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FesSi/FeSiy/FesSi trilayered junctions were fabricated by facing targets direct-current sputtering
combined with a mask method, and the spin valve signals of the junctions were studied in the
temperature range from 50 to 300 K. Whereas the magnetoresistance ratio of giant
magnetoresistance and tunnel magnetoresistance junctions monotonically increases with
decreasing temperature, that of our samples has the maximum value around 80 K and decreases
with decreasing temperature at lower than 80 K, which might be due to an increase in the electrical
conductivity mismatch between the metallic FesSi layers and semiconducting FeSi; interlayer in
the low temperature range .

1. Introduction

Research on spin-based electronics (spintronics) that utilizes not only the electric charge of carriers
but also their spin has actively been progressed since the discovery of giant magnetoresistance
(GMR) [1,2] and tunnel magnetoresistance (TMR) [3,4] effects. These phenomena have already been
applied to magnetic heads and magnetic random access memories (MRAM).

Heterostructural junctions comprising ferromagnetic and semiconducting layers such as
GaMnAs/GaAs [5], GaMnAs/AlAs [6,7], Fe/Si [8,9,10], and Fe/FeixSix [11,12] has received
attention from physical and practical viewpoints, since the electric state of semiconductors is
changeable by irradiating and heating (cooling), resulting in a change in the magnetoresistance (MR)
effect.

The Fe-Si system has various phases such as semiconducting -FeSi,, amorphous and
nanocrystalline FeSi>, nonmagnetic metallic FeSi, and ferromagnetic FesSi. Recently, FesSi has been
employed as a spin injection electrode in Co60Fe40/AlIOx/FesSi tunnel junctions [13] and in spin
injection to Si [14]. We have studied spintronics based on a Fe-Si system comprising ferromagnetic
FesSi and semiconducting FeSi, thus far [15,16,17,18,19,20,21,22,23,24,25,26]. The combination of
FesSi and FeSi; has the following merits [15,16,17,27,28]: (i) the spin injection efficiency might be
higher than that in TMR junctions, because the mismatch of the electrical conductivities is less than
an order of magnitude, and d electrons contribute to electrical conduction in both layers, (ii) FesSi
can be epitaxially grown on Si(111) substrates even at room substrate temperature, which is
beneficial to the coherent transportation of spin-polarized electrons, and (iii) FesSi is feasible for a
practical use since it has a high Curie temperature of 840 K and a large saturation magnetization
which is half of that of Fe. Additionally, FeSi, has a large optical absorption coefficient, which is two
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orders of magnitude larger than that of Si at 1.2 eV.

The MR ratio is an important factor for spin valve junctions, and the value is dependent on
temperature. For example, Sakuraba et al. reported the TMR ratio of Co.MnSi/Al-O/Co,MnSi
magnetic tunnel junctions dramatically increases with decreasing temperature from 67 % at 300 K
to 570 % at 2 K [29]. The origin of the temperature-dependent TMR ratio has been discussed as (i)
an increase in the tunneling conductance for an antiparallel alignment due to spin-flip scattering by
thermally excited magnons [30] and (ii) a reduction in the exchange energy of Co at interfaces with
barriers [31]. For GMR junctions, the GMR ratio monotonically increases with decreasing
temperature [32,33]. There have been few reports on the temperature dependence of the MR ratio for
spin valves comprising ferromagnetic and semiconducting layers thus far.

The electrical injection of spin-polarized carriers into semiconductors has received much
attention from the viewpoints of physics and application to spintronics devices, and has actively been
studied theoretically and experimentally. It is well known that a huge electrical conductivity
mismatch between ferromagnetic metallic and semiconducting layers makes the spin injection
efficiency drop off rapidly [34]. To overcome this problem, the formation of Schottky barriers at
interfaces and the physical insertion of discrete insulating layer between ferromagnetic and
semiconducting layers have been proposed [35,36]. On the other hand, uniquely, a specific to our
spin valves is that the mismatch of the electrical conductivities between ferromagnetic FesSi and
semiconducting FeSi; is less than an order of magnitude.

In this research, the temperature dependence of the MR ratio for FesSi/FeSi,/FesSi trilayered
spin valve junctions was experimentally studied. We report that the MR ratio decreases with
decreasing temperature at lower than 80 K, which is distinctively different from those of GMR and
TMR junctions and which might be attributable to enlarged conductivity mismatch between
ferromagnetic metallic FesSi and semiconducting FeSi. layers at the low temperature.
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Fig. 1. (a) Schematic diagram of deposition procedure of FesSi/FeSi»/FesSi junction, (b) top view of the
junction, and (c) electrical circuit for measuring electrical resistance of the junction.
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2. Experimental methods

FesSi (700 nm)/FeSiz (10 nm)/FesSi (100 nm) trilayered films were deposited by facing targets direct-
current sputtering (FTDCS) combined with a mask method, as shown in Fig. 1(a). First, a p-type
Si(111) substrate with specific resistance range of 1000-3000 Q-cm, which was produced by the
floating zone (FZ) method, was cleaned with 1% hydrofluoric acid and rinsed in deionized water
before it was set into a chamber of FTDCS apparatus. The bottom FesSi layer (100 nm) was deposited
on the Si (111) substrate, using the 1st mask with a line width of 0.4 mm. After that, the samples
were temporarily taken out from the apparatus for the replacement of the mask. And the FeSi» (10
nm) interlayer and top FesSi (700 nm) layers were successively deposited with 2nd mask. A resultant
junction area is 0.16 mm?. All depositions were performed at a substrate temperature of 300 °C. The
base pressure was lower than 3 x 10 Pa and the film deposition was carried out at constant pressure
of 1.33 x 10 Pa.

After the deposition, the crystalline structures of the junctions were characterized by X-ray
diffraction (XRD) using Cu Ka radiation. The magnetization curves were measured by a vibrating
sample magnetometer (VSM) at room temperature, and the external magnetic field was applied in-
plane and parallel to the long side of the bottom FesSi layers. It corresponds to the horizontal direction
in Fig. 1(b). To investigate the temperature dependence of spin valve effects in the junctions, the
magnetization and MR curves of the junctions were measured by a superconducting quantum
interference device (SQUID) in the temperature range from 300 down to 5 K. In the MR curve
measurement, as shown in Fig. 1(c), the electrical resistance was calculated from the voltage between
the top and bottom FesSi layers measured under a fixed current of 10 mA.

3. Results and discussion

Figures 2(a) and 2(b) show XRD patterns measured in 26 with an incidence angle of 1.5 ° and in 26-
0, respectively. The 20-0 pattern exhibits FesSi-220 and 222 peaks, and the 26 pattern exhibits FesSi-
220 and 400 peaks. Here, the index for Fes;Si was based on DOs-FesSi lattices. The FesSi-220 peak
is attributable to non-oriented crystallites. The inset of Fig. 2(b) shows a pole-figure concerning the
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Fig. 2. XRD patterns of FesSi/FeSiz/FesSi junction, measured in (a) 260-0 and (b) 20. Inset shows pole
figure concerning FesSi-422 planes.
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Fig. 3. Typical magnetization curve of FesSi/FeSi./FesSi junction, measured at room temperature.

FesSi-422 plane with a rotation axis of FesSi[222]. It was confirmed that oriented crystallites are also
in-plane ordered. In our previous study, we confirmed that B2-type FesSi layers are epitaxially grown
from the first layer on Si(111) up to the top layer across the FeSi, layer with the same orientation
relationship as the first layer for structurally similar films, by transmission electron microscopy [16].
Totally considering the results including those of our previous research, wherein FesSi thin films are
epitaxially grown on Si(111) substrate even at room temperature [16], the bottom FesSi layer should
epitaxially be grown on the Si(111) substrate. On the other hand, although the top FesSi thick layer
deposited on FeSi, layer might partially be oriented with the same orientation relationship as the
bottom layer, it might be predominantly polycrystalline due to the temporal exposure to air for the
replacement of the masks.

A typical magnetization curve of the junction is shown in Fig. 3. The shape of the
magnetization curve has clear steps that evidently indicate the formation of antiparallel alignment of
magnetizations owing to the difference in the coercive force between the top and bottom FesSi layers,
which was similarly observed at low temperatures. The soft ferromagnetic layers should be the
bottom FesSi layer epitaxially grown on Si(111) from the previous study [19,22,25]. The top FesSi
layer comprising polycrystalline grains and oriented grains with the same orientation relationship
with the epitaxial FesSi grains in the bottom layer probably has the larger coercive force. In addition,
note that a large difference in the thickness between the top and bottom layers might facilitate the
generation of the coercive force difference.

The MR curves of the junction were measured at different temperatures. Figure 4(a) and 4(b)
show the survey plots of the MR curves in serial resistance and the temperature dependence of the
serial resistance under the parallel alignment of magnetizations (at 8 Oe). The MR curves weakly
exhibit spin valve signals around zero magnetic field. The serial resistance decreases with decreasing
temperature, which indicates that an increase in the electrical resistivity of the FeSi, layer with
decreasing temperature is negligibly small as compared with a decrease in the electrical resistivity of
both FesSi layers, since the thickness (10 nm) of the FeSi, layer is much smaller than the total
thickness (800 nm) of the top and bottom FesSi layers.

However, as shown in Fig. 4(b), the change of the serial resistance for temperature is not
proportional in the temperature range of lower than 80 K, which implies the electrical contribution
of the semiconducting FeSi, layer. Figure 5 shows the temperature dependence of the electrical
resistivity of a 100 nm FeSi. monolayer film deposited on a quartz substrate by FTDCS. The
deposition was carried out at the same preparation conditions as that of the FeSi, layer of the junction.
The electrical resistivity increases with decreasing temperature, which is a semiconducting behavior.
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Fig. 4. (a) Survey MR curves of Fes;Si/FeSiy/FesSi junction, measured at temperatures of 300, 200,
100, 77, and 5 K. (b) Temperature dependence of junction serial resistance.
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Fig. 5. Change in electrical resistivity of 100 nm FeSi» monolayer film deposited on quartz substrate
at the same preparation conditions as that of FeSi, layer of FesSi/FeSi./FesSi junction by FTDCS.

Although totally-800-nm-thickness FesSi layers predominantly determine the serial resistance of the
junction, an increase in the electrical resistance of the 10 nm FeSi. layer should affect the junction
serial resistance at the low temperatures of less than 80 K.

The MR curves shown in Fig. 4(a) are plotted in MR ratio in Fig. 6. All MR curves at the
different temperatures clearly exhibit spin valve signals induced by a change in the magnetization
alignment. Generally, the MR ratio monotonically increases with decreasing temperature or saturates
at low temperatures due to the suppression of electron-phonon scattering [37]. On the other hand, in
our study, the MR ratio has the maximum around 80 K, as shown in Fig. 7, which is distinctively
different from the temperature dependence in the MR ratio of GMR and TMR junctions.

As a reason for the decrease in the MR ratio at temperatures of lower than 80 K, we consider
an enlarged mismatch in the electrical conductivity between the ferromagnetic metallic FesSi and
semiconducting FeSi; layers. For GMR junctions comprising only metallic layers, the conductivity
mismatch between ferromagnetic and nonmagnetic layers hardly changes, because the electrical
conductivity of all layers monotonically decreases with decreasing temperature. On the other hand,
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Fig. 6. MR curves of FesSi/FeSiy/FesSi junction, measured at 300, 200, 100, 77, and 5 K.
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Fig. 7. Change in MR ratio with temperature.

for the junctions comprising the metallic FesSi and semiconducting FeSi. layers in our study, the
FesSi and FeSi; layers show opposite temperature-dependences in the electrical resistivity. Owing to
their behaviors, the conductivity mismatch gradually increases with decreasing temperature. At the
low temperatures of lower than 80 K, the enlarged mismatch should degrade the injection of spin-
polarized carriers, which might result in the decrease in the MR ratio.



JJAP Conf. Proc. 5, 011501 (2017) 011501-7

4. Conclusion

FesSi/FeSi,/FesSi trilayered junctions were prepared by FTDCS, and the temperature-dependent spin
valve behaviors of the junctions were studied experimentally. The MR ratio has a maximum around
80 K and decreases with decreasing temperature at temperatures of lower than 80 K. This might be
because of the degraded injection of spin polarized carriers, which is probably caused by enlarged
conductivity mismatches between the metallic FesSi and semiconducting FeSi, layers at the low
temperatures.
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