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Effects of deposition temperature on the structural, electrical and magnetic
properties of Mn, ;;Co,,Ni, O, spinel films grown on YSZ (100) substrates by
pulsed laser deposition
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Abstract: Mn, ..Co, ,Ni, ,O, (MCNO) thin films with spinel structure were grown on YSZ (100) substrates at
different deposition temperatures from 500 C to 700 C by pulsed laser deposition. Since the deposition tempera-
ture is an important factor in fabricating high-quality films, the structural, electrical and magnetic properties of
MCNO thin films as a function of deposition temperature are investigated. By analyzing the X-ray diffraction pat-
terns and the atomic force microscopy images, it is discovered that the crystallization of MCNO films is highly de-
pendent on the deposition temperature. With the increasing deposition temperature, the resistivity of MCNO thin
films is a change of V-type, and the electrical conduction of the MCNO films is controlled by a small polaron hop-
ping mechanism. Meanwhile, the temperature-dependent magnetization curve reveals that all the samples show
ferromagnetism to paramagnetism transition and the MCNO film deposited at 600 ‘C has a high Curie temperature
of 216 K. All the results above demonstrate that MCNO film deposited at 600 ‘C has satisfactory performance,

which is desirable for applications of thermistor devices and multifunctional heterojunctions.
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Introduction

Mn, ;Co, oNi, 450, thin film with spinel structure has
attracted considerable interest because of its high nega-
tive temperature coefficient (NTC) , fast response and
high Curie temperature . It has been widely used in
optoelectronics devices, thermal detectors, and function-
al spintronics devices'*®.

Numerous preparation techniques for the MCNO
thin films have been conducted over the past few years,
such as chemical solution deposition (CSD) , pulsed la-
ser deposition (PLD) , radio frequency magnetron sput-
tering, laser molecular beam epitaxy (LMBE) , and so
forth **". Compared with other technologies, the process
parameters of PLD can be precisely adjusted, and no lim-
it applies to the target types. In addition, short deposi-
tion cycle and uniform prepared film contribute to the ad-
vantages of PLD method, therefore, a multi-component
film with desired stoichiometric ratio can be obtained
with ease 7 '*'* It has been reported that the resistivi-
ty of MCNO films decreases as the deposition tempera-
ture increases from 50 °C to 250 °C by PLD method "'
The effects of growth temperature on NTC characteristics
of MCNO films by LMBE were studied "*'*. The MCNO
films grown at 500 C by LMBE method exhibited excel-
lent electrical properties '"*'. With the increase of growth
temperature, the grain size, Curie temperature and mag-
netic moment of MCNO films prepared by CSD method
increase, while the resistance decreases “'*. Though
the structural, electrical and optical properties of MCNO
have been extensively studied B8] offort in research-
ing on magnetic properties, especially its correlation with
other characters, is lacking. Therefore, the relationship
between structural property and magnetic property of the
MCNO thin films at different deposition temperatures
needs to be studied in detail.

In this paper, we report the MCNO thin films pre-
pared on YSZ (100) substrates by the PLD method. The
deposition temperature was set from 500 C to 700 C.
The influences of deposition temperature on the structur-
al, electrical and magnetic properties of MCNO thin
films were investigated, which is significant to the appli-

cations of MCNO films.
1 Experiments

As starting materials, manganese acetate (Mn
(CH,CO0) ,*4H,0) , cobalt acetate (Co (CH,COO) ,*
4H,0) and nickel acetate (Ni (CH,CO0),*4H,0) were
weighed with an atomic ratio of Mn: Co:Ni = 52:32:16,
and then dissolved completely in water. Solid powder
could be obtained by the thermal evaporation method. Af-
terwards, the target wafer with a size of 20 mm in diame-
ter and 4 mm in thickness was prepared after sintering.

YSZ (100) substrates were pretreated by ultrasonic
cleaning in the order of acetone, alcohol and deionized
water. The substrates were annealed at 700 °C for 5 min
to eliminate residual stress. The process parameter set-
tings of the PLD system were listed as follows: KrF ex-
cimer laser, 248 nm wavelength, 30 ns pulse width, 1.5

J+ecm? power density, and the deposition repetition was 3
Hz. The distance of substrate-to-target was kept as 40
mm, and the deposition temperature range was selected
from 500 °C to 700 C. The chamber pressure was evacu-
ated to about 0. 5107 Pa, the oxygen was then injected
into the cavity with the oxygen partial pressure being kept
at 6x107 Pa during the deposition process. All the films
were deposited for 80min so that the film thickness was
around 80 nm. After the deposition, the MCNO films
were naturally cooled to room temperature in the PLD
vacuum chamber, and annealed at 750 °C for 10 min in
the air by rapid thermal processing.

The crystallization of the films was identified by X-
ray diffraction (XRD) using a RigaKu D/MAX-2550 X-
ray diffractometer with Cu Ka radiation at 40 kV and 25
mA. The surface morphologies of the thin films were in-
vestigated by a Nanoscope Illa multimode atomic force
microscope (AFM) (Bruker, Santa Barbara, CA) using
tapping mode. The electrical properties of the films were
measured in the temperature range of 180 K to 310 K by
the affiliated temperature controlling systems and
Keithley 2400 source meter in the vacuum cavity. Mag-
netic properties of the films were measured at field cool-
ing (FC) mode from 50 K to 310 K under 10000 Oe us-
ing a vibrating sample magnetometer (VSM) which was
equipped in a physical properties measurement system

(PPMS-9, Quantum Design).
2 Results and discussions

2.1 Structural and morphological properties
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Fig. 1 XRD patterns of MCNO films prepared at different depo-
sition temperatures.
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The XRD patterns of the MCNO thin films pre-
pared at different deposition temperatures are demon-
strated in Fig. 1. As can be seen, the crystallization of
MCNO films highly depends on the deposition tempera-
ture. It can be noticed that all the samples have (511)
and (222) diffraction peaks, which proves that these
films exhibit a spinel structure. When the deposition
temperature is lower than 600 °C , the intensity of
(222) diffraction peak increases with the increase of
temperature , which is indicative of that the crystallinity
of the MCNO films is improved. During the course of
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deposition, the atoms collected on the substrate gained
the thermal energy, and the surface mobility and sur-
face diffusion of the atoms were enhanced, which result-
ed in the islands nucleation and growth "', However,
when the deposition temperature increases to more than
600 °C, the intensity of the diffraction peak declines.

To measure the crystal quality of the films deposit-
ed at different temperatures, the 3D AFM images are
displayed in Fig. 2. It can be seen clearly that the
grains of the MCNO films deposited at 500 °C are small
and uniform, and the grains start to grow with the in-
crease of deposition temperature. Compared with other
samples, the film deposited at 600 “C has the largest
number of large-grains per unit area, which proves that
the deposition temperature can affect the growth of
grains in the process of deposition. However, the num-
ber of large grains is reducing at higher temperatures. It
can be explained by the grain cracking and the forma-
tion [Of t]win crystal of MCNO film at higher tempera-
ture 27,

Fig. 2 AFM images of MCNO films deposited at (a) 500 °C,
(b)550°C, (¢)600 °C, (d)650 °C, (e)700 °C

Fl 2 AS[EEE TR MCNO 5 A9 AFM & (a) 500 °C, (b)
550 °C, (c)600 °C, (d)650 °C, (e)700 °C

2.2 Electrical properties

The relations between electrical resistivity p and
temperature T of MCNO films are displayed in Fig. 3. It
is noticeable that when the deposition temperature in-
creases from 500 °C to 600 °C, the corresponding resistiv-
ity of the samples decreases. The inset of Fig. 3 mani-
fests the electrical resistivity testing at 300 K of samples
deposited at different temperatures. This indicates that
the deposition temperature has an important influence on
the resistivity of MCNO films. The resistivity reaches a
minimum of 454. 38 (-cm at 600 °C, and then increases
when the temperature climbs to 700 °C. The resistivity is
lower than the results (920~3 539 () -cm) reported by
the Kong "*'at low deposition temperature (50~250 °C )
by PLD method. The electrical properties of MCNO films
are closely related to their crystallinity. The large num-
ber of large-grains of MCNO films deposited at 600 °C
means that the number of insulating grain boundaries is
small, which leads to a low resistivity "*.

The figure of temperature versus electrical resistivi-
ty is indicative of NTC thermistor characteristics, which
can be described by the general expression for small po-
laron hopping model " "*':
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Fig. 3 Relations between electrical resistivity p and temperature
T of MCNO films. The inset describes the electrical resistivity vs
the deposition temperature, testing at 300 K.
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T,
p(T)= CT“exp(7)P , (1)

where C is a temperature-independent constant, T, is the
characteristic temperature in Kelvin, o and P are power-
law exponents. To elucidate the character of hopping mo-
tion, the parameter P can be estimated from the negative
slope of InW vs InT. Where W is defined as **':
=1Mz—P(£)P , (2
T ar) T
with p representing the resistivity of the MCNO films.
Plots of InW vs InT for the films of different deposition
temperatures are demonstrated in Fig. 4. For nearest
neighbor hopping, a=P=1 " ; while for variable-range
hopping (VRH) , 0.25<p=a/2<1 . As can be seen
from the Fig. 4, in the range of 240 K to 310 K, the pa-
rameter P for the samples at different deposition tempera-
tures are 0.40+0. 02, 0.44+0.03, 0.47+0.02, 0.51+
0. 02 and 0. 41+0. 02, respectively. The value of all the
parameter P is around 0.5, which means that the small
polaron hopping model can be elucidated to the VRH
model ",

Figure 5(a) reveals the plots of In (p/T) vs 1000/T*°
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Fig. 4 Plots of InW vs InT for MCNO films of different deposi-

tion temperatures.
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for MCNO films. The data of the samples have an ideal
linear relation, which clearly ensures that the conductive

type of MCNO films is standard VRH model.
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Fig. 5 Plots of In (p/T) vs 1000/T ** (a), and 1000/7 (b) for

MCNO films of different deposition temperatures.
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The relationship between temperature and resistivity
can be demonstrated as ™'
In(p/T)=1n(k/[ Ne(1 = ¢)N,e’d’v,]) + T,/T = A+ BIT

. (3)

In this formula, A = In(k/[Ne(1-¢)N, e*d’v,]) ,

B=T,, E,=kT,, N=[Mn"] + [Mn"],

Ne(1 = ¢)=[Mn™] x [Mn* ]/([Mn* ] + [Mn*"]),

c= [Mn“],d/( [Mn®] w [ Mn*] (M) s
where e is the electronic charge, d is the hopping dis-
tance, v, is the hopping frequency, T, is defined to be
the system characteristic temperature and N, is the con-
centration per cm’ of octahedral sites. The Ne(1 — ¢) fac-
tor denotes the probability that Mn* and Mn* occupy ad-
jacent octahedral sites. From the formulas above, the
characteristic temperature 7 of the thin film materials
can be obtained from the slopes of In (p/T) vs 1000/T
plots. The In (p/T) vs 1000/T curves are plotted for the
MCNO films at different deposition temperatures as ex-
hibited in Fig. 5(b). The characteristic temperature T,
can be calculated from the slopes of In (p/T) vs 1000/T
plots. The energy required for small polarons to jump be-
tween Mn® and Mn*" positions in the octahedral sites is
reflected in the activation energy E,. It can be computed
through the formula: FE, =kT,, where k£ is the
Boltzmann’ s constant. Besides, for NTC material, tem-
perature coefficient of resistance (TCR) is an undoubted-
ly important indicator for the performance of materials,
and its value can be defined as:

o= —— . (4)

The values of T, E, and a,, for MCNO films are list-
ed in Table 1, where ay, is the TCR of the samples mea-
sured at 300 K.

Table 1 indicates that as the deposition temperature
increases, both T, and E,decrease first and then increase
from 600 °C, which means that hopping of the small po-
larons between Mn™ and Mn* is more active in the MCNO

Table 1 T7,.E, and «a,, of MCNO films of different de-

position temperatures
F1 AEMRIEEMCNOEEN T, E, 7l ay,

Deposition tempera-

el C T/K E,leV 000/ (% K1)
500 3531 0.304 -3.727
550 3497 0.301 -3.774
600 3451 0.297 -3.829
650 3477 0. 300 -3.780
700 3505 0.302 -3.732

films deposited at 600 C. It is conspicuous to find that
the values of T,, E, and a,, are highly depended on the
deposition temperature. In addition, the value of a,, at
600 °C is -3. 829 %K', which means that the MCNO film
has the best thermistor characteristics compared to other
samples.
2.3 Magnetic properties

The temperature-dependent magnetization curves of
MCNO films were measured during FC with an applied
magnetic field of 10 000 Oe. As can be seen from Fig. 6,
when the temperature increases, all the samples change
from ferromagnetism to paramagnetism. The Curie tem-
peratures T, of the MCNO films deposited at 500 °C ,
550 C, 600 °C, 650 °C, 700 °C are 206 K, 209 K, 216
K, 211 K and 210 K, respectively. 7, has a maximum at
600 °C, which is suggestive of that the ferromagnetic cou-
pling increases at first and then decreases as the deposi-
tion temperature increases . The value of T is higher
than the results (175~201 K) observed in MCNO films
grown at different grown temperatures by CSD meth-

od""*", but close to the 7. (210 K) of MCNO materials

with high Co concentrations “**'.
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Fig. 6 Temperature dependence of magnetization (M-T) for
MCNO films under 10 000 Oe recorded in FC mode

Bl 6 7EFCHIR 10 000 Oc T MCNO 04 16 18 5 9 11
KA (M-T)

Figure 7 exhibits the relations between 1/M and tem-
perature 7', in which the fitting curves are obtained by fit-
ting the paramagnetic part of 1/M vs T curve with '
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Fig. 7 Plots of the reciprocal magnetization vs temperature for
MCNO films under 10 000 Oe recorded in FC mode
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X=X°+m , (5)

where y represents magnetic susceptibility, y, represents
non-paramagnetic contribution, 7T, represents paramag-
netic Curie temperature. Curie constant C lies in form of
C=Nu’/3k,, which can measure the paramagnetic ion con-
centration. N is the number of magnetic ions per gram, u
is the magnetic moment, and k; is Boltzmann constant.
The values of C, T, and y, are listed in Table 2. The
magnetic susceptibility of the sample sharply grows after
the ambient temperature increases to T.. The decreasing
value of C indicates a decrease in the number of paramag-
netic ions. The T, are negative values, which indicates
that the coupling is ferromagnetic **. As the deposition
temperature increases, the absolute value of T, increases
at first and then decreases, which means the ferromagnet-
ic coupling is enhanced at 600 “C. This phenomenon may
be contributed by two reasons. First, the crystallization
has a great dependence on deposition temperature,, which
can be proved by analyzing the AFM images. As the best
crystallization appears at 600 °C, the grain growth leads
to the enhancing of ferromagnetic coupling of the magnet-
ic ions in the MCNO films, which can improve the ferro-
magnetic interaction . Second, the deposition tempera-
ture can affect the concentration of paramagnetic ions.
The concentration of Mn®* decreases at 600 °C, while the
concentrations of Mn’* and Mn*' increases. Mn* can cap-
ture electrons from neighboring Mn*, and the hopping of
the electrons is a double exchange process ', Tt leads
to an increase in the conductivity of the MCNO films,
which can be proved by the relations between electrical
resistivity p and temperature T in Fig. 3. This can ensure
a coupling that leads to ferromagnetism .

3 Conclusions

In summary, a series of MCNO thin films with dif-
ferent deposition temperatures were successfully deposit-
ed on YSZ (100) substrates by PLD method. The crystal-
line quality of MCNO films is influenced by the deposi-

grains per unit area compared to other samples. By ana-
lyzing the electrical and magnetic data, the film with the
deposition temperature of 600 °C has a large value of
TCR (-3.829 %K'), low electrical resistivity (454. 38
Q-cm), and high Curie temperature (216 K). Accord-
ingly, the investigations of the structural, electrical and
magnetic properties illustrate that the deposition tempera-
ture of PLD system plays an important role in the perfor-

mance of MCNO films.
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