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Ballistic hot electrons are extracted from a magnetic tunnel junction and injected into a metallic base with
energies ranging from 0.65 to 2.8 eV. The energy and wave vector analysis made by a low height Si/Cu
Schottky barrier allows one to disentangle the different contributions to the scattering. The hot electrons transport
is interpreted as being mainly influenced by inelastic scattering. An explicit transport model reproduces our
measurements and explains them as resulting directly from an electron-electron inelastic scattering process
related to the sp and d bands of the ferromagnetic material involved.
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I. INTRODUCTION

Hot electrons are charge carriers excited above the Fermi
level. Studied for more than 50 years in semiconductors,
from Gunn diodes to integrated circuit diagnostics [1-5], hot
electrons play an important role in many other fields such
as high efficiency photovoltaics [6], photoinduced surface
reactions [7], spin transfer torque [8] or ultrafast demagnetiza-
tion [9] in nanomagnetism, among others. Our understanding
of their properties thus opens the way to multidisciplinary
applications, such as energy conversion, photocatalysis, pho-
todetection, quantum chemistry, or optically active materials.
Among the parameters that dictate their transport properties
in materials, the electronic band structure is one of the most
important because it defines the transitions between energy
levels and thus the interactions between electrons.

Probing the electronic energy states by photoexcitation
is a common method. Photoemission and associated derived
techniques [10-14] have been used to verify theoretical ex-
pectations [15]. However, to be extracted from a solid, the
electron must have an energy greater than the work function
of the material. Hence, low-energy measurements cannot be
performed using the aforementioned methods. Two-photon
photoemission addresses some of these limitations by provid-
ing access to the lifetimes of hot electrons [16] but not to their
transport properties. A further step is taken by using ballistic
electron energy microscopy (BEEM) [17,18] or so-called “all-
solid-state” devices such as the spin valve transistor (SVT)
[19,20] or the magnetic tunnel transistor (MTT) [21,22].
These last techniques rely on the same idea: only electrons
with high enough energy and a momentum perpendicular to
the interfaces can access available states of semiconductor
composing a Schottky diode. BEEM experiments, using a
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scanning tunneling microscopy tip for electron injection, have
proven to be an effective method for measuring the mean free
path in several materials [23,24]. Furthermore, experimental
results [25,26] supported by extensive theoretical work based
on the band structure of materials [27] have demonstrated
the ballistic behavior of electrons collected in these multi-
layer systems. Most BEEM results have been interpreted by
considering inelastic scattering of hot electrons as the main
source of features in the ballistic current spectra [28] and only
[29] mentions the contribution of secondary electrons to the
collected current. When probing transition metals such as Fe,
Co, or Ni, an effect induced by the d band is to be expected
since the increase of the electron density associated with this
band takes place at about 1 eV below the Fermi level; i.e., in
an accessible energy range. However, such an influence of the
band has not yet been demonstrated in transport experiments
based on BEEM, SVT, or MTT.

In this paper, we present an analysis based on the contribu-
tion of secondary electrons to the current collected in a MTT.
We interpret our experimental data set by considering both
electron-electron interactions and an idealized band structure.
An explicit transport model shows that our measurements
result from a direct implication of a d-band scattering process
in the CoFeB and [Co/Ni] layers.

II. ALL-SOLID-STATE DEVICE

In order to analyze the low-energy transport regime, we
used an MTT architecture [30—32]. Our lab-on-a-chip hosts a
magnetic tunnel junction which allows us to control and vary
the injection energy of the electrons, a spin valve base, and
a Schottky diode (Fig. 1). Changing the bias voltage across
the tunnel barrier fixes the injection energy of charge carriers
into the spin valve. The injected electrons are called primary
electrons. The Schottky diode allows a double analysis:
Firstly, by selecting in energy the electrons collected in

©2023 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.214424&domain=pdf&date_stamp=2023-12-20
https://doi.org/10.1103/PhysRevB.108.214424

DESBUIS, LACOUR, TIUSAN, WEBER, AND HEHN

PHYSICAL REVIEW B 108, 214424 (2023)

(E)
uv)

MgO hot e
E —o——>

l Secondary e
o ——————>

i
NI

i A A
/

tun.

“le]. ¥,

inj.

Ep

col.

FIG. 1. All-solid-state device based on a magnetic tunnel transis-
tor. See text for further details.

the semiconductor: only those with an energy higher than
0.7 eV are collected; secondly, in wave vector, thanks to an
acceptance cone of less than 10° [33], defined with respect
to the normal of the interface plane. The typical stack used
in this study is as follows: Pt(5)/IrtMn (7.5)/Co(2)/Ta(0.5)/
CoFeB(2)/MgO(2.5)/CoFeB(y)/Cu(3.5)/[Ni(0.6)/Co(0.2)]x5/
Ni(0.6)/Cu(5)/Ta(1)/Cu(5)//Si[100], where the numbers in
brackets indicate the layer thicknesses in nanometers. Two
values of y have been used: 1 and 4 nm. This device has been
designed to address a much wider scope of effects related
to spin-dependent transport including hot electrons spin
precession [30-32], which requires such a complex structure.
Here, we have restricted this study to the saturated state in
order to simplify the analysis of the results. In this case, as
all magnetizations are saturated and parallel, an electron flow
consisting of mainly majority spins is considered with values
of the electrons mean free path and/or attenuation length
equal to that of majority-spin electrons in the considered
materials.

III. MODEL FOR ELECTRON TRANSPORT

In order to model the electronic transport through our MTT
(from left to right in Fig. 1), we distinguish three main steps
as done in [25,34]. In a first step, hot electrons, also called
primary electrons, are extracted from the tunnel barrier into
the base. This generates a peaky electronic distribution at
around |e| Viyj — EF at the base entrance (e is the elementary
charge and Vi, the voltage applied to the tunnel barrier). The
injected electron beam will be considered monokinetic with
wave vector k perpendicular to the interfaces. The measured
tunneling current, Ji, (Vigj), will be used to evaluate the trans-
fer ratio TR = ZCT‘: where I1(Vigj) is the current measured in
the Si collector.

In a second step, the charge carriers transported through the
base will be described within a free-electron approximation.
As the metallic layer thicknesses are smaller or of the same
order of magnitude as attenuation lengths, scattering should
be accurately described using an exponential decay of the
ballistic electron population all along the base. Matthiessen’s
rule provides an expression for the electrons mean free paths

considering the different scattering processes involved:

1 1 1 1 1

= _ 1
2 ® e oS T

A stands for the electrons mean free path in the material and
A; are, respectively, the electron-electron, electron-phonon,
electron-magnon, and electron-defect mean free paths.

Of the scattering processes accounted for, only the
electron-electron interaction is inelastic in nature; the others
not resulting in significant energy loss, but rather momentum
transfer. Electrons deviated from their initial trajectories are
ejected out of the Schottky diode acceptance cone [35]. Unlike
other kinds of elastic effects, magnons also affect the spin of
charge carriers [36], S, and incoming electrons can suffer a
backward propagation and even a spin flip depending on their
relative spin direction.

On the one hand, the probabilities of an electron-phonon
[14] and electron-magnon [37] interaction increase much
faster with temperature 7 than the probability of an electron-
electron interaction, so that we will assume A, to be
independent of T. On the other hand, the electron-electron in-
teraction probability is strongly affected by energy. The frame
of Fermi-liquid theory offers a description of single excited
electrons interacting with the conduction electrons sea. This
has been successfully used to determine the lifetime of excited
electrons for a wide range of materials measured through
two-photon photoemission spectroscopy [14,16]. Even though
this theory neglects band structure effects, it has proven to
be quite reliable for simple metals (Al) and noble metals
(Cu,Ag,Au) [16]. Moreover, additional refinements taking
into account the contribution of the d band to the electronic
decay make this model suitable for the study of the electronic
lifetime in noble or transition metals [38]. From Fermi-liquid
theory and assuming a free-electron behavior, the depen-
dence in energy of the inelastic mean free path can be
described as

VE

(E — Ep)’ + 0(E — Ep — w1)*

A(E) = X (2)

where Ao stands for a characteristic value of the electron-
electron interaction. E is the electron energy, Er the Fermi
level, o a unitless coefficient related to the d-band den-
sity and, w! the energy shift between the upper part of
the spin-up d band and the Fermi level. Equation (2) in-
dicates that the more energetic the incoming electrons are
(relative to the Fermi level), the shorter the inelastic mean
free path. The contribution to the collector current of sec-
ondary electrons produced by inelastic scattering events has
been neglected, such that the inelastic attenuation length
becomes equal to the inelastic mean free path, and, that
the contribution of the secondary electrons will be included
separately.

In the last step, the electrons that overcome the Schottky-
barrier height are collected in the semiconductor conduction
band. In models developed for BEEM studies [26], a 5/2
power law of the collected current with kinetic energy is used.
Because of the low height of the Schottky barrier and the
low energy of the injected electrons, the impact ionization
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FIG. 2. (a) Experimental TR(E—Er) of the CoFeB(1) sam-
ple for several temperatures with associated fits. (b) Temperature
dependence of Schottky-barrier height with linear fit over the
[90, 230 K] region. (c) Temperature dependence of elastic trans-
mission coefficient A. Theoretical model including magnons and
phonons contribution is displayed.

and backscattering phenomena due to optical phonons in the
semiconductor are neglected in our model [39].

From all the previous considerations we can write the
transmission ratio TR as

(le|Vinj — Psen(T))/?
Itun (Vinj)

where ¢scn(T) is the Schottky-barrier height. Ty (T) =
Ty e~ buse(1/2on+1/2me) stands for all the elastic processes with
phonon and magnon attenuation lengths taken as effective
values for the whole base stack, T is a constant that takes into
account the scattering induced by defects, I' is a scattering
coefficient due to the n interfaces present between each layer
composing the base, d; represents the thickness of the individ-
ual layer indexed i, and dpase = Y d; is the total thickness of
the base. T (T') strongly depends on temperature but not on
the electron energy. Tinel(Vin) = [ e~%/* accounts for all the
inelastic scattering processes which depend on the electron
energy but not on the temperature.

TR(T, Vinj) = T (T ) Tinet (Vinj),  (3)

IV. LOW ENERGIES REGIME (<1 eV)

In a first step, we considered the regime of hot electron
transport for which produced secondary electrons are not con-
tributing to Ico1(Vig;) and studied TR(Vyj) versus temperature
and energy. Figure 2(a) shows measurements of TR vs Vi
made with the MTT including a 1 nm CoFeB layer in its
base with temperatures ranging from 30 to 230 K. TR vs
Vinj follows the same trend in the whole temperature range: it
remains null as for all biases lower than the Schottky-barrier
height ¢scn (= 0.65 V) and starts to increase revealing the
arrival of hot electrons in the silicon collector. As the tem-
perature increases, for a fixed injection bias, the transfer ratio
decreases.

The characteristic values for e~ /e~ can be extracted from
the inelastic mean free path from literature for Cu and CoFeB:
A" = 20nm (eV)?/? ignoring the d band (buried too deeply
to affect the lifetime) [40,41] and A.(E) is shown by BEEM
to slightly differ from the Fermi-liquid theory for CoFeB [42].

Quinn’s description of A.(E) gives a value in good accor-
dance with the experimentally measured inelastic mean free
path, AgOFeB =3.5nm (eV)(3/ 2 As far as CoNi is concerned,
experimental values of AS°N could not be found. Therefore,
we studied the transport in devices with two different CoFeB
thicknesses (1 and 4 nm), supposing that the inelastic mean
free path in the sample with 1 nm CoFeB film will be domi-
nated by that of the Co-Ni multilayer. By adjusting the energy
position of the maximum of TR, which considers only the pri-
mary electrons, the experimental curves are reproduced with
a value of AN =4.5nm (eV)®/?. Finally, the remaining
parameters needed to plot A.(E) for all the materials included
in the base are o and w'. g is assumed to be similar for all
transition metals, with o = 0.28 (no unit) [38,42]. Values of
o' are estimated from ab initio calculations being about 0.7
and 0.5 eV for CoFeB and CoNi, respectively [43]. Tizel (Vinj)s
that accounts for all the inelastic scattering processes in the
base which depend on the electron energy but not on the
temperature, can be plotted without any free parameter. As a
result, the variation of ¢s.n(7) and T (T) with temperature
can be extracted from Fig. 2(a) and Eq. (3) since they are
the only parameters that depend on temperature. A very good
agreement with our measurements could be obtained (the
fitted curves with the model are the solid gray lines) with
the variations of ¢scn and T as a function of T reported in
Figs. 2(b) and 2(c), respectively. ¢sc, decreases slightly with
increasing T (about 4%), following a linear behavior in the
temperature range [90, 230 K]. The slope of —165 uV/K is
similar to what has been reported in previous studies [44].
This confirms both the quality of our Schottky barrier and
the reliability of our model in the low-energy range. Log(7y)
decreases with temperature and its variation can be well repro-
duced assuming a 7 ~2 dependence. This dependence has been
theoretically and experimentally found in the case of metallic
thin films for temperatures up to 100 K [45-47], matching
with the temperature range of our study.

V. HIGH ENERGIES REGIME (>1 eV)

In a second step, we increased the energy of the electrons
up to 2.8 eV, and this without a breakdown of the tunnel
barrier, showing its high quality. The corresponding TR vs Viy;
measurements performed at 50 K on the 4-nm-thick CoFeB
device are shown in Fig. 3(a) (black continuous curve). As
expected, after a steep increase of TR for energies up to
1 eV, it reaches a maximum before decreasing. This decrease
is related to the dominance of electron-electron scattering
and is well reproduced by our model [dashed black curve
in Fig. 3(a)] when secondary electrons produced by inelastic
scattering are neglected. However, this decrease stops around
1.8 eV and TR starts to increase again: a new conduction chan-
nel has been opened for an energy between ¢scn, and 2@sch.
It is known that primary electrons after having interacted
with the electrons of the Fermi sea, lose typically about half
of their energy by exciting secondary electrons [Fig. 3(b)].
Therefore, injecting electrons with an energy above 2¢g., will
lead to an additional collection channel made of secondary
electrons.

Besides the scattering of primary electrons with sp-band
electrons around the Fermi level, the d band can as well
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FIG. 3. (a), (c), and (d) TR versus energy. In all curves, the black
line is the experimental TR(V;y) values of the CoFeB(4) sample
measured at 50 K and the gray line is the experimental TR(V;)
values of the CoFeB(1) sample measured at 50 K. (b) Box bands
diagram of a transition metal alloy with sp and d bands. Hot elec-
trons above the Fermi level interact with electrons below Er (white
circles). This interaction generates two electrons at an intermediate
energy (gray circles). Variation in the s parameter which rules the
distribution of energy between ballistic hot electrons and that of
the Fermi sea. It is equal to 0.5 (a), 0.66 (c), and 0.59 (d). In (a),
(c), and (d), the black dashed line is the theoretical contribution of
the primary electrons neglecting the secondary electrons produced
by inelastic scattering. The colored dashed line is the theoretical
contribution of the secondary sp electrons. The colored dotted line
is the theoretical contribution of the total transmission including the
secondary sp electrons. The colored light lines are the theoretical
contribution of the secondary d electrons. The colored continuous
line is the sum of all the theoretical contributions. The discrepancy
between the model and experimental data in the case of CoFeB(1)
is due to the generation of secondary electrons in the CoFeB layer
being lower than that in the Cu and [Co/Ni] layers.

contribute to scattering. However, in this case the electron
energy has to fulfill the following condition: E > 2¢se, + o'
[see Fig. 3(b)]. Because of the high d-band density of states
this contribution is expected to become comparable to that of
the sp band. As a result, two additional channels of secondary
electrons should open a channel related to sp-band interaction
at E ~ 2¢s., and a channel related to d-band interaction at
around E ~ 2¢sch + ot

For the analysis of the secondary electron current, we have
to take into account that primary electrons inelastically scat-
tered in CoFeB, the number of which is proportional to 1 —
e~fcoren/* (Vi) can as well participate in the secondary electron
current. However, not all of them are collected in the Si
since the inelastic interaction can lead to a change of the
wave vector such that the latter is no longer lying within the
acceptance cone of the Schottky barrier. We have evaluated
the amount of inelastically scattered electrons that are not
collected [43] and take this into account by the introduction
of two coefficients Cg,(Vinj) and Cy (Vi) for the sp and the
d band, respectively. Both depend on V;;; and have values
around 0.5.

The total transfer ratio related to the channels of secondary
electrons can then be written as

» 5/2
(5 = dsa)

Itun(vinj)
x (1 _ e—ICoFeB/)LSFOFcB(an))e—ICoFeB/)»ff"FCB(ij)
x Hef[d,-/xmewinj/z)]
J
le|Vinj—w?
(5 — ¢sen)
Itun (Vinj)

x (1 — eftc(,FeB/A?Fe“(vmj)) o "coreB /2G TP (Vi)

TRCOFCB (‘/m_]) —

Sec.

Tel Csp (Vinj )

5/2
+

Ta1Cy (Vinj)

el ) @
J

The product []; e/ % describes the inelastic scattering of
the secondary electrons created in the CoFeB layer while they
are crossing the remaining layers of the base (Cu and CoNi).
The first term of Eq. (4) relates to secondary electrons arising
from interactions with electrons from the sp band while the
second term describes the secondary electrons coming from
interactions with d-band electrons.

Without any free parameter, considering that primary elec-
trons lose typically half of their energy by exciting secondary
electrons, the theoretical contribution of secondary electrons
has been added in Fig. 3(a) in the case of CoFeB(4 nm). The-
oretically, increasing the hot primary electron energy leads
to a reduction of A, [Eq. (2)] and thus to the reduction
of the primary electron contribution to the collected current
(black dashed line). When |e|Viy; exceeds 2¢sch, a contribu-
tion of secondary sp electrons (colored dashed line) appears
that compensates the loss of primary electrons and the TR
starts again to increase (colored dotted line—contribution of
primary-+secondary sp electrons). However, a further increase
of |e|Viyj above 2.2 eV leads again to a reduction of TR.
This last decrease is compensated by the appearance of the
secondary d electrons channel (colored light lines). The sum
of all the theoretical contributions (colored line) shows an
increase as observed experimentally. As a result, both sp- and
d-band contributions are needed to explain the experimental
results.

While an equidistribution of energy between hot electrons
and that of the Fermi sea has been considered by Quinn in
his original paper [15], he predicted a repartition to be one-
third/two-thirds. This would make the secondary sp and d
electrons appear earlier in energy, limiting the deep in TR
around 1.8 eV and the overshoot in TR at very high ener-
gies. Therefore, we simulate all the secondary contributions
for secondary electrons having 2/3 of the primary ones. The
results are reported in Fig. 3(c) in the case of CoFeB(4 nm).
While the agreement is still not perfect, we limit the im-
perfections reported above. The best agreement with the
experimental response has been obtained with a repartition
0.41/0.59 as shown in Fig. 3(d). In [48], Ritchie and Ashley
clearly showed that the energy repartition depends on the
electron/electron exchange: the repartition 0.5/0.5 (respec-
tively, 0.34/0.66) is obtained with strong exchange (respec-
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tively, without exchange). This could mean that part of the
secondary electrons is created in the Cu layer of our spin
valve. The experimental curve obtained on the device with
1 nm of CoFeB also points in this direction. Indeed, our
model that considers only the creation of secondary electrons
in CoFeB fails to reproduce the increase of TR after 1.8 eV.
As a result, secondary electrons need to be also created in Cu.

In all cases, only transitions involving a majority-spin hot
electron decaying into majority states have been considered.
From the TMR of our device (55% at low voltage), one can
evaluate the polarization to lie around 0.5 meaning that 75%
of the incoming electrons will have a majority spin and 25%
a minority one. As the minority spin electrons have a very
short mean free path (~1 nm) in ferromagnetic layers, they
relax quickly into the base and will give rise to an additional
secondary electron channel. We introduced this channel in our
model with a probability for incoming electrons to keep their
spin while interacting to produce a secondary electron. In all
cases, both sp- and d-band contributions are needed to explain
our experimental results. We could also evoke the existence of
spin flip processes between the two spin polarized channels,
that could be elastic or inelastic. The elastic spin flip events,
for minority or majority spin, occur through the emission or
absorption of magnons. The last one becomes important in
the presence of magnons. Considering the temperature used
for our experiments, we neglect this process. The emission
process is spontaneous. The change of wave vector is suffi-
cient so that electrons are backward scattered. As a result,
both elastic spin flip processes have no impact on the collected
current. Vlutters et al. have drawn the same conclusion in
their work [37]: Using a spin valve transistor, in an energy
range close to the one studied here, they showed that the ther-
malization length is greater than 100 nm at low temperatures
and decreases as the temperature increases. This leads to a
decrease in TR. Finally, we measured the TR in our device
as a function of temperature. For temperatures below 50 K,
there is no influence of temperature on the TR. We thus show
that elastic spin flip scattering has no impact on the secondary
electron contribution. Let us now look at the spin flip process
in inelastic scattering events. A process is rarely reported in
literature, with most studies considering interacting electrons
to remain in their respective spin channel (no spin flip). A
theoretical work introduced a possible spin flip mechanism
following an electron-electron interaction depending on both
spin and energy (e.g., [49]). The calculations show that in-
elastic electron-electron scattering is not dominated by spin
flip processes for Fe and Ni above 2 eV. Actually, there is no
definitive conclusion on the spin-dependent transport of hot

electrons in this energy range. Therefore, we do not go into
those considerations here.

Finally, the assumption that only injected electrons with
wave vectors k perpendicular to the interfaces have to be con-
sidered can be questioned. In a device similar to the one used
in our study, the tunnel momentum distribution in an Al,O3
magnetic tunnel junction has been probed and exhibited a
more isotropic current distribution [50]. While the current of
primary electrons would not be altered, since it is limited
by the acceptance cone of the Schottky barrier, the k vector
distribution could give rise to additional secondary electrons
collected in Si. Indeed, a k vector of a primary electron lying
outside of the acceptance cone can nevertheless be reoriented
towards the acceptance cone after scattering. As a result, the
theoretical contribution of the secondary sp electrons (colored
dashed line) and of the secondary d electrons channel (colored
light lines) would be increased, thus leading to a better accor-
dance between measurement and theory.

Thanks to the use of an MTT lab-on-chip device with a low
height Si/Cu Schottky barrier, we were able to disentangle the
different contributions to scattering in a metallic spin valve.
The transport of hot electrons is reproduced in the light of
electron-electron interactions, and generation of secondary
electrons due to both sp- and d-band structures. The simple
transport model can explain the experimental results as a di-
rect consequence of secondary electron generation, both from
sp-band (between 1.2 and 1.8 eV) and from d-band electrons
(above 1.8 eV).
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