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Abstract—A series of thin films of Si; _ . Mn, alloys with a thickness from 50 to 100 nm grown by pulsed laser
deposition on an Al,O; substrate in vacuum and in an argon atmosphere is investigated. The significant effect
of the buffer-gas pressure in the sputtering chamber on the structural and magnetic homogeneity of the
obtained films is shown. The conditions for the formation of a ferromagnetic phase with a high Curie tem-
perature (>300 K) in the samples are studied. With the use of the Langmuir probe method, the threshold of
ablation of a MnSi target by second harmonic radiation (A = 532 nm) of a Nd:YAG Q-switch laser is deter-
mined. The time-of-flight curves for the plume ions are obtained with a change in the energy density at the
target and argon pressure in the sputtering chamber. A nonmonotonic dependence of the probe time-of-
flight signal amplitude on the argon pressure is established for high-energy particles of the plume.
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1. INTRODUCTION

Silicon-containing thin-film magnetic semicon-
ductors are attractive for the development of elements
of spintronics, since they can be readily integrated in
modern microelectronic technology [1]. Recently, the
possibility of increasing the density of elements in data
storage and processing devices based on helical ferro-
magnets was revealed [2]. One such material is €-
MnSi, in which, at a temperature of 26 to 28 K, some-
what lower than the Curie point T, = 29.5 K, stable
arrays of isolated magnetization vortices, so-called
magnetic skyrmions, were discovered. These magnetic
skyrmions are capable of moving at low current densi-
ties (~10%> A/cm?) [3, 4]. A short while ago, it was
established that, in thin-film samples of Si; _ ,Mn,
with a small excess of Mn (x = 0.52—0.55) obtained by
pulsed laser deposition (PLD), the Curie temperature
is T2 300 K; i.e., a small deviation from the stoichio-
metric composition of MnSi leads to an order of mag-
nitude increase in the T, value compared to that of

€-MnSi [5, 6]. Later investigations [7, 8] revealed that
these films, in addition to a high-temperature ferro-
magnetic (FM) phase, can include a low-temperature
FM phase, the formation of which can depend on both
the energy of deposited particles and the value of non-
stoichiometry of the Si, _ ,Mn, films. Therefore, con-
trolling the particle energy during deposition and the
possibility of a controlled variation in the Si; _ ,Mn,
film composition are an important issue in obtaining
single-phase thin-film samples with a high Curie tem-
perature. In the present work, to tackle this issue, a
series of Si; _ Mn, thin films obtained by a droplet-
free PLD technique at different argon pressures in a
sputtering chamber are investigated.

2. RESULTS AND THEIR DISCUSSION

Using argon as a buffer gas, which possesses an
atomic weight close to that of silicon and manganese,
makes it possible to decrease the energy of particles
leaving the target in the process of ablation and change
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Fig. 1. Time-of-flight probe curves obtained for various
energy densities W for a MnSi target subjected to ablation:

(D 0.8,(2)3.1,(3) 7.5, (4 10.7,and (5) 12.4 J/cmz. In the
inset, the probe-signal amplitude versus the energy density

W at the target is shown.

the diagram of their expansion, which provides a
smooth variation in the deposited-film composition.
By means of the Langmuir probe technique, the
velocity distribution function of charged particles of
the plume at different argon pressures was determined.
Figure 1 shows the time-of-flight probe curves (time
dependences of the probe-signal amplitude) obtained
when a MnSi target was ablated with the second har-
monic radiation (A = 532 nm) of a Q-switched
Nd:YAG laser; the curves demonstrate the impact of
the energy density at the target in the range of W =
0.7—12.4 J/cm?. The probe signal increases steadily
within the entire considered time range. The probe
investigations allowed us to determine the threshold
energy density of target ablation, which is W =
0.8 J/cm?.

The amplitude of the probe time-of-flight signal
for high-energy particles of the plume depends on two
factors [9]: (I) the ionization of argon atoms upon col-
lisions with high-energy manganese and silicon ions
and (II) the scattering of plume ions at atoms of the
buffer gas (argon). The first mechanism, increasing
the probe-signal amplitude, dominates at low argon
pressures, and the second mechanism, decreasing the
probe signal, starts to dominate with an increase in the
buffer-gas pressure. For this reason, the dependence
of the probe time-of-flight signal amplitude on the
argon pressure for high-energy particles of the plume
is nonmonotonic (Fig. 2). The nonmonotonic depen-
dence of the probe time-of-flight signal amplitude on
the argon pressure for high-energy particles of the
plume is determined by the combined contribution of
these two processes. The effect of an increase in the
signal amplitude is observed at such pressures when
the free path of plume ions with an energy higher than
the ionization potential of an argon atom is longer or
comparable to the probe—target distance. A decrease
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Fig. 2. Time-of-flight probe-signal amplitude of the MnSi
target versus the argon pressure. The dots are the experi-
mental data and the line is the approximation.

in the signal amplitude is observed at higher argon
pressures.

The time-of-flight signal of the probe current is
expressed as [10]

i(t) = 0.5sen(t)v,

where s is the probe’s lateral surface area, e is the ele-
mentary charge, and v is the velocity of ions near the
probe. The velocity of ions arriving at the probe at the
moment # is

v(t) =1/t
and the time-of-flight signal can be expressed through
the charge-density distribution in the plume passing
by the probe

n(r) = 2i(t)e/(sel),

where / is the probe—target distance. From the time-
of-flight curves, the distribution functions of charged
particles over the emission velocity are determined for
different buffer-gas (argon) pressures in the vacuum
chamber, which is illustrated in Fig. 3. With increasing
buffer-gas pressure, the concentration of charged par-
ticles on the plume axis decreases due to scattering at
atoms of the buffer gas and the velocity of charged par-
ticles decreases because of collisions.

To reveal the optimal conditions for obtaining sin-
gle-phase Si, _ ,Mn, ferromagnetic layers with a Curie
temperature apt for practical applications, their com-
position, structural features, and electrophysical and
magnetic properties are investigated.

The composition and structure of the films were
investigated by X-ray photoelectron spectroscopy
(XPS). Figure 4 illustrates the normalized spectra of
the investigated Si; _ ,Mn, samples obtained at differ-
ent argon pressures (the spectra are normalized to the
intensity of the Mn 3p line). As one can see from
Fig. 4, the amplitude of the Si 2p peak depends on the
argon pressure, which is evidence of a decrease in the
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Fig. 3. Distribution function of charged particles over the
expansion velocity at different buffer-gas (argon) pressures

in the vacuum chamber: (1) 6 x 1072, (2) 4.8 x 1072,
(3)2.4 x 1072, and (4) 5.4 x 10~* Torr. The laser energy
density on the target is W= 3] /cmz.

silicon content of the Si; _ ,Mn, films with increasing
Ar pressure.

The magnetic properties of the films were studied
by SQUID magnetometry and ferromagnetic reso-
nance (FMR) in the temperature range of 4—300 K.
The FMR measurements were taken at a frequency of
17.4 GHz in a magnetic field with a strength of up to
10 kOe.

The results of FMR investigations at room tem-
perature for the series of samples Si; _ ,Mn, obtained
at different argon pressures in the sputtering chamber
are shown in Fig. 5. The positions and shapes of the
FMR line differ significantly for the films grown at
different buffer-gas (argon) pressures. The most
intense absorption peak, shifted to the left of the cal-
culated position of paramagnetic resonance, is
observed with the sample obtained at an argon pres-
sure of P= 8.5 X 10~° Torr (W= 6.8 J/cm?). The other
samples exhibit a weak paramagnetic peak. The most
intense paramagnetic signal is that of the sample
obtained at P = 5.4 x 10~* Torr and W = 7.4 J/cm?
(the fourth curve from the top in Fig. 5).

The temperature dependence of the demagnetiza-
tion field 4nM (T) for the sample obtained at P =
8.5 x 10~° Torr (W = 6.8 J/cm?) is described well by a
simplified Brillouin function with a Curie point higher
than room temperature 7, = 310 K (Fig. 6). Such a
behavior indicates that a homogeneous high-tempera-
ture FM phase forms in the film. Additional confir-
mation of the homogeneity of the films grown at low P
values is the behavior of the FMR line with tempera-
ture. When the temperature is decreased, the FMR
shows a rather narrow absorption peak (see the inset in
Fig. 6). With an increase in the buffer-gas pressure, the
FMR line broadens considerably. The dependence
M (T) takes on a more complicated shape
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Fig. 4. Normalized XPS spectra of the investigated
Si; _ ,Mn, samples, obtained at different argon pressures P:

(1)8.5% 107, (2) 5.4 x 1075, and (3) 1.0 x 102 Torr.
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Fig. 5. Experimental ferromagnetic resonance (FMR)
spectra at room temperature for Si; _ ,Mn, films, obtained

at different argon pressures in the growth chamber. The
vertical dashed line marks the calculated position of the

paramagnetic resonance (PM).

described by two Curie temperatures — 7, = 60 K and
T = 250 K — which suggests that several FM phases
coexist in the film. A further increase in the pressure P
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Fig. 6. Temperature dependence of the effective anisot-
ropy field 4nM s for films grown at different buffer-gas

(argon) pressures: P = 8.5 X 107° and 5.4 x 10~* Torr.
In the inset, FMR spectra for the three samples obtained
at different Ar pressures are exemplified: (/) 8.5 X 10’6,
(2)5.4 % 107%, and (3) 1.0 x 10~2 Torr.

leads to the complete suppression of ferromagnetism
in the film.

3. CONCLUSIONS

In the work, the effect of the buffer-gas (argon)
pressure on the composition and magnetic properties
of Si; _ ,Mn, thin films obtained by pulsed laser depo-
sition from MnSi targets using the second harmonic
radiation of a Nd:YAG laser is investigated. By means
of X-ray photoelectron spectroscopy it is demon-
strated that an increase in the argon pressure leads to a
decrease in the relative silicon concentration in the
film and a decrease in the energy of deposited parti-
cles. An unexpected result was that low buffer-gas
pressures in the growth chamber and relatively high
laser energy densities on the target (W = 7 J/cm?)
encourage the formation of a homogeneous high-tem-
perature FM phase in the film. Meanwhile, an
increase in the argon pressure, leading to a significant
decrease in the energy of deposited particles, results in
the formation of an extra low-temperature FM phase
and, at the same time, favors a noticeable decrease in
the Curie point for a high-temperature FM phase.

The mechanism of the influence of the energy of
deposited atoms on the growth of Si; _ ,Mn, (x = 0.5)
layers is currently not completely clear. It may be pos-
sible that the results are due to a difference in the coef-
ficients of the adhesion of Mn and Si atoms to an
Al,O; substrate during their deposition and a strong
difference in the MnSi and Al,O; substrate lattice con-
stants (about 10% [8]), which determine the growth of
smaller crystallites at high rates of MnSi deposition
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and the formation of a high-temperature FM phase
uniform in thickness. In this context, further research
is necessary, in particular, investigation of the effect of
substrates (lattice mismatch) on the FM properties of
Si; _  Mn, (x = 0.5) layers.
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