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Abstract

The family of double perovskites first received attention in the 1960s, but the discovery of
low field magnetoresistnace (LFMR) and half metallicity of the Sr,FeMoO, (SFMO) com-
pound was made by Kobayashi et al. in 1998. A fully spin polarized half-metal SFMO (T >
400) with excellent magnetoresistance response relatively at small applied fields and high
temperatures makes SFMO an ideal candidate for room temperature spintronics applica-
tions. Primarily, most of the research work on double perovskites SFMO has been focused
on bulk ceramic samples and aimed to understand their structural, magnetic, and magneto-
transport properties, along with correlation among them. A material such as SFMO that
exhibits a large decrease in resistivity and magnetically order well above room tempera-
ture is necessary for the advancement of spintronic devices. If the bulk properties observed
could be reproduced in thin films, industrially produced SFMO-based spintronic devices
could become a reality. Therefore, the purpose of this chapter is to present the detailed
background and descriptions of the double perovskite Sr,FeMoO, (SFMO) thin films and
heterostructures with main emphasis to improve or achieve room temperature magnetore-
sistance properties especially for room temperature magnetoresistive device applications.

Keywords: double perovskite Sr,FeMoQO,, thin films, magnetic tunnel junctions, tunneling
magnetoresistance

1. Introduction

Spintronics is a field of research exploiting the influence of electron spin on the electrical
conduction. Spintronics materials have the unique possibilities for use in new functional
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microelectronic devices and adequate potential to become the ideal memory media for
computing and it is a step in the direction of quantum computing due to its advance-
ment in nonvolatility and magnetic random access memory (MRAM). This technology
could also be used to create electronic devices, which are smaller, faster and consume less
power. Spintronics is one of the emerging technology, which has extended the Moore’s
law and industry is trying to put more than Moore. Any technology can replace the cur-
rent world of electronics if it reduces any one of the very large scale integration (VLSI) cost
functions like area, power consumption, speed, etc. Fortunately, spintronics can reduce
heat dissipation significantly. In charge-based device to switch from logic “0” to logic “1,”
the magnitude of the charge must be changed in the active region of the device due to
which current flows from source to drain. It is not possible with charge-based electronics
to reduce the power (or heat) dissipation, since charge is a scalar quantity and the presence
or absence of charge gives logic “1” or logic “0.” Therefore, to meet the objective scientific
community is developing the novel kind of materials that relies on magnetism instead
of the flow of current through electron. The first widely acknowledged breakthrough in
spintronics was the exploitation of giant magnetoresistance (GMR), a technology, which is
now employed in the read heads of most hard drives. The discovery of giant magnetore-
sistance (GMR) has been cited as the first demonstration of a spintronics application and
has been awarded the Nobel Prize in Physics in 2007 [1, 2]. GMR is a quantum mechani-
cal effect observed in thin film heterostructures formed by alternating ferromagnetic and
nonmagnetic (NM) layers. When a magnetic field (H) is applied, the thickness of NM layer
is chosen such that there is a change in the direction of magnetization in another layer,
which reflects a huge change in resistance. That is why the effect is called GMR, a large
change in electrical resistance in presence of a magnetic field [2—4]. Baibich et al. repre-
sented the GMR of Fe/Cr magnetic superlattices by varying the magnetic field, thickness
of NM (Cr) layer and by varying the number of superlattice structure [2]. They reported
a large change in resistance or resistivity by applying the small magnetic field, which has
a wide application in designing MRAM memories, magnetic read heads, MEMS device,
etc. After that, a lot of experiments have been carried out using polarized neutron reflec-
tometry (PNR) tool which clearly illustrates Fe/Cr superlattices that led to GMR effect [5]
but PNR has some limitations also [6]. First magnetic sensor using GMR was released in
1994 [7], later, IBM produced the first GMR-read heads for reading data stored in mag-
netic hard disks [8, 9]. The first GMR-based RAM chips were produced by Honeywell in
1997. Today, GMR-based read heads are frequently used in laptops/computers, iPods,
CD/DVD player, and other portable devices. In the twenty-first century, tunneling mag-
netoresistance (TMR)-based read heads began to displace GMR-based read heads. MRAM
chips based on TMR devices are now marketed by several companies, such as Freescale,
SanDisk, etc. Current efforts in designing and manufacturing spintronics devices is to
optimize the existing GMR-based technology by either developing new materials with
larger spin polarization of electrons or making improvements or variations in the existing
devices that allow for better spin filtering and try to find new ways to generate and utilize
the spin-polarized currents. Till date, magnetic multilayers using giant magnetoresistance
(GMR) and tunneling magnetoresistance (TMR) have dominated the data storage industry
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for many years using simple ferromagnetic metals such as iron and chromium. The inves-
tigation of manganite-based magnetic tunnel junctions (MT]s) has deepened our under-
standing of spin-polarized tunneling and the interface properties of these complex oxides.
However, the initial hopes of using them for room-temperature spintronics applications
have not been satisfied. Several attempts to replace current microelectronic devices with
nanoscale devices have led to a search for new materials with multifunctional proper-
ties (multitasking materials that can be manipulated by independent sources). Therefore,
many potential half-metallic materials have been predicted and investigated [10-19],
although to date roadblocks have occurred in each case. Half-metallic materials are of
great interest due to their wide variety of physical properties, including ferromagnetism,
ferroelectricity, superconductivity, and many more. In the last few decades, there has been
a spectacular enhancement in research activities related to doped manganites, sparked by
the discovery of colossal magnetoresistance (CMR) in lanthanum-doped manganites such
as La,_ Ca MnO, [20]. The large CMR effect of the order of 10° percent is observed at large
magnetic fields of several Tesla at low temperature. One of the first working devices using
CMR materials was constructed by Sun et al. in 1996 [21]. That consists of two layers of
ferromagnetic La,  Ca ,,MnO, compound, separated by a thin SrTiO, spacer layer, which
showed a resistance decreased by a factor of 2 in a field of less than 20 mT. However,
the main disadvantage of this device was the grain-boundary assisted magnetoresistance
properties or in ferromagnetic tunneling junctions is that the large magnetic field sensi-
tivities are only achieved at low temperatures. Furthermore, the CMR effect vanishes far
below room temperature due to their low Curie temperatures [21, 22], which make their
integration to be difficult for room temperature spintronics applications. The CMR devices
exploiting some of the transport properties of manganites close to room temperature have
however been proposed, such as contactless potentiometers [23] or bolometers [24, 25],
but none of these are strictly speaking spintronics devices. The remarkable magnetoresis-
tive (MR) properties at low-temperature in half-metallic manganites soon motivated the
search for new half-metals with higher Curie temperatures [26, 27]. Several high Curie
temperature compounds have been predicted to be half-metallic in the 1980s, like semi-
Heusler alloys (NiMnSb) [10, 28-31], full-Heusler alloys [32, 33], zinc-blende structure
materials [34-36], magnetic oxides (e.g., rutile CrO, [13, 37-40] and spinel Fe,O, [41, 42]).
However, the first spin-polarization measurements of the Fe,O, and Heusler alloys com-
plex structures were disappointing [43]. CrO, has both good conductivity and high T,
but is an unstable metastable phase that makes incorporation into devices very difficult
[12]. Therefore, the half-metallic compounds with high spin polarization can dramatically
enhance device performance and are required for a new generation of spintronic devices.

Much effort for the discovery of new high-T half-metals focused on perovskites, for which
a great experience had been accumulated through the study of manganite films and hetero-
structures. The family of double perovskites first received attention in the 1960s [44—47], but
the discovery of low-field magnetoresistnace (LFMR) and half-metallicity of the Sr,FeMoO,
(SFMO) compound were investigated by Kobayashi et al. [48]. A fully spin polarized half-
metal, SFMO exhibits a high Curie temperature (>400 K) and excellent magnetoresistance
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response at relatively small applied fields and at high temperatures compared to manganites,
making it an ideal candidate for room temperature spintronics applications.

2. Study of double perovskite St FeMoO,

Primarily, most of the research works on double perovskites Sr,FeMoO, (SFMO) has been
focused on bulk ceramic samples and aimed to understand their structural, magnetic, and
magnetotransport properties, along with correlation among them. The magnetoresistive (MR)
properties in double perovskite SEMO generally arises from spin-dependent scattering at the
grain boundaries. The underlying conduction mechanism is electron tunneling across insulat-
ing grain boundaries. Such magnetoresistance is reported to exist in polycrystalline samples
in a magnetic field (~0.1 T), which are considerably lower fields than those utilized for man-
ganite-based devices. The large MR, relatively at smaller external magnetic fields and at room
temperature, is required in double perovskites compounds from the applications point of
view. A material such as SFMO that exhibits a large decrease in resistivity and magnetically
order well above room temperature is necessary for the advancement of spintronic devices.

In our studies, we had synthesized the polycrystalline Sr,FeMoO, sample by conventional solid-
state reaction method (shown in Table 1). In brief, the stoichiometric amounts of high purity
oxides and carbonates, such as SrCO,, Fe,O,, and MoO,, were mixed thoroughly as per above-
mentioned formula and calcined at 900°C in Argon (Ar) for 10 h. The calcined powder were
reground and pressed into thin pellets of uniform size and sintered at 1200°C for 10 h in a gas

flow of 5% H, and 95% Ar. The details of the have been provided in our earlier reports [49-52].

Figure 1 shows the rietveld fitted X-ray diffraction patterns of the polycrystalline Sr,FeMoO,
sample, which confirm the phase purity of the samples without any observable impurity
phases. All the observed peaks of double perovskite phase are clearly visible with significant
presence of ordering (103, 211) peaks.

Figure 2 shows the scanning electron micrographs with elemental analysis done at two
regions: one at the grain and another at the grain boundary, represented by A and B. The Fe/
Mo content ratio calculated through EDS results are 94% at the grain and 93% at grain bound-
ary for SFMO sample, which show the good correlation.

Magnetoresistance versus applied magnetic field plots for Sr,FeMoO, samples are shown
in Figure 3 at 300 and 77 K, respectively. The MR values were calculated by using formula,
MR =100 x [p(H) - p(0)]/p(0), where p(0) and p(H) are the resistivity of sample without
and with magnetic field, respectively. The pristine Sr,FeMoO, sample shows nearly 11 and
22% magnetoresistance values at 300 and 80 K, respectively, at an applied field 0.72 T.
The observed 11% magnetoresistance value at room temperature at 0.72 T magnetic fields
confirms the good quality of samples. High LFMR values observed in the pristine SFMO
sample may be due to the optimization of intergranular (grain boundaries) and intragranu-
lar (domain walls and antisite ordering defects) barrier conditions. However, the role of
intergranular barriers has the main contribution in magnetoresistance properties for dou-
ble perovskite Sr,FeMoO, compound [52-54].
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All Powder are 99.9% Pure or even more
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Dry mixed in Powder form in Agate Mortar
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Heating
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I Grinding thoroughly & adding binder (polyvinyl alcohol) & then pelletized

1200°C /10 hours

in 5%H,+95% Ar gas

Second
Heating

I Product: Single Phase Double perovskite samples

Table 1. Flow chart for the synthesis of Sr,FeMoO, compound.

The observation of high LFMR in such double perovskite system is due to the optimization of
the high spin polarization of the carriers and grain boundary adjustment. Recent studies pro-
pose anew type of MR, where the spin polarization of grain boundaries is more crucial than the
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Figure 1. Rietveld fitted X-ray diffraction pattern of the samples Sr,FeMoO,.
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Figure 2. Scanning electron micrographs of Sr,FeMoO, sample. A and B represents the regions where EDS pattern has
been recorded at the grain and grain boundaries.
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Figure 3. MR plots for the Sr,FeMoO, at 300 and 77 K.

bulk polarization of samples [53, 55, 56]. Furthermore, the grain boundaries are magnetically
hard compared to bulk in such double perovskite, which provides a different magnetic switch-
ing field for magnetoresistance and magnetization. The different behavior of the curves for
normalized (M/Ms)? versus magnetic field (H) and normalized MR versus H can be observed
as one of the indication of such magnetically hard nature of grain boundaries. In our pristine
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sample such MR does not follow (M/Ms)?, rather (M/Ms)? versus H curve saturate sharply
compared to MR versus H curve, which suggest a MR mechanism similar to as reported by
Sarma et al. [53]. Moreover, we estimated the low field behavior of MR and coercive field from
magnetization M (u,/f.u.) plot and found that the peak in MR is invariably several times larger
than the value of coercive field (H ) for pristine Sr,FeMoO, samples as described by Sarma et
al. [53, 56]. This suggests that intragrain properties are not the key determinants for this MR. A
remarkable 11% magnetoresistance was observed at room temperature under the presence of
low magnetic field (0.72 T). The achieved low-field magnetoresistance value in the sample may
be due to the optimized synthesis conditions to get better intergranular tunneling through
grain boundaries.

3. SFMO thin films and magnetic tunnel junctions for room temperature
magnetoresistive devices

Ultimately, if the bulk properties observed could be reproduced in thin films; industrially
produced SFMO-based spintronic devices could become a reality. The most used and opti-
mized method for the growth of SFMO thin film is pulsed laser deposition (PLD) [57-71],
however due to inherent complexity of SFMO, its growth as a thin film, has proven to be an
arduous task. A brief look through the vast array of SFMO thin film literature reveals that the
growth conditions are still in need of perfection [72-83]. The substrate temperature, vacuum,
oxygen partial pressure, and gas atmosphere vary from one reference to the next, making it
difficult to ascertain the optimal set of growth conditions for SFMO thin films. In the very first
study, Manako et al. [71] presented the effect of oxygen pressure and substrate temperature
in order to get epitaxial SFMO on SrTiO, substrates. The phase diagram reported by them
demonstrated only a narrow range of oxygen pressures (10° to 10 Torr) and temperature
higher than 900°C (which is not easy to access by PLD) lead to single-phase, good quality
thin films. In contrast, Santiso et al. [72] also grown the SFMO thin films and studied the
effect of growth conditions, but found the formation of secondary impurity phases at high
growth temperatures. Their results showed that the growth of SFMO thin films at 950°C in
ultra-high vacuum (pressure less than 10® mbar), metallic iron precipitates can form, whereas
in a flow of oxygen (pressure of 10 mbar), iron oxides can be formed. In situ X-ray photo-
electron spectroscopy (XPS) analysis confirms the presence of secondary phases including
SrMoO, and SrFeO, on the samples grown at lower pressures (above 10 mbar). Borges et al.
[75] have also grown the SFMO thin films on SrTiO, substrate at different temperatures and
reported significant increment in saturation magnetization (Ms) (1.4-3.5 p,/f.u.) by increas-
ing the growth temperature from 770 to 950°C. Similar growth conditions were also used for
films grown on slightly larger lattice mismatched MgO substrates. The saturation magnetiza-
tions for films were significantly lower than those grown on SrTiO,. These results indicate
a direct correlation between substrate temperature and degree of lattice mismatch. In com-
parison, Song et al. [83] determined that antisite ordering and saturation magnetization were
maximized for films grown at 850°C (Ms =3 p,/f.u.). However, substrate temperatures below
850°C and exceeding 900°C resulted in films with a considerable amount of antisite disorder
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defects. The influence of substrate temperature upon the degree of ordering has also been
demonstrated in several studies. While, Westerburg et al. [70] have been able to achieve the
highest saturation magnetization (Ms) close to the ideal theoretical value of Ms = 4 p /f.u. for
SFMO thin film using combination of high and low growth temperature in PLD. Recently,
Venimadhav et al. [73, 74] also obtained ideal value of saturation magnetization Ms =4 p /f.u.
at high growth temperature of 960°C by using the mixture of reducing and oxidizing (O, and
Ar) atmospheres. It is apparent that the substrate temperature and atmosphere conditions
have a large impact on the ordering of SFMO films and should be coupled together to achieve
high-quality SFMO thin films.

Another important factor that can affect crystalline quality of the SFMO films is the choice of
substrate. The most admired and used substrate for growing SFMO films is SrTiO, (100) due
to the close lattice matching [71, 77, 81, 82]. However, possible presence of oxygen vacancies
[74] and low-level magnetic impurities in the SrTiO, substrate could lead to unusual electrical
behavior, potentially causing difficulties in interpreting the data. Other substrates including
MgO, LaAlO, [74, 80, 82, 84], and NdGaQO, [85] have also been used to obtain epitaxial films of
SFMO. There have been several studies probing the effects of lattice mismatch on the order-
ing and magnetization [78, 86]. Asano et al. [86] reported one of the highest magnetizations
attained by depositing SFMO (via sputtering deposition) on a lattice matched buffer layer,
Ba ,Sr; TiO,, then on SrTiO, to minimize the effect of 1% lattice mismatch between SrTiO,
and SFMO. A considerable increase in magnetization of 2.3-3.8 p/f.u. and the reduction of
the expanded SFMO out-of-plane lattice parameter were observed with the use of the buf-
fer layer. When experiments with the same buffer layer were performed by Sanchez et al.
using PLD, slightly lower saturation magnetization value ~3.2 p/f.u. was obtained [78]. In
contrast, Yin et al. [80] found their magnetic and transport properties to be independent of
the substrates.

The most important and challenging task is to attain good value of MR in SFMO thin films
along with the structural and magnetic properties, which will make it ideal for spintronics and
magnetoresistive sensors applications. However, epitaxial thin films of SFMO do not show a
large MR effect due to lack of grain boundaries. As a means to obtain large MR effects, there
have been attempts by varying the deposition conditions and/or the surface of substrates [63,
64, 66]. Therefore, securing a reliable means to fabricate high-quality SFMO thin films and pos-
sessing a large MR would be immensely helpful for practical device applications. Manako et
al. [71] have reviewed the growth conditions of SFMO thin films, which could only be obtained
in a narrow range of deposition temperature and oxygen partial pressure. They studied the
magnetoresistance behavior (~5 and ~20% at 300 and 5 K, respectively) of SFMO thin films
grown on SrTiO, (111) and (001) substrates. Their observation showed the large MR effect
in (111) oriented films as compared to (001). This might suggest less scattering of carriers at
grain boundaries for the (001) oriented film than for polycrystalline samples, since a perfect
crystal is expected to show no MR at the temperatures far below T . In addition, larger MR of
(111) oriented films than that of (100) oriented films may be due to the presence of antiphase
domain boundaries in such a way that the superstructure direction is aligned to the growth
direction. At the same time, Asano et al. [76] also deposited the SrzFeMoO6_y thin films on STO
(001) substrate using two-step growth processes. The growth conditions were found to lead
either highly conductive metallic thin films or semiconducting films. The metallic films show a
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positive magnetoresistance (MR) as high as 35%, while the semiconducting films show a small
negative MR of -3% at a temperature of 5 K and a field of 8 T. Yin et al. [80] deposited the SFMO
epitaxial thin films on LaAlO, and SrTiO, (001) substrates. They defined the Wheatstone bridge
arrangement straddling a bicrystal boundary to verify that the spin-dependent electron trans-
fer is through a grain boundary or not and found that an intergranular effect is responsible for
the LEMR in polycrystalline thin film samples like in the case of bulk polycrystalline samples.
Song et al. [63] have also grown the SFMO thin films on SrTiO, substrates at optimized con-
ditions. They found that the dominant MR mechanism operating in the SFMO films indeed
spin-polarized tunneling between the magnetic grains with different orientations across the
grain boundaries and concluded that it was possible to achieve a low-field MR value in the
film grown at high temperature (935°C), comparable to that of a bulk sample. Shinde et al.
[67] have also reported the best quality SFMO films on single-crystalline and polycrystalline
SrTiO, substrates and found that the best quality films could only be grown at particular sub-
strate temperature and oxygen partial pressure. According to their observation, the epitaxial
film showed a very small negative MR (1.5% at magnetic field of 8 T), which is almost linear.
However, the polycrystalline SEFMO film also showed linear type MR behavior with magni-
tude around (4% at magnetic field of 8 T), which is larger than that of the epitaxial film. Some
other efforts have been made to deposit the SFMO thin films in different gas environments and
also postannealing treatment to achieve the LFMR by modifying the grain boundary nature
[73, 78, 87]. More recently, Saloaro et al. [85] have grown the SFMO thin films on different
substrates and observed the absence of traditional magnetoresistance.

Despite the large amount of research reports available for the advancement of magnetore-
sistance in SFMO thin films, the growth conditions vary from one reference to the next and
the results are still controversial. The growth parameters including various substrates and
growth temperature can directly affect the surface quality and properties. Furthermore, the
fabrication of SFMO-based MTJs structure was rarely reported [61, 68, 88, 89]. There are few
groups, including Bibes et al. [68], Asano et al. [88], and Fix et al. [61, 89], who have fabricated
the magnetic tunnel junctions and reported the tunneling magnetoresistance (TMR) at very
low temperature (5 K). However, it was noticed that the above studies mentioned the growth
of MTJ on single crystalline SrTiO, substrates. In particular, as it was observed that one of
the most important considerations for fabrication of the multilayered structure for spintronic
device applications is surface/interface quality of the films. High vacuum conditions and
in situ fabrication of multilayers is generally preferred in order to minimize the amount of
secondary phase on the surface of the films. Another obstacle that can slow down the pro-
cess of using these materials as a source of spin injector is the high growth temperature and
complicated growth process. Furthermore, low deposition temperature and silicon substrate
is required for their applications in microelectronics industry. Therefore, by considering all
above aspects, firstly, we have fabricated the SFMO thin films on Si substrate by pulsed laser
deposition and explored the magnetoresistance (MR) behavior besides the structural and
magnetic properties. We have optimized the growth conditions and deposited the SFMO thin
films at different temperatures ranging from 500-800°C and observed the magnetotransport
behavior of SFMO polycrystalline thin films grown on Strontium titanate (STO) buffered Si
(100) substrate. After that, we had fabricated the SFMO/SrTiO,/SFMO MT] structure on SrTiO,
buffered Si (100) substrate to obtain the room temperature magnetoresistance. We observed

97



98 Magnetic Sensors - Development Trends and Applications

the ~7% TMR in SFMO/STO/SFMO MT], which can be attributed to spin-dependent electron
tunneling across the interfaces. The presented results will open up the future prospects of
integration of such polycrystalline SFMO thin films for magnetoresistive applications.

A pulsed laser deposition technique was used to deposit the SFMO thin films on SrTiO, buff-
ered Si (100) substrates. The experimental details are provided below.

1. To optimize the growth conditions of SEMO thin films, substrate temperatures were varied
from 500 to 800°C under the base vacuum pressure higher than (>5 x 10 Torr).

2. Prior to the deposition of SFMO films, STO buffer layer was grown on Si substrate in the
presence of high purity (99.99%) oxygen at an ambient pressure of ~50 mTorr at 500°C and
subsequently annealed in situ at 800°C in O, pressure of ~500 mTorr.

3. After the deposition of STO buffer layer on Si (100) substrate, SFMO thin layers were de-
posited at fixed temperature under the base vacuum pressure (~ 5 x 10 Torr) and subse-
quently annealed in situ at the same conditions for 10 min.

4. The temperature of substrate was ramped down at 10°C per minute after deposition to
prevent thermal shock and cracking of the film.

5. In this study, we fixed all growth parameters and varied only substrate temperature to
optimize the growth conditions.

Figure 4, shows the XRD patterns of SFMO thin films grown on STO buffered Si (100) sub-
strate at four different elevated temperatures ranging from 500 to 800°C at a step of 100°C.
The growth of SFMO thin film at low temperature (< 600°C) do not produce the stoichiometric
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Figure 4. X-ray diffraction pattern of SFMO thin films grown on STO buffered Si (100) substrate at temperatures 500,
600, 700 and 800°C.
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SFMO phase and an additional spurious peak of strontium molybdate (SrMoQO,) phase (as
indicated by * in Figure 1) was formed. The secondary impurity phases can be commonly
observed at low growth temperatures of SFMO thin films [90, 91]. These impurity phases also
develop the antisite disorder in the double perovskite lattice, which further affect the magnetic
and magnetotransport properties of SFMO thin films [92, 93]. However, the aforesaid impu-
rity phases were completely disappeared, and a single phase formation of polycrystalline
SFMO thin films was observed when the growth temperature was raised to 700°C and above.

The SFMO thin film grown at 800°C shows a series of peaks at 20 = 31.7, 45.2 and 56.3° cor-
responding to the (200), (202), and (204) planes, respectively of SEMO phase, which are con-
sistent with the results of Jalili et al. [90]. However, noticeable change in the shifting and
sharpening of XRD peaks were observed with increasing growth temperature. This is appar-
ently a consequence of the enhancement in the crystallinity of film with increasing growth
temperature. A shifting of peak positions indicates that the thin films are not fully relaxed
at low growth temperatures (< 600°C). Therefore, we observed that the substrate tempera-

ture (T,) plays crucial role for exact phase formation and improving the crystalline nature of
SFMO films.

The magnetoresistance properties of SFMO thin films deposited at different temperatures
were measured using four probe resistivity setups at magnetic field up to +8 T. The magne-
toresistnace values are 0.009, 0.017, 0.16, and 0.35% for films deposited at 500, 600, 700, and
800°C, respectively, at room temperature and magnetic field of +8 T as shown in Figure 5.
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Figure 5. MR behavior of all the SFMO thin films at room temperature.
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It is clearly observed that the film grown at low temperature (<600°C) exhibited the small
MR effect and further it was found to be enhanced with growth temperature. This enhanced
behavior of MR may be due to the improvement in the crystallinity of the intragranular nature
and also by decrement in the antisite disorders effect. Improvement in structural and mag-
netic properties strongly supports the enhanced magnetoresistance at room temperature. The
MR values are 0.35 and 12% at 300 and 5 K for polycrystalline SEMO film grown at 800°C,
which shows almost linear type of behavior with magnetic field.

Pulsed laser deposition was used to fabricate SFMO/SrTiO,/SFMO Magnetic tunnel junctions
on SrTiO, buffered Si (100) substrate. The details of the experiments are given below.

1. In the first step, we have optimized the thickness of STO layer by controlling number of
laser shots, which was estimated in separate experiments by an empirical relation of thick-
ness and laser pulse counts.

2. The STO buffer layer was grown on Si (100) substrate in the presence of high purity
(99.99%) oxygen at an ambient pressure of ~50 mTorr at 500°C and subsequently annealed
in situ at 800°C in oxygen pressure of ~500 mTorr.

3. The STO buffer layer was characterized by X-ray diffraction technique and found to be
crystalline in nature.

4. The SFMO bottom electrode has been deposited at 800°C in the base vacuum pressure
higher than ~5 x 107® Torr and annealed in situ at 800°C for 10 min.

5. The crystal structure and phase purity of SFMO bottom layer was examined by X-ray dif-
fraction and micro Raman microscopy, which shows single-phase formation of SFMO thin
film without any impurity phases. The XPS analysis confirms that the Fe:Mo ratio is almost
equal (~1:1.1) over the surface of SFMO thin films.

6. Then ~2 nm STO barrier layer was deposited at 800°C with 5 x 10 Torr pressure. Again
SFMO top layer was deposited at the same conditions as that of bottom SFMO electrode.

7. The shadow mask having lateral dimension 40 um x 40 um was used during the fabrica-
tion of trilayer SFMO/STO/SFMO structure.

Figure 6(a) shows the schematic of SFMO/STO/SFMO MT]J structure as pattern on STO buff-
ered Si (100) substrate.

The thickness of the SFMO electrodes was kept (=50 nm) to insure the half-metallic nature
of grown SFMO layers [64] and the thickness of STO barrier layer was kept ~2 nm to exam-
ine the tunneling effect. The cross-sectional high-resolution field emission scanning electron
microscopy (FESEM) image of SFMO/STO/SFMO MT] structure grown on STO buffered Si
(100) substrate as shows in Figure 6(b). The thickness of STO buffer layer is (~10 nm), which
is grown on Si substrate. The presence of (~2 nm) STO barrier layer is clearly seen by bright
horizontal contrast in the FESEM image, which is perfectly sandwiched between top and bot-
tom SFMO electrodes.
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Figure 6. (a) Schematic of the typical SEMO/STO/SFMO MT]J structure. (b) Cross-sectional FESEM image of SFMO/STO/
SFMO structure grown on STO buffered Si substrate at 800°C.

Figure 7(a) represents the current voltage (I-V) behavior of SFMO bottom layer and SFMO/
STO/SEMO MT] structure at room temperature. It can be seen from Figure 7(a) that I-V
behavior of the SFMO bottom layer is almost linear while it shows nonlinear and asymmet-
ric behavior for SFEMO/STO/SFMO MT] at room temperature. This behavior of MTJ is quite
different from the SFMO electrode layer and shows the typical characteristic of tunneling
assisted transport across a thin insulating barrier [68, 94]. The tunneling conductance in
SFMO/STO/SFMO magnetic tunnel junction is further confirmed by fitting the conductance
(dI/dV) characteristics as shown in Figure 7(b) using Brinkman’s formula [95] intended for
direct tunneling transport through a rectangular barrier. The thickness of the STO barrier
layer was calculated from the fitting of the experimental data and was found to be ~1.5 nm,
which is in close agreement with the estimated thickness of the STO barrier layer through
FESEM image (~2 nm).
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Figure 7. (a) Current-voltage characteristics of SFMO thin films and SEFMO/STO/SFMO MT]J at 300 K. (b) Conductance
fitting of SFMO/STO/SFMO MT]J.
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Figure 8 shows the magnetic field dependence of the resistance for a SFMO/STO/SFMO
MT]J with a junction area of 40 x 40 um? measured at 300 K. This is defined as (R, , - R,)/R,,
where R, and R, are the resistances for parallel and antiparallel magnetic configurations
of the two electrodes, respectively. When sweeping the field from negative to positive
values, the resistance of the junction rises from 2.74 to 2.95 M(), yielding a TMR ratio of
~7% at 300 K.

This type of abrupt change in resistance is related to the reversal of two electrodes within
the constriction as already observed in Co/I/SFMO [68] and LSMO/STO/LSMO [96] MT]
trilayer junctions fabricated using similar approach. The TMR ratio of MT] device is related
to the spin polarizations P, and P, of the two ferromagnetic electrodes as TMR = 2P P /1 -
P P,using classical Julliere expression [97], where P = P, = P, The observed high value of
spin polarization (~18%) at room temperature is attributed to electrons tunneling between
SFMO layers through thin (~2 nm) insulating STO barrier. Further to confirm the TMR effect
in SEMO/STO/SFMO MT]J, we have independently studied the MR behavior of SFMO film
and observed a very small change in MR (~0.35%) at room temperature, which is quite com-
parable with the reported value for epitaxially grown SFMO films on STO substrate [85, 98].
Based on these results, we propose that the enhanced spin polarization and TMR in SEMO/
STO/SFMO MT] devices is due to the spin-dependant tunneling through ultra-thin insulat-
ing and atomically flat STO barrier layer sandwiched between two ferromagnetic SFMO
electrodes with sharp interfaces. The sharp change in TMR at the switching field (Hs), where
the magnetic moments of the SFMO electrodes realigned from parallel to antiparallel, sug-
gests an entire flip of the magnetic domains against the applied magnetic field. However,
the switching field (Hs) at 300 K is less than 30 Oe, which agrees with the coercivity (Hc)
of the SFMO film. Hence, the observation of room temperature (~7%) TMR in SEMO/STO/
SFMO MT] can be attributed to spin dependent electron tunneling across the interfaces.
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Figure 8. Magnetoresistance behavior of SEMO/STO/SFMO MT]J at 300 K.
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4, Conclusions

We had synthesized and presented the double perovskite Sr,FeMoO, bulk compound, which
shows the remarkable 11% low-field magnetoresistance at room temperature at low mag-
netic field (0.72 T). This value is one of the high MR value at 300 K, which was only achieved
due to the optimized synthesis conditions to achieve better intergranular tunneling through
grain boundaries. The brief overview of the synthesis of SFMO thin films has been provided.
Furthermore, low deposition temperature and silicon substrate are required for their appli-
cations in microelectronics industry; therefore, we have fabricated the SFMO thin films on
Si substrate at optimized growth conditions by pulsed laser deposition. The polycrystal-
line Sr,FeMoQ, thin films have been grown on STO buffered Si (100) substrates. We also
made an attempt to observe the room temperature magnetoresistance in Sr,FeMoO,-based
magnetic tunnel junctions (MT]). The micrometer-sized (Sr,FeMoQO,/SrTiO,/Sr,FeMoQ,)
devices were grown by pulsed laser deposition. FESEM micrograph analysis revealed the
presence of ultrathin (~2 nm) STO barrier layer. Magnetization measurements showed the
good ferromagnetic loop behavior with high Curie temperature (T ) well above 375 K. The
current-voltage characteristics of the MT] devices at room temperature exhibited nonlin-
ear and asymmetric behavior in agreement to the predictions of tunnel conductance. The
observed large tunneling magnetoresistance (TMR ~ 7%) at room temperature can be attrib-
uted to spin-dependent tunneling across a uniform ultrathin STO tunnel barrier sand-
wiched between two identical SEMO electrodes in MT]J devices. Finally, we showed that the
polycrystalline SFMO thin films and its MT] structures have enough potential for magne-
toresistive and spintronic devices and their possible integration with existing Silicon-based
microelectronic devices.
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