Lithuanian Journal of Physics, Vol. 52, No. 3, pp. 224-230 (2012)
© Lietuvos moksly akademija, 2012

AGEING EFFECTS ON ELECTRICAL RESISTIVITY AND
MAGNETORESISTANCE OF NANOSTRUCTURED MANGANITE
FILMS

L. Zurauskaiteé 2, S. Balevi¢ius »°, N. Zurauskiené >®, S. Kersulis ?, V. Stankevi¢ *°,
C. Simkevicius ®, J. Novickij °, and S. Tolvaisiené

* Semiconductor Physics Institute, Center for Physical Sciences and Technology, A. Gostauto 11, LT-01108 Vilnius, Lithuania
E-mail: skyrma@pfi.lt
® Faculty of Electronics, Vilnius Gediminas Technical University, Naugarduko 41, LT-03227 Vilnius, Lithuania

Received 6 February 2012; accepted 20 September 2012

The long-term stability of electrical resistance and magnetoresistance in nanostructured La, Sr MnO,
(x = 0.17) manganite thin films grown on lucalox (AL O, + MgO) substrate by the MOCVD method was in-
vestigated. It was found that the storage of up to 3 months of the free surfaces of these films in normal at-
mosphere (air) conditions increases their resistivity by almost two times, while the annealing of the films in
an Ar atmosphere at 450 °C decreases their resistivity only by 15%. It was concluded that the final increase of
resistivity is determined by a long-term relaxation of the grain boundaries in the nanostructured films. The
magnetoresistance of the films does not change significantly, which produces an advantage for magnetic field
sensor applications. The passive protective coating of the free surfaces of the films stabilizes their electrical and
magnetic properties. The results were analysed using various electron scattering mechanisms when the films
were in a ferromagnetic state, and the Mott’s variable range hopping model when they were in a paramagnetic
insulating state.
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1. Introduction

Doped perovskite manganites exhibiting colossal
magnetoresistance (CMR) effects have attracted
considerable attention not only for fundamental
research, but also for potential device applications
[EI]. The investigations of such polycrystalline films
and bulk materials have revealed several advan-
tages in comparison with epitaxial films or single
crystal manganites [E]. The polycrystalline films
have low-field magnetoresistance (MR), significant
values of MR over a wide temperature range, and
their MR values increase almost linearly up to very
high fields (50 T) with a low tendency for satura-
tion. It was demonstrated that such thin polycrys-
talline manganite films can be successfully used for
the development of B-scalar sensors, which are able
to measure the magnitude of high-pulsed magnetic
fields up to 40 T in very small volumes (=102 mm?)

[H, H]. The operation of such magnetic field sen-
sors is based on the changes of the electrical re-
sistance of these thin polycrystalline manganite
films when exposed to external magnetic fields.
Polycrystalline or nanostructured films are very
complicated systems which can be viewed as net-
works of nanocrystallites, whose crystalline struc-
ture and grain boundaries exhibit a great number
of point defects. During the growth of these films,
it is energetically advantageous to spontaneously
distort their lattices, thus creating various defects.
Such a system can be characterised by a strong
structural and magnetic disorder which can arise
from a large amount of defects, dislocations, non-
stoichiometry, oxygen vacancies, etc. [E, E] con-
tained in them. Thin films grown on polycrystal-
line substrates have relatively large free surfaces,
which can interact with the ambient atmosphere.
The most important factor in this interaction is
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the possible migration of oxygen atoms in the
film volume and in the boundaries with the sur-
face because oxygen has the strongest influence
on the electrical conductivity of manganites [H, ﬂ].
The partial substitution of the trivalent rare earth
ion (La*) by the divalent ion (Sr**, Ca®*) defines
the ratio of the Mn valence states Mn** and Mn**
which determine the main electric and magnetic
properties of such doped manganites [B]. How-
ever, a change in this ratio can also be produced
by the creation of vacancies at the oxygen sites and
the divalent ion. The properties of such manganite
films can also change over a long term due to the
migration of such vacancies or ions to energetically
more favourable sites. Usually the devices based on
manganite films have two terminals. Therefore, the
formation of electrodes having low contact resist-
ance is also of great importance. This technological
process and annealing in a different gas atmosphere
can change the electrical parameters of the active
element (manganite film) of the device.

Therefore, the ageing effects which influence the
stability of the electrical resistivity of thin polycrys-
talline manganite films over time play an important
role in the development of these devices [III].

Two time scales need be considered during the
investigation of the changes of the electrical and
magnetic properties of managnite thin films over
time [E]: the short-time scale (up to seconds or
hours), which is generally referred to as “relaxa-
tion” and is performed in a non-zero applied mag-
netic field [[1(], and a much longer time scale (up to
several months), which is called the “ageing” of the
sample in a zero applied field [ﬁ, E].

In this paper, we focus on the study of the ageing
effects of nanostructured La, Sr MnO, (x = 0.17)
films. In particular, the kinetics of electrical resis-
tivity and magnetoresistance were measured when
the free surfaces of the films were stored for several
months in a normal atmosphere (air), after this an-
nealed in an argon atmosphere and covered with
special protective glue.

2. The preparation of samples and the
experimental technique

These thin La . Sr, .MnO, (LSMO) films were
grown onto lucalox (99.9% ALO, + 0.01% MgO)
substrates at a 750 °C temperature by means of the

Pulse Injection MOCVD technique []. Due to

the polycrystalline structure of the lucalox and the
large mismatch between the lattice parameters of
the manganite and the substrate, nanostructured
films were produced. The average dimensions of
nanocrystallite formations (clusters) in these films
obtained by Atomic Force Microscopy were about
150-200 nm. Two types of films were prepared:
films grown at a deposition rate of 15 nm/min
(LSMO-slow) and 36 nm/min (LSMO-fast). The
thickness of the films was about 400 nm.

The silver (Ag) electrodes were fabricated by
the thermal deposition of Ag placed in a tungsten
melting pot in a vacuum (about 10~ Pa). During
the deposition of the contact areas, the temperature
of the substrate was kept at 150 °C. The thickness-
es of the Ag electrodes were about 1 ym. After Ag
deposition, the samples were annealed at 420 °C for
50 minutes in an argon atmosphere. The cooling to
room temperature process lasted approximately
10 minutes. The Ag electrode areas had rectangular
shapes and were separated by distances of 50 ym.

The electrical resistance and the magnetoresist-
ance of such LSMO films was investigated over a
5-300 K temperature range and 0-0.8 T magnetic
flux density (B) range using a closed cycle helium
gas cryocooler and an electromagnet. MR was
measured in two different configurations: when
the magnetic field was oriented along the cur-
rent direction in the film plane (MR ) and when it
was perpendicular to the film plane (perpendicu-
lar MR,). The resistance and magnetoresistance
measurements were performed by using the two-
terminal method. Our preliminary investigations
showed that the contact resistances were approxi-
mately 1 000 times smaller than the resistances of
the prepared samples.

3. Results and discussion

3.1. The ageing influence on the electrical resistivity of
LSMO films

The resistivity (p) as a function of temperature
(T) measured just after sample preparation, i. e.
after deposition of the Ag electrodes and anneal-
ing them at 420 °C for 50 minutes, for the LSMO-
slow films is presented by the square symbols (1)
in Fig. m This dependence is typical of mangan-
ite films and has a maximal resistivity value of
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p,= 1.1 Qcm at T_= 240 K corresponding to the
insulator-metal transition. The dependence of
p vs. temperature for the films prepared at the
higher deposition rate (LSMO-fast) was simi-
lar (T =250 K and p_= 1.75 Qcm). The higher
p,, values in the latter case can be explained by a
more disordered grain boundary structure of the
film due to non-equilibrium conditions during
faster growth. In order to investigate the ageing
effects, the samples were maintained for 3 months
under normal atmospheric conditions (in air),
and then the p dependences on temperature were
measured again (triangular symbols (2) in Fig. ).
As can be seen, resistivity significantly increased.
This phenomenon can be explained by the hydra-
tion process of the free surface of the films and
the interaction of the air water molecules with the
Mn ions []. As a result, the Mn*"/ Mn*" ion ra-
tio can be reduced and thus the resistance of the
film increases. The value of T  did not change in
this case. After this, the annealing of the samples
in an Ar atmosphere at a 450 °C temperature for
50 min. was performed. The same tendency was
observed for the LSMO-fast sample. It was found
that the resistivity of both samples decreased by
15%, i. e. p_(3)/p_(2) = 1.15 (circular symbols (3)
in Fig. ). However, it did not again reach the pri-
mary values of resistivity, indicating that several
processes had taken place during the ageing of the

Fig. 1. The resistivity change vs. temperature during the
ageing and treatment of the LSMO-slow film. Symbols
represent experimental data, lines are fitting by Eq. (1)
results.

films. The ratios of the resistivity maximum after
annealing (2) compared with that of the as-pre-
pared film (1), i. e. p_(2)/p, (1), were found to be
1.8 for the samples grown at the high deposition
rate (LSMO-fast) and 1.5 for those grown at the
slower (LSMO-slow) deposition rate. Therefore,
the resistivity of a more structurally disordered
film changed more under the same conditions.
Such a result can be explained by a long-term lat-
tice relaxation of the polycrystalline films, which
produces more defects. An additional indication
of the validity of this explanation can be the ageing
result obtained from the samples prepared from a
similar LSMO film (x = 0.17) which were stored
for 2 years at normal atmosphere conditions. Af-
ter fabricating the sample electrodes and covering
the samples’ free surfaces with special thermo-
glue, these samples were stored for 6 months in
a normal atmosphere. The measurement of their
resistance showed that it changed only by 2.5-3%.

The obtained results were analysed by consider-
ing their low-temperature metallic ferromagnetic
(T < T_) and their high-temperature insulating
paramagnetic (T > T ) resistivity regimes.

It was shown that the electrical resistivity of
such manganites in a low-temperature regime can
be analysed by evaluating the various conduction
mechanisms which occur: electron-electron, elec-
tron-magnon, electron-phonon scattering and
others []. Assuming all the temperature de-
pendent scattering processes are described by a sin-
gle power law, one can use the following empirical
equation for this purpose:

p(T) =p,+p,T" (1)

where p, is the residual resistivity due to the do-
main/grain boundary and point defects scattering
independent on temperature, # is the exponent in-
dicating which scattering process is predominant.

The experimental dependences of metallic resis-
tivity on temperature below T can be well fitted
by Eq. (1). The fitting parameters are presented in
The exponent value close to n = 2 indicates
that inelastic electron-electron scattering is the
predominant mechanism. The change of the fitting
parameters over time shows the change of the scat-
tering mechanisms during the ageing process. The
higher value of p of the LSMO-fast sample indi-
cates the higher ratio of disorder in this film.
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Table 1. The main parameters obtained by fitting the resistivity data to Egs. (1) and (2).

Sample | Ageing conditions Py Qcm P 107 Qcm/K” n T, 10°K
LSMO-slow as-prepared 0.45 0.00009 1.66 0.3
3 months in air 0.74 0.00002 2.05 34
annealed in Ar 0.68 0.00026 1.54 1.7
LSMO-fast as-prepared 0.73 0.00005 1.84 1.17
3 months in air 1.42 0.00004 2.0 8.7
annealed in Ar 1.43 0.00028 1.62 5.0

In the high-temperature region and in the in-
sulating paramagnetic state (7' > T ) which is im-
portant for sensor operation (room temperature),
the experimental data can be analysed using mod-
els based on Mott’s variable range hopping (VRH),
small polaron hopping (SPH) or the activation
mechanism [].

The activation model was incompatible with
our experimental data, while the limited measured
high-temperature range did not allow for a distinc-
tion between the VRH and SPH models. Our pre-
vious experiments on similar LSMO films having
lower T revealed better agreement with the VRH
model. Therefore, we used it additionally to analyse
the influence of the ageing process on the electrical
properties of the films. It was assumed that the e,
electrons are localised by the random spin-depend-
ent potential above the Curie temperature and there
is a competition between the potential energy dif-
ference and the hopping distance that the electrons
can hop. In this case, conductivity is expressed by
variable range hopping []:

0 =0, exp(-2aR - AE/ kT), (2)

where o, is residual conductivity, and 1/« is lo-
calisation length. The hopping occurs to a site at
a distance R where the energy of the carrier is AE
higher than at the origin. According to Viret et al.
[@], resistivity (p = 1/0) can be expressed as fol-
lows:

p = p_ exp{2.06[a’/ N(E)kT]"*}, (3)

which is the Mott expression with the characteristic
temperature T;;:

kT, = 18a° / N(E). (4)

Here N(E) is the density of available states, p_ is re-
sidual resistivity, k is the Boltzmann constant. The
average hopping distance can be expressed as:

R=1{9/ [8naN(E)kT]}". (5)

The values of the characteristic temperature T, were
evaluated by fitting the experimental data to Eq. (3).
It was obtained that T, increases during the ageing
of the films (during 3 months) and decreases after
annealing. Following the aging procedure, the T,
vales were found to be 1.17 - 10° K4, 8.7 - 10° K
and 5.0 - 10° K" for the LSMO-fast sample and
3.0-10° K", 3.4 -10°K"* and 1.7 - 10° K", respec-
tively, for the LSMO-slow sample. The value of the
parameter T, can be a measure of the strength of the
lattice distortion and is inversely proportional to the
extent of the localised states (see Eq. (4)). There-
fore, the increase of T, can be an indication of the
decreased localisation length (1/«) and thus the re-
duced average hopping distance R. Such behaviour
can be explained by the increased lattice relaxation of
the polycrystalline material during long-term stor-
age, thus producing additional defects or vacancies.
Following Viret et al. [], we evaluated the variation
of localisation length during the ageing of the films.
1/a was calculated from Eq. (4) using the value of
the density of states from [@] adopted for the com-
position x = 0.17: N(E) = 6 - 10* m~eV~". Follow-
ing the ageing procedure and using Egs. (4) and (5),
the localisation length and the average hopping dis-
tance at room temperature (in brackets) were found
to be: 0.67 nm (2 nm), 0.34 nm (1.67 nm), 0.41 nm
(1.77 nm) for the LSMO-fast samples and 1.05 nm
(2.2 nm), 0.46 nm (1.82 nm), 0.59 nm (1.94 nm) for
the LSMO-slow samples. These values are similar to
those obtained by [f, ] and physically plausible
because 1/« exceeds the ionic radius of manganese
and R is several Mn—-Mn separation distances.
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3.2. The ageing influence on the magnetoresistance of
LSMO films

The measurements of magnetoresistance
MR = [R(B)-R(0)]/R(0)] x 100%, where R(B) and
R(0) were the resistances in non-zero and zero mag-
netic fields, respectively, were performed in the fer-
romagnetic metallic and paramagnetic insulating
regions for both samples before and after the age-
ing process. The magnetic field was oriented in the
film plane (MR ) and perpendicular to it (MR,).
The MR, measured at T < T (230 K) is presented
in Fig. @ for the LSMO-fast sample. It should be
noted that all tendencies of MR behaviour were
similar to that of the LSMO-slow sample; however,
the obtained values in the same magnetic field were
slightly lower. For example, for the LSMO-fast sam-
ple MR = -7.3% at 0.8 T (see Fig. @), while for
the LSMO-slow sample, MR = -6.2% at 0.8 T. The
higher MR values are usually obtained in the poly-
crystalline films having higher resistivity, which is
consistent with the LSMO-fast sample. One can see
(Fig. @) that the MR values are almost the same
after the storage of the samples for 3 months in air
and annealing them in an Ar atmosphere. The low-
field magnetoresistance (abrupt drop of MR up to
0.1 T) which is related to spin-polarised tunnelling
through grain boundaries [] does not change ei-
ther. Similar results were obtained at high tempera-
ture (see Fig. @). Such results are promising for the
application of manganite films for the development

of magnetic field sensors, whose response to the ac-
tion of a magnetic field is proportional to its mag-
netoresistance value.

Figure H presents measurements of perpendicu-
lar magnetoresistance (MR, ) at low and room tem-
peratures. At 230 K the demagnetisation field (B,)
due to the effect of its geometric shape (high aspect
ratio, when film thickness is much smaller than
width or length) is significant. Therefore, the ten-
dency of the changes of the MR value is different.
One can notice that B, decreases after storing the
sample in air and again increases after annealing
(Fig. @). It is known that the demagnetisation field
is high due to the high aspect ratio of the sample
[@]. However, the long-range ferromagnetic order
at low temperatures is found only in single crystals
or epitaxial films. For nanostructured films, we need
to take into account the decreased long-range con-
nectivity of the local magnetic moments of crystal-
lites having a perfect structure and structurally and
magnetically disordered grain boundaries. Due to
the hydration of the sample after storage in air for
3 months, the connectivity between the crystallites
is decreased due to the reduction of the Mn**/Mn**
ion ratio in the grain boundary regions. After the
annealing of the sample, the long-range interaction
of magnetic moments is restored and can be even
improved. As a result, the demagnetisation field
is again increased. At paramagnetic state of 290 K
(see Fig. @), the demagnetisation field is zero and
the MR values remain similar: it slightly decreases

Fig. 2. The parallel magnetoresistance dependences vs. magnetic induction at (a) 230 and (b) 290 K temperatures

after a series of treatment of the sample LSMO-fast.
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Fig. 3. The perpendicular magnetoresistance dependences vs. magnetic induction at (a) 230 and (b) 290 K tempera-

tures after a series of treatment of the sample LSMO-fast.

during ageing from 2.5 to 2.2% at 0.8 T and again
increases up to 2.35% after annealing.

The observed results cannot be explained simply
by the above-mentioned processes of oxygen mi-
gration and the interaction of the surface of thin
film with water molecules. Therefore, this requires
further detailed study of the relaxation at the grain
boundaries [E]. The treatment of the films at vari-
ous temperatures which accelerate the ageing pro-
cesses can be used in future experiments.

One of the possible methods of minimising the
influence of ambient atmosphere conditions is to
coat the surface of the samples with a special pro-
tective dielectric film. After the above-mentioned
treatments, the samples were coated with a protec-
tive film (thermoglue TG-600, QingDao HengZhi-
Juan Chemicals Co, Ltd, China) and stored under
normal conditions for 1 month. It was found that
the measured resistance and magnetoresistance de-
pendencies on temperature almost did not change.

In conclusion, it was determined that the resis-
tivity of nanostructured La ,Sr, . ,MnO, mangan-
ite thin films changes significantly after long-term
storage under normal conditions (in air). Treat-
ment by heating in an Ar atmosphere does not re-
store the original values. Such long-term changes
can be related to the long-term relaxation of the
grain boundaries in the nanostructured films. The
magnetoresistance of the films does not change sig-
nificantly and this is an advantage for the develop-
ment of magnetic field sensors. The passive pro-

tective coating of the surface of the films stabilises
their electrical and magnetic properties.
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Santrauka

Siekiant panaudoti manganity sluoksnius jvairiy
prietaisy karimui, labai svarbu, kad jy parametrai ilga
laikg islikty stabilas. Istirta senéjimo jtaka nanostruk-
tarizuoty La, Sr MnO, (x = 0,17) sluoksniy, uZzau-
ginty MOCVD metodu ant polikoro (ALO, + MgO)
padéklo, savitajai varzai ir magnetovarzai. Nustatyta,
kad sluoksniui esant (kelet3 mén.) normalioje atmos-
feroje (ore), beveik du kartus padidéja jo varza (kaiti-
nant 420 °C temperatiroje), o atmosferoje ji sumazéja

15 %. Padaryta i$vada, kad sluoksnio savitosios varzos
ilgalaikius pokycius lemia tarpkristalitiniy sric¢iy relak-
sacija, todél atsiranda papildomi defektai ir vakansijos.
Sluoksniy magnetovarza mazai pakinta. Pasyvuojanti
pavir$§iy medziaga stabilizuoja sluoksniy elektrines ir
magnetines savybes. Gauti rezultatai iSanalizuoti pa-
naudojant jvairius elektrony sklaidos aprasymus, esant
sluoksniui feromagnetinéje biisenoje bei Motto $uolinio
laidumo modeliui paramagnetinéje biisenoje.



