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Abstract—The terahertz radiation in the Fe/Mo magnetic transition, which occurs when pumping the upper
spin subzone in the Fe/Mo interface with a high-density current, has been investigated. The tensor character
of the exchange interaction constant on the Fe/Mo interface associated with the presence of the
Dzyaloshinskii—Moriya interaction, contributes to radiative relaxation.

Keywords: terahertz radiation, spin-polarized current, anisotropic exchange interaction, Dzyaloshinskii—

Moriya interaction
DOI: 10.1134/S1063783421090432

1. INTRODUCTION

Nowadays, the surface magnetic phenomena at
the ferromagnetic—heavy metal interfaces [1, 2]
associated with the emergence of the Dzyaloshin-
skii—Moriya (DM) interaction, introduced by
Dzyaloshinskii [3] from phenomenological consider-
ations and obtained by Moriya [4] as an effect of spin-
orbital interaction, are of significant scientific interest.
These phenomena can be interesting from the practi-
cal point of view, for example, for generating terahertz
radiation due to the spin-flip transitions of conduction
electrons between the subzones with opposite spins [3,
6] similar to those occurring in the ferromagnetic-fer-
romagnetic contacts in the presence of a spin-polar-
ized current passing through them. In this case, as is
shown in [7], the probability of radiative transitions is
significantly influenced by the anisotropy of the
sd-exchange interaction of conduction electrons with
d-electrons of atoms responsible for lattice magne-
tism. Usually, it is assumed that the exchange interac-
tion is isotropic, however, this is not necessarily the
case for the sd-exchange interaction. Shiba [8] was the
first to point out the possibility of the anisotropy of the
sd-exchange interaction when considering the Kondo
effect in metals with ferromagnetic impurities. He rep-
resented the exchange constant in the Heisenberg
Hamiltonian as a tensor with nonzero nondiagonal
components, which indicates the possibility of spin-
polarization of the electron flow and, thereby, the
excitation of electromagnetic oscillations due to spin-
flip transitions.

In our earlier works, we searched for the materials
and structures in which the terahertz radiation due to

the spin-injection mechanism could be clearly distin-
guished against the thermal background. In particular,
in addition to the “rod-film” structure, island films of
ferromagnetic metal were used, in which the gaps
between the islands were filled with an antiferromag-
net [9]. Instead of an antiferromagnet, it would also be
possible to use a heavy metal in which there is a strong
spin-orbital interaction due to which the anisotropy of
exchange interaction can be realized at the boundary
with iron. It was planned to produce the structures
with Fe/Mo/Fe and Fe/W/Fe transitions, where a
thin layer of W or Mo would affect Fe, creating an
anisotropic exchange interaction. In Mo, the value of
the spin-orbital interaction constant is much smaller
than that in W. However, this may be an advantage,
since the spin relaxation length in Mo is larger, and the
electron, having passed through the Mo layer without
losing its polarization, will reach another boundary of
Fe; at that, the s—d-exchange interaction at the
Fe/Mo interface will be anisotropic.

It was found in [10] that the DMI constant at the
Mo/CoFeB interface is|D| = 0.35 mJ/m?, which is sev-
eral times smaller than the known values 0.6—
2.9 mJ/m? for the Pt/Co interface (see [10] and refer-
ences there) and 4 mJ/m? for Fe/W(110) [11]. To esti-
mate the DMI constant at the Fe/Mo interface, it is
possible to assume that |[D| = 0.35 mJ/m?, which is by
one order of magnitude smaller than that for Fe/W.

At first, it was necessary to verify what would hap-
pen if electrons were injected directly from the ferro-
magnetic into the heavy metal. In this work, the
authors investigated a spin-injection emitter with a
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Fig. 1. Spin-injection emitter with a “rod-film” structure.
(1) the ferromagnetic rod (Fe) with a tip diameter of
10—50 um; (2) the film (Mo) at a dielectric substrate;
(3) the substrate holder; (4) the dielectric base of the emit-
ter; (5) the meniscus focusing lens; (6) the lens holder. The
arrows show the radiation flux.

Fe/Mo magnetic transition. The first results of this
investigation are presented and an attempt is made to
explain the occurrence of terahertz radiation in such a
system.

2. EXPERIMENTAL

In the rod-film radiator [12] (Fig. 1), a rod of Fe
with a sharp end with a diameter of 20 um and films of
Mo with a thickness of 20 and 15 nm grown on the
R-plane of a sapphire by pulsed laser evaporation in an
ultrahigh vacuum were used. The sharp end of the rod
was brought to the film surface until getting a good
electrical contact between them. When a potential dif-
ference was applied between the rod (/) and the sub-
strate holder (3) contacting with the film (2), current
was flowing through the contact. According to our
estimations, a current density of at least 10° A/cm? is
required to excite terahertz radiation in the Fe/Mo
transition. The highest current density is reached in
the film over the diameter of the rod tip, where the
electrically conducting cross section is S = DA (D is
the diameter of the rod tip, A is the film thickness).
The main condition determining the film thickness is
its transparency for terahertz radiation, i.e., it should
be smaller than the skin-layer thickness, which is
about 30 nm for terahertz frequencies. Based on this,
the diameter of the rod tip providing the required cur-
rent density for excitation of non-thermal radiation,
must not exceed D < 50 um.

Magnetic domains in the ferromagnetic rod are
aligned along its axis due to the anisotropy of its shape.
As aresult, the electrons that carry the current flowing
through the rod are spin-polarized along this direc-
tion. The radiation generated in the Fe/Mo contact
area was focused by means of a meniscus lens of high-
ohmic Si 5 for terahertz radiation and directed to the
registering detector—the TYDEX OAP-GC1P (Golay
cell) optoacoustic receiver. The used signal receiver is
not frequency selective and is capable of detecting

radiation in a wide wavelength range from 10 um to
8 mm. To cut off a long-wave signal, a low-frequency
filter in the form of a metal grid with 125 X 125-um
cells was used. The TYDEX high-frequency polymer
filter was also used for cutting off the frequencies
above 10 THz. Then, the signal from the detector was
amplified, digitized at the analog-to-digital converter
AKTAKOM and transmitted to a personal computer.
The parameters of the supply voltage and current were
also recorded there. Thus, by varying the current, it
was possible to see in real time the response of the
radiation-forming structure to this change in the cur-
rent. The signal spectrum was investigated by means of
a 40-um diffraction grating. The spectral measure-
ment technique is described more in detail in [13].

3. RESULTS

Figure 2 shows the time dependencies of the jump-
wise change in the current flowing through the speci-
men and the radiation power recalculated to micro-
watts recorded by the Golay cell for the analyzed tera-
hertz emitter. Analyzing the character of the change in
the radiation power due to the jump-wise change in
the current shown in Fig. 2a, it is possible to distin-
guish two following regions: a region with a smooth
increase in the power and a region with a sharp change
in the power.

It should be noted that the jump-wise character
becomes increasingly pronounced with growing cur-
rent. This gives grounds to our assumption that the
steepness of the increase in the power under study is
related to the current density. At low currents of up to
100 mA (which corresponds to a current density j
lower than 107 A/cm?), the jumps are practically
absent. If this value is exceeded, they appear and pre-
vail at the values of current above 200 mA (j = 2.5 X
10” A/cm?). Based on the results previously obtained,
we can assume that nonthermal radiation providing a
power jump occurs at a current density of higher than
107 A/cm?. An alternative to nonthermal radiation in
the terahertz range is thermal radiation whose power
increases relatively slowly as the emitter gets heated
(the region of smooth power increase in Fig. 2a).
Thus, when a current density value of 107 A/cm? is
exceeded, the thermal and dynamic components of
the signal can be clearly separated, according to the
character of their change in time. To verify this
assumption, an experiment was carried out with an
emitter providing only thermal radiation. Its tip diam-
eter was 90 um at which the current density decreased
by more than 5 times. At that, even at a current of
200 mA, the current density did not exceed its initial
value ~10” A/cm?. To increase radiator heating, the
film thickness was reduced down to 15 nm. As a result,
we observed only thermal radiation. Its time depen-
dence is shown in Fig. 2b. Based on it, we determined
the presence of nonthermal (dynamic) radiation
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Fig. 2. Time dependence of the radiation power W (curve
1) in the case of a jump-wise change in the current /
through the specimen (curve 2) at a Mo film thickness of
20 nm and a rod tip diameter of 15 um (a) and at a film
thickness of 15 nm and a tip diameter of 90 um (b).

according to a jump-wise increase in the signal ampli-
tude with a sharp change in the current. So, at a cur-
rent density higher than 107 A/cm?, it is possible to dis-
tinguish two regions characterizing different nature of
radiation on curve I of Fig. 2: a region of relatively fast
growth of the amplitude (dynamic radiation) and a
region of its smooth growth (thermal radiation). This
allows us to say that in the Fe/Mo transition, non-
thermal spin-injection radiation occurs. In the per-
formed experiment, at current of 480 mA, the power
W= 60 uW focused by means of a lens in the paraxial
bunch is recorded.

Figure 3 shows the amplitude-frequency character-
istic of the radiator measured by means of the diffrac-
tion grating. Since when using a diffraction grating,
the radiation power is distributed over the diffraction
spatial harmonics of the same frequency, the ampli-
tude of the first harmonic shown in Fig. 3, according
to which the radiation frequency is estimated, does not
correspond to the real radiation power. Therefore, in
Fig. 3, the value of radiation power is represented in
the units of the signal taken from the GC-1P receiver,
i.e., in millivolts. It is seen from Fig. 3 that the radia-
tion spectrum lies within a frequency range from 5 to
12 THz. The maximum signal frequency is f =
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Fig. 3. Amplitude-frequency characteristic of the spin-
injection emitter.

7.0 THz. The spectral curve width at a level of 3 dB
was 2.28 THz.

Taking into account the diffraction spreading of the
peak, this value should be considered as the bounded
above assumption. The presented curve is not
described by the Planck formula, since, according to
the Planck formula, the observed maximum radiation
power must correspond to the emitter heating tem-
perature of 300 K. In addition, the Planck curve for
this temperature is wider by more than one order of
magnitude. The maximum in the Planck distribution
for higher temperatures lies in the region of lower fre-
quencies. All this is evidence of a nonthermal charac-
ter of the detected radiation.

4. DISCUSSION

Due to the presence of the DM interaction at the
boundary for the system of bound electrons, the mag-
netization distribution will be inhomogeneous, which
will lead to an anisotropic exchange interaction
between the conduction and bound electrons of
molybdenum with induced magnetization [7, 14]. The
anisotropy of the exchange interaction means that the
exchange interaction constant becomes a tensor that
may have nondiagonal components. The magnitude
of these components will be related to the inhomoge-
neity of magnetization, namely, to the transverse com-
ponent of magnetization with respect to the direction
of the quantization axis of the system, which, in its
turn, is determined by the DM interaction constant.
Therefore, to describe the nondiagonal components of
the exchange interaction between the conduction and
bound electrons, we can, by analogy with the system of
bound electrons, write a Hamiltonian in the form of a
DM interaction, however, introducing another con-
stant. Let us denote it by D, The homogeneous
exchange interaction between a conduction electron
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Fig. 4. Time dependence of the radiation power W (curve /)
in the case of a jump-wise change in the current / through
the specimen (curve 2) at a Mo film thickness of 20 nm and
a rod tip diameter of 15 um (a) and at a film thickness of
15 nm and a tip diameter of 90 um (b).

and a localized electron of the lattice can be repre-
sented as follows [15]:

Hex =_JSI 'Sz. (1)

As was mentioned above, by analogy with the sys-
tem of bound electrons, we can represent the anisot-
ropy of the exchange interaction between the conduc-
tion and bound electrons in the following form [1]:

Hpy = Dy(S) X S,). (2)

Adding the DM term to the Heisenberg Hamilto-
nian allows us to represent the effective exchange
interaction in the tensor form as follows:

J Dsd3 _Dsd2
J=|-Dy J Dy | (3
Dsd2 _Dsdl J

where J is the Heisenberg exchange interaction con-
stant, D, D,s, and D, are the components of the
Dzyaloshinskii vector for the interaction between the
conduction and bound electrons. Here, we act by
analogy with [3], where it was shown that consider-
ation of the spin-orbital interaction in the first-order
approximation gives an addition to the exchange inter-
action in the form (4); in the higher-order approxima-
tions, the exchange interaction constant becomes a
tensor of general form. As is shown in [7], the presence

of the transverse component of the exchange field
causes a significant effect on the number of quantum
spin-flip transitions of conduction electrons. If there
is a transverse component of the exchange field, the
transition probability (the number of transitions per
unit time) increases by three orders of magnitude.

To explain the occurrence of spin-injection radia-
tion, we assume that the induced spin polarization of
electrons occurs in Mo near the contact with Fe [16].
In [14], generation of terahertz radiation due to the
transition of conduction electrons between spin sub-
zones in the noncollinear ferrimagnet with a heli-
coidal magnetic structure was considered. At that, the
electrons with a nonequilibrium spin polarization
should be pumped into it from a ferromagnetic injec-
tor. The connection of spin and orbital degrees of free-
dom in the proposed system is attained due to spatially
inhomogeneous noncollinear distribution of magneti-
zation. Owing to this, the sd-exchange interaction
constant will depend on the quasi-momentum of d- or
f-electrons.

We consider electron injection into the Fe/Mo
boundary region. In Mo, there is a strong spin-orbital
interaction, as a result of which the DM-type interac-
tion of conduction electrons occurs at the Fe/Mo
interface [1, 17] and a noncollinear magnetization dis-
tribution can also be realized. It is clear, first, that
electrons are injected into both spin subzones of the
“working” ferromagnet (Mo) even in the case where
the magnetizations of both ferromagnets are parallel
(the collinearity of the Mo magnetization and the Fe
magnetization may be absent because of the presence
of DMI; hence, additional investigations are needed).
However, in the case of the parallel orientation of
magnetization of ferromagnets, a greater amount of
electrons “will be injected into the lower spin subzone
than into the upper spin subzone”. But even in this
case, owing to the spin relaxation to the equilibrium
state [18] (the tensor character of the exchange inter-
action constant contributes to this process), sponta-
neous photon emission occurs. A thinner film does
not exhibit the jump-wise increase in the radiation
power not only because of an insufficient current den-
sity (as was mentioned above), but also because of the
fact that, in our opinion, at small thicknesses, a very
sharp increase (by 2—3 times [19]) in the film resistiv-
ity occurs even at room temperature. As a result, the
film is heated much more intensively and the contri-
bution of spin injection is not noticeable against the
background of thermal radiation. To verify this
hypothesis, further investigations are needed.

5. CONCLUSIONS

The results obtained point out that the observed
terahertz radiation in the Fe/Mo magnetic transition
has a nonthermal spin-injection mechanism. It occurs
due to the pumping of the upper spin subzone in the
boundary Fe/Mo layer with a high-density current. In
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this case, the tensor character of the exchange interac-
tion at the Fe/Mo interface associated with the pres-
ence of the DM interaction contributes to the radiative
relaxation of conduction electrons from the upper spin
subzone of induced ferromagnetism to the lower spin
subzone. The results obtained can be used to create
coherent and noncoherent sources of terahertz radia-
tion. This is especially relevant, since until now, this
frequency range (1—30 THz) remains rarely used
because of the absence of accessible, simple, and reli-
able sources and receivers of terahertz signals.
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