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Changes of interlayer exchange coupling in Fe/Si/Fe trilayer structure by photo-irradiation
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The interlayer exchange coupling of the room-temperature-grown Fe/Si/Fe trilayer structure was studied by
using spin-polarized secondary-electron microscopy. For the nominal Si spacer thickness in the 0.5-5.0 nm range,
the interlayer exchange coupling between the Fe layers measured at room temperature was always ferromagnetic,
and had a maximum at the nominal Si spacer thickness of 1.3 nm. By the laser irradiation (A = 532 nm and the
intensity of 28.4 mW/mm?), the interlayer exchange coupling weakened at the spacer thickness below 2.7 nm,
while the ferromagnetic coupling between the Fe layers still remained. These phenomena can be qualitatively
understood by the assisted tunneling theory with spin-flip processes in the semiconducting spacer layer.
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I. INTRODUCTION

The research fields of spintronics have opened the horizon
of device applications utilizing the spin degree of free-
dom. Since the discovery of oscillatory interlayer exchange
coupling! and giant magnetoresistance (GMR)? in multilayer
structures with ferromagnetic metals (FM) separated by
nonmagnetic materials, a wide variety of artificial multilayer
structures has been intensively studied.’”” At the first stage
of research on artificial multilayer structures, FM separated
by nonmagnetic metals (NM) has been studied to explore
the GMR effects and the behavior of interlayer exchange
interaction as a function of the thickness of NM layers. Then
semiconductors (S) and insulators were used as a spacer layer
between FM layers.®~'> For the [FM/S], multilayer structures
(n is the number of periods), the strong temperature de-
pendence of interlayer exchange coupling and magnetization
reversal behavior were reported.”!*!3

[FM/S], multilayer structures also show an interlayer
exchange coupling as well as a NM spacer layer. For
multilayer structures with a S spacer layer, the strength of
interlayer exchange coupling depends on temperature.” The
sign and strength of the interlayer exchange coupling depend
on the condition of sample preparation.® In addition, Mattson
et al."” reported that the sign of interlayer exchange coupling
was modified by photo-irradiation at low temperature. The
transition from ferromagnetic to antiferromagnetic interlayer
exchange coupling by photo-irradiation was reported in Ref.
10. For the Fe/Si/Fe trilayer structure at room temperature
(RT), however, a detailed experimental report has not yet been
done on the dependence of interlayer exchange coupling on
the Si spacer thickness. For this system at RT, only Briner and
Landolt’® reported that the alternative change of the sign in the
interlayer exchange coupling was not observed.

To clarify the detailed behavior of the interlayer exchange
coupling as a function of Si spacer thickness under dark
and photo-irradiation conditions at RT, we have studied the
Fe/Si/Fe trilayer structure using spin-polarized secondary-
electron microscopy (SP-SEM). A nonmagnetic probe of
SP-SEM with a yoke of an electromagnet and a visible
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light laser enables us to determine the changes of interlayer
exchange coupling on Si spacer thickness under dark and light
conditions. To determine the interlayer exchange coupling,
the trilayer structure is useful because the interlayer exchange
coupling between two ferromagnetic layers is simply given as
follows:

Jex ZtMHEXv (1)

where Jex,t, M, and He are the interlayer exchange coupling,
the thickness of the top magnetic layer, magnetization, and
exchange bias field, respectively. In this work, we report on the
interlayer exchange coupling strength of the Fe/Si/Fe trilayer
structure at RT as a function of the Si spacer thickness under
dark and light conditions.

II. EXPERIMENT

The SP-SEM system'®!” has a field-emission gun
(FE-1000, EIKO engineering) and a medium-energy (25 kV)
Mott spin detector of retarding potential type. The primary
electron beam with 15 keV was incident at 45° from the
surface normal. The Mott spin detector measures two in-plane
components of polarization Py and Py, simultaneously, which
allows us to determine the direction of the magnetization
vector in the film plane. The spatial resolution of our SP-SEM
was 100 nm. A solenoid-coil electromagnet in the SP-SEM
chamber'® was replaced by a yoke of an electromagnet in
the present SP-SEM system.!” To apply a magnetic field to
the sample, the yoke of an electromagnet was used in this
work. Magnetic imaging of the sample in remanent states
after application of a magnetic field was performed under
ultrahigh vacuum (UHV) better than 4.0 x 10~'° Torr at RT.
The continuous wave second-harmonic-generated light of an
Nd-YAG laser (A = 532 nm) was irradiated onto the sample
from a viewing port of the SP-SEM system.

The Fe/Si/Fe trilayer structure was prepared in situ by
an e-beam deposition on a Cr (3 nm)/ native oxidized Si
substrate at RT. First, we deposited polycrystalline layers of
3-nm-thick Cr and 10-nm-thick Fe on the native oxidized
Si substrate in this sequence by using e-beam evaporators
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(EFM-3T, OMICRON) in the preparation chamber attached to
the SP-SEM. After the deposition, we checked the coercivity
(Hc) of the Fe layer by the SP-SEM. H¢ of the Fe layer
was found to be 23.2 Oe. Then we applied a magnetic
field of 59 Oe to prepare the single magnetic domain
state. After applying the magnetic field, we deposited the
amorphous Si spacer layer by using the e-beam evaporators
with a nominal thickness range of 0.5-6.0 nm on the
Fe(10 nm)/Cr(3 nm)/Si substrate through a moving slit. Finally
a 3-nm-thick Fe layer was deposited on the Si(0.5-6.0 nm)/
Fe(10 nm)/Cr(3 nm)/Si substrate. Deposition rates of Fe, Cr,
and Si were about 0.05 nm/min and were calibrated by a
quartz-oscillator film-thickness gauge. The pressure of the
preparation chamber was better than 4.0 x 10~'° Torr during
the evaporation.

III. RESULTS AND DISCUSSION

Figure 1 shows the magnetic images of the Fe /Si/Fe trilayer
structure in remanent states after applying a magnetic field. The
field of view of each image is 100 pum (y axis) x 2100 um (x
axis). The magnetic images in Fig. 1 display the magnetization
of the top Fe layer due to a probing depth of ~1 nm in
the SP-SEM measurements. The magnetization direction and
spin polarization (P,) are illustrated by dark (—y direction)
and bright (4y direction) contrast. The P, component is
negligibly weak in all the magnetic images. The magnetic
domain structure of Fe/Si/Fe was not affected by a magnetic
field applied to the —y direction up to 15.7 Oe. We note that
the as-made magnetic domain structure was the same as the
top magnetic image in Fig. 1. Furthermore, the magnetization
direction was oriented to the 4y direction for the entire Si
spacer thickness. This suggests that the interlayer exchange
coupling between the top and bottom Fe layers is always
ferromagnetic for the entire Si spacer thickness, while P, was
decreased around the Si spacer thickness of 1.5 nm. We note
that P, was negligibly weak in this experiment. The decrease of
P, around the Si spacer thickness of 1.5 nm may be due to the
noncollinear coupling between the top and bottom Fe layers,
or the net exchange interaction of ferromagnetic coupling
in which the ferromagnetic and antiferromagnetic coupled
states are mixed.'$1? In the spatial resolution of our SP-SEM,
the magnetic domain separation due to the above-mentioned
mechanism was not found. The magnetization reversal of the
top Fe layer occurred around the Si spacer thickness in the
range between 2.9 and 5.0 nm after applying the magnetic
field of 17.4 Oe. The reversed magnetization area expands
with increasing magnetic field. In the thin Si spacer region
(0.5-1.5 nm), the magnetization reversal started at the applied
field of 25.7 Oe. The magnetization for the entire Si spacer
thickness was completely reversed by applying the magnetic
field of 29.0 Oe. These results clearly show that the reversal
magnetic field for the Fe/Si/Fe trilayer structure depends on
the Si spacer thickness. In addition, the behavior of J for the
RT grown Fe/Si/Fe trilayer structure is different from that for
the low- temperature (LT) grown one. For the LT grown
Fe/Si/Fe trilayer structure, the oscillation of the interlayer
exchange coupling at LT has been reported in Refs. 8 and 9. In
the RT grown Fe/Si/Fe trilayer structure, the intermixing at the
interface between the Fe and Si layers has been reported, but
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FIG. 1. Magnetization reversal process of the Fe/Si/Fe trilayer
structure in the dark condition. The magnetic images were measured
in remanent states. Bright contrast corresponds to magnetization
along the +y direction, and dark contrast corresponds to that along the
—y direction. In the magnetization reversal measurements, magnetic
field was applied along the —y direction.

first we neglect the intermixing effect to discuss the interlayer
exchange coupling of the RT grown Fe/Si/Fe trilayer structure
for simplicity.

Figure 2 shows the magnetic images of the Fe/Si/Fe trilayer
structure in remanent states after applying a magnetic field
under photo-irradiation (A = 532 nm, 28.4 mW/mm?). The
field of view of each image is 100 um (y axis) x 1600 um
(x axis). By the photo-irradiation, the magnetization reversal
behavior seen in Fig. 2 was modified in comparison with that
seen in Fig. 1. In the thin Si spacer region (<3 nm) under the
photo-irradiation condition, one can see that the magnetization
reversal occurred by a slightly lower magnetic field than
that measured in the dark (non-photo-irradiation) condition.
We obtained the magnetization reversal fields for the entire
Si spacer thickness, and deduced the strength of interlayer
exchange coupling (/) for both the dark and photo-irradiation
conditions.

Figure 3 shows the distribution of J as a function of the Si
spacer thickness. Here we employed H.x in Eq. (1) as the H¢
difference between the top and bottom Fe layers. H¢ of the top
Fe layers was obtained from SP-SEM images. The magnitude
of J in the dark condition varied from 0.4 to 5.8 uJ/ m2, as seen
in Fig. 3. The magnitude of J is the same order in comparison
with other FM/S/FM trilayer structures as reported in Refs. 9
and 15. This result suggests that the intermixing of Fe and Si
is not significant, especially in the inside Si barrier layer. If the
intermixing is significant in the Si layer inside, Fe silicides will
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FIG. 2. Magnetization reversal process of the Fe/Si/Fe tri-
layer structure in the photo-irradiation condition (A = 532 nm,
28.4 mW/mm?). The magnetic images were measured in remanent
states.

be formed and the interlayer exchange coupling strength will
be enhanced. In fact, the coupling strength of the Fe/FeSi/Fe
trilayer structure’®?! grown by a molecular-beam epitaxial
method is two orders of magnitude stronger than that of our
sample. In addition, the Fe/FeSi/Fe trilayer structure clearly
showed the antiferromagnetic interlayer exchange coupling at
RT. Furthermore, the changes of spin polarization of secondary
electrons from the top Fe layer in our sample, except for the
thin Si spacer around 1.3 nm thickness, were not observed
in comparison with the polycrystalline bottom Fe layer. The
constant reversal field seen in the thin Si spacer below 1.1 nm
may be due to the presence of pinholes in the spacer layer.
We could not deny the intermixing between the Fe and Si
layers as reported in Refs. 20 and 22, but we considered that
the intermixing was a minor role in the exchange coupling
behavior on the Si spacer thickness. In the dark condition, J
showed the maximum at the Si spacer thickness of 1.3 nm.
J steeply decreased with increasing Si spacer thickness above
1.5 nm, while J was almost constant in the thin Si spacer region
below 1.1 nm. The behavior of J was similar in both the dark
and photo-irradiation conditions. The magnitude of J in the
photo-irradiation condition varied from 0.4 to 4.4 uJ /m2, as
seen in Fig. 3. The obvious difference in the magnitude of J
was found in the 0.5-2.7-nm-thick Si spacer region even at
RT; J for the photo-irradiation condition was smaller than that
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FIG. 3. (Color online) Interlayer exchange-coupling dependence
of the nominal Si spacer thickness in the dark and photo-irradiation
conditions.

for the dark condition for the Si spacer thickness between 0.5
and 2.7 nm. We considered that this difference originated from
a photo-irradiation effect.

To clarify the photo-irradiation effect in detail, we measured
the irradiation laser power dependence on the magnetization
reversal of the Fe/Si/Fe trilayer structure. Figure 4 shows
the magnetic images of the Fe/Si/Fe trilayer structure with
the Si spacer thickness between 0.9 and 1.9 nm under the
photo-irradiation condition at the laser power of 12.3, 20.5,
and 28.4 mW/mm?”. Before measuring the magnetic images
in remanent states, the magnetic field of 59.0 Oe along
the +y direction was applied to the sample to obtain the
single magnetic domain, and then the magnetic field of
24.0 Oe along the —y direction was applied to observe the
magnetization reversal under the photo-irradiation condition.
As seen in Fig. 4, obvious magnetization reversal in the Si
spacer thickness of 0.9 and 1.1 nm was observed at the laser
power of 20.5 and 28.4 mW/mm?, while the magnetization
reversal did not occur at that of 12.3 mW/mm?. We note that
an increase in the sample temperature (AT) by 28.4 mW /mm?
laser irradiation was about 9 K, which was checked ex situ
by using an alumel-chromel thermocouple. In addition, we
also measured an increase in temperature when we placed
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FIG. 4. Irradiated laser power dependence of magnetization
reversal for the Fe/Si/Fe trilayer structure with the nominal Si spacer
thickness in the 0.9-1.9 nm range.
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the thermocouple in the laser beam with 28.4 mW/mm?.
This temperature increase was in agreement with AT. AT
is about 3 K by increasing the laser power shown in Fig. 4.
If AT plays a major role in weakening J, the magnetization
reversal should be drastically changed between the 20.5 and
28.4 mW/mm? photo-irradiation conditions. But such a
change was not observed in this work. Thus, a thermal effect
may play a minor role in weakening J by the photo-irradiation,
as seen in Fig. 3. We expected that a photo-irradiation effect
played an important role in weakening J. Since we irradiated
the laser with A = 532 nm, which was shorter than the
band-gap energy of Si, to the Fe/Si/Fe trilayer structure, it was
considered that photoexcited carriers created in the Si spacer
layer affected the interlayer exchange coupling between the
top and bottom Fe layers.

There are many theoretical works to interpret the interlayer
exchange coupling on trilayer structures. The Ruderman-
Kittel-Kasuya-Yosida (RKKY) -based theory?? reproduces
well the behavior of the interlayer exchange coupling for
the trilayer structures with NM spacer layers. However, the
theory is not suitable for treating FM /S /FM trilayer structures,
because the Fermi wave vector (kp) is sufficiently small
in semiconductors. The extended RKKY interaction theory
has been reported by Shi and Klein** for a narrow-gap
semiconductor, but the band-gap energy of amorphous Si is
too large to treat appropriately as described in their work.
Thus these theories are not suitable to explain the behavior of
interlayer exchange coupling of the Fe/Si/Fe structure in both
the dark and photo-irradiation conditions.

It is known that amorphous Si consists of defect states.?’
The defect states in the Si spacer layer can affect the interlayer
exchange coupling in the Fe/Si/Fe structure. Furthermore, by
the photo-irradiation to the Fe/Si/Fe structure, photoexcited
carriers can be created in the Si spacer, and can be trapped
in the defect states. Therefore, we expect that the assisted
tunneling process through the defect states in the Si spacer
layer is a key role of the interlayer exchange coupling
between the top and bottom Fe layers in both the dark and
photo-irradiation conditions. By comparing with the tunneling
theory for the interlayer exchange coupling, which involves
direct non-spin-flip tunneling, assisted non-spin-flip tunneling,
and assisted spin-flip tunneling, proposed by Xiao and Li,*°
we see that the experimental interlayer exchange coupling
behavior of the Fe/Si/Fe trilayer structure is similar to that
in the theoretical model calculation (see Fig. 3 in Ref. 26).
In their model, the localized defect states, the localization
length of the states, and the potential barrier height of an
amorphous semiconducting spacer layer were also taken into
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account. The model calculation predicted that the interlayer
exchange coupling strongly depended on the spacer thickness,
and the ferromagnetic coupling decreases with increasing the
spin-flip tunneling process. The decrease of ferromagnetic
coupling was remarkable in the thin spacer thickness below
1.5 nm. The net interlayer exchange coupling was determined
by the competition between the non-spin-flip tunneling and
spin-flip tunneling. In addition, when the spin-flip tunneling
process is sufficiently strong, the interlayer exchange coupling
shows the oscillatory exchange interaction between two
ferromagnetic layers. The experimental interlayer exchange
coupling of Fe/Si/Fe at RT in the dark condition always
showed the ferromagnetic coupling and the coupling weakened
in the photo-irradiation condition for the spacer thickness to
be thinner than 2.7 nm. This phenomenon is consistent with
the theoretical model calculation when the electrons and holes
are created by photo-irradiation in the Si spacer, because the
spin-flip tunneling process increases with the concentration
of the localized electrons and holes. Furthermore, the laser
power dependence of magnetization reversal in Fig. 4 supports
the above-mentioned interpretation. Thus we can conclude
that the behavior of the interlayer exchange coupling in the
Fe/Si/Fe trilayer structure at RT is qualitatively understood
by the assisted tunneling theory with spin-flip process in the
semiconducting spacer layer.

IV. SUMMARY

We have prepared the Fe(3 nm)/Si(0.5-6.0 nm)/Fe(10 nm)
trilayer structure by e-beam evaporators at RT. The magneti-
zation reversal process of the Fe/Si/Fe trilayer structure was
measured in remanent states using SP-SEM under dark and
photo-irradiation conditions. The dependence of the interlayer
exchange coupling on the nominal Si spacer thickness was
obtained from the magnetization reversal process. We found
that the interlayer exchange coupling is always ferromagnetic
for the Fe/Si/Fe trilayer structure in the entire range of the
nominal Si spacer thickness in both the dark and photo-
irradiation conditions. By the photo-irradiation, we found that
the interlayer exchange coupling is modified in the nominal
Si spacer thickness below 2.7 nm even though it is at RT.
These behaviors can be qualitatively understood by the assisted
tunneling theory with spin-flip processes.
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