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Magnetoresistance of Nanosized, Granular Sr,FeMoOg_s—

SrMoO, Core-Shell Structures

Gunnar Suchaneck* and Evgenii Artiukh

Herein, for the first time, a model is developed for the description of magne-
toresistance in nanosized, granular Sr,FeMoOg_s;—SrMoO, core-shell structures,
which is based on the fluctuation-induced tunneling model. Parameters of the
fluctuation-induced tunneling model of granular materials are calculated. The
magnetic field is considered to affect the tunneling barrier height. The linear and

quadratic coefficients of this effect are estimated.

1. Introduction

The transport properties of Sr,FeMoOg (SFMO) depend signifi-
cantly on sample microstructure. Usually, SFMO ceramics are
synthesized and annealed at temperatures in the order of
1200 °C.'=! Thereby, cationic ordering increases up to 1200 °C
with increasing sintering temperature improving also magnetic
properties.’! The main contribution to the low-field magnetore-
sistance (MR) absence in single crystals? arises from tunneling
magnetoresistance (TMR) between ferromagnetic metallic
regions separated by insulating barriers."**! On the contrary,
antiphase boundaries (APBs) serving as barriers for intragrain
tunneling are still present after annealing at 1200°C. APBs
contribute significantly to the TMR till a perceptible amount
of APBs exist. Just annealing at 1500 °C practically removes all
the APBs.[®

Low-temperature annealing of SFMO leads to the formation
of StMoO, (SMO) grain boundaries which modifies the TMR
of this material.”®! After annealing at 1100 °C, the dissolution of
SMO takes place improving Fe/Mo ordering and enhancing
the intergranular TMR.® In annealed below 900°C samples,
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magnetically distorted grain boundaries
possessing  spin-glass properties were
obtained.!® In this case, a spin-valve-like
magnetoresistivity appears.

Another possibility of realizing large
TMRs is granular materials in the super-
paramagnetic state.”) Here, spin scattering
at grain boundaries depends on the direc-
tion of the conduction electron’s spin with
respect to the direction of the magnetic
moments. In the superparamagnetic state,
the tunnel current is different whether B is zero or applied
because, at B= 0, tunneling electrons with both spins meet ran-
domly oriented magnetic moments, while at B> 0 they meet
highly oriented magnetic moments, so that the tunneling prob-
ability is small at B=0 and large at B> 0.

In this work, we consider SFMO ceramics comprising nano-
contacts between metallic grains. Such samples consist of cold-
pressed SFMO,” doped cold-pressed SFMO,'" sintered and
granular SEMO," grinded and sintered Sr,CrMoOQg, ™! grinded
and sintered as well as cold-pressed Sr,FeReOg, cold-pressed
Sr,CrReO¢ and cold-pressed Sr,CrWO4,** Ba,FeMoO4 thin
films comprising crystalline grains with disordered grain bound-
ary regions,™ and nanosized, granular SFMO-SMO core—shell
structures.*®l

Each of the listed tunneling processes requires an adapted
model. A phenomenological model to explain the magnetic field
dependence of resistance in granular colossal MR materials was
developed.!'”! The resistance was considered to consist of three
parts: a magnetic field-independent part coming from nonmag-
netic defects and phonon scattering, a field-dependent part com-
ing from spin-polarized tunneling, and a field-dependent part
coming from the reduction of spin fluctuation. The field depen-
dence of the part coming from spin-polarized tunneling was
modeled in terms of a 1D pinning strength By, taken as the free
energy gradient at the domain wall divided by the saturation mag-
netization, such that for B > By, a domain boundary slips from
the grain boundary giving rise to a resistance drop. However, nei-
ther final field derivative d(MR)/dB nor any term of it followed
the experimental results of SFMO thin films deposited onto var-
ious single-crystal substrates."® Another phenomenological
model for manganites and ferromagnetic alloys!"” is founded
on the decomposition of MR into two distinct components:
the low-field and high-field MR at a given temperature both rep-
resented as MR « BY/(B.7 + Bf). Here, B. is a critical field at
which the value of the MR has fallen by half and g is an exponent
which is different for the low- and high-field MRs. For experi-
mental data of (BaggSro,),FeMoOs measured up to 50 T,20
the MR above a critical field of 0.65 T is well fitted to the phenom-
enological model assuming MR, =—41.4%. On the contrary,
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the precise physical meaning of the exponent g~ 0.8 remains
unclear. Also, the temperature dependence of the MR is not a
model component.

The MR of high-temperature synthesized SFMO ceramics is
well described by a model introducing a field dependence of the
reduced magnetization at the grain boundaries in a functional
form mgp = [1(Bo/B)"/%] obtained earlier for spin glasses with
weak anisotropy.?% Later, the fit to experimental data in the
low-field region was improved by adding a tanh-function correc-
tion.?!] However, both models fail to describe the MR of nano-
sized, granular SFMO-SMO core-shell structures.

In this work, we develop for the first time a model of the MR
for the special group of ceramics subjected to fluctuation-
induced tunneling (FIT), e.g., for nanosized, granular SFMO-
SMO core-shell structures.

2. Theory

Usually, SFMO ceramics show an upturn of resistivity at low
temperatures (the upturn is missing in single-crystalline sam-
ples??) to an increasing with temperature p(T).! The resistivity
above the upturn temperature of these samples is described
by a model of spin-dependent tunneling in granular magnetic
films,**?Y resulting in

_ po-exp(fyw)
P =1 m (B, T) - P(T)? @)

where f'is a barrier shape factor, y is the reciprocal localization
length of the wave function, w is the barrier width, m is the rela-
tive magnetization, i.e., the magnetization M scaled to the satu-
ration magnetization M;, T'is the temperature, B is the magnetic
flux density, and P is the spin polarization in the magnetic grains.
Here, both m(B,T) and P(T) decrease with temperature, while
the tunneling process is temperature independent. In the limit
of zero coercive field and an independent on B barrier height,
this yields the well-known MR

m?(B, T)P%(T)
MR = — o 2)

1+ m*(B, T)P*(T)

Let’s now consider cold-pressed or low-temperature annealed
SFMO comprising nanocontacts between metallic grains which
form a capacitance C at the intergrain junctions. In such a sys-
tem, thermal fluctuations occur when the electrostatic energy per
electron, ¢/2C, is much smaller than the thermal one, kT/2, with
e the electron charge and k the Boltzmann constant. The random
mean square noise voltage generated on an ideal capacitor in an
RC circuit is then given by the square root of kT divided by the
capacitance C.22 For a dielectric constant of 40, a barrier thick-
ness d of 2nm, and a contact area A of 400 nm?, the junction
capacitance C will be in the order of 0.1 fF. This yields a ratio
¢?/(CkT) in the order of 0.1 in the temperature region 50-300 K.

Conducting grains separated by energy barriers subjected to
large thermal fluctuations are modeled by the FIT model.*’!
The FIT model links the independent on temperature tunneling
conductivity® with a temperature-dependent conductivity
obtained for the tunneling of spin-polarized electrons in granular
metal films.?>) It is specified by two parameters:
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1) the temperature T characterizing the electrostatic energy of
a parabolic potential barrier

A-w-e,E}

kT, = A W&k 3)
2

where the characteristic field E, with ¢, the vacuum permittivity

is determined by the barrier height Vj

4V,

E, =
0
e-w

)
and 2) the temperature T, representing T; divided by the tunnel-
ing constant

-1
To=T;- (?) ©)

with the reciprocal localization length of the wave function

2m*V,
x =" ©

where m* is the effective electron mass and # is the Planck
constant expressed in J s radian™. Note that Equation (3) can
be written in a more generalized form

_nh
© faw
where f'is the shape factor introduced earlier.
The resulting by this model resistivity yields

T
p(T) = po exp (—TO 1 T) ®

i.e., the samples possess a decreasing with temperature resistiv-
ity.'%1% At T< Ty (large electrostatic energy), the conductivity
is temperature independent and it corresponds to the expected
formula for tunneling through a parabolic barrier. However, at
high temperatures T>> T, (small electrostatic energy), the behav-
ior becomes that of thermal activation.

In case of a hexagonal close packaging of spherical nanopar-
ticles, a layer of thickness I contains n = 31/(6"/%d) monolayers,
with d being the diameter of the nanoparticles, I>>d, that is,
the applied voltage drops across a large number of junctions.
On the contrary, the electric field enhancement at the junctions
is expected to be in the order a factor M equal to the ratio of
the average size of the conducting grains d to the average junction
width w, M ~ d/w. Assuming for granular, nanosized SFMO-SMO
core-shell structures d = 75 nm and w = 1.24 nm,"® the resulting
number nd/w will be still very large. In the resulting low-voltage
regime and supposing direct tunneling through thin enough bar-
riers, the sheet resistance up to a factor F is given by!**%

)

7*h?

Rosqg =5 F——
" I Vg - w

Here, F depends on the ratio of the reciprocal localization
length y and the wave vector of the wave function of the tunnel-
ing spin-down electrons k; as well as on the angle ¢ between the
magnetic moments of the two neighboring grains!*®!

©)
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Fa+k/e)?

~ ®(1+ cos (10)
1 ?)

In granular films, tunneling of electrons occurs between
neighboring grains whose magnetic moments are usually not
parallel. For noninteracting grains, averaging over cosd, where
0 is the angle between the magnetization directions of two neigh-
boring grains, results in®”)

(cos ) = m(B, T)? (11)

Up to 150K, m(B,T) decreases in comparison with its low-
temperature value by 10-12%.I"*" Therefore, we assume a
temperature-independent value of m in the low-temperature
region. Moreover, for the sake of simplicity, we will not take into
account the magnetic flux dependence of the factor F because
m(B,T) defines the value of F within a factor of two.

In nanosized, granular SFMO-SMO core-shell structures,
the barrier thickness is in the order of wa 1/y.l"®) On the con-
trary, the barrier is much thinner than the magnetic length
ls = (h/eB)'/2. In this case, the barrier height was experimentally
found to follow the relation/®!

Vo(B) = Vo(0) — BB+ yB? (12)

The derived equations allow modeling of the temperature and
field dependence of the tunneling magnetoresistivity.

3. Results and Discussion

SFMO resistivity was calculated in dependence on tempera-
ture T and magnetic flux density B by means of Equation (8)
taking T; from Equation (3) and (4) and T, from Equation (6)
and (7). Parameters used for calculations and corresponding
references are shown in Table 1. The preexponential factor
po/F=3.51x10* was evaluated combining Equation (9)
and (10) for cosf <« 1 and I=1cm.

For ferromagnetic Fe, the Fermi surface of the itinerant
d; electrons can be approximated by a sphere of radius
ke = (37m.)'/, where n, is the total electron density.”” Such a
very simple approximation yields F ~ 26 for SFMO. On the con-
trary, the Fermi surfaces of lanthanum manganite A-site substi-
tuted by one-third®” as well as SFMOP! are more complicated.
SFMO is half-metallic where only down-spin states are active at

Table 1. Parameters used for model calculations.

Parameter, dimension Value Ref.
w [nm] 1.24 nel

A [nm?] 360 e
Vo [meV] 13.2 e
m*/me 2.5 135]

f 72 -

ne [cm 3 ~1 x10% [2,36,37]
pmeVT] 1.16 28]

y [mevT 2 0.040 [28,33]
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the Fermi surface.l! Around the Fermi level, these states consist
of energetically overlapping Mo 4d t,, and Fe 3d t,, states hybrid-
ized with oxygen 2p states. This complicates the calculation of k.
Phenomenologically, we obtain a value of F & 14 Dy fitting of the
resistivity in the absence of a magnetic field to data.l*® This value
is reasonable because we have neglected disorder and charge
scattering effects.

MR calculations were performed based on Equation (12). The
coefficient f was attributed in the study by Lopez-Mir et al.”® to
Zeeman splitting amounting about 1 pg (1ug ~ 0.058 meV T~
for a magnetic field perpendicular and about 18 up for a magnetic
field applied parallel to the current. In our case, the Fermi level of
the down-spin states of SFMO is shifted up, while the levels of
the SMO barrier remain constant. Thereby, the tunneling barrier
is reduced. As a first estimate, the coefficient  was chosen as
B =20 up. The coefficient y was determined from data in the
study by Lopez-Mir et al.”® yielding y = 0.034 meV T~2 Note
that the thickness of the La,CoggMn; ,04 layer in the study by
Lopez-Mir et al.”*®! is in the order of the electron mean free path
of a similar double perovskite.*? This yields an anisotropy of MR
and the tunneling current measured along film thickness direc-
tion with the field applied perpendicular and parallel to the sam-
ple. This anisotropy smears out in bulk samples where the
electrons are scattered in all directions. A theoretical estimate
of y following"”!

22¢? B

*

i (13)

and supposing zeg= (7/4)'/*d, with d=75nm'® results in
¥ =0.052 meV T~2 As we are not dealing with collision-free elec-
trons, this value is obviously overestimated. Thus, we have fixed
the value of y to 0.040 meV T2

The temperature dependence of the resistivity calculated in
dependence on B is shown in Figure 1. Note that the zero field
resistivity was fitted experimental datal'® by choosing an appropri-
ate value of the factor F to avoid problems in the calculation of k|.

2,5 - calc. 0T
— — B=0[16]
calc. 5T
calc. 10T
3
(8]
G
=3
Q
0,5
0,0 T T T T 1
0 50 100 150 200 250

TIK]

Figure 1. Temperature dependence of the resistivity of nanosized, granu-
lar SFMO-SMO core-shell structures in dependence on the magnetic flux
density. For comparison, zero field data taken from Suchaneck et al."® are
depicted as a dashed line.
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Figure 2. Calculated field dependence of the MR of nanosized, granular
SFMO-SMO core-shell structures with temperature as parameter.

Figure 2 shows the magnetic flux density dependence of
the MR

p(B) —p(0)
p(0)

calculated using Equation (8) with regard to Equation (12). The
obtained negative MR is similar to the one of high-temperature
sintered SFMO ceramics.!"*® The predicted MR increases with
increasing magnetic flux density. The decrease in MR with B in
very high magnetic fields is an artifact of the model attributed to
the termination of the series expansion of Equation (12). The loca-
tion of the minimum depends on the value y. With decreasing 7, it
shifts to higher fields. On the contrary, the predicted temperature
dependence of the MR in nanosized, granular SFMO-SMO core—
shell structure is much weaker than in the SFMO ceramics. This
would be an advantage for device application near room tempera-
ture. The increase in the MR up to a temperature of 50 K followed
Dby a decrease is in accordance with experimental data for granular
SFMO samples which were attributed to the FIT model.l*?!

Figure 3 confirms that contrary to manganite®* and
SFMO ceramics,"! the MR of nanosized, granular SFMO-SMO
core—shell structures is only weakly temperature dependent. This
is in qualitative agreement with experimental data of sintered,
granular SFMO obeying the FIT model.'?

The weak temperature dependence of the MR is a consequence
of a temperature T, in the order of the temperature at resistivity
measurements. In our example, T; = 217 Kand T; /T = 1.48 under
zero-field conditions decreasing to T; =46 K and T;/To=0.97 at
B=10T, correspondingly. Note that our values of To and T;/T,
are lower than the reported ones in the literature,'*'* meaning
that the MR field dependence of cold-pressed SFMO as well as
sintered and grinded Sr,CrMoOg ceramics could be even less.

MR = (14)

4. Conclusion

A model for the MR in nanosized, granular SFMO-SMO core—
shell structures was proposed for the first time. It is based on the
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Figure 3. Calculated temperature dependence of the MR of nanosized, gran-
ular SFMO-SMO core-shell structures with magnetic flux density as param-
eter in comparison with experimental data of sintered, granular SFMO.I'?

FIT model of Sheng et al. MR was modeled by considering a
magnetic field-dependent barrier height. The model predicts a
MR up to about 50% and a weak temperature dependence of
the MR. The latter is beneficial for spintronic device application
near room temperature.
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