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Abstract—Results are presented from studying the effect a jump in potential has on the modes of operation of
different magnetic junctions, including the Ni/NiO/Fe tunnel magnetic junction. The difference between the
effectiveness of radiation in them is explained by the effect of jumps in potential have on the formation of

Fermi quasi-levels in spin-energy sub-bands.
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INTRODUCTION

Magnetic nanostructures are of great interest today
because they offer potential benefits in many areas.
One possibility is creating sources of electromagnetic
waves, including the least exploited range of terahertz
frequencies [1—3]. The advantages of using sources of
THz signals in outer space to determine locations and
for communication between satellites should espe-
cially be noted. The general principle of operation for
devices based on magnetic heterostructures with cur-
rent flowing through them relies on spin polarization
of the flow of free electrons in one of their magnetic
layers (called injector) and interaction between the
spin-polarized current and the magnetization of the
crystal lattice of the other layer (the operating one).
Depending on different conditions (especially the cur-
rent density), either we can modify the magnetization
of alocalized region of the operating layer’s crystal lat-
tice or the spin state of the electron flow can be altered
by some electrons moving from one energy sub-band
to another, accompanied by the spin reorientation (the
spin—flip process). The latter effect is used in spin-
injector sources of THz signals.

It is known that interface resistance occurs in mag-
netic heterostructures in the area of contact between
layers [4]; its value is determined by the orientation of
spins of free electrons relative to the magnetization of
the operating layer. Resistance is weaker for spins par-
allel to the direction of magnetization (major elec-
trons) than for spins with antiparallel orientation
(minor spins). The difference in resistance results in a
situation when electrons traveling through the inter-
face acquire different energies from the power source.
The difference between the energies of the electrons
distributed among the spin sub-bands is described by
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the exchange splitting of the spin sub-bands with the
formation of Fermi quasi-levels in each of the sub-
bands [5]. This splitting determines the energy emitted
by an electron upon a spin-flip transition. The magni-
tude of exchange splitting also determines the effi-
ciency of the generator, since the power of the signal
generated by a spin-injector source is proportional to
the total energy of the emitted quanta.

Despite the obvious effect the magnetic interface
has on the formation of Fermi quasi-levels (and thus
the efficiency of the spin-injector source), this prob-
lem has not been considered separately. In this work,
we present the first results on the effect the interfaces
in two magnetic junctions have on the efficiency of
spin-injector generators, obtained by comparing their
operating characteristics. The studied magnetic junc-
tions were made of identical ferromagnetic layers. In
one, however, they were in direct contact, while a tun-
nel magnetic barrier was used in the other, and the lay-
ers were separated by a thin nonmagnetic insulating
spacer [6, 7]. Antiferromagnetic semiconductor NiO
was used as the spacer because it does not totally
destroy the exchange interaction between the mag-
netic layers, due to the effect of sublattice skew in the
antiferromagnetic caused by a spin-polarized current
[8]. This allowed us to explain the difference between
the efficiency of the investigated spin-injector sources
mainly from the difference between the interfaces in
our magnetic junctions.

PHYSICAL MODEL OF THE PROCESS

Conduction electrons in our model were distrib-
uted over spin sub-bands and had an isotropic para-
bolic energy spectrum with a certain effective mass.
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Fig. 1. Scheme of the energy of electron sub-bands and Fermi quasi-levels: I, in the first ferromagnetic layer; 11, for nonequilib-
rium electrons in the second ferromagnetic layer; 111, for equilibrium electrons in the second ferromagnetic layer outside the

injection region. Label /v ,, shows the absorption of a photon’s magnon; 4v denotes THz radiation.

Figure 1 shows the scheme of a typical magnetic junc-
tion used in spin-injector terahertz sources. An ultra-
thin buffer layer of a dielectric material or nonmag-
netic metal can be inserted in the magnetic junction
between ferromagnetic layers I and II. According to
[6, 7], this eliminates exchange interaction between
the magnetic layers and ensures conditions in which
the electrons that are minor in the operating layer can
populate energy levels above the equilibrium Fermi
level. The transformation of energy in the sub-bands
as the current flows from the injector to the operating
layer (from region I to region II) is shown in Fig. 1 [5].
Spins not compensated for are injected into operating
layer 11, and Fermi quasi-levels for the average popu-
lations of the spin sub-bands form. After the spins not
compensated for relax, the electrons exit through
region III, which acts as a collector.

We must consider the current flowing through the
magnetic junction interface to understand the process
of energy transfer from the power source to the spin-
injector radiation. According to [4], the current pass-
ing through the magnetic junction can be represented
as flows of conduction electrons with different spin
orientations that encounter the different resistance of
the interface. This allows us to present the total energy
carried by the flow in the spin injection as [9]
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where e is the electron charge; j is the total current
density; J,, is the spin flow of the electrons; ¢;
denotes the chemical potentials (Fermi quasi-levels in
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the sub-bands [9]); ¢ is the electrostatic potential;
Ug is the Bohr magneton; ¥ is the angle between the
magnetizations of the neighbor layers; and W4 rep-
resents partial energy flows of the electrons with dif-
ferent spin orientations (T for those oriented along the
magnetization and { for antiparallel spins). Allowing
for the continuity of the energy flow at the —0[+0
interface, we obtain two conditions from Eq. (1)
according to [9]:

(ng - gli)x:—o = (QzT - in)x:m CoS X,

(QlT + gw)x:—o - (QzT + gzi)x:+0
= 2e|(+0) — (—=0)].

Correlation (2) describes processes of a magnetic

nature, while (3) corresponds to electrostatic pro-

cesses. It follows from Eq. (3) that a potential differ-

ence will arise at the junction of magnetic layers even

when there is no intermediate layer. The power source

thus ensures drop in voltage AV across the magnetic

junction interface when current flows through the

magnetic junction. The drop is determined for opti-
mum angle } = 7 by the formula

(2a)

(2b)
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Here, V is the voltage of the power source;
Ve = [ﬁ + Ly l(@ —G,) is the voltage at the mag-
6, O e

netic junction in the state of spin equilibrium (the first
term is the drop in voltage across the active resistance
Vol. 84
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of the layers, while the second term corresponds to the

contact potential difference); G,is the chemical
potential in the state of spin equilibrium;

Z, = 11—2(1 —Q’,)"" is the spin resistance of the lay-
12

T 2
ers; O, = G‘Tz—cf is the polarization of conductivity
O, + 0,

of eitherlayer 1 or 2; GE = ulTj X anzi is the partial con-

ductivity determined by electron mobility uszi with

either spin in a given layer; and an2¢ is the partial con-
centration of electrons in the layers. Note that AV
in (4) is considered for the total (summed) resistances
of the layers.

As an example, let us consider the emergence of a
jump in potential at the interface during a flow of elec-
trons with different spin orientations for optimum
angle value x = w. Note that the major electrons in the
injector become minor ones in the operating region,
since they enter the environment with the opposite
direction of magnetization because the spin state
remains unchanged. An analogous situation is
observed for the minor electrons in the injector. The
spin states of the electrons in the sub-bands remaining
intact upon moving from the injector to the operating
region are designated as (+) for the major electrons in
the injector and (—) for the minor electrons. As noted
above, the spin resistances for the flows are different;
they also differ for one and the same flow in different

layers. According to [4], Zﬁ < Z;}, Z,, > Z,,. Allow-
ing for this, expression (3) can be rewritten as
Gt =G + e(qﬁ - <Pl+)
+ (GG +e(o—or)=0.
Let us consider a small region without relaxation

(without spin-flip transitions), so the current densities
of the spin flows in the injector and operating region

4

remain constant. This allows us to relate potentials ¢},

with the magnetoresistances of the layers ZIJ‘;T 1

O =20 =02 0 =29 =] 2y
Consequently, ¢; > @/, ¢, < @; , which leads to
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Relation (5) shows that electrons that are major in the
injector acquire energies higher that the equilibrium
value (the equilibrium Fermi level) as they travel
through the interface. At the same time, Eq. (6) shows
that the minor electrons from the injector acquire
energies lower than the equilibrium value. In Fig. 1,
this process is depicted as the emergence of Fermi
quasi-levels in the sub-bands of region I1.

A" =@, — ¢ >0,
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The difference between potentials at the insulating
layer in a tunnel magnetic junction is determined by
the height of the energy barrier. The difference in
potential at the magnetic junction interface can be
modified by choosing the correct insulating layer.

Two magnetic junctions made from Fe and Ni fer-
romagnetic layers were used to study the effect the dif-
ference between interface potentials has on the gener-
ation of electromagnetic waves upon spin injection in
the magnetic junction. A structure of the rod—film
type was used in one of them [10]; a steel rod with a
sharp tip less than 50 um in diameter was in direct con-
tact with a nickel film 30 nm thick. A tunnel magnetic
junction formed by crossing strips of Fe and Ni 30 nm
thick and 50 um wide was used in the second struc-
ture. The layers in the crossing area were separated by
a spacer made from antiferromagnetic semiconductor
NiO 5 nm thick. Estimates show that the potential bar-
rier for the minor electrons, associated with the
exchange sd-interaction at the Ni—Fe interface, was
about 0.1 eV. At the same time, a layer of NiO several
nanometers thick is known to provide a potential bar-
rier of around 0.2 eV and thus ensures the necessary
difference of potentials between the ferromagnetic lay-
ers for the tunneling of nonequilibrium spins into the
operating region.

EXPERIMENTAL

Experimental studies were performed to make
comparative estimates of how the interfaces in the
junctions influence the efficiency of spin-injector
generators. As in [11], the efficiency of a given source
was defined by that of its power, and by the initial cur-
rent. In addition to these parameters, volt—ampere
characteristics were compared. Our experiments thus
included measuring the radiation power, voltage at the
source, and the corresponding current. The values
obtained from our measurements were used to build
the corresponding dependences.

A GSS 3—123 harmonic voltage generator was used
as the power source in our experimental setup; it
applied harmonic voltage with amplitudes of up to
10 V and a frequency of 6 Hz onto the spin-injector
source. This provided the optimum terahertz signal
frequency of 12 Hz for the operation of the registering
detector. A Tydex GC-1P optoacoustic converter
(Golay cell) was used as the detector. High-pass filter
blocking signals with frequencies below 1.25 THz were
also used. The values of interest were acquired using
an Aktakom 3117 analog-to-digital converter and reg-
istered on a PC. The alternating voltage applied to the
source and the current passing through it were
recorded simultaneously. The resistance of the source
at a given voltage was determined from the obtained
volt—ampere characteristics.

In both cases, measurements were made without a
focusing lens, and the distance between the source and
Vol. 84
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Fig. 2. Dependence of resistance R of the source on the
applied voltage: curve [ for the structure with a tunnel
junction; curve 2 (amplified 7 times) for the rod—film
structure.

the Golay cell was 50 mm. Radiation power in the
control unit of the Golay cell was measured in milli-
volts. The values in millivolts were converted to micro-
watts according to the cell’s calibration curve and
allowing for attenuation in the circuits and in the sub-
strate.

RESULTS AND DISCUSSION

The behavior of the resistance of the radiation
sources with the tunnel junction (curve /) and the
rod—film structure (curve 2) upon varying the voltage
at the sources is shown in Fig. 2.

Note that the range of operating voltages was nearly
the same for both sources, and the initial voltage at
which the radiation was detected in both cases ~2 V.
The emergence of radiation altered the dependence of
the resistance on the voltage. The growth of the resis-
tance slowed for the source with the tunnel junction,
while a drop in resistance was observed for the rod—
film structure. As expected, the resistance of the tun-
nel junction was considerably higher than that of the
direct contact of the ferromagnetic elements (by nearly
5—6 times). Let us now consider the effect the spacer
had on the efficiency of the source.

The effect the spacers in the two types of magnetic
junctions had on their power is shown in Fig. 3 as the
dependence of the radiation power on the current. The
data show that the spin-injector source with the NiO
spacer had remarkably higher efficiency than the gen-
erator without the spacer. The initial current in the
source with the tunnel junction is nearly 5—6 times
lower than in the one with the magnetic junction in
which magnetic layers in direct contact were used. In
addition, a much weaker current is needed at a given
voltage to achieve the same radiation power; i.e., the
efficiency of the source with the tunnel junction is
higher.
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Fig. 3. Dependence of radiation power W4 on current /.
Curve [ shows the radiation power when using the tunnel
magnetic junction; curve 2, the radiation power of the
rod—film structure.

Numerical estimates can help us compare the effi-
ciency of the given radiation sources. We estimate the
power consumed by the sources and providing equal
signal powers of 2 UW. For the tunnel magnetic junc-
tion, we obtain U= 5.6 V, /=45mA, and W=0.25W;
for the rod—film structure, U= 6V, / = 270 mA, and
W= 1.6 W. The efficiency of the source with the tun-
nel junction is thus nearly 6 times higher than that of
the one with the direct contact between layers. The
initial currents in the investigated generators also differ
by nearly 6 times. On the whole, the efficiency of the
generator with the tunnel junction is about 6 times
greater than that of the source based on the rod—film
structure. Note too that the resistances of the studied
sources also differ sixfold. Assuming that the drop in
interface voltage in the magnetic junction was propor-
tional to its resistance, we obtain a direct correlation
with the generator’s efficiency.

The efficiency of a spin-injector source is generally
related to the jump in potential that arises at the inter-
face between magnetic layers and pulls minor elec-
trons from the operating region to high-energy levels
above the equilibrium Fermi level. As the difference
between potentials increases, the population of the
spin sub-bands above the equilibrium Fermi level also
grows, and the number of quantum transitions occur-
ring per unit of time increase, along with the energy of
the emitted quanta.

CONCLUSIONS

Our results demonstrate the effect the difference
between the potentials that arise at an interface
between magnetic layers has on the efficiency of a
spin-injector generator of radiation. Energy levels
above the equilibrium Fermi level, occupied by elec-
trons with nonequilibrium spins, are determined by
this difference between potentials. The greater this
drop in voltage, the higher the efficiency of the radia-
tion source.
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