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Abstract The paper contributes the preparation and
characterization of Smg 43Ndg ;0Srg47MnQO5 thin film. The
thin film deposited on the single crystal of LaAlO5; (001)
substrates by DC-magnetron sputtering at 1053 K at a
pressure of 200 m Torr. The deposited thin film was found
to have insulating behavior when annealed in oxygen
atmosphere at 1223 K for 24 h. The X-ray diffraction
(XRD) study shows that, both 30 nm and 60 nm thin films
reveal compressive strain. The magnetic measurement (M-
H) shows that the paramagnetic to ferromagnetic transition
temperature of 60 nm film is 145 K. At higher film thick-
ness (~ 60 nm) a sharp insulator-to-metal transition is
observed at 142 K (Tpy = 142 K). 60 nm film show a
huge temperature co-efficient of resistance (TCR) and low
field magneto resistance/an-isotropic magneto resistance
(MR/AMR) is observed. The difference in the magneto
transport properties of the two films have been explained in
terms of presence of the magnetically and structurally
disordered layer at the film-substrate interface.
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1 Introduction

The rich electronic phase diagram of the doped rare earth
manganites (RE;_,AE.MnO;, where RE = La, Nd, Sm,
etc. and AE = Sr, Ca, Ba, etc.) is a natural consequence
of the strong coupling between the mutually interacting
spin, charge, orbital and lattice degrees of freedom [1, 23,
24, 28]. The phase diagram becomes more complex with
the appearance of instabilities and phase inter diffusion,
causing multicriticalilty with increasing size mismatch
between the RE and AE cations. The compound Sm;_,.
Sr,MnOj; by virtue of being close to the charge/orbital
order (CO/OO) instability possesses intrinsic phase
instabilities and multicritical points [23]. This low band-
width (BW) compound shows variety of ground states
such as (i) ferromagnetic metal (FMM) at 0.3 < x < 0.52
(i1) antiferromagnetic insulator (AFMI) for x > 0.52 and
(iii) for 0.4 < x < 0.6, the charge ordering (CO) occurs
with the ordering temperature (Tcp) increasing from
~140 to 250 K as x increases in the above range. The
competition between the FM, CO/O0O, and AFM states
becomes dominant near half doping (x = 0.5), and tri-
critical peculiarities are observed in the x-dependent
electronic phase diagram making Sm;_,Sr,MnO; an
interesting candidate to study phase competition and
related phenomena [10, 18, 19, 29]. Low field colossal
magneto resistance (LF-CMR) is observed at all the
compositions that corresponds to the FMM ground state
in the range 0.3 < x < 0.52. A first order transition from
paramagnetic insulating (PMI) to the ferro magnetic metal
(FMM) state is observed in  Sm;_,Sr,MnO;
(x ~ 0.45-0.50), which is technologically important for
applications such as low temperature low field magneto
resistive devices, bolometer and large magneto caloric
effect (MCE) applications [19].
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The low BW and strong phase coexistence/phase sepa-
ration (PE/PS) also result in metamagnetism that provides
intrinsic fragility to the composition-temperature (x-T)
phase diagram vis-a-vis external perturbations. Conse-
quently, even mild external perturbation such as electro-
magnetic field, pressure, lattice strain etc. provided by the
substrate could dramatically modify their physical proper-
ties. Extensive investigations have been reported on
Sm;_,Sr,MnO; (SSMO) in single- and poly- crystalline
bulk forms. However, thin films of this compound, either
polycrystalline or epitaxial have been studied for the first
time [4, 6, 20].

Another important property of doped rare earth man-
ganites is anisotropic magneto resistance (AMR) due to
anisotropic magneto-crystalline nature that results in the
dependence of resistivity on the angle between the applied
magnetic field (H) and the direction of the transport current
(J) [18]. The magnetic anisotropy is generally defined as
the energy required to rotate the magnetization direction
from the easy to the hard axis. Magneto crystalline aniso-
tropy originates from the interaction between the electronic
spin and orbital degrees of freedom. The electronic orbitals
are linked to the crystallographic structure and their
interaction with the spins aligns the latter preferentially
along well defined crystallographic axes [20]. Therefore,
there are directions in space, (generally referred to as the
easy axis) along which a magnetic material is easier to
magnetize in than in other ones. However, polycrystalline
samples without a preferred granular orientation do not
possess any magneto crystalline anisotropy. But, an overall
isotropic behavior concerning the energy needed to mag-
netize it along any arbitrary direction is only given for a
spherical shape. For non-spherical shapes there are one or
more specific directions, solely caused by the shape which
represents easy magnetization axes [13]. This anisotropy is
known as shape anisotropy. The direction of magnetization
is determined by the competing magneto crystalline and
shape anisotropies. The constant characterizing magneto
crystalline anisotropy is found to be smaller than that
characterizing the shape anisotropy and hence the later
dominates the former which results in an in-plane magne-
tization in thin films. In low dimensional systems such as
thin films, the anisotropies are affected further by the
broken symmetry at the interfaces and hence additional
contributions that are forbidden in three dimensional cases
arise. In manganite thin films the non-spherical charge
distribution around Mn ions gets further modified by sub-
strate induced strain and lattice defects. Apart from the
strain and hence the film thickness other factors such as
structural defects, spin disorder, nature of the magnetic
ground state, phase coexistence, etc. are also expected to
play a crucial role. The occurrence and nature of the low
field AMR in low bandwidth manganites with strong phase

coexistence such as Sm;_,Sr,MnO; (SSMO) has not been
given much attention. In the present work we have studied
the variation of LF-MR as a function of the angle (0)
between the applied magnetic field (H) and current applied
(J) in the plane of the film. Huge anisotropy is observed in
magneto transport.

Partial replacement of smaller Sm**cations by larger
cations (like Nd®") increases the average A-site cationic
radius and hence increases the BW. The paramagnetic-
ferromagnetic (PM-FM) and insulator-metal transition
temperatures (Tc/Tpy) are expected to be enhanced as
compared to the Nd free compound [1, 23]. In the previous
study [25], authors have prepared Smg 45Ndg 0gSt0.47MnO3
thin-film and carried out detailed study of micro structural
and magneto transport properties. Thin films thickness
~36 and ~80 nm were grown by DC magnetron sput-
tering on LAO (001) substrate and post-annealed in oxygen
atmosphere. The results clearly explain that extremely
large compressive strain broadens the PMI-FMM transition
in the as-grown films. O, annealing relive the strain, which
causes a phase-separated meta magnetic ground state
showing field induced first-order phase transition (AFM-
COI) at ~36 nm film. At higher film thickness ~ 80 nm,
the degree of phase separation is reduced and a zero field
PMI-FMM transition, with a weak first-order phase sepa-
ration is observed. This result also suggests that the com-
pressive stain does not always favor FMM phase, but its
relaxation is certainly obstruct to the AFM-COIL. In the
present paper, the investigation is carried out on the impact
of thickness on structure and magneto transport property in
single crystalline Smg43Ndg 1051947MnO5; (SNSMO) thin
films prepared by DC magnetron sputtering and the results
are reported.

In the present paper, three different studies have been
conducted. Namely, Temperature coefficient of resistivity
with temperature (TCR), An-isotropic Magneto resistance
(AMR) and Plot of T™' versus In (p/T) corresponding to
the 30—60 nm films are estimated and compared with the
experimental data.

From the TCR graph, the sharpness of the IMT was
evaluated and is found to be 83 % at T = 139 K (60 nm
film).The MR and AMR (at H = 4.5 KOe) was calculated
and found to be ~69 and ~—65 %, respectively. It shows
a peak at T = 139 K in the vicinity of Ty (60 nm film).

From the slope of T~' versus In (p/T) plot, to measure
the activation energy Ea. In 30 nm film, shows the value of
activation energy is appreciable large than that of 60 nm
film, In 30 nm film Tpy (~ 130 K) is observed to decrease
with increasing activation energy (Ex = 122.3 meV). The
higher value of E, shows that the carriers are strongly
localized than the thicker film. This could be due to the
presence of higher degree of disorder due to large sub-
strate-induced compressive strain, oxygen vacancies etc.,
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For 60 nm film, Ty (~ 145 K) is measured to increase
with decreasing activation energy (Ex = 99.9 meV). This
suggested that J-T effect has appreciably softened and this
is brought about by the out-plane compressive strain and
they have higher value of FMM fraction. The variation of
E4 as function of film thickness.

2 Experimental detail

The sputtering target was prepared from Smg43Ndg 0.
St947MnO3 (SNSMO) powders synthesized by a wet
chemical route. High purity (99-99.99 %) metal nitrates,
viz., Sm(NO3)-6H,O, Nd(NO;)-6H,0, Sr(NO3), and
Mn(NOs),-4H,0, were dissolved in 200 ml of de-ionized
water and an equal volume of ethylene glycol was added.
The mixture was heated at 373 K with constant stirring
until a resin was formed. This resin was decomposed at
573 K and finely crushed. The resultant powder was vig-
orously mixed and then heated for 12 h at 973 K to get a
highly homogenized SNSMO powder for the target. The
target was sintered at 1373 K for about 24 h. The lattice
constants of the target material are a = 5.452, b = 5.443
and ¢ = 7.684 A. The average grain size was determined
from surface morphological investigations by SEM to be
~500 nm. The detailed wet chemical process is given
elsewhere [8, 9, 17]. Films with thicknesses in the range
30-60 nm were deposited by on-axis DC-magnetron
sputtering of 2" Smg 43Ndy 10Sr9 37MnO3 (SNSMO) target
on the single-crystal LaAlO5 (001) substrates maintained at
1053 K at a dynamic pressure of 200 mtorr of Ar
(80 %) + O, (20 %). The grown films were found to be
insulating and therefore were annealed in flowing oxygen
at 1223 K for 12-24 h. The structure/microstructure was
characterized by powder X-ray diffraction (6-20 and ®-
scans) and the cationic composition was studied by energy
dispersive spectroscopy (EDS). Temperature and magnetic
field dependent magnetization was measured by using
commercial physical property measurement systems
(PPMS-Quantum Design) and the electrical transport was
measured by standard four probe method in the tempera-
ture range 77-300 K.

3 Results and discussion

In the following sections the structural and magneto
transport properties of 30-60 nm thin films are described in
detail. The authors have also attempted to correlate the
magneto transport properties of these films to the structural
characteristics.

@ Springer

4 Structure

The lattice constants of the target material are a = 5.452,
b =5443 and c = 7.684 A. The average grain size was
determined from surface morphological investigations by SEM
to be ~500 nm. This yields the average in-plane and out-of-
plane cubic lattice constants, al = 3.852 and a" = 3.842 A,
respectively. LAO (ag = 3.798 A) possesses smaller lattice
constant than aic" of the target bulk compound [1, 23, 24]. Hence,
the films on LAO are expected to grow under compressive
strain (¢ & —1.4 %). Here, the compressive strain has been
defined as € = (ag-al?)*100/al". The X-ray diffraction (XRD,
6-20 scan) pattern of the 30—60 nm thin films are shown in
Fig. 1. The occurrence of only the (00¢) diffraction maxima
shows that the films have grown along the out of plane (c-axis)
direction. The out of plane cubic lattice constants estimated
from the X-ray diffraction data are ac = 3.939-3.867 A,
respectively, for 30-60 nm films. The out of plane lattice
parameters of both the 30-60 nm films are larger than the out-
of-plane lattice parameter of the bulk target used. This clearly
shows that both the films are under compressive strain [16, 22,
26]. The much larger out-of-plane lattice constant of the 30 nm
film than that of the 60 nm film reveals that the former is under
higher degree of compressive strain. As the film thickness
increases the strain relaxes gradually and the out-of-plane lat-
tice parameter approaches towards the bulk value. This is well
demonstrated by the smaller out-of-plane lattice parameter of
the thicker 60 nm film. In manganites the strain is known to
influence the magneto-electronic phases in a very profound
manner. The tensile strain is believed to favor the COI-AFM
phase while the compressive strain enhances the FMM fraction.
The compressive strain results in an elongation of the MnOg
octahedra in the out-of-plane direction with a concomitant
compression in the basal plane (in the present case in the plane

Intensity (Counts)

20 30 40 50 60
20 (degree)

Fig. 1 The XRD pattern of the 30 nm and 60 nm thin films on LAO
(001) substrates. The larger intensity peaks belong to the substrate and
the indexed ones belong to the SNSMO
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substrate) that causes a reduction in the degree of Jahn—Teller
distortion, and hence weakens the spin-lattice coupling [12, 22,
27]. On the other hand the tensile strain elongates the MnOg
octahedra in the basal plane with a concomitant compression
along the out-of-plane direction.

4.1 Magnetic properties

The temperature dependent zero field cooled (ZFC) and
field cooled (FC) magnetization data (M(T)) taken at
H = 500 Oe is shown in Fig. 2 for 60 nm film. The PM-
FM transition temperature (T¢) is 145 K. The Mzgc(T) and
Mgc(T) curves show strong divergenceat T ~ 125 K < Tc.
The M-H data (taken at 5 K) of these films is presented in the
inset of Fig. 2. The saturation magnetization (Mg) =
7.94 emu and the corresponding saturation field is
Hg ~ 6 kOe. The remnant magnetization (M,)
is & 2.9 emu and the coercivity is Hc_ = —3.2 kOe and
He = 2.3 kOe. In the lower temperature regime, the ZFC
curve shows a decline which however vanishes in the FC
magnetization curve [1]. Generally, ZFC-FC magnetization
divergence and the drop in ZFC magnetization at T < Tp are
regarded as signatures of a metamagnetic state. The nature of
the bifurcation of these curves suggests that in the present
case the metamagnetic state could be either a cluster glass or
spin glass [11, 22, 23]. The occurrence of the cluster glass or
spin glass state in manganites is generally attributed to the
coexistence of AFM-COI phases in the FMM matrix. In the
present case (i) long range FMM, (ii) short range CO/O0O-
AFMI phases and (iii) short range A-AFM phases are
expected to coexist at T < Tc. It is this phase-coexistence
that results in meta magnetism and the formation of the CG at
T < T¢. The ZFC-FC M-T data of the as grown 30 nm film
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22558

2255

0.0004

0.0003 H (kOe)

M (emu/cc)

0.0002
—o—FCC

Xy
N 2933%55332222292225225232})

i i 1 A
0 50 100 150 200 250 300
T (K)

Fig. 2 Temperature dependent zero field cooled (ZFC) and field
cooled (FC) magnetization (H@ 500 Oe) for 60 nm film. The inset
shows M-H loop measured at 5 K

was observed to be noisy and showed a broad PM-FM
transition [25]. The lower film thickness is very difficult to
pick up even by the SQUID magnetometer. This makes the
M-T data of the as- grown films noisy.

4.2 Electrical transport properties

The temperature dependence of resistivity measured in the
range 77-300 K is shown in Fig. 3. The 30 nm thin film
shows insulator like temperature dependence throughout
the measurement’s temperature range. This is in contrast to
the bulk target used for the deposition of these films [30].
The target showed an insulator metal transition (IMT) at
T ~ 130 K [3, 25]. In the 60 nm thin film the lowering
of temperature results in an insulator like behavior but it
shows a very sharp IMT at Ty = 142 K. The observed
value of Tpy is higher than that of the Nd free material,
viz., Smy 53519 47MnO5. Just below the IMT, the resistivity
decreases by almost three orders of magnitude with in a
very small temperature range [11, 12]. The sharpness of the
IMT was evaluated by the temperature coefficient of
resistivity defined by d(¢np)/dT. The TCR (%) is found to
be 83 % at T = 139 K (shown in Fig. 4). This value of
TCR is considerably larger than that of the large and
intermediate bandwidth manganites such as La; _,Sr,MnO3
(x =0.2-0.4) and La;_,CaMnO3(x = 0.3-0.4), which is
generally in the range 5-20 %. The sudden drop in the
resistivity at IMT is generally attributed to the bicritical
nature of the low bandwidth manganites. At T > Tpy/T¢
the major phase is paramagnetic insulator (PMI). However,
it has been shown that antiferro magnetically charge
ordered insulator (AFM-COI) clusters may be present or
embedded in the PMI matrix. This is well evident by the

p (Q-cm)

'l A A 1 A 'l A
100 150 200 250 300
T (K)

Fig. 3 The variation of zero magnetic field resistivity with temper-
ature measured in the range 77-300 K
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Fig. 4 Variation of the temperature coefficient of resistivity with
temperature for the 60 nm film

sharp rise in resistivity just above IMT [5, 11]. At the IMT
the FMM phase appears abruptly with concomitant col-
lapse of the PMI phase, causing the sharp IMT.

Borges et al. [2] has been proposed the concept of the
presence of magnetically dead layers to account for the
anomalous features in the magnetic and magneto transport
properties of manganite thin films. Two magnetically dead
layers are present at both the film substrate interface and
the film surface. The magnetization rapidly falls off inside
these interfaces due to spin canting, which induces loss of
polarization. This loss of magnetic polarization has been
confirmed by spin-resolved photoemission spectroscopy [8,
14]. The temperature dependence of the moment at the
surface exhibits a markedly different behavior from that of
the bulk magnetization. Further, the universality of the
“dead layer” is not well established. It was shown that the
concept of dead layers is not always applicable and is too
simple to capture the physics of manganites. The magnetic
and transport properties of manganite films are dependent
on the annealing conditions, that is, whether the films are
annealed ex situ or in situ. It has also been theoretically
shown that magnetic and transport properties depend on the
degree of tetragonal distortion as well as on different strain
states induced by the different annealing procedures [7, 12,
31]. It is also known that the breaking of the Mn*T—0O-
Mn** network chain near the film-substrate interface cau-
ses induced phase separation. This can cause a small
deviation from the nominal Mn*"/Mn*" ratio in the
vicinity of the interface. Furthermore, as ultra-thin films are
supposed to be under a large degree of substrate-induced
strain, some chemical nonstoichiometry and interfacial
oxygen vacancies are also possible. As the film thickness
increases, these are stabilized. Thus, interface-induced
phase separation leads to the creation of a magnetically
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disordered and chemically inhomogeneous state in the
vicinity of the film-substrate interface, whose contribution
is more prominent at lower film thicknesses. In view of this
we attribute the insulator like p-T of the 30 nm thin films to
the presence of a disordered layer at the film substrate
interface. As the film thickness increases the substrate-in-
duced strain, some chemical nonstoichiometry [3], inter-
facial oxygen vacancies [8, 25], etc. are stabilized and the
impact of this disordered layer is suppressed. Hence, the
thicker 60 nm films show a sharp IMT.

As mentioned earlier JT distortion of the MnOg octa-
hedron can lead to the trapping of the charge carriers into a
polaronic state influencing the transport properties in the
high temperature PM phase. Hence, the temperature
dependence of resistivity data above Tc/Tpy is an impor-
tant probe of the conduction mechanism. In manganite thin
films, strong polaronic effect is expected at T > Tp. We
have investigated the resistivity of 30 nm and 60 nm
SNSMO films in the above temperature regime in the
framework of the Emin—Holstein approach of small
polaron hopping in the adiabatic limit given by the
expression

T) = AT exp(E, /KgT) where A = 2kg /3ne’a’y
p(T) p(Ea/KsT) B/

Here, ‘n’ is the polaron concentration; ‘a’ is the site-to-
site hopping distance, ‘v’ the attempt frequency and kg is
the Boltzmann constant. E4 is the activation energy, i.e.,
the height of the potential barrier and E, = Ep/2-t. In
general, the overlap integral ¢ is so small that it could be
neglected and then E4 =~ Ep/2 or the polaron binding
energy Ep ~ 2E,. In Fig. 5, In(p/T) is plotted against
inverse of temperature (//T) and the linearity is observed at
T > Tym. The solid lines in the plot are linear fit to the
experimental data [11, 21]. The authors calculated the
activation energy, E, from the fitting parameter [16, 23].

The above law nicely fits the experimental data in the
range 150-300 K for both 30 nm and 60 nm films. The
T~ vesus In(p/T) plot for both the films is shown in Fig. 5.
From the fitting parameter [slope of the T~ 'vs. In(p/T)
plot], we estimated the activation energy. The value of the
activation energy was found to be E5 = 122.3-99.9 meV,
respectively, for 30 and the 60 nm films. For the 30 nm
film, the value of E, is appreciably larger than that of the
60 nm film. This could be due to the presence of higher
degree of disorder due to large substrate-induced strain,
some chemical non-stoichiometry, interfacial oxygen
vacancies, etc. in the 30 nm films. The higher value of E5
in the 30 nm film shows that the carriers are more localized
than in the 60 nm film.

The temperature and magnetic field dependent electrical
resistivity was measured by the standard four probe tech-
nique. The magneto resistance (MR) is defined as 100*Ap/
p(0), where Ap = p(0)-p(H) was measured at magnetic
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Fig. 5 T versus In (p/T) plot at T > T}, corresponding to the
30-60 nm SNSMO films. The open symbols represent the measured
data while the solid lines are fit to the experimental data
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Fig. 6 The temperature dependent of resistivity of the 60 nm film
measured at zero magnetic field (solid circles), applied magnetic field
H = 4.5 kOe, with H//J (open circles) and H L] (solid spheres)

field H = 4.5 kOe. The temperature dependent resistivity
of the SNSMO films was also measured as a function of the
angle (0) between H and the direction of the current J.
From these measurements the anisotropic magneto resis-
tance (AMR) was calculated [13, 15, 26]. The AMR

measured in the present study defined as AMR = (piH“—
p"*100/p,y. ph" is the resistivity of the film for H located
in the plane of the film and oriented parallel to J. p3™
represents the resistivity measured when H is applied
perpendicular to both the plane of the film and the current

J. The average resistivity is defined to be p,, = ph“/3 + 2

f T T T T T
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60

50

40

MR (%)

30

20

10

(] e e L.
75 100 125 150 175 200

T (K)

Fig. 7 Temperature dependence of MR for 60 nm thin film measured
with H//J (solid circles) and HL]J (solid spheres)
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Fig. 8 Temperature dependence of the AMR for 60 nm thin film
measured at H = 4.5 kOe

pS™/3. All the measurements were carried out in the tem-
perature range 77-300 K and the maximum H was
4.5 kOe. The 30 nm film did not show significant MR and
AMR in the measured temperature range. Both, MR and
AMR were less than 2 % at 77 K/4.5 kOe and rapidly
vanished on increasing the temperature [1, 16, 23]. The
temperature dependent of resistivity of the 60 nm film
measured at applied magnetic field H = 4.5 kOe, with H//
J and H1]J are shown in Fig. 6. The 60 nm film showed a
huge low field MR ~69 % when the current is applied
parallel to the magnetic field (H//J). The MR decreases
drastically to ~35 % when the applied magnetic field is
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made perpendicular to the transport current (HLJ) as
shown in Fig. 7. The AMR (at H = 4.5 kOe) was calcu-
lated using the above expression and was found to be
AMR ~ —65 % (Fig. 8). The MR and AMR showed a
peak at T = 139 K.

5 Conclusions

Thin films of Smoi43Ndo_1()Sf0.47MnO3 (SNSMO) have
been successfully grown on single crystal LAO (001)
substrates by DC magnetron sputtering. Impact of the film
thickness on the structure and magneto transport has been
investigated. At lower film thickness (~30 nm) the
SNSMO films have insulator like characteristics, signifi-
cantly larger small polaron activation energy and show
negligible magneto resistance. The PM-FM transition
temperature (Tc) of ~60 nm film is Tc = 145 K. At
higher film thickness (~60 nm), the carriers are delocal-
ized resulting in a sharp insulator to metal transition is
observed at Ty = 142 K. The thicker (60 nm) film shows
a huge TCR and low filed MR/AMR in the vicinity of Tyy.
The observed difference in the magneto transport proper-
ties of the two films has been explained in terms of the
presence of the magnetically and structurally disordered
layer at the film substrate interface.
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