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Abstract The observation of giant positive junction

magnetoresistance (JMR) in our cobalt ferrite (CFO)/p-Si

heterojunction has been reported here. The pulsed laser

deposition technique has been used for fabrication of the

heterojunction. The junction confirms a very good recti-

fying magnetic diode like behavior at low temperature,

whereas at high temperatures the junction shows nonlinear

I–V characteristics. The magnetic field-dependent magne-

toresistance (MR) of both CFO film and across the

heterojunction have been studied in detail. The CFO film

shows negative MR behavior, whereas the junction shows

large positive JMR behavior throughout the temperature

range. The spin lifetime (142 ps) and spin diffusion length

(331 nm) have been estimated of the heterostructure at

10 K. The highest JMR value (*1600 %) has been

observed at 10 K, and it gradually decreases at higher

temperature range. The origin of positive JMR in our

heterojunction has been best explained by the standard spin

injection theory.

1 Introduction

Spin electronics exploits the spin of the electron, rather

than its charge, for information storage and processing [1–

3]. One of the main possibilities of spin transport elec-

tronics or spintronics is efficient spin injection into a

semiconductor (SC) medium from a highly spin-polarized

source and successful manipulation and detection of the

injected spin-polarized electrons in multifunctional and

novel spintronic devices [1]. There are several reports, both

theoretical [4] and experimental [5], on spin injection from

spin-polarized ferromagnetic metal to SCs through insu-

lating tunnel barriers in a ferromagnet (FM)/SC

heterostructure found in the literature. The intense attention

in silicon spintronics rises from the expected long spin

coherence length and its industrial dominance [6]. Injection

of spin-polarized carriers in Si by using polarized light [7],

hot electrons spin injection [8], tunnel spin injection [9–

17], Seebeck spin tunneling [18], and dynamical spin

pumping methods have been observed recently [19]. The

injection of spin-polarized electron using ferromagnetic

tunnel contacts to inject and detect spin polarizations in Si

has been identified as the most possible and robust method

among them [8, 20]. Several groups have explained well

about the spin injection and spin transport in Si [8, 10, 13,

21, 22], and most of the work has focused on using an

insulating tunnel oxide layer such as Al2O3 or MgO with a

FM metal as a spin injecting contact. There are number of

reports where the native SiO2 oxide layer is extensively

used in the electronics industry and serves as an excellent

spin tunnel barrier in FM/SiO2/Si structures [14]. The

tunnel barrier is used to overcome the large difference in

conductivity between metal and the semiconductor that

would otherwise make spin injection impossible [4, 23].

Apart from ferromagnetic materials, other materials having

high Curie temperature and large spin polarization, like

spinel ferrites, can be considered as potential candidates for

ferromagnetic electrodes in FM/SC heterostructure. Three

of the most widely studied spinel ferrites are magnetite

(Fe3O4), cobalt ferrite (CoFe2O4), and nickel ferrite

(NiFe2O4). Among these ferrites, Fe3O4 is a half-metal

(100 % spin polarization) having conduction through

hopping of down spins among B-sites in the spinel
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structure [24–26]. Spinel ferrites CoFe2O4 and NiFe2O4 are

not half-metal, rather semi-insulator magnetic oxides with

high magnetic ordering temperatures and large saturation

magnetizations [27]. This rare combination of properties

makes them very attractive for a wide range of applica-

tions. CoFe2O4 and NiFe2O4 can effectively be used as spin

filters in heterostructure devices [28, 29]. Among various

ferrite materials, a spinel-type CoFe2O4 (CFO) is a well-

known hard magnetic material which has been studied in

detail exhibiting high coercivity, moderate saturation

magnetization, remarkable chemical stability, and

mechanical hardness [30, 31] as well as largest magne-

tostriction in the spinel ferrites. Growths of thin cobalt

ferrite films have been reported in the past by various

methods; the most used being pulsed laser deposition

(PLD) from a CoFe2O4 target. There are a few reports on

the CFO thin film, which was deposited on MgO [32],

SrTiO3, MgAl2O4 [33–35], and Si [36] substrates in order

to study the structural properties of CFO film. However,

mass-produced spin electronics devices require inexpen-

sive substrates. Silicon substrates fulfill these conditions

and, furthermore, have a good flatness. Electrical properties

of films deposited on silicon substrates covered with an

ultrathin native oxide layer have been seen to behave dif-

ferently than films on bare silicon or thermally oxidized

silicon substrates. In the presence of interface states, the

Fermi level may be pinned at the Si–SiO2 interface, leading

to band bending and the formation of depletion layer [37].

In addition to the structural properties of CFO thin film, a

thorough understanding of the electronic and magneto-

transport properties of both the film and across the junction

is essential before attempting to synthesize better spin-

tronics devices with these materials.

In this work, we report the fabrication of CFO (semi-

insulating, TC = 858 K) magnetic thin film/p-Si non-

magnetic semiconductor heterojunction and study the

detail electronic transport properties of our heterojunction.

We have explicitly studied in detail the junction current–

voltage (I–V) characteristics of the heterojunction without

and with external magnetic field up to 6 T in the tem-

perature range of 10–300 K. The magnetic field-depen-

dent magnetoresistance behavior of the CFO film (top

film) and the same heterojunction have also been studied

in the same temperature range. The heterojunction shows

a very good rectifying magnetic diode like behavior at

low temperature, and at higher temperatures, the junction

shows nonlinear I–V behavior. The CFO film shows

negative magnetoresistance behavior, whereas the junc-

tion shows positive junction magnetoresistance (JMR)

behavior throughout the temperature range. The highest

positive JMR (*1600 %) has been observed at 10 K, and

the magnitude of positive JMR value decreases at high

temperatures. The origin of positive JMR in our

heterojunction has been best explained by the standard

spin injection theory.

2 Experimental details

2.1 Device fabrication

The single-phase CoFe2O4 powder have been prepared by

taking required amount of high-purity Co3O4 and Fe2O3

powders, mixed well with hand grinder repeatedly and

sintered at 900 �C. Finally, the CFO powder was pelletized

and used as the target for pulsed laser deposition. The p-Si

(001) substrate was well cleaned to remove organic and

inorganic compounds and finally etched for 5 min using

hydrofluoric acid preceding to loading into the high vac-

uum thin film pulsed laser deposition chamber. The carrier

concentration (n) and resistivity (q) of the p-Si (001)

substrates were determined at room temperature using Hall

effect measurement system (Ecopia, South Korea, HMS

5300), and it is found to be n = 4 9 1016 cm-3 and

q = 3 X-cm. The CFO film (125 nm) was deposited on

well-cleaned p-Si (100) substrate in 0.5-mbar O2 partial

pressure (base pressure * 2910-6 Torr). The substrate

temperature was kept at 650 �C during the growth process

of CFO film. The repetition rate of the laser pulse was kept

at 10 Hz, and the fluence at the target surface was 2 J/cm2.

The distance between the substrate and target was 5 cm in

the chamber. After deposition, the film was sintered at the

same physical condition for 1 h to get well-crystalline

samples.

2.2 Device characterization and measurement setup

The high-resolution X-ray diffraction (HRXRD, Philips

pan analytical x-pert) with Cu-Ka radiation (k * 1.542 Å)

has been used for structural characterization of our

heterostructure. The chemical composition of the as-grown

thin film has been determined using X-ray photoelectron

spectroscopy (XPS, PHI 5000 Versa Probe II Scanning).

The quality of interfacial properties of the heterojunction

was characterized by cross-sectional high-resolution

transmission electron microscopy (JEM—2100 HRTEM,

JEOL, Japan). The operating voltage was used *200 keV

in the high-resolution transmission electron microscope.

The surface morphology and rms surface roughness of as-

grown film have been recorded using an atomic force

microscope (AFM Model: 5500, Make: Agilent) in tapping

mode. The temperature-dependent electronic and magneto-

transport properties of the heterojunction have been

investigated in detail employing a cryogen-free high

magnetic field up to 8 T and low-temperature (down to

1.6 K) (superconducting magnet) VTI cryostat system
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(CFM VTI 8 T, Cryogenics, UK) in the temperature range

of 10–300 K, a source-measure unit (SMU, Keithley-2612)

with 1 lV resolution, and a 7�-digit Digital Multi-Meter

(Keithley-2000) along with a high-precision temperature

controller (Lakeshore-340, USA). The magnetic properties

of the CFO film were measured using a superconducting

quantum interference device (SQUID, Quantum design)

DC magnetometer at different isothermal conditions. For

electronic transport properties, good ohmic contacts have

been made by using ‘In’ metal contacts on both CFO thin

film and p-Si substrate.

3 Results and discussion

3.1 Structural studies

The XRD pattern of the polycrystalline CFO/p-Si hetero-

junction is shown in Fig. 1a. In Fig. 1a, all the diffraction

peaks (220), (311), (222), (400), (422), and (511) are from

CFO film only. No other secondary phase was observed.

All the diffraction peaks of the CFO film are observed with

different orientation on the p-Si (100) substrate. The

overall chemical composition of cobalt ferrite film was

obtained from the XPS analysis. In the XPS analysis, the

samples are generally exposed to the monochromic X-ray

radiation. Figure 1b–d present the XPS spectra of synthe-

sized cobalt ferrite film showing peaks for Co 2p, Fe 2p,

and O 1s core levels, respectively. The film was composed

of Co, Fe, and O with corresponding binding energies of

779.1 (Co 2p3/2), 711.6 (Fe 2p3/2), and 529.3 eV (O 1s),

respectively. The Co 2p3/2 XPS spectra are fitted well into

two peaks situated at 779.6 and 781.3 eV. The binding

energies at 779.6 and 781.3 eV are assigned to Co2? and

Co3?. The presence of a large number of Co2? species in

our CFO film can be confirmed by the intense Co2p3/2
peak, due to the fact that the low-spin Co3? cation only

provides weaker peak than high-spin Co2? with unpaired

valence 3d electron orbitals. In Fe 2p3/2 main peak, the

fitted signals positioned at 711.6 eV, indicating the exis-

tence Fe3? ions in octahedral sites. The analysis of the Co

2p, Fe 2p, and O 1s peaks offered Co:Fe and Fe:O atomic

ratios close to 1:2 and 1:2, respectively, as expected for the

stoichiometric composition of cobalt ferrite. These values

match very well to the reported values in the literature [38].

The XPS results were consistent to HRXRD observations,

confirming the formation of single-phase cobalt ferrite

rather than mixed phases of CoO and Fe2O3. These

observations clearly suggest that the single-phase cobalt

ferrite thin film has been grown on p-Si (001) substrate.

Fig. 1 a The XRD pattern of

CFO/p-Si heterojunction. b, c,
d The XPS spectra of

synthesized cobalt ferrite film

for Co 2p, Fe 2p, and O 1s core

levels, respectively

Spin transport and temperature-dependent giant positive junction magnetoresistance in CoFe2O4/… Page 3 of 10 50

123



3.2 Electrical transport properties

of the heterojunction

The electronic transport properties across the junction have

been investigated in the temperature range of 10–300 K.

We have recorded current–voltage (I–V) characteristics of

the CFO/p-Si heterojunction interface without and with 6 T

applied magnetic field at various temperatures as shown in

Fig. 2a, b, respectively. From the recorded I–V character-

istics, the current across the junction with applied DC

voltage through the interface shows nonlinear behavior at

high temperatures (above 150 K), whereas a strong non-

linearity and good rectifying behavior have been observed

at low temperatures (below 150 K). The I–V curves in the

low-temperature regime clearly show asymmetric nature

with excellent rectifying magnetic diode like behavior

without and with applied 6 T magnetic field. The contacts

between In/CFO and p-Si/In show very good ohmic

behavior (not shown here). The contact resistance was

found to be less than 2 X. Therefore, it can be clearly

confirmed that the nonlinear I–V curves are observed from

the junction (CFO/SiO2/p-Si) only, not due to the metal

contacts on CFO and p-Si. The junction resistance includes

CFO magnetic thin film, SiO2 native oxide and p-Si sub-

strate. The polarity is such that the forward bias corre-

sponds to the application of a positive DC bias voltage to

the p-Si substrate. According to the theory of thermionic

emission [39], the junction I–V characteristics can descri-

bed as,

I ¼ I0 exp
eðV � IRsÞ

gkBT

� �
ð1Þ

where T, kB, g, e, Rs, and I0 represent the temperature,

Boltzmann constant, ideality factor, elementary electronic

charge, junction series resistance, and reverse saturation

current, respectively. From the data, the ideality factor g

and the reverse saturation current I0 ¼ AA�T2 exp
e/B

kBT

� �

were extracted (not shown here), where A� ¼ em�k2B
2p2�h3

denotes

the Richardson constant, e the electronic charge, m� the

effective mass, �h the Planck’s constant divided by 2p, kB
the Boltzmann constant, /B the Schottky barrier height,

and A the active junction area. The ideality factor is much

greater than 2 at all temperatures, indicating that the I–V

curves might be because the some tunneling transport is

mediated by pinholes in the barrier [23, 40, 41]. Hence, it is

necessary to find out the possible tunneling mechanism

across the heterojunction. The observed field stimulated

emission and capture have been discussed in terms of

Fowler–Nordheim (F–N) tunneling [42], the Poole–Frenkel

effect [43–45], phonon-assisted tunneling [46], and a

combination of both phenomena [44]. F–N tunneling is the

process whereby electrons tunnel through a barrier in the

presence of a high electric field. This quantum–mechanical

tunneling process is an important mechanism for thin

barriers as those in metal–semiconductor junctions on

highly doped semiconductors. F–N tunneling current

through a triangular barrier at high electric field is given by

[42]

JFN ¼ AV2 expð�B=VÞ; ð2Þ

where A = q3/8ph/B and B = 8p(2mFN)
1/2 /B

3/2/3qh. Here

q is the electronic charge and /B and mFN are the effective

tunneling barrier height and effective mass of electron for

F–N tunneling. V is the applied voltage. The high-field F–N

tunneling should be temperature independent. But our

observed (ln(IFN/V
2)) versus 1/V is strongly temperature-

dependent at this field range (Fig. 3b), and hence, we can

conclude that the field-dependent tunneling is mainly

temperature-dependent Frenkel–Poole-type emission.

Fig. 2 a, b The I–V characteristics of the heterojunction at different

isothermal conditions in the temperature range of 10–300 K without

and with applied 6 T magnetic field
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The well-known Poole–Frenkel effect describes the

increase in the thermal emission rate of carriers in an

external electric field due to the lowering of the barrier

associated with their Coulomb potential. It is a classical

mechanism in which the electron is thermally emitted over

the top of a potential barrier which has been lowered by the

presence of an electric field. The Poole–Frenkel emission

refers to the electric-field-enhanced thermal emission from

a trap state into a band of electronic states of insulator’s

conduction band. The current density associated with the

Poole–Frenkel emission is given by [47]

IFP ¼ CV exp �
q /B �

ffiffiffiffiffiffiffiffi
qV
pe0es

q� �
kBT

2
4

3
5 ð3Þ

where /B is the barrier height for electron emission from

the trap state and es is the relative dielectric permittivity at

high frequency, rather than the static dielectric constant

[43]. The electrons in the electrode are able to transit to the

bound states originating from the traps in the insulator at

the metal/insulator junction by quantum–mechanical tun-

neling. The transition of electrons from the electrode to the

conduction band of the insulator via the traps is generally

defined as the tunneling-assisted Poole–Frenkel conduction

[48].

The high-field ln(IFP/V) versus HV plots at H = 0

shown in Fig. 3a are almost linear at high electric field for

all temperatures, and it strongly implies that the tempera-

ture-dependent tunneling-assisted Poole–Frenkel emission

is the dominating current transport mechanism in CFO/p-Si

heterojunction across the narrow intermediate native oxide

SiO2 layer. The strongly temperature-dependent tunneling-

assisted Poole–Frenkel emission mainly originates from

activated emission at the CFO/p-Si interface barrier of this

FM/SC spintronic device heterostructure.

Figure 4a shows the ln(I0/T
2) versus 1/T plot of the

CFO/p-Si heterojunction. The barrier height (/B) of CFO/

p-Si was estimated to be 0.74 eV according to the equation,

ln
1

T2

� �
¼ ln AeA

�ð Þ � q /B � Vð Þ
kBT

ð4Þ

The comparative study of I–V characteristics for CFO/p-

Si heterojunction without and with applied 6 T magnetic

field have been carried out at different isothermal condi-

tions. Figure 4b shows the comparative I–V characteristics

at 30 K, and the inset shows at 50 K. From Fig. 4b, we can

conclude that the junction current is noticeably reduced by

the application of applied magnetic field in forward bias,

and there was no change in the junction current in reverse

bias (negligible). Therefore, the junction resistance (CFO/

SiO2/p-Si) increases by the applied 6 T magnetic field

exhibiting positive junction magnetoresistance (JMR)

behavior of CFO/p-Si heterojunction. The schematic dia-

gram of our heterojunction has been shown in Fig. 4c. To

investigate the electronic transport properties of the

heterojunction, the DC bias voltage has been applied across

the junction and the junction current across the interface

has been recorded. The external magnetic field (6 T) has

also been applied parallel to the direction of the film plane

in order to study the effect of magnetic field on junction

current in our heterojunction. The highly conducting high-

purity In metal contacts were made for ohmic contact on

both CFO film and p-Si substrate.

3.3 Junction magnetoresistance properties

of the heterojunction

The magnetoresistance properties of both CFO film and the

junction have been investigated at a constant temperature.

The magnetic field-dependent MR properties of the CFO

film have been investigated at different isothermal condi-

tions for a constant current of 0.1 mA in the in-plane (CIP)

direction in the temperature range of 100–300 K. A sepa-

rate CFO thin film has been deposited on a-Al2O3 (0001)

sapphire insulating substrate (CFO/a-Al2O3) under the

same physical conditions using pulsed laser deposition

Fig. 3 a Poole–Frenkel plots of

CFO/p-Si heterojunction in the

absence of magnetic field. b F–

N plots for the same

heterojunction at 0 T field

Spin transport and temperature-dependent giant positive junction magnetoresistance in CoFe2O4/… Page 5 of 10 50

123



technique in order to prevent conduction through the p-Si

substrate in the CFO/p-Si heterostructure. For electrical

transport measurements, the four probe contacts were made

on the CFO film with ‘In’ ohmic contact. We can safely

assume that all the current flows through the CFO film

plane only in CFO/a-Al2O3 heterostructure. The change of

resistance with applied magnetic field parallel to the film

plane up to a magnetic field of 6 T has been recorded for

CFO magnetic thin film for current in-plane direction (CIP

geometry). We calculate the magnetoresistance of the CFO

film directly from the recorded resistance data using the

standard formula,

%MR ¼ RH � R0

R0

� 100 ð5Þ

where RH and R0 are the resistance with and without

applied magnetic field, respectively. The magnetic field-

dependent JMR properties of the CFO/SiO2/p-Si hetero-

junction have been observed at different isothermal con-

ditions for fixed forward DC bias voltage of 4 V. The

change in current with applied magnetic field parallel to the

film plane up to 6 T has been observed across the junction

(CFO/SiO2/p-Si) for current perpendicular to the plane

direction (CPP geometry). The reverse bias current being

negligible (\0.1 lA, excellent rectifying behavior) in the

device, the change in the current with the application of

magnetic field could not be measured due to the limitation

Fig. 4 a The ln(I/T2) versus 1/

T plot for the heterojunction at

zero magnetic field to obtained

barrier height using Eq. 4.

b The comparative I–V study

without and with applied 6 T

magnetic field at 30 and 50 K

(inset of Fig. 3b). c The

schematic diagram of the

heterojunction where the DC

bias voltage applied across the

junction and the external

magnetic field was applied

parallel to the film plane

Fig. 5 a The MR behavior of both CFO magnetic thin film and the

junction at different isothermal conditions. b The schematic energy

band profile of the heterojunction and spin injection, spin accumu-

lation in valence band of p-Si
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of the measuring instruments. Figure 5a shows the MR

behavior of both CFO film and the junction. The magnetic

thin film (CFO) shows negative MR, whereas the junction

shows positive JMR behavior throughout the working

temperature range. Highest negative MR% of CFO film

(top layer) has been observed to be *8 % at 100 K at a

magnetic field of 6 T and gradually decrease with

increasing temperature. The magnetoresistance of the p-Si

(001) substrate is negligible throughout the temperature. So

we can clearly confirm that the origin of observed JMR

mainly from the junction only—not due to the individual

properties of either CFO magnetic thin film or p-Si non-

magnetic semiconductor. The value of %JMR across the

junction has been calculated using Eq. (5). The value of

positive JMR has been observed to be 1600 and 370 % at a

biasing voltage of 4 V at 10 and 30 K, respectively. The

origin of the JMR in this heterostructure can be explained

by the standard electrical injection of a spin-polarized

tunnel current. There are several reports in the literature to

prove the spin accumulation in nonmagnetic Si substrate

using 3-terminal Hanle curve experiment [2, 5, 49, 50]. We

have not shown here the accumulated spin signal in p-Si

substrate using 3-terminal Hanle curve. When the spin-

polarized electrons are injected from the half-metallic

ferromagnetic material to semiconductor (SC), it produces

majority spin accumulation in conduction band of the SC;

when the spin-polarized electrons are extracted from the

SC to half-metallic ferromagnetic material, it produces

minority spin accumulation in conduction band of SC. As a

result, the spin accumulation produces an imbalance in the

electron population in the Si conduction band or in the hole

population in the valence band (see Fig. 5b for p-type Si)

[3, 4, 23]. This is described by different electrochemical

potentials, l" and l#, for the up and down spins, respec-

tively, and a spin accumulation is defined as Dl ¼ l" � l#.
Based on the spin injection theory, when the spin-polarized

electrons or holes are injected from ferromagnetic material

to semiconductor, it produces majority spin accumulation

in conduction band or valence band of the SC. As a result,

the spin accumulation produces an imbalance in the elec-

tron population in the Si conduction band or in the hole

population in the valence band (see the proposed diagram

in Fig. 5b for p-type Si). The direction of the spin polar-

ization is determined by the magnetization direction of the

magnetic thin film, and it is parallel to the interface (that is,

in-plane). The spin accumulation in nonmagnetic semi-

conductor is greatest directly underneath the contact and

decays with increasing distance from the interface with

certain spin diffusion length (LSD). In the present case, the

spin-polarized holes creates nonequilibrium spin popula-

tion (majority hole spin accumulation) in valence band of

p-type Si. In forward bias, the spin-polarized holes from

the CFO magnetic thin film tunnel through the SiO2 layer

and accumulate in valence band of p-Si. These accumu-

lated spins create nonequilibrium population in net spin

density of states in valence band at fermi level in p-type Si

within LSD. Figure 5b shows the proposed schematic dia-

gram of the CFO/p-Si heterostructure where the maximum

spin accumulation is observed in p-Si in the absence of

external magnetic field within the spin diffusion length.

When we apply a saturation magnetic field parallel to the

film plane, the magnetization of the magnetic film attains

its saturation value via domain orientation in the direction

of the applied magnetic field. The bottom layer is expected

to be aligned in an antiparallel orientation to the top

magnetic film, similar to the case of a magnetic tunnel

junction (MTJ) [51–53]. The magnetic moments of the

CFO layer (top layer on oxide) and the spin accumulation

Fig. 6 a The schematic diagram of the proposed model of the CFO/

p-Si heterostructure where the spin-polarized carriers moving across

the interface will undergo large spin-dependent scattering in the

presence of saturation external magnetic field within the LSD. b The

cross-sectional HRTEM of the CFO/SiO2/p-Si heterostructure and

inset shows the SAED pattern of the CFO thin film
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layer near the valence band in semiconductor (bottom layer

below oxide) are alternately coupled in antiparallel

(oscillating behavior) direction via insulating tunnel barrier

through the RKKY-type indirect exchange interaction as

shown in Fig. 6a. Similar to the GMR/TMR device, the

spin-polarized carriers moving across the interface will

undergo large spin-dependent scattering from the induced

magnetic spin accumulation region (within LSD), thus

producing a high resistive condition of the device under

application of the external magnetic field. Therefore, the

resistance across the junction increases with applied mag-

netic field and we observe positive JMR in our

heterojunction.

Figure 6b shows the cross-sectional HRTEM image of

the CFO/SiO2/p-Si heterojunction. The HRTEM image

clearly reveals the growth of polycrystalline CFO film

(125 nm) on the p-Si substrate, and the film was well

separated from the p-Si substrate through a native SiO2

layer (*3 nm) with sharp interfaces. The polycrystalline

nature of the film was also established from the selected

area electron diffraction patterns (inset of Fig. 6b) which

also showed the absence of any secondary phases. A close

look at the interface reveals the existence of a layer of

thickness 3–4 nm between ferrite film and p-Si substrate,

and this is expected to be thin native SiO2 layer. The

presence of this insulating interfacial layer must play an

important role in the observed transport properties of the

heterostructures.

Figure 7a shows the temperature-dependent JMR% of

the heterojunction at 6 T magnetic field in the temperature

range of 10–300 K. The noticeably high value of positive

JMR has been observed at 10 K (*1600 %). The magni-

tude of JMR gradually decreases at higher temperature

regime. At higher temperature, the frozen carriers in the

semiconductor attain thermal energies through phonon

vibrations which dominate over the magnetic energy

responsible for the formation of hole spin accumulation in

the silicon. The surface morphology of the as-grown

magnetite thin film has been recorded using tapping mode

AFM. The 2-D AFM image of the as-grown magnetite thin

film in the scan area of (1.5 lm 9 1.5 lm) has been shown

in inset of Fig. 7a. The surface morphology clearly shows

that the film is uniformly grown on the surface of the

single-crystalline (001) p-Si substrate with full coverage.

The average rms surface roughness of the film has been

found to be 0.7–0.9 nm. Figure 7b shows the change in

spin-polarized tunneling current with the applied magnetic

field in the silicon at 10 K for a constant applied bias

voltage of 4 V across the CFO/p-Si heterojunction. From

Fig. 7b, it can be observed that the spin-polarized junction

current gradually decreases with applied magnetic field

within LSD in valence band of p-Si semiconductor. The

spin-polarized carriers moving across the interface will

undergo large spin-dependent scattering from the spin

accumulation region (LSD), thereby producing a high

resistive condition (positive JMR) of the device under

application of the external magnetic field parallel to the in-

plane direction of the magnetic thin film. The forward bias

junction current decays as a function of magnetic field

B with an approximately Lorentzian line shape. With cer-

tain order of approximation [9], it could be easily derived

that the current across such a device in the presence of a

magnetic field (B) can be written as [54] IðBÞ ¼ I 0ð Þ
1þ xLsð Þ2ð Þ,

where s is the spin lifetime and the Larmor frequency,

xL ¼ glBB
�h , where g is the Landé g-factor, lB is the Bohr

Fig. 7 a The magnetic field-dependent junction current of the CFO/

p-Si heterojunction at different isothermal conditions (10 and 30 K)

and inset shows the 3D AFM image of the surface morphology of the

CFO thin film. b The change in spin-polarized tunneling current with

the applied magnetic field in the silicon at 10 K for a constant applied

bias voltage of 4 V across the CFO/SiO2/p-Si heterojunction, and

right inset shows the M (H) behavior of the CFO film at 300 K. Left

inset shows magnified view of the same M (H) plot in the low-field

regime
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magneton, and �h is Planck’s constant divided by 2 p. The
signal is described reasonably well by a Lorentzian line

shape (red line shape). From the full width at half maxi-

mum (FWHM) of the curve (Fig. 7b) taking g = 2, we

obtain the spin lifetime s = 142 ps ± 2 ps. We have also

calculated spin diffusion length (LSD), L ¼
ffiffiffiffiffiffi
Ds

p
in the Si,

where D is the diffusion coefficient (7.7 cm2/s) derived

from the electron mobility (9000 cm2/Vs) using tempera-

ture-dependent Hall measurement system at 10 K for p-Si

with a doping concentration of 4 9 1016 cm-3. With

s = 142 ps, we get LSD = 331 nm at 10 K for our p-type

Si in the heterostructure. The right inset of Fig. 7b shows

the magnetic properties of the CFO thin film at room

temperature. From magnetization measurements M (H), we

confirm that the CFO thin film show ferrimagnetic hys-

teresis behavior at 300 K. The CFO film saturates at low

field. The left inset of Fig. 7b shows the magnified view of

the same M (H) plot in the low-field regime showing

coercive field value Hc = 500 Oe. Though the CFO film

shows ferrimagnetic behavior even at room temperature,

the JMR of the heterojunction is not significant at room

temperature. It falls sharply and becomes insignificant

beyond 50 K (Fig. 7a). Therefore, the JMR of the hetero-

junction depends on spin polarization of the CFO film,

CFO/SiO2/p-Si interface, and the intrinsic properties (viz.

doping concentration and carrier mobility) of the

semiconductor.

4 Conclusions

In summary, we have grown successfully the single-phase

CFO magnetic thin film on p-Si substrate using pulsed

laser deposition technique. From electronic transport

study, I–V characteristics of the heterojunction show a

very good rectifying magnetic diode like behavior at low

temperature, and at higher temperatures, the junction

shows nonlinear I–V behavior. The magnetic field-de-

pendent magnetoresistance behavior of the CFO and the

same heterojunction has been studied at different

isothermal conditions. The CFO film shows negative

magnetoresistance behavior, whereas the junction shows

positive JMR behavior throughout the temperature range.

The spin lifetime (142 ps) and spin diffusion length

(331 nm) have been estimated for our heterostructure at

10 K. The origin of JMR in the device has been explained

using spin injection theory in the semiconductor where

the electrical spin injection of hole from the CFO film

into the Si substrate takes place, producing an imbalance

of majority hole spin accumulation in the valence band of

p-Si. The highest positive JMR (*1600 %) has been

observed at 10 K. The magnitude of JMR value decreases

with increasing temperature. At higher temperature, the

frozen carriers in the semiconductor acquire thermal

energies through phonon vibrations which dominate over

the magnetic energy responsible for the formation of

electron spin accumulation in the silicon. The JMR of our

heterostructure saturates at a much lower magnetic field

as compared to the other earlier reported heterostructures.

Therefore, this high value of JMR in our heterostructures

can be used as promising spin diode like unit (compo-

nent) and normal GMR/TMR like devices, extremely

useful for spintronics applications.
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