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Abstract

We studied systematically the magnetic properties of Lage7S1933MnO5_s/
Prp7Cap3sMnO;_s/Lag ¢7510.33MnO5_5 trilayer epitaxial film fabricated on
(001) LaAlOs single-crystal substrate using a direct current magnetron
sputtering technique. A spin-glass-like behaviour and a magnetization
relaxation phenomenon are observed from the results of the dependences of
susceptibility on temperature (x versus 7 curve) and magnetic relaxation
on time (M versus t curve). The magnetic relaxation results are well
fitted using the double-well-potential model. =~ We also discussed the
possible mechanism for the existence of spin-glass-like behaviour in the
film. According to the x versus 7 curves and the hysteresis loop, a
magnetic anisotropy was observed in the film. The difference in electron-
magnetic properties between Lag 7519 33MnO;_; single-layer epitaxial film and
Lag 67S19.33MnO;_5/Prg7Cap 3sMnO;_s/Lag 751033MnO5_;s trilayer epitaxial
film is also discussed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the discovery of the colossal magnetoresistance (CMR) effect in manganese oxides,
researchers have undertaken numerous works on the mechanism of the CMR effect [1-4].
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There is growing interest in the heterostructures, trilayer and multilayer films combining
ferromagnetic, superconducting, semiconductor, insulator and dielectric materials for their
impact on both basic physical studies and the development of new electronic devices [5—
15]. Because of the physical properties of spin glass, which raises many rather fundamental
questions, there has been considerable interest in the spin-glass state of magnetic materials
such as dilute magnetic alloys, amorphous materials and nanoparticle magnetic materials [ 16—
18]. In recent years, some physicists have observed the phenomenon that spins are
‘frozen’ and aligned in random directions, and that the magnetic properties can be changed
from a low spin moment distribution state to a high spin moment distribution state under
some external conditions, such as the applied field and temperature in GMR (or CMR)
materials, for example La;_,Ca,MnOs, La;_,Ca,Mn;_,Fe,O3, (TbLa);/3Ca;,3sMnO3 and
Eup 53Sr9.42MnO3 perovskite manganites [19-23]. In particular, Rivadulla and Lépez-
Quintela [24] reported the magnetization and electron spin resonance (ESR) measurements
around the Curie temperature on single-crystal and ceramic CMR manganites and considered
inhomogeneities in similar materials. They also considered the dipole demagnetization field
in these materials. Through these extensive works, it can be seen that the magnetic structure of
this kind of materials plays a great role in their electronic transportation properties. Because
magneto-electronic devices are potential candidates for magnetic random access memory,
reading heads for tape and disk drives or magnetic field sensors [25], many efforts are being
made to realize these applications using various magneto-transport devices.

Much research work has been performed based on trilayer or multilayer films, in
which the materials of the middle layer include insulator, superconductor, dielectric, metal,
semiconductor etc. We have studied the structure and magnetoresistance effect of trilayer
Lag 67S19.33MnO5_5/Prg 7Cap 3sMnO;_g/Lag ¢7510.33MnO5_s (LPL for short) epitaxial films
before [26]. Here we would like to discuss further the experimental results of the magnetic
property measurements on the LPL trilayer film, such as the dependences of susceptibility
on temperature and magnetic relaxation on time, as well as the hysteresis loop. Based
on a thorough analysis of these experimental results, we conclude that there exists a spin-
glass-like behaviour, which is probably caused by the competition between ferromagnetism
and antiferromagnetism in the trilayer epitaxial film. After fitting the parameters of the
relaxation experiment according to the double-well-potential model, we also obtain some
dynamical properties of the sample. A comparison of electron-magnetic properties between
Lag ¢7519.33MnO5_s (LSMO for short) single-layer epitaxial film and LPL trilayer epitaxial
film is also discussed.

2. Experimental details

The trilayer epitaxial films were fabricated using a direct current magnetron sputtering method,
which has been discussed in detail in a previous paper [26]. A thin-film sample was made
up of three layers, with the upper and bottom layers both being Lag ¢751933MnO;_; of the
same 150 nm thickness and the middle layer being Pry;Cag3MnO;_5 (PCMO) of 30 nm
thickness. The film was sputtered onto a LaAlOj3 single-crystal substrate of (001) orientation
at a temperature (7s) of 600 °C. After deposition, the sputter chamber was immediately filled
with 7 SCCM O; only and the gas pressure was kept to 4 Pa, under which the film was cooled
down to room temperature. The surface morphology of the film was obtained using scanning
tunnelling microscopy (STM).

The magnetic properties were measured using a commercial superconducting quantum
interface device (SQUID) magnetometer with the temperature ranging from 4.2 to 300 K and
the applied magnetic field ranging from 0.01 to 1.00 T (Tesla). The temperature dependence of
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Figure 1. The surface morphology of an LPL trilayer film obtained by STM.

the sample’s susceptibility () was, respectively, measured under zero field cooling (ZFC) and
field cooling (FC) from room temperature under a certain applied field, which is a standard
experimental approach to the system of metamagnetism. The results of the dependence of
magnetic relaxation on time were obtained at several different temperatures (ranging from 4.2
to 300 K) and under an applied magnetic field of 0.1 T. The measurement of the magnetic
hysteresis loop was conducted under three different temperatures (10, 50 and 100 K) with the
applied field perpendicular to the film plane and parallel to the film plane, respectively.

2.1. Results and discussions

The surface morphology of the LPL trilayer film obtained by STM is shown in figure 1. From
this it can be observed that the surface consists of many three-dimensional columns, which are
uniform granular structures with a size of 20 nm. This result confirms the x-ray diffraction
results, in which our films are measured to be high-quality epitaxial films [27].

Figure 2 shows the curve of the external applied field (H) versus the freezing temperature
(Tt), in which the solid symbols stand for experimental data and the line denotes the fitting
curve. The inset in figure 2 is the temperature dependence of susceptibility (x) for the LPL
trilayer film and the LSMO single-layer film. From the inset of figure 2, we can observe that
there are two magnetic transitions in the trilayer film sample at two different temperatures: the
Curie temperature (7¢) and T, which is a similar phenomenon to that observed in an LSMO
single-layer film sample [28]. T¢ is a constant temperature of about 260 K. This is reasonable
since T¢ is principally determined by the sample’s structure, and the structure does not change
for different values of H. But 7 becomes smaller with increasing H, which indicates a
transition from metamagnetism to ferromagnetism. The cusps appearing on the ZFC curves
are a typical characteristic of a spin-glass system. We can attribute the origin of the spin-glass-
like behaviour in epitaxial film system to the disordered distribution of Mn*" and Mn** ions
and the competition between ferromagnetic and antiferromagnetic interactions, as we have
previously interpreted the spin-glass-like behaviour in LSMO single-layer film [28]. By using
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Figure 2. The curve of H versus Tr. The inset is the temperature dependence of the susceptibility
for an LPL trilayer film and a LSMO single-layer film.

the energy provided by the external applied field, the directions of spin clusters in the spin-
glass state can change from a random distribution state to the direction of the applied field, thus
the system will need less thermal energy to defrost from the spin-glass state. Therefore, the
freezing temperature will shift into a lower temperature range with an increase in the external
field.

Also from the inset of figure 2, we can observe the difference in magnetic properties (such
as the shape of the x—T curves and the values of T;) between an LSMO single-layer film
and an LPL trilayer film. It is necessary to point out the different definition of the freezing
temperature (7t) for a single-layer LSMO film and an LPL trilayer film. In the usual spin-glass
terminology, 7 is the temperature of the starting point of magnetic irreversibility, which for
most samples is the temperature, where there is a maximum of susceptibility. We did the same
as this before [28]. Butin LPL trilayer films, there is an unusual relation between susceptibility
and temperature, where there is no maximum of susceptibility in the temperature, which is the
starting point of magnetic irreversibility. So for LPL trilayer films, we choose the temperature
at which there is a maximum of susceptibility as 7;. In other words, we compare the LSMO
single-layer film and the LPL trilayer film at the temperature at which there is the maximum.

In figure 2, the experimental data can be fitted quantitatively very well by the equation

H=n(1- = ' 1
- 7) N

where H is a critical field above which Tt is zero, b is a scale parameter, and T¢ is the
Curie temperature. Using equation (1), we can calculate two parameters, Hy and b, which are
noHy = 0.911 T and b = 8.26, respectively. From figure 2, it is obvious that there is a well
matched relation between H and T;.

It is interesting to see what the effect of the middle PCMO layer is by comparing the
electronic and magnetic properties of the LPL trilayer film with those of the LSMO single-
layer film. The addition of the middle PCMO layer results in an increase in the metal-insulator
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Table 1. The parameters of the LSMO single-layer film and the LPL trilayer film.

Lag 67S10.33MnO3_s/Pro7Cap 3MnO3_s/

La0,67Sr0,33MnO3,5 film La0,67Sr0.33Mn03,5 film

Thickness (nm) 600 150/30/150

Tr (K) 173 175

pmax (1073 Q cm) 17.11 7.770

E. (eV) 0.158 0.137

noH (T) 0.05 0.08 0.10 030 0.05 0.10 030 0.50

Tt (K) 140 122 90 41 88 67 34 20

x (1077 au) 224 191 1.87 149 154 129 085 0.54

transition temperature (7)) and a decrease in the peak resistivity (omax), hence the middle
PCMO layer has the same effect as the external applied field [26]. Table 1 lists the parameters
of the LSMO single-layer and LPL trilayer films. From this, we can see that the electronic
and magnetic properties of the LPL trilayer film are similar to those of the LSMO single-layer
film, except for some minor differences in the values of parameters. 7 of the LPL trilayer film
is lower than that of the LSMO single-layer film under the same applied field. According to
the effect of the applied field on the freezing temperature (see the inset of figure 2, in which T¢
decreases with an increase of applied field), it is possible to conclude that the middle PCMO
layer also results in a shift of the freezing temperature for the LPL trilayer film and it seems
that there already exists an internal magnetic field to help the system to defrost from the spin-
glass state into the ferromagnetic state. We cannot draw any conclusion about the exact values
of susceptibility in our measurement, since the samples were broken up into small unequal
pieces with an area of about 4 mm? when the measurements were made. So, we could not
measure the mass of our thin-film sample and the susceptibility does depend on the total mass
(or volume) of the whole sample. At the same time, in the lower-temperature vicinity of 7, the
slopes of LPL’s cusps, where the metamagnetism occurs, are smoother than those of LSMO.
So, the effect of PCMO on the magnetization is an interesting topic. From the experimental
phenomenon above, we can see that there is an intra-magnetic coupling within LPL trilayer
films, and that the magnetic coupling may result in the formation of more magnetic clusters
in the film. These extra spontaneous clusters will make the transition from metamagnetsim
to ferromagnetism easier by competing with the external applied field in rotating magnetic
clusters, so the magnetization curve for LPL looks smoother than that for LSMO in the vicinity
of the metamagnetism transition. By comparing the metamagnetism behaviour of the LPL
trilayer and LSMO single-layer films, we come to the same conclusion that the addition of
middle PCMO layer has a similar effect on the external applied magnetic field. Also, the
difference in the parameters oHy and b calculated using equation (1) (uoHy = 0.911 T and
b = 8.26 for the LPL trilayer film and uoHy = 0.574 T and b = 3.929 for the LSMO film)
can be explained by the additive effect of the middle PCMO layer.

Figure 3 shows the relaxation behaviour of magnetization (M) with an external applied
field of uoHp = 0.1 T, for temperatures 7 = 30, 50, 70, 100 and 150 K, respectively. It
shows another typical property of a spin-glass system that there is a long relaxation time,
which represents the irreversible magnetization process of the spin-glass system. Figure 3 also
presents the fact that there is a meta-stable magnetic characteristic in our film sample. Through
studying the results of magnetization relaxation, we can obtain information about the dynamic
properties of the magnetic clusters. Here we use the double-potential-well model to derive the
relaxation relations of the LPL trilayer film, just as we did for the LSMO single-layer film [28].
Due to the antiferromagnetic interactions between ions, antiferromagnetic clusters are formed
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Figure 3. The relaxation relation between M and time (uoH = 0.1 T).

below the Curie temperature and, because of the random distribution of Mn?** and Mn** ions,
magnetic moments are organized into ferromagnetic clusters with different sizes and directions.
Thus we can reasonably focus our attention on the contribution of ferromagnetic clusters to
the magnetization process of the spin-glass system.

According to the double-well-potential model, the relationship between magnetization
and time obeys the following equation:

-V
M:a—ﬂ<i) @)

fo

where « and S are the time-independent parameters for varied temperatures. y is larger than
zero and is a time-independent parameter, but it is dependent on temperature. f; is the time
when the measurement begins.

Considering the limit 7 — oo and ¢ = f( respectively, we can see that « represents the
value of M of the final equilibrium state and «—p represents the initial magnetic state of the
sample. With increasing time, the spin system of the sample will gradually change its state
from a—p to «, or change from one kind of spin distribution state to a more stable kind under
the influence of the applied field.

The experimental data in figure 3 can be fitted well using equation (2), except for where the
temperature is 150 K. The temperature 150 K is higher than the freezing temperature and, at this
temperature, the system has passed the transition from metamagnetism to ferromagnetism. The
open circles and solid squares in figure 4 represent the experimental data and calculated data,
respectively. We obtain the values of «, § and y for separate temperatures and can conclude
that the values of y and a—f increase as temperature rises, while o decreases. According
to the double-well-potential theory, the physical meaning of the parameter y is related to the
excitation energy, so we can obtain information about the dynamical properties of the excitation
energy.
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Figure 4. The comparison between the experimental data and the calculated data (uoH = 0.1 T).
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Figure 5. The relation between x and 7 for different applied fields and directions.

Figure 5 shows the relationship between x and 7 in different applied fields. We took the
measurement for the LPL trilayer film with uoHy = 0.05 and 0.1 T, and the direction of the
applied field is perpendicular to the film (denoted ¢ || H) and parallel to the film (denoted
ab || H), respectively. From figure 5, we can see that the freezing temperature for ¢ || H
is obviously higher than the freezing temperature for ab | H. This indicates the magnetic
anisotropy inherent in the film.

Figure 6 shows the relationship between the magnetization M and H when 7' = 10 K,
and the insets show the relationship between the magnetization M and H when T = 50
and 100 K, respectively. In figure 6, we can see that there is a usual hysteresis. Also, the
higher the saturation magnetization, the lower the temperature. We can also see that the
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Figure 6. The relation between M and H for T = 10, 50 and 100 K (and for different directions
of the applied field).

Table 2. The anisotropy parameters of the LPL trilayer film.

La0,67Sr0,33Mn03,5/Pr0.7Ca0.3MnO3,5/La0.67Sr0.33MnO3,5 film

Hlc H | ab
M, (107%au)  1.32(T =100K) 1.82(T =50K)
1.97 (T = 10K) 1.99 (T = 10K)
M, (10*au)  0.12(T = 100K) 047 (T =50K)
0.92 (T = 10K) 0.93 (T = 10K)
woHe (T) 0.01 (T =100K) 0.03 (T =50K)
0.10 (T = 10K) 0.06 (T = 10K)
xo (10~7 au) 0.43 (0.05T) 0.61 (0.05T)
0.45(0.1T) 0.79 (0.1 T)
Ymax (1077 au) 2.12 (0.05T) 2.86 (0.05 T)
1.67 (0.1T) 1.79 (0.1 T)
T (K) 88 (0.05T) 55(0.05T)
67 (0.1 T) 43(0.1T)

hysteresis loop changes when the direction of applied field is changed. Table 2 shows the
anisotropy parameters of the LPL trilayer film, from which we can again see the anisotropy
properties of the magnetization. Many factors could result in the anisotropy property, but here
we suggest two possible mechanisms: one is the substrate orientation. Different substrate
orientations result in different film orientations, and the magnetic properties of films with
different orientations—including the freezing temperature, susceptibility or magnetization,
hysteresis loop etc—are different. The difference in the magnetic properties will influence
the electron-transport behaviour, including 7p and pm.x. This opinion has been substantiated
further by systematically studying the effect of oxygen partial pressure on the electro-magnetic
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properties for Lag ¢7S1.33MnO;_s epitaxial films with different orientations [29]. The other
possible mechanism is the effect of the dipole demagnetization field with this thin-film
geometry. Further research on this topic is expected to yield a through understanding.

3. Conclusions

With thorough investigation of the magnetic properties of LPL trilayer epitaxial film, we can
observe spin-glass-like behaviour in our present sample as well as the anisotropy properties
of the magnetization. The competition of two different magnetic interactions in the sample
results in the formation of the magnetic moment clusters, which play an important role in
the temperature dependence of magnetization, magnetic relaxation and the hysteresis loop.
The double-well-potential model was used to fit our relaxation experimental data, in order
to study in detail the energy spectroscopy information. By comparing the result for the LPL
trilayer film with that for the LSMO single-layer film, we can conclude that the middle PCMO
layer does act equivalently to an external field. It is this effect that causes the differences in
electro-magnetic properties between LSMO and LPL trilayer films. To explain the anisotropy
properties of LPL trilayer film, two mechanisms are suggested: one is the different orientation
of the films and the other is the effect of the dipole demagnetization field. It would be more
interesting to compare the spin-glass property and structures of these trilayer films further after
convenient optimized annealing processes at different temperatures. This would also aid the
understanding of whether spin-glass properties are localized or not in trilayer films and provide
extended experimental evidence.
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