere [6]; here we only recall the
main features. Al-um-thick n-doped(10'® cm™3) GaAs
layer is grown on am™-doped (001) GaAs substrate, FIG. 1. Schematic view of the experimental setup. The
and subsequently oxidizezk situduring 5 min in a com- boldface arrow indicates the electron spin-polarization vector.

. . . . The excitation circularly polarized light of energyv, the
mercial ultraviolet/ozone system, leading to a 2""m'th'Ckbase currenf,, and the collector current. are figured. The

oxide layer. Then, a 3.5-nm-thick Fe layer is grown onschottky diode reference potentiel, is applied on both sides
the oxide surface at a substrate temperature 63550t is  of the sample.
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negative electron affinity GaAs photocathode [7]. Under Figure 2(b) shows the time recording ff under the
circularly polarized near-bandgap illumination (energyperiodic reversal of Fe magnetization, By = 25% and

hv = 1.6 eV), it yields a longitudinal electron-spin polar- E = 5.2 eV. Fe magnetization is flipped periodically by
ization at emissiorP, = 25%. In the electrostatic elec- sending alternate current pulses into the magnetic coils
tron optics, a 90 deflection of the electrons converts the producing magnetic field pulses af50 Oe [Fig. 2(a)].
longitudinal spin polarization into a transverse spin polar-This results in a square modulation ff of amplitude
ization parallel to the magnetization. The electron curreniA/., and we findA* = Al./2{I.) = 5%, where(l.) is

I, of a few 100 nA is incident from the vacuum onto the the mean transmitted current. This means that fod(e
sample with a 200 meV energy distribution FWHM [7]. spin-polarized beam, we would measure a current-gain
The injected currenf, is measured at the metallic base spin dependency 020%. When reversing the electron
and the transmitted currerit at the collector. No bias polarization [as indicated by the arrow in Fig. 2(b)], we
potential is applied to the base/collector contact in ordepbserve a reversal af/.. So the asymmetry is directly
to minimize shot noise. The injection enerfyis varied linked to the relative orientation of the incident spin
by changing the sample potentig}, while keeping con- polarization and Fe magnetization. This is the fingerprint
stant the source and optics potentials. The lowest possibtE electron spin-dependent transport in Fe. Moreover,
value of E is the Pd work function which was measuredthe sample magnetization being initially saturated by
to be 4.8 eV from the onset d@f. a magnetic field pulse of-50 Oe, we definel.(H)

We checked that the sample is well described by as the collector current in zero external magnetic field
perfect Schottky diode in parallel with a capacitor and aafter a magnetic field puls&. The variation ofl.(H)
leakage resistor, and a serial resistor corresponding to tres a function ofH (Fig. 3) reproduces very well the
resistance between the metallic base front contact and the/steresis loop measured prior to the introduction into the
injection area. The contribution of the GaAs oxide layerexperiment chamber [6].
is neglected due to its low thickness. The nonzero value In Figs. 4(a) and 4(b) are plotted the variations ver-
of the base resistance slightly polarizes the Schottky diodesus E of «(E) (measured with an unpolarized electron
Therefore, even if there is no transmission (the actual cureeam) andS (E) = A(E)/P. (measured at remanent mag-
rent gaina = 0), we may detect a current in the semi- netization). The quantitys (E), which is the asymmetry
conductor (the measured current gaih # 0). A careful  for a 100% incident spin polarization, defines the spin fil-
study of the sample electrical characteristics allowed us tter efficiency, analogous to the Sherman function in spin
deduce the values of the equivalent circuit components angblarimetry [8]. We observe that(E) increases wittE,
to determinex from o* [6]. The asymmetry measurement whereasS (E) decreases. To interpret these variations, we
is also affected by the parasitic current gain, and the aadevelop a model in which we consider independently the
tual asymmetrw is related to the measured asymmetfy  processes of transmission through each layer (nheglecting
by Aa = A*a*. Using a conventional-V technique, we multiple backscattering). We denote Hsand 1! the cur-
also deduced from this study the value of the GaAs barriefents of electrons at the entrance of ttfelayer with spin,

height®;, = 0.78 eV [6]. respectively, up and down. The transmission through the
ith layer is described by 2 X 2 matrix,
1 1
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FIG. 2. Time recording ofl. for I, = 200 nA, P, = 25%, FIG. 3. Variations ofI.(H) (in arbitrary units) versus the
andE = 5.2 eV. The magnetization is periodically flipped by magnetic field pulse amplitud# for E = 5.2 eV. The circles
alternate magnetic field puls€éd = =50 Oe). At ¢ = 4 min, are the experimental points. The full line is the extrapolated
the incident electron polarization is reversed. At 10 min, hysteresis loop. The dotted line is the measured hysteresis loop
the electron source is switched off. prior to the introduction into the experiment chamber.

2426



VOLUME 80, NUMBER 11 PHYSICAL REVIEW LETTERS 16 MRcH 1998

are transmitted above the barrier to form the collector
6 current have an energy very closedg, and only their
number depends oA. We assume that this low energy
a electron distribution is completely formed in Pd close to
8 X107 the surface, and that the subsequent transmission to the
collector is ballistic at energyp,. We define in Pd at
energy®, two quantities:n(E) the number of electrons
per incident electron andypy the ballistic transmission
coefficient. The mean transmitted current is therefore
apgn(E)I,. Since then(E) — 1 secondary electrons are

@

< unpolarized, the spin polarization at the /Fé interface
a is diluted by these unpolarized electrons, and is equal to
2 P./n(E) (neglecting spin-flip scattering). Therefore, the
0 00 transformed transmission matrix in Pd is given by
© _ 1 0
. 4x10° 7 — “ra ann(E)<0 l/n(E)>' ®)
& In the Fe layer, we only consider ballistic transport at
@ energy®, and neglect spin-flip scattering. So the off-
diagonal terms inag. are zero. We introducef. and
0 ‘ ‘ . are, the transmission coefficients associated with spin-up
0 5 10 15 and spin-down electrons. The difference betwagnand
E(V) are leads to the spin filter effect. So
FIG. 4. Variations with £ of (a) «(E), (b) S(E), and 01F+ 0 1 s
() a(E)S(E). The symbols are the experimental points. &, =< Oe s > and ap, = <ape><s 1),
The full lines in (a) and (b) (right-hand scale) represent, Fe
respectively, the variations of(E) and 1/n(E) according to 4)

Eq. (8).
@ where (are) = (ait + afe)/2 and s = (ait — afv)/

. . . (ar. + ape) are, respectively, the mean transmission
The current-gain matrig of the whole structure is simply  cefficient and spin filter efficiency in the Fe layer at

a = Ila;. Introducing the mean current; = (I,T +  energyd,.

1)/2, the spin polarizatio®; = (11 — 1})/(1} + I}), and The matrix@, describes the transmission from the Fe
the transformation matrif = 7! = (l/ﬁ)[l 1 ], layer through t_he thin oxide layer into Fhe collector_ just
1 1 above the barried,, and the transport in GaAs. Since

we define the transformed current-gain matix= 7aT 56 mechanisms should not depend on the spin, we use

and obtain a scalar (and constant) transmissign
1 o 1 Within this multiple-steps transport mechanism, we
IC[ P, } - ale[ P, } (2)  obtain from Egs. (3) and (4)
The injection into the metallic layer is described by the & = 1 S/”(E)>
J Y/ Yy a a(E)(s 1/n(E) ) (5)

matrix &., as a generalization of the emission efficiency

in a transistor. This injection from vacuum into the \yhere the mean current gain is

nonmagnetic metal (Pd) should conserve the spin, so

a, = a,I,, wherel, is the2 X 2 identity matrix. In the a(E) = ac(are)apan(E). (6)

explored energy range (from 5 to 15 eV), we measuredhen, S(E) is given by

that/, was almost constant and equal/to Therefore we

takea, =~ 1, as expected theoretigally [9]. S(E) = s/n(E). ™
In the metallic layer, the injected electrons suffer As compared to the spin filter efficiengyin the Fe layer

inelastic scattering and excite secondary electrons froralone at energyb,, S(E) is reduced by the factoi(E)

the Fermi sea. As the overall electron mean-free path is/hich describes the dilution of the primary polarization by

short in the considered energy range when compared texcitation of secondary electrons in the Pd overlayer. The

the metallic layer thickness and decreases with increasingimple multiple-step model is strongly supported by the

energy, this process is very efficient and leads, whatevdact that the productr(E)S (E) = a.(ar.)apys remains

the injection energy, to the formation of an electronconstant, as shown in Fig. 4(c).

distribution with a mean energy much smaller thdp. To go a little further, we need an analytical form for

For the same reasons, almost all the electrons which(E). Assuming a constant density of states in Pd, an
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incident electron colliding with an electron of the Fermi injection energies (which may be achieved by cesium

sea produces one inelastic electron at a mean erféfgy activation of the front surface), one could expect to design

and one secondary electron at a mean enéi(}. The a very efficient spin detector.

remaining energyE/3 is given to a hole in the Fermi To conclude, we have demonstrated a spin filter effect

sea. lterating this process tocollisions leads tai(E) =  in the collection of electrons by a ferromagnetic metal/

2k electrons with a mean energy/3*. Therefore, the semiconductor diode. We have identified the main trans-

average number of collisions suffered by the electrons tport mechanisms which result in a spin filter efficierfty

reach the energp,, is k = In(E/d,)/ In(3), giving up to about25% for the whole structure. Our model al-

~ 0.63 lows us to deduce a spin filtering efficiency of 0.6 in the

n(E) =~ (E/®p)™. (8) Fe layer at an energy opf the orde(\rJ of 1 eV a)l/)ove the Fermi

The variations of n(E) and 1/n(E) are plotted in level unprobed by other techniques. This experiment is a

Figs. 4(a) and 4(b) in the same frame a$F) and significant step in an emerging field associating magnetic

S(E) to show the consistency of this simple modelproperties of metals with transport properties of semicon-

with the experimental results. The discrepancy betweeductors.

experiment and calculation at low injection energy is The authors thank A.J. van der Sluijs for very fruitful

due to the fact that our transport model is valid for atdiscussions. This work was supported in part by the

least a few collisions, i.e., foE/3 > ®,. One gets commission of the European Community through the

a{areyaps = (6.8 = 0.1) X 107> and s = 0.6 = 0.1  “SPIDER” ESPRIT project.

which corresponds to a very large asymmetry of the spin

transport in the Fe layer.
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