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The nature of terahertz radiation in magnetic nanojunctions when current

flows through them
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The modes of operation of a spin-injected THz-emitter using a rod-film structure in the region of starting
current values (current density) have been investigated. For Fe;O4 and Fe films, two mechanisms of THz-emission
emergence have been experimentally established. One of them is related to the change in the energy of the sd-
exchange interaction during the transition of the magnetic layer interface by spin-polarized current, when a part of
electrons decreases its energy without spin flip, and the other is determined by interband transitions with spin flip
at high values of current density. The theoretical substantiation of the observed two mechanisms of THz-radiation

excitation is carried out.
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Introduction

In recent years, the ,terahertz range” (THz) attracts
increasingly greater attention due to its unique features.
Thus, terahertz radiation is not an ionizing one, thereby
unaffecting bioobjects and can be successfully applied in
medicine and biology. These frequencies can be used
in safety systems, for example, to detect narcotics and
explosives as well as to identify hidden items dangerous to
the public. Wide frequency bands of this range enable cre-
ating super-fast information-communication systems, while
wavelengths of these frequencies, that are commeasurable
with typical sizes of the microcosm, make them promising
for solving various materials science problems [1]. How-
ever, absence of compact, publicly available, reliable and
simple-to-use sources and receivers of this range hinders
its wide application. The commercially available THz-
sources available today, such as backward-wave tubes, free-
electron lasers, gas lasers and gas-discharge THz-sources as
well as quantum-cascade lasers are far from meeting the
requirements of simplicity and reliability. That is why it is
still relevant to search for fundamentally new methods of
generation and registration of terahertz radiation.

One of the promising areas in creation of THz-range
hardware can be a new field of electronics known as
spintronics. It studies and uses effects observed during
electron-wave interaction with taking into account not only
the electron charge, but its own magnetic moment (spin).
Thus, in recent 10 to 15 years, mainly in Russia, there is
a new developing field of studying principles of formation

of THZ signals (within the frequency range 7—30THz) in
magnetic junctions that are made up of contacting layers of
nanometer-thick ferromagnetics or antiferromagnetics while
injecting into them spins by means of high-density current
(10°—107 A/cm?) [2]. These studies have begun with theo-
retical papers [3,4] which predicted THz-radiation excitation
during spin injection by current in the said structures and
explained the effect of formation of spin-injection (dynamic)
radiation. Of particular note is an original idea of interaction
of electron spins with the electromagnetic radiation via
sd-exchange as proposed in the paper [3]. According
to estimates, such an interaction channel is by orders of
magnitude more efficient than standard multi-pole channels.
The subsequent experimental papers [5-8] confirmed the
theoretical predictions.

Nevertheless, despite certain successes in studying the
processes of formation of spin-injected THz-radiation, there
is still a number of unresolved issues. Thus, the papers [9-
11] note a complex nature of power variation of dynamic
radiation when varying injection current in the region
of radiation emergence. Deeper understanding of this
process required additional elaboration of the published
results as well as carrying out additional measurements.
These measurements and the research as a whole are
aimed at identifying various conditions of formation of the
electromagnetic radiation during spin injection by current
in the magnetic junctions. And in all the studies, newly
detected effects are explained based on available theoretical
notions about THz-radiation generation during spin injection
by current in the magnetic nanojunctions.
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1. Experimental results

The THz-radiation excitation modes in the various mag-
netic nanojunctions have been studied using an emitter
based on a rod-film contact that is shown schematically
on Fig. 1. The rod was an iron needle sharpened at
one of the ends to the diameter 10—50 um. The emitter
used thin-film samples prepared at IPTM RAS (city of
Chernogolovka), which consisted of Fe films of the thickness
of 30 and 60 nm and Fe;04 films of the thickness of 30 nm
grown on the sapphire R-plane by the ultrahigh vacuum
pulsed laser vaporization method. The rod is magnetized
up to saturation along its axis, while film magnetization is
oriented in a normal to its plane up to saturation so as it is
opposite to rod magnetization (antiparallel).

The device was powered by a DC source with smooth
adjustment of stabilized voltage. The radiation generated in
the rod-film contact point was focused by a high-resistivity
silicon meniscus lens. The signal was recorded by ,,Tydex*
Golay cell. Analog values for further treatment were
digitized using AKTAKOM ASK-3117 storage oscilloscope.
The measurements were performed within the current
region from 0 to 700 mA with smooth variation of voltage to
the emitter, thereby detecting a fine structure of the process
of formation of THz-radiation.

Unlike previous articles, which used current during result
processing as a parameter, the present paper deals with a
current density. This may be attributed to the fact that,
first, a basic parameter of the theoretical papers is the
current density [12-14] and, secondly, as demonstrated
in [15], the current density value at which the radiation
emerges, is determined by a film material and is virtually
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Figure 1. Diagram of the rod-film emitter: / — magnetic film,
2 — sample substrate, 3 — current-conducting magnetic rod, 4 —
current collector contact, 5 — ring-form operating region, U —
power supply potential, D — rod tip diameter, A — the thickness
of the magnetic film. The arrows diverging out of the operating
regions — THz-radiation. In the upper right corner — a picture of
the actual mockup emitter with a focusing lens.
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Figure 2. Dependence of radiation power W on the current
density j for the spin-injected emitter with the rod-film structure
when using the Fe iron film with the various film thickness A in
it: the curve / — 30nm, the curve 2 — 60nm. Dashed straight
lines — linear approximations of some curve sections.

independent of its thickness and structure. As shown below,
it additionally contributes to reasoning when explaining
observed effects and comparing operation modes of the
emitters using different films which are made, inter alia,
of the same material.

Fig. 2 shows the results of measurement of radiation
power depending on variation of the density of current
penetrating the Fe rod-Fe film structure for the two different
film thicknesses. It is clear from Fig. 2 that at the initial
portion of the curves emergence of radiation smoothly
exceeding the zero level is observed for both the films
with the current density value j ~ 0.9 - 10° A/cm? (starting
current density). With another current density value
j ~1.3-10°A/cm?, which is the same for both the films,
there is observed sharp increase of power in the current
density band Aj ~ 0.1 - 10° A/cm? with subsequent change
of its increase slope. The increase slope is approximated
with the dashed lines. In accordance with the paper [12—
15], this curve behavior may indicate emergence of an
additional radiation source in the studied structure with
j ~1.3-10°A/cm?, wherein this source is of another
nature different from the initial portion within the current
density range j ~ (0.9—1.3) - 10° A/cm?. The equality of
the current densities for both the iron films both when
smoothly exceeding the zero power level and with sharp
increase of the power in the now operating emitter indicates
a spin-injected mechanism of generation excitation in both
the cases.

The different ratio of the starting values of the current
densities is observed when using the emitters with the
films made of different materials. As an example, Fig. 3
compares the results obtained for the two ,rod-film*
structures using the films of the same thickness of 30 nm
Fe (spin polarization P ~ 0.4) and FesO4 (P~ 1). In
both the structures the rod is made of Fe. It is clear
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Figure 3. Dependence of the radiation power W on the current
density j for the two magnetic junctions: the curve / — Fe;O4/Fe,
the curve 2 — Fe/Fe. In both the cases the film thickness is
30nm. Dashed straight lines — linear approximations of some
curve sections.

from the figure that for the different ferromagnetics the
electromagnetic oscillations are excited at the different
current densities, which does not contradict to [12-15].
However, a qualitatively identical pattern is observed for
both the structures. Thus, for both the cases, when
exceeding a certain starting value of the current density
for the Fe;O4 film — j ~ 0.45-10° A/cm?, and for the Fe
film — j ~ 0.7 - 10% A/cm? there is emergence of radiation
with subsequent smooth increase of the power. As the
current density increases, both the cases exhibit sharp
variation of power for the Fe;04 film at j ~ 1-10° A/cm?
and for the Fe film at j ~ 1.3 - 10° A/cm?, after which the
power increase slope varies with growth of the current
density. It is clear that for the structure with the Fe3O4
film, in which a value of the equilibrium spin polarization
is close to unity, the radiation power increases more sharply
with increase of the current density than for the structure
with the Fe film.

The identity of the processes of formation of radiation
in these structures may be additionally confirmed by a
,dip* of the power before its jump. For explanation of
it, let us use results of [8-10], according to which interband
transitions can be both direct ones without the third particle
and indirect ones. The latter are relation to absorption
of the third particle (phonon). Thus, the ,dip“ can be
explained by some decrease of the emitter temperature
related to absorption of the phonons in indirect quantum
transitions, which finally results in some decrease of the
registered signal level. With increase of the current density,
the radiation power increases and influence of ,,cooling™ of
the emitter on the level of the registered signal becomes
insignificant.

The above results show a complex picture of THz-
radiation formation in the magnetic nanojunctions during
spin injection by current: smooth increase of the power
when exceeding some starting value of the current density

and sharp variation of the power when reaching the higher
current density in the now operating emitter.

2. Substantiation of the results obtained

In accordance with common notions about operation of
the spin-injected emitters formed by at least two contacting
magnetic nanolayers with substantially different magnetic
characteristics (for example, orientation of magnetization
M1, M;), the current penetrating the junction is polarized
by the electron spin (the spin is polarized) in one of
the layers which is called an injector, ie. the spins of
conductivity electrons are oriented parallel or antiparallel
to injector magnetization [16]. The spin-polarized current of
the density j, which is injected into the second operating
layer, disturbs the equilibrium spin state P, in it. In
accordance with the paper [17], the non-equilibrium spin
polarization is calculated using the following formula when
i/io > 1

Picosgp — P, .
PX) =Py + 2P~ "2 jexp(—x/1), (1)
J+1]o
where X — the distance from the boundary of the

materials, the angle between the magnetizations M;
and M,, | = /D7 ~ 3-107%cm the spin relaxation length,
D — the diffusion constant, 7 — the spin relaxation
time, jp =enD/l =enl/7 — the electron diffusion cur-
rent density, n — the concentration of electrons in the
metal, P;, P, — the equilibrium spin polarizations in
the first and the second ferromagnetic, € — the electron
charge.  With substitution of typical estimates of the
parameters N~ 10?2cm™3 and 7 ~3-10713s, we obtain
jo ~ 1.6- 10 A/em?. Since the maximum currents in the
magnetic junctions used in the experiment usually are by an
order of magnitude less than the obtained value, it may be
assumed that the condition j/jp > 1 is well met.

Thus, there is deviation AP = P — P, of spin polarization
from the equilibrium one P,. At the same time, in the
operating layer, at the distance of spin relaxation from the
layer interface, the energy subbands with the opposite spin
that are originally balanced in the injector with the same
Fermi level ep, as the electron spin state varies more slowly
than variation of its energy and momentum, are expanded
by energy to form in each of the subbands the Fermin quasi-
levels spaced apart above ep; and below ep_ by the energy
in relation to their equilibrium levels ey — [17]. The
diagram for formation of the Fermi quasi-levels is shown
on Fig. 4.

h’z 2,\2/3
EF+ — EoF4+ = ?n (3.77 n) /

(B 5)). e
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Figure 4. Diagram of formation of the Fermi quasi-levels without
taking into account influence of power supply voltage. The spin-
polarized current of magnetization M; in the ,left“ layer of the
magnetic junction is distributed along spin-energy subbands, in
which the electrons are in a balanced state having the same Fermi
level erp. Going over to the ,right layer with magnetization M,
occupation of the spin-energy subbands is still the same with
variation of their energy. The subbands are expanded by energy.
The spin equilibrium is disturbed, thereby resulting in formation
of the Fermi quasi-levels er; and Ep_.

h2
EF— — EF— = % (37[2“)2/3

y ((14—2P2)2/3_ (1+P22+AP)2/3>’

where n — the electron concentration in the metal. Thus,
one of the subbands with ep, exhibits spin-non-equilibrium,
energy-excited (,hot“) electrons in the unstable equilibrium,
while the second subband with ep_ exhibits vacant energy
levels. This situation allows the ,hot“ electrons under impact
of external radiation making transitions into another energy
subband with spin flip with giving away a part of its energy
as a radiation quantum, i.e. making radiative transitions.

Without taking into account mechanisms of relaxation
and interaction with the electromagnetic field, the electron
energy can be written as a Hamiltonian [12]:

. P
F(p) = b0 2~ 61(p), )

where m — the effective mass of the electron, p — the
operator of generalized canonic momentum [18], 6 — the
Pauli matrix vector, oy — the unity matrix sized as 2 x 2,
|usasgMy| =1 — the exchange energy, ug — the Bohr
magneton, asq ~ 2-10* — the constant of sd-exchange,
M, — magnetization of the operating region.

In the presence of the electromagnetic field with the
vector potential A = Agexp(iwt + kr), where w — the
frequency of the external signal, the electron momentum
operator shall be replaced as per [18] by (p — —£A). Taking
into account the above said, (4) can be rewritten as

~ e e
H=6 (——A)—”I( ——A). 5
ooe|\ P c olip p (5)
Here ¢ — the kinetic energy of the electron, e — the
electron charge, ¢ — the velocity speed, ugasgMy = L

Following [12] and expanding (5) into a series in powers
of the small parameter e/c|A|, we obtain the following
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taking into account linear terms of expansion

JO < e [dl ol
I(p—EA) ~ 1(p) — %(%A+A$>,

2

e AP A
8(p CA) ~om ” amc (PATAR). (6)
Let us rewrite (5) taking into account (6) as
P e (ol oI
H—2m$l+2c{apA+Aap . (7)

At the same time we neglect the operator
-~ e
H =00 — Ap,
0 e AP

since its action does not cause spin flip. It is clear
from (7) that the formation of the spin-injected radiation
in the magnetic junction can be described by a relationship
consisting in two parts: one part includes the first two
terms (7), which describe the electron energy with certain
orientation of the spin in relation to magnetization of
the operating layer, while the other part - (7) describes
disturbance by external electromagnetic radiation. The
last summand in (7) having off-diagonal elements will be
responsible for the electron spin flip mechanism in the
interband transitions. Using the last summand in (7) as
disturbance, the paper [19] has calculated a number of the
transitions per unit time:

5 _ 2
Ry = ST (N —np) (%) (cos’@),  (8)

where p and ny — permeability and refractive index of the
metal ferromagnetic, respectively, Ny and n; — the density
of electron with the spin up and down, Ny — the density
of photons of the external magnetic field, the frequency of
spin relaxation vs ~ 10'? Hz.

The power can be calculated by multiplying the number
of quantum transitions per unit time (see (8)) by the
quantum energy, which can be found by the formula

W = hwRt.

Let us take experimental data: the spin relaxation frequency
vs ~ 1012 Hz, @ ~ 30 -10'?s~!, permeability of the metal
at the high frequencies u ~ 10* G/Oe, the refractive index
Ny ~ 10, (ny —ny) =~ P(ny +np), (N +np)~102cm=3,
the polarization degree P ~ 0.1. We also use the
estimate d1/dp~1/po (po = h/a~ 10" erg-s/cm) and
that Np =1 (spontaneous radiation). For these values
Rst ~ 1017 ...10"% s~ 1.cm® and W ~ 1075—10~* W, which
approximately correspond to the experimental range with
correction for decay in the metal thickness.

The electron transiting the boundary between the layers
changes its energy due to change of exchange energy,
since magnetization of the medium varies from M; to M,
(the transverse component of the spin to magnetization
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Figure 5. Spin polarization at the boundary of the two ferromagnetics (as related to the equilibrium value) depending on (dimensionless)
current density j/jp with ¢ = 60° (a) and 120° (b) and with different values of a polarization ratio P;/P> = 0.1 (1), 1 (2), 2 (3), 5 (4).

The dashed line, P, /P, = 5, ¢ = 90°.

M; relaxes quite quickly in a time scale of longitudinal
relaxation, which we consider here [20-22]). At the same
time, the electron which had an antiparallel direction of
the spin in relation to M;, gets parallel orientation of
the spin in relation to magnetization M,. Thus, it losses
a portion of the energy transiting to the lower energy
level in relation to the Fermi equilibrium level. And
vice versa, the electron with the opposite direction gains
energy. An additional expansion in antiparallel orientation of
magnetizations (along the quantization axis z) of the quasi-
levels to the expansions (1), (2), related to this process, can
be evaluated by the formula:

Aep_ = |asqusM1 — asqusMa| = asqus|AM|.  (9)

Thus, taking into account the formulas (2), (3), (9), the
frequency of dynamic radiation w ~ Ae/h caused by energy
variation when transiting the interface of the two layers can
be written as follows

h(3ﬂ2n)2/3 1-P,— AP 2/3
+ ( )

., _ 2satAM 2

zh 4rm
_(1—2P2)2/3 N )
(10)

In accordance with the formula (10), the radiation
frequency has two components which are formed by a
respective mechanism. As per the first summand (see the
formula (9)), reduction of the electron energy with transi-
tion to the lower energy levels in one subband can result
in radiation of the energy quantum Aep_ without alteration
of spin orientation, i.e. without imposing any additional
conditions just after intersecting the layer interface. As the
current increases, this radiation becomes noticeable, when

‘(1 —|—2P2)2/3 B (%)2/3

the number of emitted quanta exceeds the number of quanta
absorbed by the medium [2]. This process is characterized
by a smooth nature of power increase with growth of
the current. Let us evaluate the energy slit Aep_, by
assuming the values asg = 2 - 10%, ug = 9.3 - 10~ erg/G,
AM ~ 10° G. It gives Ae ~ 2 - 1072, which corresponds to
the frequency @ ~ 30s~ L.

At the same time, the electron gaining antiparallel
orientation of the spin in relation to My, increases its energy
by the power supply, transiting to the higher energy level
in relation to the Fermi equilibrium level. Since the energy
changes faster than the spin state, then, as noted above,
each of the subbands has the Fermi quasi-levels formed.
The energy slit between them is determined by the second
term of (10), which corresponds to maximum energy of
the electron in the radiative transition. Its quantitative
estimate at P = 0.4 gives the value Ae = 8.8 - 1072°, which
in terms of an order of magnitude corresponds to the slit
with variation of sd-exchange interaction. But in this case,
according to [12-14], the radiative transitions are possible
with creation of inverse population of the spin subbands.
Actually, the spin-polarized electrons go from the injector
into the operating region which is already occupied by the
spin-polarized electrons. As a result, the equilibrium spin
polarization in the operating layer is disturbed. However,
emergence of radiation requires creation of conditions, when
the concentration of the ,hot“ electrons in the subband
with antiparallel orientation of the spins would exceed the
concentration in the opposite subband. According to [17],
the inverse population of the spin subbands is determined
by the density of current penetrating the magnetic junction.
The estimate of this process taken from [17] is plotted on
Fig. 5 (calculation by the formula (1)).
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As it is clear from Fig. 5, the inverse population corre-
sponding to negative values of polarization of the injected
electrons P emerges only with equilibrium spin polarization
P > 0 and with reaching certain current densities. Thus, the
curve 2 corresponds to the case Fe/Fe, while the curve 4
is closer to the case Fe3O4/Fe. These result demonstrate
that the interband radiative transitions appear only when a
certain current value is exceeded, ie. when the process is
of a threshold nature.

Thus, a complex mechanism of spin-injected excitation
of radiation is shown. Thus, with increase of the current
density from zero, starting from a certain, starting value
we observe smooth increase of the power due to variation
of the energy of sd-exchange without alteration of spin
orientation. With further increase of the current density,
transiting the certain threshold value (which depends on the
used ferromagnetic), there is radiation due to the interband
transitions with spin flip. The threshold nature of this
radiation results in the power jump on the curve of power
dependence on the current density.

Conclusion

The double mechanism of THz-radiation excitation when
the current flows through the magnetic nanojunction is
experimentally established. The radiation excitation is
observed both due to variation of the energy of sd-
exchange when intersecting the interface of the layers with
different parameters of the magnetic field without alteration
of spin orientation as well as to the interband radiative
transitions under effect of external radiation with alteration
of spin orientation in some electrons in the energy-excited
state. The presence of the certain ,dip*“ of the power
before its jump indicates possible phonon absorption during
emergence of radiation related to the indirect quantum
transitions.
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