VOLUME 84, NUMBER 5

PHYSICAL REVIEW LETTERS

31 JANUARY 2000

Spin-Dependent Hot Electron Transport in Co/Cu Thin Films
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Hot-€electron transport in Co/Cu/Co trilayer films has been studied in the energy range from 1.0 to
2.0 eV using ballistic electron magnetic microscopy. Both the spin-dependent attenuation lengths of Co
and the cumulative polarizing effects of spin-dependent tunneling and transmission across a Co/Cu
interface have been determined. For very thin (afew A) Co layers, the latter effects result in a weakly
majority-spin polarized electron beam above ~1.3 eV and a minority-spin polarized beam below
~1.2 eV. For thicker Co layers the transmitted beam is always majority-spin polarized.

PACS numbers. 73.23.Ad, 73.40.—c, 75.70.—i

The spin-dependent electron scattering behavior of thin
ferromagnetic films, and the spin-filtering effects of trans-
port across ferromagnetic/nonferromagnetic metal inter-
faces are fundamental to the understanding and application
of the magnetotransport properties of magnetic multilayer
systems. These have important implications for both the
flow of electrons with energies at the Fermi levd, i.e,
the giant magnetoresistance effect, and for hot-electron
devices and transport phenomena [1,2]. In recent years
there have been a number of efforts to establish the spin-
dependent transport properties of ferromagnetic layers in
the hot electron regime. These studies [3,4] have typically
used spin-polarized photoemission and the measurement
of the attenuation of spin-polarized beams when passed
through a magnetic layer. Consequently the measurements
have been made using el ectrons with energies much greater
than 1 eV, and hence at energies well above the minority
electron d-band and above the most appropriate energy
scale for devices based on the combination of ferromag-
netic and semiconductor materials. While there has been
an important study [5] of the spin-dependent quasipar-
ticle lifetimes in a ferromagnet (Co) at energies ~1 eV
and below, there has yet to be any precise measurement of
either the spin-dependent attenuation lengths or the spin-
dependent transmission probabilities of ferromagnet/
normal-metal interfaces in this energy range.

Here we report on measurements probing spin-
dependent hot-electron transport utilizing scanning tunnel-
ing microscopy (STM) and a new technique for imaging
magnetic domain structure in thin film multilayers.
This technique, ballistic electron magnetic microscopy
(BEMM) [6], alows us to establish the relative magnetic
orientation of Co/Cu/Co thin film trilayers during the
measurements and to monitor their change from ferro-
magnetic (F) to antiferromagnetic (AF) alignment under
application of a magnetic field H. From hot (1-2 €V)
electron transmission measurements taken as a function
of Co layer thickness and relative magnetic alignment,
we obtain, to good precision, both the spin-dependent
attenuation lengths of thin Co films and the energy de-
pendence of the relative transmission factors for tunnel-
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injected majority and minority electrons across a Co/Cu
interface.

In BEMM, avariation of ballistic electron emission mi-
croscopy (BEEM) [7,8], multiple thin ferromagnetic films
separated by nonferromagnetic spacer layers are grown on
a semiconductor substrate. An STM tip is then used to lo-
cally inject current I, into the multilayer film under normal
constant-current feedback conditions. Once in the film,
some fraction of the injected electrons (typically <10%)
will travel ballistically through the film and underlying
metal-semiconductor interface. The current flowing into
the semiconductor (the collector current I.) is then mea-
sured and displayed as a function of the position of the tip,
creating a BEMM image, e.g., Fig. 1, which is a spatia
map of ballistic electron transport through the multilayer
film. Contrast in these imagesis due to the relative magne-
tization alignment between the ferromagnetic films. When
the local magnetization directions are antiparallel, I. isa
minimum, whereas when the magnetization directions are
aligned, 1. isa maximum. Typical BEMM images from a
Co/Cu/Co trilayer film taken with a nonmagnetic, etched
W tip, at afixed position with H applied parallel to the film
plane are shown in Figs. 1(a) and 1(b). The images show
the magnetic structure of the film in (a) the as-prepared
state with no field having been applied and (b) the state of
saturated magnetization in H = 60 Oe.

The samples used in this investigation consist of both
Co/Cu/Co trilayer films and single Co layer films grown
a ~300 K on a Si(111) H-terminated substrate precoated
with a thin Cu/Au bilayer, to form a high-quality Au/Si
Schottky barrier interface, and a Cu seed layer for the Co
growth. For the single Co layer samples, this bilayer is
~75 A Au(111) and ~45 A Cu(111) [9] on top of which
a Co(111) layer of varying thickness is grown. The tri-
layer films are grown on a Au (75 A)/Cu (9 A) bilayer
and the two Co layers are separated by a 45 A Cu spacer
layer which leaves them only weakly coupled by indirect
exchange [10]. The total Au and Cu thicknesses of the
different samples are always the same to within 10 A and
thus can be considered identical due to the long inelas-
tic scattering lengths (~200 A) of noble metal films [9].
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FIG. 1. (@),(b) BEMM (2.5 X 2.5 um?) images taken a a
fixed position in avarying magnetic field (a) before field applied
and (b) applied field of 60 Oe. The sample is Co (30 A)/Cu
(45 A)/Co (30 A)/Cu (9 A)/Au (75 A). 1. is represented in a
linear gray scale with a range from 0.5 pA (black) to 2.5 pA
(white). V, = =15V and I, = 5 nA. The (c) height (gray
scale of 2 nm) and (d) BEEM image (black = 3 pA, white =
12.5 pA) of a Co (~3 A)/Cu (30 A)/Au (100 A) film; the Co
film is discontinuous. Arrows indicate examples of exposed
regions of Cu. /. through exposed Cu regions is 10 pA on av-
erage and through the Co covered regions is 5 pA on average.
V,=—-12V and I, = 2 nA.

The films are thermally evaporated in ultrahigh vacuum
(UHV) with the pressure remaining <5 X 10~'° Torr dur-
ing deposition and then vacuum transferred into a room-
temperature UHV BEMM chamber for study.

Figure 2(a) shows the values of 1. as afunction of total
Co thickness for both single (O) and trilayer samples, as
averaged over many different regions of each sample with
atip bias V;, = —1.5 V. In the case of the Co/Cu/Co
trilayer films the regions over which the averages are taken
correspond to either regions of F or AF aignment. The
data from regions of F alignment (@) are from trilayer
films with either a 1:1 or 2:1 Co layer thickness ratio,
whilethe datafrom regions of AF alignment (l) are shown
here only for films with a 1:1 thickness ratio, for reasons
discussed below.

The data from the single layer samples and trilayer
samples in F alignment extrapolate to zero Co thickness
well below the measured current through a single Cu/Au
film of the same thickness. Thislarge reduction of the bal-
listic electron beam is due to the band-structure mismatch
at the Co/Cu interface [11]; an effect which is enhanced
by the strongly forward-focused momentum distribution
of tunnel-injected electrons. At the energies used here,
Cu(111) has no propagating momentum states in the di-
rections lying in alarge cone about the film normal, acone
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FIG. 2. (a) I./I, for Co single layer and Co/Cu/Co trilayer
films as a function of total Co thickness and for a Cu/Au film
(uncertainty in I, is =5%). The total Cu and Au layer thick-
nesses are approximately the same for al samples. Currents
from trilayer films are taken in regions of both F alignment
and AF alignment. V, = —1.5V. (b) The magnetic contrast
I.r/I.ar for Co/Cu/Co films as a function of total Co thick-
ness. V, = —1.5V.

much larger than for Co(111). Thus, while the electrons
from the STM tip tunnel preferentially to states of rela-
tively small transverse momentum in the Co, many of these
have no matching states in the Cu in which to propagate.
Because of conservation of momentum parald to the
interface, a large fraction of the tunnel-injected electrons
are reflected at the Co/Cu interface. The strength of this
momentum filtering effect is determined by the relative
sizes of the Fermi surfaces of Co and Cu and so is stronger
for the minority than for the mgjority electrons [11].

This filtering effect of the Co/Cu interface is demon-
strated directly in Figs. 1(c) and 1(d), where a discontinu-
ous layer of Co has been deposited on a Cu/Au film.
A Cu/Au film grown on a Si(111) substrate consists of
grains ~15 nm in diameter, whose top surfaces are typi-
cally atomicaly flat but occasionally transected by an
atomic step. As shown in the STM and BEEM images,
when ~2-3 A of Co is evaporated on top of these films,
the Co atoms migrate preferentialy to grain boundaries
and steps on the surface where they coalesce to form small
grains ~5 nm in diameter and ~4-5 A high. Arrows in
Fig. 1(c) show examples of till uncovered Cu surfaces,
where I.., as shown in Fig. 1(d), is approximately a fac-
tor of 2 higher than when the electrons pass through just
two atomic layers of Co. As indicated by Fig. 2(a), this
difference is much too great to be accounted for by the at-
tenuation length of the Co and so must be largely due to
scattering (reflection) at the Co/Cu interface.
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While the tunnel-injected electron beam is strongly re-
duced upon passing through asingle Co(111)/Cu(111) in-
terface, the presence of a second interface has little effect
on the ballistic electrons whose momentum distribution has
been filtered by the first interface. This is demonstrated
in Fig. 2(a) by the Co/Cu/Co samples in F alignment,
where I, is within a few percent of the value measured
for a single Co layer of the same thickness. This, in turn,
establishes that there is no substantial elastic scattering
of the momentum-filtered hot electrons emerging from
the first Co layer in passing through the intervening Cu
spacer layer.

The following eguations [12] are used to describe the
collector current for F and AF aignment of the trilayer
films in the case where the Co layers have the same
thickness:

Iep = L[ AT TiTo exp(=2w/ )
+ AT T T, exp(—2w/AD], (D)

Iear = L[ fiToTH T, exp(—w/A+)
+ flTolT;T:T exp(—w/A+)]. )

(The analogous equations for single Co layer films and
for trilayer films where the Co layers are of different
thicknesses are straightforward and so are not given here.)
Here I, is an overall scaling factor, fy() is the fraction
of majority (minority) electrons in the initia tunnel cur-
rent injected into the top Co layer due to a spin-dependent
density of states (DOS) in Co [13], Ay is the majority
(minority) attenuation length, T, is the transmission
coefficient for mgjority (minority) electrons out of (into)
a Co layer, w is the thickness of an individual Co layer,
/Ay = 1/M + 1/}, and the * denotes that the Co layer
is buried underneath the Cu spacer layer. The distinction
between the transmission coefficients for the first and sec-
ond Co layers must be made since, as noted above, the
momentum distribution of the electrons entering the sec-
ond layer has been previoudly filtered by the first Co/Cu
interface.

The I, r datain Fig. 2(a) can befit directly with Eq. (1),
but such a four-parameter fit to the data leads to a large
uncertainty as to the uniqueness of the results. We reduce
the number of free parameters in this fit and demonstrate
the accuracy of the fitted results, by using the imaging
capabilities of BEMM to determine 1. as a function of
magnetic alignment between the Co films as well as of
film thickness. We first analyze the I, oy data taken as
a function of Co thickness, shown as (H) in Fig. 2(a).
These data are fit directly with Eq. (2), which has only
two free parameters, A+ and a single preexponential term
(using a 1:1 Co thickness ratio in the trilayers reduces
the number of independent parameters in the fit from 4
to 2). A fit to the data gives Ay = 6.0 + 0.5 A. Next
we analyze the I, data from the single Co layer films and
I.r fromthetrilayer films, using only thick (>40 A) films

where the variation of the current clearly follows a simple
exponential decay. This allows the data to be fit with two
parameters, a preexponential term and A; (assumed to be
the longer of the two attenuation lengths) [3,4], yielding
A =21 = 1 A. By then taking the ratio of the w = 0
intercepts, shown in Fig. 2(a), of the single-exponential
functions that are fit, respectively, to the /. ¢ data and to
thel, r datainthelarge w limit we determine the quantity:

*

T T\T,
P=a+p, Whereoz=JM g = o
fiTor TyT,

©)

The term « is the ratio of minority to majority electrons
emerging out of the first Co layer asw — 0, and B isthe
ratio of the net transmission probabilities of the second Co
layer. From these intercepts we find P = 1.77.

As noted, /. does not substantially change whether a
given Co thickness is composed of one or two layers.
The transmission factors into and out of the second Co
layer must, therefore, be close to unity, and B8 close to
1. We, therefore, set the transmission factors of the sec-
ond Co layer to unity. With the value of a determined,
we can now fit Eq. (1) to the /. r data using only three
parameters (A1, A}, and an overall scale factor). The re-
sultisi; =21 = 1 Aand A} = 8.3 = 0.8 A, fromwhich
A+ = 5.9 Aiscalculated, in good agreement with the re-
sult from the I, oy data. We note that the w = 0 intercept
of this double-exponential fit is nearly identical (within
5%) to that of the single-exponential fit to the I, op data,
consistent with the transmission probabilities of the sec-
ond Co layer being close to unity. These values for A
and A, are much smaller than the hot electron attenuation
lengths found in free electron metals [9]. They are, how-
ever, larger than those previously reported [4] for higher
energy (~5-10 eV) electrons in Co, consistent with the
general expectation of an increase in attenuation length as
the electron energy is decreased in the hot-electron regime.

To further test the model and results, the magnetic con-
trast C = I,/ or, Was measured and analyzed for a set
of Co/Cu/Co trilayer samples with a 2:1 Co layer thick-
ness ratio. For such samples

c— P expl—(wi + wp)/A-]+ 1 @
aexp(=wi/A-) + Bexp(—=wa2/A-)’

where w , is the thickness of the first (second) Co layer
and 1/A- = 1/A; — 1/A;. A least squares fit of Eq. (4),
shown in Fig. 2(b), yields A- = 13.3 + 0.5 A, using
B = 1 and the previously determined value of a = 0.77.
We obtain A— = 13.7 = 0.5 A from the fit of Eq. (4) to
the 1:1 data, showing quite good agreement between the
different measurements.

To investigate ballistic transport in this system at differ-
ent energies, averaged I, — V, data were taken at numer-
ous positions of F and AF alignment in trilayer samples of
varying Co thickness. In Fig. 3(a) we show the values of
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FIG. 3. (@) The attenuation lengths for majority and minority
electrons and their ratio as a function of electron energy (injec-
tion bias). (b) Ratio of spin-down to spin-up electrons passing
through the first Co/Cu interface (in the limit of zero Co thick-
ness) as a function of energy.

A+ and A that we obtain from this data, using the model
and method described above. Beginning at 1.0 eV, A is
found to dlightly increase up to ~1.3 eV, above which it
remains relatively constant. The top of the d-band con-
tribution to the minority electron DOS is ~1.3 €V above
the Fermi energy, E;. Thus we attribute the behavior of
A to a crossover from the minority electrons propagating
in the more localized d-band to propagating in the higher-
velocity s-p band at increased energies [13]. A; remains
relatively constant up to ~1.3 eV and then decreases
slowly out to 2.0 eV. We tentatively attribute the behavior
of A; to the excitation of electrons in the majority d-band
[14]. If at energies below ~1.3 eV, the scattering is
dominated by the excitation of electrons lying in the large
peak in the DOS between ~0.6 and 1.1 eV below Ef,
then, as the number of filled states from which the hot
electrons can excite electrons does not change substan-
tially with energy, the attenuation length remains roughly
constant. At energies above ~1.3 €V, the electrons in the
lower part of the d-band begin to significantly contribute
to the hot-electron scattering, resulting in a slow decrease
in A; out to 2.0 eV. These combined effects lead to a
rather large change in the ratio of the attenuation lengths
between 1.2 and 1.3 eV.

From these same data, we aso determine the energy
dependence of «, the measure of the spin-dependent tun-
neling, and transmission across the first Co/Cu interface
in the same manner described above for the 1.5 eV data.
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As we show in Fig. 3(b), above ~1.3 eV, « remains
relatively constant. As the energy is lowered, however,
a begins to increase and continues to do so to the lowest
energies accessible. This change in « also coincides with
the large DOS change for minority electrons due to the
d-band contribution. At energies below ~1.2 eV, a > 1
indicating that the net effect of spin-dependent tunneling
to the Co surface and spin-dependent momentum filter-
ing at the Co/Cu interface favors transport of minority
spins out of the first Co layer, if it is very thin. Above
~1.4 eV the hot electron current isweakly polarized in the
opposite sense. As the Co layer becomes thicker than Ay,
however, the hot electron current becomes more and more
strongly majority-spin polarized over the 1.0 t0 2.0 eV en-
ergy range, due to the large difference in A; and A;.
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