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The present study reports the magnetizations and magneto-transport properties of PrFe;_,Ni, O3 thin films grown
by pulsed laser ablation technique on LaAlOj substrates. From DC M/H plots of these films, weak ferromagnetism or
ferrimagnetism behaviors are observed. With Ni substitution, reduction in saturation magnetization is also seen. With Ni
doping, variations in saturation field (H; ), coercive field (H.), Weiss temperature (6), and effective magnetic moment (pegr)
are seen. A small change of magnetoresitance with application of higher field is observed. Various essential parameters
like density of state (Ny) at Fermi level, Mott’s characteristic temperature (7p), and activation energy (E,) in the presence
of and in the absence of magnetic field are calculated. The present observed magnetic properties are related to the change
of Fe—O bond length (causing an overlap between the oxygen p orbital and iron d orbital) and the deviation of the Fe—O-Fe
angle from 180°. Reduction of magnetic domain after Ni doping is also explored to explain the present observed magnetic
behavior of the system. The influence of doping on various transport properties in these thin films indicates a distortion in
the lattice structure and single particle band width, owing to stress-induced reduction in unit cell volume.
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1. Introduction

In the last few decades, ABO3 (A = rare-earth-metal
and B = transition-metal) oxide-based materials have been
on the center stage of the condensed matter community
due to their potential technological applications, as well as
their richness of science.l'~7 The perovskites in the RFeO;
(R = La through Lu) series have the distorted orthorhombic
GdFeOs-type structure (with space group = Pbnm).!3! The
distortion of the Fe ion in the octahedron is small and is al-
most independent of R. However, the distortion of the R coor-
dination polyhedral is large and enhanced with the reduction
in ionic radius of R. As distortion increases, the 12 O atoms
surrounding the R atom separate into two types, i.e., eight
first-nearest and four second nearest O atoms. Such struc-
tural distortions affect the magnetic ordering and spin state
transitions.[° In the cubic perovskite, the octahedral ligand
field produced by the O atoms surrounding each Fe atom splits
the 10-fold degeneracy of d levels of Fe atom into 6-fold tg
and 4-fold e, levels. Fe3* has d° configuration. The distribu-
tion of five 3d electrons into these energy levels depends on the
strength of the ligand field (10D,) and the spin pairing energy.
RFeOs orthoferrites are magnetically ordered semiconductors
reflecting localized 3d electrons in the high spin (HS) state.
The x-ray photoelectron spectra of these compounds!!”
reveals these features. Magnetic ordering of HS Fe3* cation in

I also

the octahedral B sites is essentially antiferromagnetic (AFM)
with a weak (canted) ferromagnetic (FM) component[“] and
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results from the strong Fe (B-site)-Fe (B-site) coupling be-
tween corner-sharing FeOg octahedra. The magnetic disorder-
ing temperature (7yy = Neel temperature) for the orthoferrite
RFeO3 has been measured by Eibschutz et al.!'?! through ob-
serving the collapse of the magnetic hyperfine sextet into a
singlet in the >’Fe Mossbauer spectrum with variation in tem-
perature. The R—O bonds become more covalent as the Fe-O
bonds become more ionic and the Fe—O-Fe super-exchange
interaction decreases with the decrease in ionic radii of the
lanthanide ions. Therefore, the Neel temperature (Ty) across
this series is lowered.!3!

In these ABO3 compounds, both A and B cations can be
partially substituted, hence leading to the Aj_yAYB1_yBjO3.,
general formula. The partial substitutions of A* for A of dif-
ferent oxidation states lead to the formations of vacancies of
the crystalline bonds and also to stabilizations of unusual ox-
idation states of the B cation.!'*] However, B site partial sub-
stitution by a B* site cation can promote the changes of both
the redox ion and the active site, and thus further effects on
the stability of the crystalline structure!'>! even at high tem-
peratures. By definition, the perovskite structure acts as a host
structure that, according to the substituting cation, can exhibit
different transport behaviors.

Recently, the semiconducting and FM behaviors were
shown in bulk polycrystalline PrFe;_,Ni, Oz (0 < x < 0.5)
samples.!'® The LaFe; ,Ni, O3 (x = 0.3, 0.4 & 0.5) thin films
grown on LaAlO3 (LAO) substrates by pulsed laser deposition
also demonstrated the FM and semiconducting property.[!”]
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Even when these films of LaFe;_,Ni,O3 (x = 0.3, 04 &
0.5) were irradiated by heavy ions they showed the same
semiconducting and ferromagnetic FM behaviors with some
modifications.[ 18191

In the present paper, we attempt to observe the effects of
Ni doping on DC magnetization and magneto-transport prop-
erties of PrFe;_,Ni, O3 (x = 0.1, 0.2, 0.3, 0.4, and 0.5) thin
films prepared by pulsed laser ablation deposited on LaAlO3
(001) orientated substrates.

2. Experiments

The bulk samples (as film target) of PrFe;_,Ni, O3 (x =0,
0.1, 0.2, 0.3, 0.4, and 0.5) were prepared by a ceramic reac-
tion technique.!'®! Thin films of PrFe;_,Ni, O3 (x=0, 0.1, 0.2,
0.3, 0.4, and 0.5) were deposited on single-crystal substrates
of (001) orientated LaAlO3 by pulsed laser ablation technique.
The grown films each have a thickness of around 200 nm but
the film with composition x = 0.3 is thicker than that with the
other compositions. The film growth (conditions or growth pa-
rameters etc.), structural and electrical characterizations have
already been published elsewhere.?"]

The temperature dependences of resistivity (H = 0 and
H =9 T) and magnetic measurements were investigated using
a superconducting quantum interference device magnetometer
(Quantum design, PPMS-9).

3. Results and discussion
3.1. DC magnetization study

In order to see the effect of Ni*T ion substitution in
PrFeO3; matrix, zero field-cooled (ZFC) and field-cooled (FC)
magnetization measurement have been investigated. Figure 1
shows the ZFC and FC dc magnetizations each as a function of
temperature for PrFe;_,Ni, O3 (0 < x < 0.4) thin films. In the
ZFC process, the sample is cooled in the zero field from 300 K
to 5 K and the magnetization is measured in the presence of a
medium magnetic field (H = 500 Oe, 1 Oe = 79.5775 A/m),
during the warming up cycle. In the FC process, the same field
is applied while cooling the sample from 300 K to 5 K and the
magnetization measurements are performed during the warm-
ing up cycle. It is observed that the magnetization decreases
with the increase of temperature.
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Fig. 1. Temperature dependences of magnetization measured for specimens of PrFe;_,Ni,O3 (x = 0.0, 0.1, 0.3, and 0.4) at tempera-

tures between 5 K and 300 K in an applied field of 500 Oe.
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The temperature at which the FC and ZFC curves take
part can be used as an indicator of the magnetic ordering tem-
perature. Judging from the weak field-induced magnetization,
the overall behavior is AFM, but the magnetic irreversibility
and in particular the small FC magnetizations observed at low
temperature indicate a weak FM-like behavior. Application of
the Goodenough—Kanamori rules to all the possible bifurca-
tion/ordering behavior is expected to arise as a consequence of
the different signs of the magnetic interactions among d>Fe3™,
d*Fe*t, d’Ni*t, and d®Ni?* present in the lattice. It has been
previously suggested that a spin-glass behavior exists at low
temperatures for LaFe;_,Ni,O3 (x < 0.8) appealing to multi-
plicity of interactions expected among the different magnetic
centers found in Ref. [21]. A plot of the inverse susceptibility
as a function of temperature (Fig. 2) shows that strong interac-
tions among magnetic centers exist well in the system. The ex-
trapolation of the slope of the curve (the straight line in Fig. 2)
always gives a negative intercept (for lower value of doping)

with the horizontal axis, which implies that the prevalent inter-
actions are AFM. The bifurcation/ordering temperature is un-
usually high (265 K-273 K) which evidences the presence of
strong local magnetic interactions in the sample, although the
long-range magnetic order is weak or absent. The difference
between the FC and ZFC curves up to this ordering temper-
ature indicates that the FM moments persist up to transition
point. More precisely, the present behavior observed in the
system is due to the disorder of Ni** and Fe3* ions as well as
the interactions between their competing ferromagnetism and
antiferromagnetism.

In order to better emphasize the singularities of the mag-
netization curves, we use the differential curve [ypc(T)-
xzrc(T)] 1221 (see the inset of Fig. 3). Neel temperature
(Tx) in the case of PrFeQs is high (T ~ 700 K),!?*! but af-
ter Ni doping, owing to the substrate-induced strain, it would
have gone down and is observed clearly in the present system.
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Fig. 2. Temperature dependences of the inverse magnetic susceptibility x~ ! for specimens of PrFe;_,Ni, O3 (x = 0.0, 0.2, 0.3, and 0.4).
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Again for x = 0 composition (PrFeO3) , ZFC shows a
sharp peak (see Fig. 1) at about 50 K, which can be at-
tributed to the Hopkinson effect arising from the magnetic
anisotropy in the domain structure.?>*! Recently single crys-
tal of PrFeO5; shows the same trend at about 50 K.[2> This
anomaly at 50 K may be considered to be due to the orienta-
tion of the Fe** spins as the family of RFeO3 (R =Nd, Sm,
and Er) shows spin reorientation transitions.>>) However to
visualize this behavior fully, it needs further study.

Also from Fig. 2, which shows the temperature de-
pendences of the inverse magnetic susceptibility y~! for
PrFe; _,Ni, O3 thin films (0 < x < 0.4). The nonlinear func-
tion of reciprocal susceptibility versus temperature in the mea-
sured temperature range also confirms the weak FM order. The
effective magnetic moment pgs is determined by fitting the
Curie-Weiss law to the ¥ ~'-T data

x=C/T -6, ey

where C = (UoNapp/3ks) x pZ; = Curie constant, Ny is the
Avogadro’s number, g is the Bohr magneton, pes is the ef-
fective magnetic moment, kg is the Boltzmann constant, and
0 is the Weiss temperature. pesr decreases as Ni content in-
creases. In general, since the free ion magnetic moment of
Fe3t (5.82 up) is larger than that of Ni’* (4.82 ug), the
pett of PrFe;_,Ni, O3 thin film should decrease with the in-
crease of Ni content. The total effective magnetic moments in
PrFe;_,Ni,Oj3 are calculated to be 5.91 ug, 5.84 ug, 5.51 ug,
5.03 ug, 4.71 pp, and 4.35 up for samples with x = 0.0, 0.1,
0.2, 0.3, 0.4, and 0.5, respectively. Because only Fe3* and
Ni** ions contribute to the total effective magnetic moment in
PrFe;_Ni O3, the spin state S of Fe’>" can be used to calcu-
late pesr via the formula pegy = [4S(1 + 5)]'/2.12°) More pre-
cisely, the tiso = [(1 —x)ug, +xpZ]'/? is used to do calcula-
tions. In the present case, Fe3t ions in PrFe;_,Ni, O3 have
five electrons in the 3d shell, which leads to a total possible
spin quantum number S being 1/2, 3/2, and 5/2. Therefore,
the possible values of peg; are 5.916 g /Fe* for the high spin
state (HS), 3.873 ug/ Fe3 for the intermediate spin state, and
1.732 pg/ Fe3* for the low spin state. Compared with the re-
sults from linear fitting of the 1/x-T curves, the spin state
(for Fe3* ion) is found to be HS for all the samples. How-
ever, the spin state Ni** ions are assumed to be in low spin
state in PrFe|_,Ni,Os3. This is also confirmed from electronic
structure study of its bulk (used as film target for the present
films) as well as these thin films.[!0 It was discussed in the
previous report that the bond angle of M—O(2)-M increases
t.[20] The increase in the bond
angle may enhance AFM, super-exchange interaction between
Fe’T—Fe** and Fe’>*—Ni** and contribute to the magnitude of
0 (Table 1). Here a decrease in 8 may be due to the fall in neg-
ative molecular field with the decrease in AFM frustration. In
addition, the AFM frustration gives rise to weak FM compo-

with the increase of Ni conten

nent which is created from the canted—AFM spin arrangement

of Fe’™ magnetic moment./?®! In the cases of RFe;_,Ni, O3
(R = Nd, Sm) bulk system, the values of p.s are different
from those of PrFe;_,Ni,Oj3 thin films, reflecting the differ-
ences in the rare-earth moment and dimensions of the system
(thin film),?”) which represents the fall in negative molecular
field and consequent decrease in AFM frustration. Also the
AFM frustration leads to weak FM component which arises
from the canted AFM spin arrangement of Fe>* magnetic mo-
ment.

Table 1. Parameters extracted from magnetization hysteresis curves.

Coercive field  Saturation field ~Weiss-temperature

Hc/Oe (Ms) 0/K
0.0 18.88 0.00168 —375
0.1 102.43 0.00051 —250
0.2 50.7 0.0001 —25
0.3 52.35 0.00178 75
04 46.76 0.00108 100
0.5 33.68 0.00090 -

In Fig. 3, we show magnetic hysteresis loops at room tem-
perature for all the samples. A small hysteresis loop with good
coercivity is seen in each case (see Table 1). The saturation
magnetization decreases with the increase in the Ni concen-
tration (but not systematically). The different coercive fields
in a series of members of FM semiconductors having different
saturation magnetizations are not new./*! However, it should
be pointed out here that coercivity of a magnetic thin film de-
pends on various factors, such as micromagnetic structure of
the film, magnetic anisotropy constant, magnetic exchange en-
ergy, saturation magnetization, inter grain domain wall, grain
size, micro-structural defects, etc. To estimate the contribution
from each of these factors is beyond the scope of the present
work. However, an effort is made to discuss a few of them
below.
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Fig. 3. Isothermal magnetization hysteresis of PrFe;_,Ni, O3 (x = 0.0, 0.2,
0.3, 0.4, and 0.5) at 300 K. The inset shows differential curves [xrc(T) —
xzrc(T)] for x = 0.0, 0.2, 0.3, 0.4 compositions and arrows show their val-
ues of Tx.
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It can be seen from Fig. 4 that for PrFe;_,Ni, O3 (for x = 0.1, 0.2, 0.33, and 0.5) thin films with nearly the same particle
size, Mg has a tendency to decrease with the increase of Ni content. There are many factors such as the crystal structure, Ni>*
content, and the formation of Fe** (or Ni**) ions that may influence the weak ferromagnetism in the prepared film. Although the
interparticle interaction may have an influence on the magnetic behavior of the magnetic particle system, as the moment of the
magnetic particle is very small in the prepared sample, the effect of interparticle interaction is probably negligible in this system.
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Fig. 4. (color online) (a), (c), and (e) Temperature-dependent resistivity values of the films with x = 0.3, x = 0.4, and x = 0.5
composition under 0 T and 9 T field along with their magnetoresistances respectively, and (b), (d), and (f) their respective VRH

fittings.

The magnetic properties are related to the bond overlap
between the oxygen p orbital and iron d orbital and the de-
viation of the Fe—-O-Fe angle from 180°. From the above
structural analysis, the substitution of Fe3+ by Ni3* ions in
the PrFe;_,Ni, O3 thin film causes the decrease in the Fe—
O bond length and the increase in the Fe3*—O-Fe3* /Ni3+—
O-Ni** /Fe3*-O-Ni’* bond angle. These two aspects both
strengthen the AFM, super-exchange interaction and weaken
the existing weak ferromagnetism. Also already discussed,

the substitution of Fe3* by Ni** ions in the PrFe;_,Ni, O3
thin films may possibly induce different interactions, super-
exchange coupling between neighboring pairs of Fe3*—O—
Fe’", Ni**—O-Ni** ions and the AFM coupling between
Fe3*—O-Ni’* ions. Also the super-exchange interaction could
also be AFM between certain valence states and spin states of
the Niion. The increasing Ni content may lead to the reduction
of Fe’ ions and cause the reduction in magnetization. This is
because Fe3* is in high spin state and its high spin is a magnet-
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ically stable ion. Furthermore, the effective magnetic moment
of Fe’" (high spin) is more than that of Ni3* (low spin state).
Therefore, it may be concluded that the Fe—O bond length and
the Fe—-O—Fe bond angle are two important structural parame-
ters that affect the weak ferromagnetism in the PrFe;_,Ni, O3
thin films. The influence of Ni doping on PrFeO3 thin films
has already been discussed in our previous effort.!>!
Furthermore the effect of Ni doping in PrFe;_,Ni, O3
thin films may lead to different particle sizes, so the satu-
ration magnetization increases/decreases with the decreasing
/increasing average particle size. Alternatively, it may be due
to the surface effect, finite size effect, and lattice distortion in
the PrFe;_,Ni,O3 thin films. In FM and AFM oxides, mag-
netic coupling is very sensitive to the atomic environment.
When the particle size decreases to less than 100 nm, a large
fraction of their atoms are situated on the surface layer where
their local orders differ considerably from those of the inte-
rior atoms. The atomic disorder and reduced coordination
of the surface atoms affect the magnetic interactions, which
may lead to a random canting of the surface spins. The ex-
istence of non-collinear spin structures on the particle surface
has already been demonstrated by Mossbauer spectroscopy in
the magnetic nanoparticles such as CoFe;O4, NiFe,04, and
Y—Fe,03 in which non-collinear spin structures progressively
diminish with increasing particle sizes.[?*=3!1 Here it should be
noted for single domain regions, the saturation magnetization
increases whereas in the case of multi-domain it decreases af-
ter attaining a constant value.!*?! In the multi-domain region

the variation of coercivity with particle size can be expressed
[32]
as

He=a+b/D, )

where a and b are constants and D is the particle size. There-
fore, in the multi-domain region, the coercivity decreases with
particle size reduction. In present films, we have already ob-
served the particle size decreases with Ni substitution [con-
firmed by x-ray diffraction (XRD) data and atomic force mi-
croscopy analysis].[??! This could be one of the reasons for the
reduction in saturation magnetization as well as coercivity in
our case.

The nanoparticles may be imaged to have a core with the
usual spin arrangement and a surface layer in which the spins
of the ions are not oriented at random, but are inclined at some
angle to their normal direction, and mainly depending on their
magnetic nearest neighbors. For the PrFe;_,Ni, O3 thin films,
as the particle size increases, the spin canting at the surface
may benefit the reduction of the net FM moment in this canted
spin system. The greater the particle size, the lowers the frac-
tion of surface atoms, and the smaller the contribution to the
total FM moment. On the other hand, AFM particles are ex-
pected to have a net magnetic moment due to uncompensated
spins.[33:34]

Finally, the lattice distortion with the change of the par-
ticle size in the PrFe;_,Ni, O3 thin films may provide a clue

to understanding the change in the magnetization. From the
structure analysis, as the particle size decreases, the Fe-O
bond length increases and the Fe—O—-Fe bond angle decreases
and hence both decrease the degree of overlap between the
oxygen and iron. These enhance the AFM interaction and
weaken the total FM component. Also the structural distor-
tion occurs because at the external surfaces spins are in a dis-
ordered state and have very low coordination of cations due
to broken exchange bond which affects the super-exchange

interactions. [3-30]

3.2. Magneto resistance (MR)

The plots of electrical resistivity (with H =0T and H =
9 T) versus temperature for the samples (x = 0.3, 0.4 & 0.5)
are shown in Figs. 4(a), 4(c), and 4(e). All the samples show
semiconducting behaviors in the measured temperature range.
It is clear from the figures that the resistivity at room temper-
ature is reducing with Ni doping increasing. These resistiv-
ity values are considerably smaller than their bulk values. 6!
These lower values of resistivity in these thin films may be due
to the smaller grain boundary densities than those in bulks,
which is also observed in the case of small value of full width
at half maximum (FWHM)."?"! Generally, at higher temper-
atures, owing to thermal energy, the carriers are activated to
extend states with maximum mobility. To study the electrical
conduction mechanism of PrFe;_,Ni,O3 (0.3 < x < 0.5) thin
films, p(7T') is compared with

p = poexp(Ea/ksT), 3
which shows normal thermally activated electrical conduc-
tivity37-31 where an electron or hole (as the charge carrier)
moves from one localized state to another due to the interac-
tion between the charge carriers and phonons. In Eq. (3) po is
the electrical resistivity at high temperatures, E, is the thermal
activation energy (or simple activation energy) of the electron
or hole, and kg is the Boltzmann constant. The electrical re-
sistivity values of PrFe;_;Ni,O3 (0.3 < x < (.5) are plotted as
In p versus 1 /T in (its relevant figure is not shown here), since
the data do not show a linear fit in the entire studied temper-
ature range. This indicates that equation (3) cannot be fully
implemented. But the above equation can give a rough idea of
thermal activation energies in the limited temperature range,
where the data can show the best fit.

It should be noted here that the Ni doping in the PrFeO3
gives rise to carrier doping, leads to the decrease in energy gap
and hence the increase in electrical conductivity of the com-
pound. Generally, the chemical substitution for the generation
of charge carriers brings disorder in the system, which may
lead to delocalizing the carriers at the doping site. The car-
riers in the localized states proceed by a phenomenon known
as variable-range-hopping (VRH).3’-3°1 So in order to under-
stand the effect of disorder-induced localization on the electri-
cal transport properties in the present system we fit our data

with Mott’s variable range hopping (VRH). 3831
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According to the Mott’s variable-range-hopping (VRH),
the expression for electrical resistivity in a three-dimensional
system is given by 38!

p = poexp(Ty/T)"", “)
where T is the Mott’s characteristic temperature which is re-
lated to the density of states at Fermi level N(E;) and localiza-
tion length (o) as shown below

Ty = 180 /N(E)ks. )

It has been observed that the data fit by VRH model to
a limited range of temperature (see Figs. 4(b)—4(e)). This
is quite consistent with the reported results of a similar sys-
tem and thus suggests that the conduction is governed by the
disorder-induced localization of charge carriers. 383

At room temperature (300 K), we obtain different pa-
rameters for DC conductivity by fitting data with the above
equations and the results are summarized in Table 2, where
the values of Ty are fit by using o = 2.5 A.1*0) The density
of states N(E¢) at Fermi level is calculated from the slope of
In (conductivity xT''/2) versus T'/*. The N(E) at Fermi level

increases with the increase of content of Ni substitution (see
Table 2) and higher values with high concentration are also
supported by Refs. [16] and [18]. This may be a possible rea-
son for the increase of conductivity in the present system. The
activation energy (E,) is found to decrease with the increase
of Ni concentration as shown in Table 2. With the addition of
Ni, the e, electrons of Fe’" ions become delocalized. It may
be possible that the electronic property in the present system
is due to the induced distortion effect because of the presence
of two different homovalent transition metals (Fe and Ni). As
Fe3* (high spin) with r(Fe**) = 0.64 A is replaced by Ni**
(low spin) with r(Ni**) = 0.56 A, the Fe-O-Fe or Ni-
O-Fe bond angle and its super-exchange angle are changed,
which affects the tolerance factor t = drg.o/ \/m and
hence influences the transport properties.?”! As it has been
established that the transport properties are closely related to
the structural distortion and in particular to the arrangement
of FeOg octahedra, ! the single particle band width of the
system is changed.

Table 2. Physical parameters of PrFe;_,Ni, O3 (x = 0.3, 0.4, and 0.5) thin films, obtained from DC conductivity data with and without

applying magnetic field.
| H=0T \ H=9T
Samples ‘ Tp/10” K W/meV N(Ef)/10" ev—1l.cm™3 ‘ To/10” K W /meV N(Ef)/101 ev—1l.cm™3
x=03 16.295 121.35 2.002 17.012 123.22 2312
x=04 11.131 1119 2.931 12.101 114.01 3.124
x=05 3.446 55.55 9.482 3.754 58.12 9.752

Again here figures 4(a)—4(d) show the curves of resistivity
versus temperature for PrFe;_,Ni,O3 (0.3 < x < 0.5) samples
under the magnetic fields in a range of 0 and 9 T. The two
curves are almost identical and no changes are observed in the
shape and in the absolute value. Such a behavior suggests that
no FM polarons are formed in PrFe;_,Ni,O3 (0.3 <x <0.5)
contrary to those found in doped Nickelates.*!l The magne-
toresistances of these samples show scattered data, hence in-
dicating less interaction between charge carriers or simply the
system being least affected by applying high magnetic field
(insulating regime). In the insulating regime, the magnetore-
sistance is low but negative, similar to what is seen in other
transition metal oxides.!*?! Such a behavior may arise from
weak-localization effect.!*3! Note here that the charge concen-
tration is small and the system is insulating at all temperatures.
Also in the presence of 9-T field, we calculated various fitted
parameters [like E,, Tp, and N(E;)] and present them in Ta-
ble 2. Since there are not many changes in resistivity in the
presence of field, no significant change is observed in these
obtained parameters.

As already mentioned above for all the samples, the resis-
tivity values at all the measured temperatures are not sensitive
(or are less sensitive) to the applied field. In order to see it
more clearly, we plot the curves of magnetoresistance versus

temperature (MR ~ T') in Figs. 4(a)—4(d). Here the MR is de-
fined as

[Ap/p]x% = [p(H =0) — p(H)/p(H = 0)]x100,  (6)
where p(H = 0) is the resistivity in the absence of field and
p(H) is the resistivity in an applied field of H =9 T.

For the sample x = 0.3 the MR is positive and shows de-
creasing trend but starts to rise at 230 K and again shows de-
creasing trend at 260 K. For the samples x = 0.4 and 0.5, the
MR values increase (also their signs change from negative to
positive) with cooling down rather slowly, however at about
262 K they sharply increase and then further increase at this
rate with further cooling down. These results suggest that the
transport properties are completely different from those of the
samples x > 0.3. This further supports our argument regarding
different transport mechanisms in this system. 2% Also accord-
ing to Ogale et al.,[] the observed GMR effect occurs due
to the peculiar electrical transport mechanism in a magnetic
disorder state and is directly related to the structural transi-
tion. However, we observe irreversibilities or magnetic disor-
ders/disorderings in the M—T curves in our samples. The mag-
netization data of films with x = 0.3, x = 0.4, and x = 0.5 show
a bifurcation trend in ZFC and FC at about the same tempera-
ture (260 K), thereby indicating some sorts of disorderings in
the present system.
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For observing positive MR values at low temperatures,
one of the possibilities would be a giant spin splitting of band
states caused by the sp—d exchange interaction under applied
H due to a Zeeman splitting effect in the vicinity of Eg.[*]
This results in the enhancement of electron scattering and thus
leads to the sharp increase of resistivity at low temperatures.
This spin splitting model seems to be more appropriate to our
system as it provides quite a good explanation of data recently
reported by Haneda and Morrish,*°! who showed large pos-
itive MR ~ 48% at 10 K in Co, Mn-doped ZnO thin films.
Alternatively, low temperature MR enhancement seems to be
related to the existence of FM component within the antiferro-
magnetically ordered state. Further positive value of MR in the
system is quite surprising. Although the present oxides cannot
qualify for the practical application as such with the present
least value of MR, theoretical implications may be interesting.
More precisely, deeper investigations of the magnetic proper-
ties of this composite system are essential to clarify this situa-
tion.

4. Conclusion

In this paper, we have successfully synthesized the epi-
taxial thin films of PrFe;_,Ni, O3 (x =0, 0.1, 0.2 ,0.3, 0.4,
and 0.5) by PLD technique on LAO substrates. The effect of
Ni ion doping on magnetic properties of PrFeOs is studied.
The DC magnetization hysteresis loop study reveals weak fer-
romagnetic/ferrimagnetic nature, saturation magnetization in-
creases/decreases with the content of Ni substitution. The zero
field cooled (ZFC) and field cooled (FC) magnetization study
infers that the magnetic frustration exists with Ni doping. It is
concluded that the Fe—O bond length and the Fe—O—Fe bond
angle are two important structural parameters that affect the
weak ferromagnetism in the PrFe;_,Ni, O3 thin films. Resis-
tance values in the presence of magnetic field for some sam-
ples (x = 0.3, 0.4, and 0.5) show the least effect. Various es-
sential parameters, electric conductivity like E,, T, and N (Ey)
are calculated in the absence and in the presence of field. Some
factors are explored to explain the present data.
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