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Origin of the spin-asymmetry of hot-electron transmission in Fe
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Using the technique of ballistic electron magnetic microscopy, we have studied the spin-asymmetry of
transmission of hot electrons in Fe, for which a recent ab initio calculation has shown that the inelastic lifetime
is similar for majority and minority spin. Nevertheless, using a spin-valve structure of Nig;Fe 9/ Au/Fe, we find
that the attenuation length of hot electrons in Fe at 1.2—1.6 eV is a factor of 4 larger for the majority spin. We
argue that this large spin-asymmetry arises from the spin dependence of the group velocity, rather than the

lifetime.
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When nonequilibrium electrons are injected into a ferro-
magnetic thin film their energy relaxation is spin dependent,
a direct consequence of the exchange splitting of the energy
bands. Typically, the phase space of unoccupied states avail-
able for nonequilibrium electrons to decay into is largest for
the minority spin electrons (due to the presence of partially
empty d bands) and much smaller for the majority spin. The
spin-asymmetry is manifested in a larger inelastic lifetime, 7,
for the majority spin, as observed in time and spin-resolved
two-photon photoemission experiments, for instance, on
Co.!"? The spin-asymmetry of the lifetime also produces a
spin-dependent transmission in transport experiments with
hot electrons, such as those using ballistic electron magnetic
microscopy (BEMM),* the spin-valve transistor,>® or the
magnetic tunnel transistor.”® The spin-dependent attenuation
lengths, N, determined from such measurements are also
found to be greater for the majority-spin electrons.

Yet, recent experiment and theory suggests that this is
barely the whole story. First of all, even in the absence of any
energy relaxation processes, the conductivity at energies up
to a few eV above the Fermi level E. is different for majority
and minority spin.” Such spin-dependent conductivity arises
from the different character of the states. While highly delo-
calized states dominate for the majority spin, the presence of
empty d bands for the minority spin hot electrons greatly
reduces their group velocity, v,, and conductivity. Second,
the inelastic scattering length is a product of the inelastic
lifetime and v,. Hence a spin-dependent group velocity can
also contribute to the spin-asymmetry of the hot-electron at-
tenuation length measured in transport. This was recently
proposed to account for the unexpectedly large spin-asym-
metry of transmission of hot holes with energy below E.'0
Most recently, ab initio calculations have highlighted Fe as a
particularly striking case, as it was found that the calculated
inelastic lifetimes for majority and minority spin are quite
similar,!" consistent with time and spin-resolved two-photon
photoemission experiments.’ With a similar inelastic lifetime
for majority and minority spin, Fe presents a unique oppor-
tunity to investigate the spin dependence of v,.

Here we show, using the technique of BEMM,*!? that a
large spin-asymmetry in the attenuation length of hot elec-
trons in Fe exists, despite the absence of a significantly spin-
dependent inelastic lifetime.>!! In the energy range between
1.2 and 1.6 eV, the majority-spin attenuation length in Fe is
found to be 1.5+0.2 nm while the minority-spin attenuation
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length is only 0.4+0.2 nm. This presents clear evidence of a
spin-dependent group velocity, producing a spin-dependent
inelastic scattering length and hot-electron conductivity in
Fe.

The principle of the BEMM technique was described
elsewhere.!? Briefly, hot electrons are injected from the tip
of a scanning tunneling microscope (STM) into a thin (mag-
netic) metal overlayer on a semiconductor substrate. De-
pending on the scattering in the metals, a fraction of the hot
electrons is transmitted across the metal-semiconductor
Schottky barrier, producing a collector current /.. The
samples used here consist of metal layers evaporated onto a
hydrogen fluoride etched, n-type Si(100) substrate, with a
predefined contact area. The configuration is n-Si/Au(8
nm)/FM/Au(3 nm), where FM is either a single Fe layer or
a Nig Feo/Au/Fe trilayer with varying Fe thickness d.
Whereas the top Au layer provides a chemically inert surface
for ex situ sample transfer, the bottom Au layer forms a high
quality Schottky barrier of 0.8£0.02 V with the n-Si sub-
strate. All measurements are performed at 150 K in an ultra-
high vacuum STM using Ptlr metal tips. An in-plane mag-
netic field was applied to the trilayer structures during
growth, as well as during BEMM measurements.

The hot-electron transmission of single Fe layers of vary-
ing thickness was recorded as a function of tip bias, V7, at a
constant hot-electron injection current. We averaged over
100 individual spectra and then normalized the spectrum
with the help of an electron current distribution obtained
from an area of 1 um? at a fixed bias of —1.7 V. In Fig. 1
(top panel) the transmitted electron current is plotted as a
function of Fe thickness at V;=—1.4 V. From the slope of the
curve we extract the attenuation length A, using an exponen-
tial decay cexp[—d/\(E)]. The attenuation length is found to
be 1.6+0.2 nm at —1.4 V. The values of N\ extracted simi-
larly at various energies are plotted in Fig. 1 (bottom panel).
The attenuation length decreases from 1.7+0.2 to
1.6+£0.2 nm between —1.1 and —1.5 V. Such a weak depen-
dence of N\ with energy is not consistent with the increasing
number of states available for the hot electrons to decay into,
suggesting the influence of other factors.

In order to study the spin-dependence of transmission in
Fe and to establish its origin we consider a spin-valve struc-
ture. The top panel of Fig. 2 shows representative BEMM
spectra for a Nig,Fe,9 (2.5 nm)/Au/Fe (1 nm) trilayer as a

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.76.140407

BANERIJEE, LODDER, AND JANSEN

10 L] L] L] L] L] L]
n-Si/Au/Fe(d nm)/Au

T=150 K

Electron current (pA/nA)

01
0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8
Fe thickness (nm)

E 24 L) L) L) v v
= 2.0
< T 1
Is)

16} é é é i
g Q &
c 12F 4
kel
© 08F 4
>
& o4} .
E 'l 'l 'l 'l 'l

0.0
10 11 12 13 14 15 1.6
Electron injection voltage (V)

FIG. 1. (Top panel) Transmitted electron current (per nA
of injected tunnel current) versus Fe thickness in n-Si/Au/
Fe(d nm)/Au structures at Vy=—1.4 V. (Bottom panel) Variation of
the attenuation length as a function of V7. T=150 K.

function of V; and for a constant injection tunnel current of
1 nA. Each spectrum is an average of over 100 individual
spectra recorded at several locations at a constant magnetic
field of +100 Oe or —12 Oe, respectively, corresponding to
the parallel (P) and antiparallel (AP) relative magnetization
of the Nig,Fe;q and Fe layers. Above a tip bias of —0.8 V,
corresponding to the Schottky barrier height of the n-Si/Au
interface, the electron transmission sharply increases with
V. The current is larger when both the ferromagnetic layers
are aligned parallel and almost a factor of 4 smaller when the
layers are aligned antiparallel. In the bottom panel of Fig. 2,
we plot the electron current at V;=—1.7 V and an injection
current of 1 nA, obtained while sweeping the magnetic field
from +100 Oe to —100 Oe and back. We observe a larger
current when both the layers are in the P state, sharp transi-
tions to an AP state with a smaller current, and the expected
magnetic hysteresis. Note that the data is not exactly sym-
metric around zero magnetic field, which we often observe in
these samples depending on the tip location, indicating local
variations in the magnetic switching behavior. From this hys-
teresis loop we derive a magnetocurrent MC=(I’C)—1‘éP )/ I/ép
of 300£50%. Note that the current values, obtained from a
randomly chosen location of the sample, differ slightly from
the average values shown in the top panel, which is due to
local variations in the transmitted current. Since these are
always present, below we present data obtained from spectra
such as those in the top panel of Fig. 2, which represent
spatially averaged values.

Figure 3 shows I% and I%" (top panel) and MC (bottom
panel) at T=150 K versus Fe thickness, while keeping the
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FIG. 2. (Top panel) Transmitted electron current versus tip volt-
age of a n-Si/ Au/Nig,Fe 9(2.5 nm)/Au/Fe(1 nm)/Au structure for
P and AP magnetic state. (Bottom panel) Electron current vs mag-
netic field at Vz=-1.7 V and an injection current of 1 nA. All data
are at 150 K.

thickness of the Nig;Fe o constant at 2.5 nm. From these
curves and using an exponential decay for each spin,” we
extract the spin-majority attenuation length A to be
1.5+£0.2 nm and the spin-minority attenuation length N to
be 0.4+0.2 nm at —1.4 V. The spin-asymmetry of the attenu-
ation length ANM/N"=3.8, which is large indeed. From the
data in Fig. 3 we also find the attenuation factor for Au/Fe
interfaces to be 0.8, as determined by extrapolating the I(’;
data to zero Fe thickness and comparing it with the /. value
of a structure with no Fe. Such an interfacial attenuation is
associated with a mismatch of the band structure on both
sides of the interface, in addition to elastic scattering due to
interface disorder, defects, etc.

The bottom panel of Fig. 3 shows the variation of the MC
with increasing Fe thickness at an energy of —1.4 V. Within
the limits of experimental accuracy, it is seen that the MC
first increases with Fe thickness and then saturates at a value
of 400+50% for a 3 nm Fe layer. The solid line is a fit to the
data using the attenuation lengths for Fe as given above, and
spin-dependent attenuation lengths for the Nig,Fe o layer
taken from Ref. 6. The increase of the MC with Fe thickness
indicates that the spin-asymmetry is dominated primarily by
the volume attenuation lengths and not by interface scatter-
ing, which was found to be rather weak as discussed above.
The saturation of the MC at larger Fe thickness is because
minority spins are completely filtered out by the Fe layer,
leaving the MC limited only by the spin-filtering in the
Nig, Fe g layer.
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FIG. 3. Variation of IIC) and I‘ép (top panel) and MC (bottom
panel) as a function of Fe thickness at V;=-14V in a
n-Si/ Au/NigFe 9/ Au/Fe/Au structure. The solid lines represent
fits as described in the text.

We extracted the spin-majority and spin-minority attenu-
ation lengths in Fe at various energies in a similar way as
described above. The results are plotted in the top panel of
Fig. 4. We see that AM has an almost constant value of
1.5+0.2 nm in the 1.2—-1.6 eV energy range. The spin-
minority length, ™, is significantly smaller and also has an
almost constant value of 0.40+0.2 nm. Thus, over the full
energy range studied, the majority spin attenuation length is
about a factor of 4 larger than the minority spin length. This
is much larger than the ratio of the inelastic lifetimes from ab
initio calculations,!' which give ratios between 1 and 1.7 in
this energy range. Therefore the measured spin-asymmetry
of the hot-electron attenuation lengths in Fe cannot be due to
the inelastic lifetime.

In the middle panel of Fig. 4 we compare the measured
AM with the results from ab initio calculations.!! The experi-
mental values show rather weak energy variation, consistent
with the calculations. The latter show that the reduction of
the lifetime at larger energy is partially compensated by an
increase of v, as the energy increases beyond and away from
the top of the d bands.”!! This deviates from the Fermi liquid
theory for free electrons, from which we know that the in-
elastic lifetime 7o E~2 and the attenuation length as the prod-
uct of 7and v, is expected to vary as (E+E)**/E*. Com-
paring the magnitude next, we find that the calculated values
of Nl are at least a factor of 3 larger than the experimentally
measured values A\“*?. To account for this, we note that the
experimental transmission is also sensitive to elastic
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FIG. 4. (Top panel) Variation of A¥ and A" (closed and open
circles, respectively) with electron injection voltage V. (Middle
panel) Experimental \M (closed circles), calculated inelastic mean
free path (closed squares, taken from Ref. 11), and extracted elastic
scattering length (closed triangles), all for majority spin electrons in
Fe. (Bottom panel) Experimental N (open circles) and calculated
inelastic mean free path (open squares, taken from Ref. 11) for
minority spin electrons in Fe.

scattering,12 which can make the measured length shorter
than the inelastic mean free path calculated. Using Matthies-
sen’s rule (1/AP=1/N"¢'+1/\¢) we extract the attenuation
length due to elastic scattering ¢/ for the majority-spin elec-
trons (triangles in Fig. 4, middle panel). We find that \¢ is
comparable to the measured length and thus much shorter
than \"¢/. Therefore we conclude that the majority spin at-
tenuation length in Fe is limited by elastic (momentum) scat-
tering of the hot electrons, rather than by inelastic scattering
as intuitively expected.

A similar comparison for the minority spin (Fig. 4, bottom
panel) reveals an essential difference, namely that the mea-
sured attenuation length is larger than the calculated ", the
difference being as much as a factor of 8. This discrepancy
cannot be explained by elastic scattering, as done for the
majority spin above. Most likely, the explanation lies in the
way v, is calculated, as it represents a momentum averaged
value.igl The weighting of the different states contributing to
the transport is particularly critical for hot electrons of
minority spin, where in the energy region of interest
(1.2—1.6 eV above Ey) the Fe density of states is dominated
by an empty d band, intersecting a broader band with pre-
dominantly s,p character but much smaller density. It is the
large density of d states with small v,, that produces the small
value of the calculated A"/, Since states exist with signifi-
cantly different v,, the averaging becomes crucial. Possibly,
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in experiment the hot electrons injected into the Fe layer are
not distributed homogeneously over the available states at
that particular energy, but preferentially populate states with
higher v,. Thus, also for minority spin the group velocity
appears to play a pivotal role in the hot-electron transmis-
sion.

In conclusion, we have examined the spin-asymmetry of
transmission of hot electrons in Fe, for which a recent ab
initio calculation has shown that the inelastic lifetime is simi-
lar for majority and minority spin. Despite this, the hot-
electron attenuation length at 1.2—1.6 eV is found to be a
factor of 4 larger for the majority spin. We interpret this large

PHYSICAL REVIEW B 76, 140407(R) (2007)

spin-asymmetry to arise from the spin dependence of the
group velocity, rather than the inelastic lifetime which may
intuitively be expected to control hot-electron transmission
and its spin asymmetry.
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