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Thickness dependent magnetic and transport properties of compressively strained Lag ggSt ;1,MnO3
thin films grown on single crystalline SrTiO; (100) substrates have been studied. All films exhibit
a large enhancement of ~130 K in 7/ Ty as compared to that of the bulk target (T~ 175 K).
This has been explained in terms of suppression of the cooperative Jahn—Teller distortion due to
in-plane compressive strain. The 7'-/ Ty of the 5 nm film is 315 K/318 K and slightly increases for
film thicknesses =25 nm. At higher film thicknesses, ~60 nm, the T-/ Ty starts decreasing. At
T> Ty, the electrical transport is due to thermally activated hopping of small polarons. The
activation energy is found to be sensitive to film thickness and shows a minimum at around
L~15-25 nm, which corresponds to the maximum of T./Tp,. All films possess large
magnetoresistances (MRs) in the vicinity of room temperature. Low as well as high field MRs are
observed to nearly double as the film thickness increases from 5 nm (MR~28%/3 T) to 60 nm
(MR% ~50%/3 T). Thicker films (L =25 nm) are found to exhibit sufficiently large temperature

coefficients of resistivities, ~4%—5%/K, which could be suitable for bolometric applications.
© 2008 American Institute of Physics. [DOIL: 10.1063/1.2902927]

I. INTRODUCTION

Doped rare earth perovskite manganites, which are rep-
resented by RE;_,AE.MnO; (RE=La, Nd, Pr, etc., and AE
=Ca, Sr, Ba, Pb, etc.), exhibit strong sensitivity to the mag-
netic field resulting in the colossal magnetoresistance (CMR)
effect that is generally observed in the doping range x
~0.2-0.4.""7 The electronic phase diagram of this strongly
correlated class of materials is very rich. Manganites, de-
pending on the value of x and temperature, exhibit a variety
of ordering and transitions, such as paramagnetic (PM) to
ferromagnetic (FM) transition, insulator to metal (IM) tran-
sition, charge-orbital ordering (COO), and antiferromagnetic
(AFM) ordering, which often result in phase coexistence,
i.e., phase separation.6 The CMR effect is found in the vicin-
ity of the FM-PM transition point (Curie temperature T)
that lies in the proximity of the IM transition temperature
(TIM).I’3 In polycrystalline and single crystal materials, the
CMR effect primarily depends on x.*7 The FM double ex-
change (FM-DE) is invoked to explain the magnetic and
transport properties of the manganites in the CMR regime.l’7
However, it has now been accepted in general that FM-DE,
due to the restricted validity in the vicinity of T/ Ty, is not
sufficient to explain the various physical properties of man-
ganites. Consequently, other interactions, which compete
with the FM-DE mechanism, such as electron-lattice cou-
pling, are also known to play a key role, as demonstrated by
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the oxygen isotope effect.* One particular mechanism for
this coupling is the Jahn-Teller (JT) distortion/effect of the
MnOyg octahedrons, which lifts the degeneracy of the Mn e,
levels in a cubic environment by biaxial distortion.® Depend-
ing on the value of x, other intrinsic phenomena, such as
COO and AFM ordering, are also found to play an important
role in determining the overall landscape of manganites.“f7

The CMR effect in manganite thin films can be tailored
by biaxial strain. In epitaxial thin films grown on perovskite
substrates, the biaxial strain that can be induced by lattice
mismatch with the underlying substrate, film thickness, oxy-
gen content, etc., provides an additional degree of freedom
and, hence, influences the magnetic and transport
plroperties.]lf17 In the case of a film grown on a given sub-
strate, the strain mainly depends on the thickness. Beyond a
critical film thickness, the strain is gradually relaxed and this
aspect also has decisive influence on magnetic and transport
properties, such as magnetization, 7, and TH\,[.IFM’]G’17 The
effect of biaxial distortion induced by substrate strain is ex-
pected to be fundamentally different from the effect of bulk
(compressive) strain driving the lattice toward cubic symme-
try, hence, strongly affecting the subtle interplay between
spin, charge, structural, and orbital degrees of freedom.
Therefore, the clarification of the detailed role of biaxial
strain is essential and has been recently addressed in several
experimental studies.'® Strain has also been found to sig-
nificantly affect the conduction noise properties.36

Among the  manganites, the  divalent-doped
La,_ Sr,MnO; (0.1 <x<0.5), because of its large one elec-
tron bandwidth, is of great interest. It undergoes simulta-
neous PM-FM and IM transitions at different temperatures
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depending on the value of x.>7 Several interesting features
have been observed in this system in the composition range
of 0.1<x<0.18, e.g., the observation of structural phase
transitions accompanying various magnetic phase transitions
at temperatures below 300 K. At lower values of x, the
MnOg octahedrons are heavily distorted in the in-plane di-
rections (elongated in the in-plane direction and, hence, com-
pressed in the out-of-plane direction), and consequently, the
JT effect dominates the FM-DE.***" A JT distortion of the
MnOg octahedron can lead to the trapping of the charge car-
riers into a polaronic state, influencing the transport proper-
ties in the high temperature regime. However, the MnOg4 oc-
tahedron can be manipulated under the influence of in-plane
compressive strain. Extensive studies have been carried out
on thin films of Lal_XerMnO3.39752 The effects of strain-
film-thickness-induced modifications in various physical

properties, such as magnetotransport and magnetic
. 4457 . . 39,40 .

properties, magnetic anisotropy, optical
. 40,50 . .38 . .

properties, and conduction noise,” have been investi-

gated. However, nearly all of the studies related to the effect
of strain have focused on La;_.Sr,MnO; with a doping level
of x~0.3 in which the one electron (e,) bandwidth is large.
Very little attention has been paid to strain-induced modifi-
cations in the transport properties in lightly doped
La,_,Sr,MnO; (x<0.15).

Lightly doped La;_,Sr,MnO; exhibits a number of in-
triguing phenomena that arise due to the strong interplay
between various degrees of freedom, such as spin, lattice,
charge, and orbital degrees of freedom.™* At smaller values
of x, the JT effect dominates the FM-DE, resulting in lower
T values. In the underdoped regime, 7~=200 K;53 hence,
it is possible to investigate the resistivity in the PM regime
over a broad temperature range. However, the most impor-
tant attribute of the lightly doped La;_,Sr,MnOj is that the
pressure derivative of T, i.e., dT-/dP, peaks at around
x~0.11-12 and is expected to be the largest among the
manganese perovskites.54 Razavi et al.'>® showed that there
is a possible pressure-induced polaronic to itinerant elec-
tronic transition in La;_,Sr,MnO; for x=0.12 and 0.15 that
decreases upon application of pressure. Chen et al.”*7 stud-
ied x=0.10 compounds in thin film form. They have ob-
served near doubling of T/ Ty, of Laj¢Sry;MnOj5 ultrathin
films.”’ This has been attributed to the in-plane epitaxially
compressive strain effect, which suppresses the strong JT
distortion.”” However, possible causes of such large T/ T
enhancement cannot be the hopping integral alone; hence,
orbital degree of freedom and multiphase coexistence may
play an important role. Prasad et al.’® observed a similar
Tc/Tyy enhancement and significant magnetoresistance
(MR) and temperature coefficient of resistivity (TCR) for
La ¢3St 1,MnOj thin films deposited by on-axis dc magne-
tron sputtering on SrTiO; (STO) and LaAlO; (LAO) sub-
strates. In view of the encouraging results for compressively
strained thin films of lightly doped manganites such as
La,;_,Sr,MnO; (x~0.10-0.12), a more comprehensive in-
vestigation of the evolution of magnetic and magnetotrans-
port properties with film thickness is required. The variation
in film thickness beyond a critical value leads to the relax-
ation of the strain, resulting in the formation of a variety of
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lattice defects, such as vacancies, stacking faults, and dislo-
cation networks,ls_37 which has a profound effect on the
magnetotransport properties. In this study, we report the in-
fluence of film thickness on the magnetoelectrical and mag-
netotransport  properties of  compressively  strained
Lag ggSt( 1,MnOj5 thin films on STO single crystal substrates.
The film thickness is varied from 5 to 60 nm.

Il. EXPERIMENTAL DETAILS

The  sputtering  target was  prepared  from
Lag gsSro xMnO; (LS8812) powders synthesized by a wet
chemical route. High purity (>99.9%) metal nitrates, viz.,
La(NOs);-6H,0, Sr(NO3),, and Mn(NO3),-4H,0, were dis-
solved in 150 ml of de-ionized water and an equal volume of
ethylene glycol was added. The mixture was heated at
100 °C with constant stirring until a resin was formed. This
resin was decomposed at 300 °C and finely crushed. The
resultant powder was vigorously mixed and then heated for
12 h at 700 °C to get a highly homogenized LS8812 powder
for the target. The detailed wet chemical process is given
elsewhere.” The LS8812 powder was thoroughly mixed and
then pressed to form the target pellet (=2 in.) with a thick-
ness of 3 mm. The final sintering of the target (=2 in.)
was carried out at 1300 °C for about 12 h. For various ana-
lytical studies, a second pellet (=1 in.) was prepared along
with the target. The powder x-ray diffraction (XRD) reveals
that the LS8812 target is single phase and has a distorted
perovskite structure with the Pbnm space group. The unit
cell lattice parameters were found to be a~5.56 A (a/\2
~3.93 &), b~554 A (b/\2~3.92 A), and c~7.74 A
(c/2~3.87 A). This gives the average in-plane lattice pa-
rameter a,,=(a,+b,)/2~3.925 A. The average grain size
was determined from surface morphological investigations
by SEM to be ~500 nm. The bulk target has a FM T,
~ 175 K and undergoes an IM transition at Ty~ 145 K. It
exhibits a MR typical of polycrystalline manganites with
submicron grain size, viz., the low field MR (H~3 kOe)
increases with decreasing temperature. To simulate the in-
plane pressure effect by a compressive strain, we have cho-
sen a STO (100) substrate that has the lattice parameter ag
=3.905 A, which is smaller than the average in-plane lattice
parameter of the bulk target (a,=a,,=3.925 A), and, hence,
is suitable for inducing large in-plane compression. The av-
erage lattice mismatch defined by e=(a,—a,)*100/a;,
where a, and a, are the lattice parameters of the bulk target
and substrate, respectively, is calculated to be £~0.51%.
Thin films with thicknesses in the range of ~5-60 nm were
deposited by on-axis dc magnetron sputtering on the single
crystal STO substrates. Before deposition of the films, the
chamber was cleaned by attaining a vacuum of up to
~107° torr and then flushed twice by an Ar (80%)
+0,(20%) gas mixture. The substrate temperature was main-
tained at 800 °C at a dynamic pressure of 200 mtorr of Ar
(80%)+0,(20%). After deposition, the films were kept at
800 °C for half an hour at 1.0 torr gas pressure and then
slowly cooled down to room temperature for more than 3 h.
The films were then annealed in flowing oxygen at 750 °C.

Film thickness was measured for films that have step by
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a DEKTEK 6M surface profiler and atomic force microscope
(AFM) in contact mode. The cationic composition was
probed by energy dispersive x-ray analysis (EDAX). The
structural characterization was carried out by employing
XRD 6-26 and rocking curve measurements. The surface
morphology of all films was investigated by AFM in the
contact mode. Magnetization measurements were performed
in a superconducting quantum interference device magneto-
meter and magnetotransport measurements were performed
in a physical properties measurement system (PPMS) (Quan-
tum Design). For the sake of convenience, the films with
thicknesses of 5, 17, 25, and 60 nm will hereafter be referred
to as S1, S2, S3, and S4, respectively.

lll. RESULTS AND DISCUSSION

EDAX analysis was carried out on the LS8812 film si-
multaneously deposited on ZrO, (in the case of films on
STO, the presence of Sr makes it difficult to analyze the
result). The average cationic composition was found to be
La/Sr/Mn=0.89/0.12/0.99, which is close to the nominal
composition of the target. The very small spatial variation in
the cationic composition suggests good chemical homogene-
ity of the films. XRD analysis employing 6-26 scans and
rocking curves showed that all the films are coherently
grown and are epitaxial.58 The evolution of the (002) diffrac-
tion maxima for all the films is shown in Figs. 1(a)-1(d). By

using the XRD data, the out-of-plane lattice parameters of
the films were extracted. For the 5 nm thin film on STO (S1),
the out-of-plane lattice parameter was found to be very close
to 3.905 A, which gradually decreases to 3.87 A for the 60
nm film. Clearly, the films with smaller thicknesses have
larger out-of-plane lattice parameters and as the film thick-
ness increases, the ¢ lattice parameter is observed to decrease
with increasing film thickness [as shown by the (00€) dif-
fraction peak shift to higher 26 values] and approach the
value of the ¢ parameter of the bulk target. Thus, the out-of-
plane lattice parameter of the film with the least thickness
shows the maximum deviation from the corresponding bulk
target value ¢/2~3.87 A. The increased value of the out-of-
plane lattice constant reflects the effect of biaxial compres-
sive strain. In contrast to the out-of-plane ¢ parameter, the
in-plane lattice parameters are expected to acquire the sub-
strate lattice constants, especially at lower thicknesses such
as up to L~25 nm (S3) in the present case. It has been
shown that in films with very small thicknesses (such as S1,
S2, and S3 in this study), the compressive strain in the a-b
plane is dominant and, as a consequence, the in-plane lattice
parameter of the film tends to acquire the same value as that
of the substrate.®®¢! However, in thicker films, such as S4
(L=60 nm), there may be a strain gradient in the out-of-
plane direction, resulting in partial relaxation of the strain. In
general, a strained film possesses three distinct regions. The
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FIG. 2. (Color online) AFM pictures showing the surface morphologies of
the 5 nm (top) and 60 nm (bottom) thin films. Better crystallinity is evident
in the thicker film.

one in contact with the substrate is fully strained and, de-
pending on the degree of lattice mismatch, it can extend up
to several nanometers. The second region is characterized by
a strain gradient, which diminishes as the film thickness in-
creases. The third one is a strain-relaxed zone. The boundary
between these regions may not be very sharp. At lower film
thicknesses, only the fully strained state is expected. The
gradual reduction in the out-of-plane ¢ parameter with in-
creasing film thickness, as revealed by XRD, suggests that
there is indeed a strain relaxation. Hence, only the film with
a thickness of ~5 nm may be fully strained and all the other
films undergo partial strain relaxation. This relaxation, which
is due to the presence of a strain gradient, will be spatially
inhomogeneous, that is, the lower region close to the sub-
strate will be more strained than the following layers. These
layers may also be separated by an intrinsic interface con-
taining a dislocation network.'” The partial strain relaxation
may result in the formation of other defects, such as cationic
and oxygen vacancies and stacking faults, whose density de-
pends on the degree of strain relaxation. The generation of
such defects may enhance the JT distortion in the localized
regions. The representative surface topographies of the 5 nm
(S1) and 60 nm (S4) thin films are shown in Fig. 2. As
revealed by the surface order, the films are coherently grown
and even the 60 nm film has a highly ordered grain morphol-
ogy. Evidently, the thicker film possesses better crystalline
features. The average surface roughness was found to be less
than 2 nm for all the films; it was observed to decrease with
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FIG. 3. Temperature dependence of dc magnetization (of 500 Oe) showing
the PM-FM phase transition in the 5 nm (S1) and 60 nm (S4) thin films. The
inset shows the M-H loop measured at 10 K.

increasing film thickness. Coherently strained manganite
films are known to develop morphological instability, result-
ing in a rough surface.”’

Temperature dependent field cooled (FC) and zero FC
(ZFC) dc magnetizations (M-T) were measured in the tem-
perature range of 5-400 K at H=500 Oe applied parallel to
the film surface. The onset of the PM-FM transition was
observed to be very close in films with thicknesses of up to
25 nm and it decreased only slightly for the 60 nm thick film.
The representative M-T plots of S1 and S4 are shown in Fig.
3. The PM-FM transition temperature (7.) was evaluated
from the ZFC data and found to be 315 K for S1 and a small
increase was observed as the film thickness increased to 25
nm (T-~320 K for S3). The 60 nm thick film showed a
slightly reduced 7, ~310 K. Thus, all the films show dras-
tic enhancements in T as compared to the bulk sample (FM
T-~175 K). The observed enhancement in T of films as
compared to that of the bulk target can be explained as a
consequence of the in-plane compressive strain.**®! The FC
and ZFC data of ultrathin films (L=25 nm) showed a small
irreversibility, while no such feature was observed in the 60
nm thick film. The saturation magnetization (M) of the films
was observed to increase as a function of film thickness and,
in fact, for the thicker film (S4), Mg~ 850 emu/cm?®, while
M~ 525 emu/cm? for the ultrathin S1 film, both at 5 K. In
order to have further ideas about the nature of the FM phase,
we measured the M-H loop of the films. The representative
M-H data of the thinnest (S1) and thickest films (S4) taken at
10 K are plotted in the inset of Fig. 3. The coercivity (H) of
the film with the smallest thickness (S1) is the smallest,
H-~55 Oe. Coercivity as a function of film thickness
gradually increases to H-~92 Oe for the ~60 nm film
(S4). The nearly vertical and rectangular shaped M-H loop
and small values of H. are suggestive of the good quality of
the films and indicate that these films possess near ideal FM
characteristics. The T~ values are listed in Table 1.

As mentioned above, the most striking feature of M-T is
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TABLE I. Characteristic magnetic and transport parameters of LagggSrg ,MnO; thin films.

Thickness Tc Tim MR E,

Film (nm) (K) (K) (300 K) TCR 0k (meV)
S1 5 315 318 26 2.4 71
S2 17 316 321 36 32 62
S3 25 320 323 42 39 59
S4 60 310 313 47 5.5 80

the large enhancement in FM T as compared to the bulk
sample used as the target (FM T~ 175 K). The observed
enhancement in T of the films as compared to that of the
bulk target can be explained by taking the effect of compres-
sive strain into account. As pointed out earlier, all the films
are under in-plane compressive strain (& ~0.51%). It is well
known that in low divalent-doped manganites such as
Lag ggSry 1,MnO;3, the MnOg octahedrons are heavily dis-
torted in the in-plane directions, and consequently, the JT
effect dominates the DE, resulting in lower 7+ values. Under
compressive strain, MnOg octahedrons are compressed in the
in-plane direction with simultaneous elongation in the out-
of-plane direction, as shown by the enhanced ¢ parameters of
the films. This suppresses the JT distortion and causes a de-
crease in the in-plane Mn—-O-Mn bond distance (d;,), and at
the same time, the Mn—-O-Mn bond angle (6,,) approaches
the ideal value, ~180°. Consequently, the in-plane transfer
integral t,=t,~ (to/ d>*)cos(m—6,,)/2 increases; hence, the
DE is significantly enhanced, resulting in higher 7~. The
slightly lower T of the 60 nm film (S4) can be attributed to
the small relaxation of the strain due to increased film thick-
ness.

Several other fine features are observed in the M-T data:
(i) a small increase in T¢ up to a film thickness of ~25 nm
followed by a decrease for higher film thickness, (i) a small
irreversibility in the ZFC-FC curves that disappears at higher
film thickness, and (iii) an increase in the saturation magne-
tization with film thickness. These features could be under-
stood as follows: It is generally believed that in the case of
the manganite thin films with a thickness less than a critical
value, the magnetic and transport properties are dominated
by the manganite-substrate interface.'” The concept of the
presence of magnetically dead layers has been proposed to
account for the anomalous features in these films.'"'"* Two
magnetically dead layers are present at both the film-
substrate interface and the film surface, with a total thickness
of around 25 nm whatever the film thickness (20 nm <L
<60 nm) is. The magnetization rapidly falls off inside these
interfaces due to spin canting, which induces loss of
polarization.17 This loss of polarization has been confirmed
by spin-resolved photoemission spectroscopy on thick 130
nm LSMO films on STO.*® The temperature dependence of
the moment at the surface exhibits a markedly different be-
havior from that of the bulk magnetization. However, for the
present films, the variation of 7, with thickness is rather
small, and therefore, the concept of dead layer does not seem
realistic. Further, the universality of the “dead layer” has
been questioned by Ziese et al.®* Tt was shown by them 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 an-
nealed 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.GO’62 It is also
known that the breaking of the Mn**—O-Mn** network
chain near the film-substrate interface causes induced phase
separation.24 This can cause a small deviation from the nomi-
nal Mn**/Mn** ratio in the vicinity of the interface. Further-
more, as ultrathin films are supposed to be under a large
degree of substrate-induced strain, some chemical non-
stoichiometry and interfacial oxygen vacancies are also pos-
sible. As the film thickness increases, these are stabilized.
Thus, interface-induced phase separation leads to the cre-
ation of a magnetically disordered and chemically inhomo-
geneous state in the vicinity of the film-substrate interface,
whose contribution is more prominent at lower film thick-
nesses. In the present study, the near ideal FM behavior as
revealed by the M-H loop and the fact that the variation in
Tc and magnetization up to film thickness L~25 nm is
rather small suggest that the concept of the dead layer may
not be applied here. Hence, in compressively strained ultra-
thin films, the situation is intrinsically different, and in this
case, the role of strain, which as discussed earlier modifies
the two basic interactions, FM-DE and JT distortion, is ex-
pected to play the dominant role in fixing the magnetic and
electrical transport properties. In this context, the role of
magnetic disorder in the film-substrate interfacial region,
which is caused by the loss of oxygen/oxygen vacancies and
the nanometric level chemical nonstoichiometry, may be
more relevant. In view of the magnetization measurements,
we argue that in the present case, it is the presence of local
inhomogeneities due to submicrometer/nanometer stoichi-
ometry deviations that results in the small variations in mag-
netization and 7 up to L~25 nm. The decrease in T by
~10 K for the 60 nm film, as discussed earlier, is attributed
to the small degree of strain relaxation, as suggested by the
reduced tetragonal distortions observed in the XRD data as
well as the increase in the value of H.. The small irrevers-
ibility in the ZFC-FC curves at lower film thicknesses can be
attributed to the presence of some spin-clustered states hav-
ing soft magnetic disorder caused by the interfacial phase
separation. The contribution of this magnetically disordered
state to total magnetization, however, becomes less important
at higher film thicknesses. Thus, the most important factor
that may cause a variation in physical properties, as a func-
tion of film thickness, is the presence of submicrometric/
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FIG. 4. Temperature dependence of zero field resistivities of the 5 nm (S1),
17 nm (S2), 25 nm (S3), and 60 nm (S4) thin LaggSr;;,MnO; films.

nanometric chemical inhomogeneities, resulting in interface-
induced phase separation. Hence, in view of the small 7
enhancement at lower film thickness, this seems to be the
more likely cause of small depression in 7 in the present
case.

The resistivities of all films were measured by PPMS by
employing the standard four contact technique between 400
and 5 K and at different magnetic fields of up to 70 kOe. The
contacts were made of silver epoxy on copper pads sputtered
on the films. The temperature dependence of resistivities
measured in the zero magnetic field is plotted in Fig. 4. On
lowering the temperature, all films showed IM-like transi-
tions. The IM transition temperature (Tyy;) characterized by
the maximum in the p-T curve was found to be thickness
dependent, the measured values being T~ 318, 321, 323,
and 313 K, respectively, for S1, S2, S3, and S4. We would
like to mention that among the several films grown under
identical conditions and with the same thickness, a small
variation in the Ty (less than 2 K) as well as in the resistiv-
ity was observed. This can be attributed to the small spatial
variation in the chemical stoichiometry. In all the films, Ty
was measured to be larger than the corresponding FM T.
Like FM T, the Ty values are much higher than that of the
bulk target. With increasing film thickness, a gradual de-
crease in the resistivity was observed at all temperatures;
e.g., at 5 K, the measured resistivities are 308, 285, 122, and
79.6 uL) cm for S1, S2, S3, and S4, respectively. These val-
ues are slightly lower than those previously reported for such
films>’ and are a check of the quality of the films. As it is
evident from the p-T curves, with increasing film thickness,
the decrease in the Ty is accompanied by a sharpening of
the transition and the thickest film (S4) has the smallest tran-
sition width. This trend is understood in terms of the mag-
netic characteristics of these films that were described earlier.
As discussed earlier, it is observed that saturation magneti-
zation increases with film thickness and that the thicker films
(S4) have the highest value. The occurrence of magnetic dis-
order due to substrate-induced phase separation, which is
more dominant at lower film thicknesses, would lead to in-
creased scattering of carriers and, hence, larger resistivity.
Thus this is the reason for the observed higher resistivity at
lower thicknesses for our films. We would like to mention
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that at lower film thicknesses, the contribution of such inho-
mogeneities might further be enhanced under the influence
of compressive strain. This may also result in additional scat-
tering of the carriers and, hence, slightly higher resistivity in
films with a smaller thickness.

To confirm that the observed variation in 7/ Ty in ep-
itaxial films on STO is caused by the biaxial strain and not
by large stoichiometric deviation, we have simultaneously
deposited and processed polycrystalline LagggSry ,MnO5
thin films on single crystal ZrO, (100) substrates and the
measured T/ Ty is 180 K/193 K. The T is almost equal to
that of the bulk (~175 K) but the Ty, is slightly higher and
is due to some intrinsically better ordering in these thin films.
However, for films deposited on ZrO,, the resistivity is larger
by almost 2 orders of magnitude than that of the films on
STO. These results are being processed and will be sepa-
rately reported. Thus, the observed enhancement in 7'/ Ty
for the present La ¢3St 1,MnO5 ultrathin/thin films is due to
the structural/microstructural modifications as a consequence
of in-plane compressive strain.

As mentioned earlier, JT distortion of the oxygen octa-
hedron can lead to the trapping of the charge carriers into a
polaronic state, influencing the transport properties in the
high temperature PM phaxse.61 Hence, the temperature depen-
dence of resistivity data in the PM regime is an important
probe of the conduction mechanism. In manganite thin films,
strong polaronic effects are expected at 7> Ty, We have
investigated the resistivities of LagggSry 1,MnOj; films in the
high temperature regime in the framework of the Emin-
Holstein approach of small polaron hopping in the adiabatic
limit® given by the expression:

p(T) =AT€EA/kBT,
where
A =2kg/3ne*a’v.

Here, n is the polaron concentration, a is the site-to-site hop-
ping distance, v is the attempt frequency, and ky is the
Boltzmann constant. E, 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, E,=~FEp/2, or the polaron binding energy Ep
~2F,.

In Fig. 5, In(p/T) is plotted against the inverse of tem-
perature (1/7) and a linearity is observed at T> Ty The
solid lines in the plot are linear fits to the experimental data.
We calculated the activation energy E, from the fitting pa-
rameter and observed a thickness dependence, which is de-
picted in Fig. 6, while Fig. 7 shows the variation in Ty as a
function of the activation energy. As seen in Fig. 6, the acti-
vation energy of the 5 nm (S1) ultrathin films is Ej4
~71 meV. E, decreases with increasing film thickness and,
in fact, for the 17 nm (S2) and 25 nm (S3) thin films, E4
~61 and 59 meV, respectively. A relatively stronger increase
is observed in the activation energy at further higher film
thickness and for the 60 nm film (S4), E,~80 meV. E, are
also shown in Table I. It is interesting to note that the valley
in the E4-L plot corresponds to the optimum Ty, values,
while both the lower and higher thickness regimes possess
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FIG. 5. T7! vs In(p/T) plots at T> T}y corresponding to the 5 nm (S1), 17
nm (S2), 25 nm (S3), and 60 nm (S4) thin La ¢3St ;,MnOj5 films. The solid
lines are fit to the measured data.

lower Ty As detailed earlier, the 5 nm (S1) film has a Ty
~318 K, which gradually increases to 323 K for S3 and
decreases to ~313 K for S4. The variation of Ty with E4
is plotted in Fig. 6 and within the experimental/measurement
errors and sample-to-sample variation of results, the E4-Tqy
relation is nearly linear. The values of E, of all the films are
much smaller than that of the corresponding bulk. This sug-
gests that JT has appreciably softened in thin films and this is
brought about by the in-plane biaxial compressive strain. The
variation in £, as a function of film thickness can be under-
stood in terms of the magnetic disorder caused by interfacial
phase separation, localized chemical nonstoichiometry, and
oxygen vacancies, as discussed earlier. This enhances the
localization effects near the manganite-insulator (film-
substrate) interface, resulting in the enhancement of the po-
laronic potential barrier and, hence, the increase in the acti-
vation energy. Such localization effect will be more
dominant at a lower film thickness, resulting in enhanced
resistivity and lower Ty, values for films with a lower thick-
ness, such as S1 (L=5 nm) in the present case.

The relatively strong increase in the activation energy of
S4 (L~60 nm) can be attributed to the small degree of
strain relaxation. As seen in Fig. 6, E, increases from

100 : : : :
90 | .
80 |- %_
m-% :
60 | ¢

E, (meV)

50 L 1 i 1 L 1 L L i
0 13 26 39 52 65

L (nm)

FIG. 6. Variation in the activation energy with film thickness.
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FIG. 7. Variation in IM transition temperature with activation energy.

~59 meV (Tp~323 K) for the 25 nm thin film (S3) to
~80 meV (Tyy~313 K) for the 60 nm film (S4). As dis-
cussed earlier, the 60 nm film has undergone partial relax-
ation due to increased thickness. Such strain relaxation re-
sulting from increased film thickness is known to generate a
variety of lattice defects, such as stacking faults, dislocation,
and vacancies.'” In the case of partial strain relaxation, these
defects are expected to have a density gradient, that is, the
density of such defects will vary as a function of the distance
from the film-substrate interface. The presence of lattice de-
fects enhances the JT distortion, and consequently, the carrier
localization is strengthened, resulting in a larger value of the
activation energy.

Deep in the FM regime, the electrical transport is char-
acterized by the presence of various inelastic interactions,
such as electron-electron (e-¢) scattering, electron-magnon
(e-m) scattering, and disorder enhanced Coulomb interac-
tions between carriers.”>* We have investigated the tem-
perature dependent resistivity of all the films. As seen in
Figs. 4 and 8, the p-T curve of all these films did not show
any upturn and only the flattening of the resistivity was ob-
served at T<<30 K. This again suggests that the present
samples are of good quality. It is well known that the resis-
tivity of manganites in the FM regime is quite well described
by

p(T) = po + BT,

where p is the residual resistivity and the exponent a com-
bines all possible interactions, such as e-e scattering
(p~T?) and e-m scattering (p~ T%'?). We fitted the low tem-
perature resistivity data (T=150 K) of all the films and a
satisfactory fitting is obtained. However, small deviations are
seen in the lower temperature regime for the ultrathin films
(L <25 nm). The values of the exponent a are found to be
~1.933, 2.334, 2.507, and 2.263. The deviation in the lower
temperature regime (7<<50 K) has been generally ac-
counted for by introducing an elastic scattering correction
term of the T'? type, which accounts for the disorder en-
hanced strong Coulomb interaction between the carriers.**
Such a term is generally observed in a disordered metallic
system and it changes sign as a function of disorder in the
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FIG. 8. Temperature dependence of resistivity in the low temperature re-
gime (deep in the FM phase). The solid lines are fits of the equation shown
in the inset to the observed data.

system. With this modification, the resistivity in the metallic
FM regime is expressed by

p(T) = py+ AT"? + BT“.

By using this expression, the data of all the films were fitted
and the values of the fitting parameters are shown in Table II.
The observed and fitted data are plotted in Fig. 8. The value
of the exponent « increases from 2.07 for S1 to 2.6 for S3
and then slightly decreases to 2.25 for S4. These values are

J. Appl. Phys. 103, 083906 (2008)

in good agreement with those reported in literature.>® This
observed trend with a@=2.07 suggests that at T<<150 K, the
low temperature transport in the ultrathin film S1 (5 nm) is
dominated by e-e scattering, with the contribution from other
scattering mechanisms such as e-m (p~T°?) being rather
small. As the film thickness slightly increases to 25 nm, the
increase in the value of @ to ~2.6 suggests enhanced e-m
contribution to the total resistivity. This is in agreement with
the fact discussed earlier that the 7~/ Ty of these films maxi-
mize around a thickness of 15-25 nm. The contribution from
e-e scattering in the 5 nm thin films can be explained in
terms of the presence interface-induced phase separation and
chemical nonstoichiometry, as described earlier. The second
point to notice is that the Coulomb interaction term changes
its sign with increased thickness and it becomes negative for
all films with thicknesses greater than 5 nm. As has already
been pointed out, the magnetic disordered region, which
forms in the vicinity of the substrate, becomes less signifi-
cant at higher film thicknesses. The decreased value of «
~2.25 for S4 (L=60 nm) can be explained in terms of a
small degree of strain relaxation that would result in the for-
mation of lattice defects, such as stacking faults and disloca-
tion, resulting in the eventual dilution of the FM phase. This,
in turn, reduces the contribution from the e-m scattering.

Another property that is important from the application
point of view is the TCR defined as 1/p(dp/dT). Most of the
bolometric materials used (e.g., vanadium oxide) have a
TCR~4% at around room temperature. However, the man-
ganite films have been shown to exhibit a larger TCR but at
a temperature much lower than room temperature.f’s’66 In the
present study, we have calculated the TCR of all the films
and the data are plotted in Fig. 9. Films with thicknesses
L=25 nm exhibit significant TCR at around the room tem-
perature. The values calculated from the resistivity data are
(see also Table I) ~4% and ~5.5% for films with thick-
nesses of 25 nm (S3) and 60 nm (S4), respectively. These
TCR values are indeed encouraging for IR detector device
application.

The MR defined as 100X Ap/p(0), where Ap=p(0)
—p(H), was measured at different temperatures and magnetic
fields. The temperature dependence of MR measured at low
applied magnetic field H=3 kOe and at moderately high
magnetic field H=30 kOe is plotted in Figs. 10(a) and 10(b).
All the films possess significantly low field MR in the vicin-
ity of room temperature and, in fact, this MR is much larger
than that reported earlier for similar films.* The low field
MR [Fig. 10(a)] is ~6% at H=3 kOe for the ultrathin films
(S1 and S2) and then gradually increases to ~12% for the 60
nm (S4) film. A similar MR variation is observed at higher

TABLE II. Fitting parameters corresponding to the expression p(T)=p,+AT">+BT.

Thickness Po
Film (nm) a (Q cm) A B R?
S1 5 2.066 0.000 3 4.209% 107 1.908 X 1078 0.9998
S2 17 2.242 0.000 29 —1.667 X 107° 5.027x107° 0.9999
S3 25 2.594 0.000 12 —1.139x 1077 5.027x 10710 0.9997
S4 60 2.247 0.000 08 —1.058x 1077 1.729x 107° 0.9998
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FIG. 9. Temperature dependence of TCR of the 5 nm (S1), 17 nm (S2), 25
nm (S3), and 60 nm (S4) thin La ggSr;1,MnO; films.

magnetic fields, e.g., the MR-T plot at H=30 kOe is shown
in Fig. 10(b). The maximum observed in MR-T data shifts
toward higher temperatures as the applied magnetic field in-
creases. The 5 nm thin film has a peak in MR at ~285 K
and H=3 kOe, which shifts to ~293 K at H=30 kOe.
However, in all cases, this MR peak that is attributed to the
FM-DE is observed at T<<Tp;. MR gradually increases as a
function of the applied magnetic field. At H=30 kOe, the 5
nm film shows a MR ~28% and significant enhancement is
seen with an increase in film thickness. For the S4 film,
which has the highest thickness in the present study, MR
~50% has been measured at T~295 K (H=30 kOe). Thus,
an enhancement in low as well as moderate field MRs is
observed as a function of the increase in film thickness. The
magnetic field dependence of MR for S1 and S4 measured at
different temperatures (in PM as well as FM regimes) is
plotted in Fig. 11. As seen in Fig. 10, the variation in MR in
the vicinity of room temperature (T<<7.) is very sharp,
while the observed variation is rather weak in the PM as well
as deep in the FM regime. As mentioned earlier, the observed
MR is much larger than those reported by Chen et al.” for
similar films. At 300 K, Chen et al’” had observed MR
~22% at H=30 kOe, which is lower than MR ~26% for
S1 (5 nm) and ~47% for S4 (60 nm) (see Table I). The room
temperature MR in the present case is much higher than
those recently reported by Siwach et al.’’ for Ag doped
Lay;Cay3MnO; and Dho et al.®® for Lay 7Sry3MnO;5 thin
films. We have mentioned these data as the 7~/ Ty of these
Ag-LCMO films are nearly the same as those of the present
LSMO thin films.

IV. CONCLUSIONS

Transport properties of thin films of lightly doped man-
ganite LagggSt) ,MnO5 deposited on STO substrate by on-
axis dc magnetron sputtering have been studied. The films
are observed to be under compressive strain and coherently
grown. With increased film thickness, a gradual strain relax-
ation is seen. As compared to the bulk sample of the same
composition, a large enhancement in 7T/Tyy is observed.

J. Appl. Phys. 103, 083906 (2008)
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FIG. 10. Temperature dependence of low field (H=3 kOe) MR (a) and high
field (H=30 kOe) MR (b) of the 5 nm (S1), 17 nm (S2), 25 nm (S3), and 60
nm (S4) thin Lag ¢St 1,MnO5 films.

The 25 nm thick film shows the highest T./Tpy
~320 K/323 K, which decreases for both the smaller and
the larger film thicknesses. At lower film thicknesses, the
decrease has been attributed to the presence of interface-
induced disorder and chemical nonstoichiometry. At larger
thicknesses of ~60 nm, the film undergoes partial strain re-
laxation and T/ Ty decrease by ~10 K. The activation en-
ergy calculated in the framework of the Emin—Holstein ap-
proach of small polaron hopping in the adiabatic limit is
found to scale with film thickness and a minimum corre-
sponding to the maximum 7¢/ Ty is seen in the vicinity of
17-25 nm film thickness. Deep in the FM regime, the tem-
perature dependence of resistivity is described well by p(7)
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FIG. 11. Variation in MR of the 5 nm (S1) and 60 nm (S4) thin films with
magnetic field.

=po+AT"?2+BT*. All films show significant thickness depen-
dent TCR~5%/K and MR~50% (both at low and high
magnetic fields) just below T/ Tiy.
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