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Yttrium iron garnet (YIG) thin films substituted erbium ions (Er*®) Er,,Y, ;FesO,, films were prepared by a sol-gel method at
different temperatures which varied from 800 to 1000°C for 2 hours in air. Magnetic and microstructural properties of the films
were characterized with X-ray diffraction (XRD), the field emission scanning electron microscopy (FESEM), and vibrating sample
magnetometer (VSM). The XRD patterns of the sample have only peaks of the garnet structure. The lattice constants decrease,
while the particle size increases from 51 to 85 nm as the annealing temperature increases with average in thickness of 300 nm. The
saturation magnetization and the coercivity of the samples increased from 26 (emu/cc) and 28 Oe for the film annealed at 800°C to

76 (emu/cc) and 45 Oe for film annealed at 1000°C, respectively.

1. Introduction

The study of yttrium iron garnet (YIG) thin films is becoming
more important because of properties that can be exten-
sively used in optical communication [1], magneto-optical
devices, and applied in microwave [2]. YIG is the most
representative and well-known compound among the rare-
earth garnets and various magnetizations can be achieved
by substitution process. Thin and thick films have been
produced in garnets using different methods such as liquid
phase epitaxy, sputtering, chemical vapor deposition, liquid
phase epitaxy, laser ablation, and sol-gel. In recent years,
sol-gel methods have attracted much attention due to use
of lower synthetic temperature to produce finer and more
homogeneous particles. The sol-gel synthetic method has
been widely used to prepare nanostructured films and can
be used to systematically vary the chemical composition of
target compounds over pulsed laser deposition and sputter-
ing techniques which are also compatible with the fabrication
of nanoscaled thin films. So in this study, sol-gel method is
used to achieve homogeneous systems with respect to the
desired metals. YIG is a ferromagnetic material and it has

a cubic structure with a space group Ia3d with the general unit
formula (Y;Fe;O,,) [3]. The magnetic ions are distributed
over three crystallographic sites with sublattice magnetiza-
tion Ma [octahedral site, 16 Fe** ions in a], Md (tetrahedral
site, 24 Fe** ions in d), and Mc {dodecahedral site, 24 Y**
ions in c}. Ionic distribution in garnet is represented as
{Y3'} [Fe}*] (FeJ") O,,%". The interaction between the Fe**
ions in [a] and (d) sites is strongly antiferromagnetic due to
strong superexchange interaction. The magnetic moment of
the rare-earth ions in the {c} sublattice couples antiparallel
with the resultant moment of Fe’" ions. In a YIG system,
nonmagnetic Y** ions occupy dodecahedral {c} sites and
magnetic Fe*" ions occupy octahedral [a] and tetrahedral (d)
sites. The magnetic moment caused by two Fe’* ions in [a]
site is aligned antiparallel to that caused by three Fe’* ions
in (d) site, leaving a net moment from Fe** in the d-site.
Therefore, the saturation magnetization of YIG is given by
the magnetic Fe’* in the d-sites. The paramagnetic trivalent
Er’* ions can be substituted for nonmagnetic Y** ions in
{c} sites, but not for Fe*" ions in [a] or (d) sites [4]. The
magnetic moment of Er’* substituted for Y** in {c} sites,
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which can be parallel to the magnetic moment of Fe’" in the
d-sites, meaning that the saturation magnetization of Er:YIG
is different from that of pure YIG. A number of researches
have been done in substituting Bi’*, Ce’* for Y>* and Co’",
Co** for Fe*" in YIG [5-12]. However, some works have been
carried out to study Er-YIG powder nanoparticles [13-20]
and few in thin film form. Erbium is chosen because its ionic
radius (1.03 A) is slightly less than ionic radius of yttrium
(1.04 A). Also, it has an extremely high verdet constant at
(A = 600nm) and large Bohr magneton (9.6 4B) [21]. This
paper focuses on the influence of low concentration of Er*
ions substituted YIG thin films (Er,,Y, (Fe;O,,) at different
annealing temperatures.

2. Experimental

The Er:YIG precursor sol was prepared by sol-gel method
using reagent grade nitrates purchased from Aldrich,
Milwaukee, WI, USA. Yttrium nitrate hexahydrate
[Y(NO;);:6H,0, 99.95% purity], iron (III) nitrate nanohy-
drate [Fe(NO;);-9H,0, 98+% purity], and erbium nitrate
pentahydrate [Er(NO;);-5H,0, 99.9%, metals basis] were
used as raw materials. 2-Methoxyethanol and acetic acid
were used as solvents. Fe(NO;);-9H,0 and Y(NO;);-6H,0
were dissolved in the 2-methaxythanol and refluxed at 80°C
for 3 hours. The Er(NO;);-5H,0 dissolved in acetic acid was
added gradually into the Fe-Y solution. Then the refluxing
process was carried out for 3 hours. A small quantity of
diethylamine was added to the mixture solution, while the
pH value was adjusted in the range of 2-3. After cooling
down to room temperature, the solution was stirred for 3
days. The gel was transformed into thin film form (onto
quartz substrates) using the spin coating technique. The
rate of the spinning process was 3500 rpm and it was done
for 30 second. After the spinning process, the films were
heated at 90°C for 2 hours to remove the residual solvents
and then at 350°C for 15min at a heating rate of 3°C/min
to burn off the organic materials, followed by annealing
process at 800, 900, and 1000°C for 2 hours at a heating
rate of 4°C/min to crystallize them as shown in Figure 1.
The X-ray diffractions were done at 260 = 20° to 80° to
investigate the structural properties of the films. Magnetic
measurements were carried out at room temperature using a
vibrating sample magnetometer (VSM). The field emission
scanning electron microscope (FESEM) was carried out at
the magnification of 300,000x to examine the surface quality
of the films.

3. Result and Discussions

3.1. X-Ray Diffraction Measurements. Figure 2 shows the
XRD spectra for Ery,Y,¢Fe;O,, films annealed at 800-
1000°C for 2 hours. All of the samples show single phases of
the garnet structure with diffraction lines (hkl) correspond-
ing to the cubic garnet structure. We obtained the single
garnet phase at 800°C due to the good homogeneity of the
gel prepared at pH = 2-3, while the single garnet phase of
Er,Y;_ ,Fe;O,, (0 < x < 1.0) prepared by [22] was obtained

Journal of Nanoscience

+-1000°C -+
i 900°C -
. 800°C

2h 15min  4h 2h

Time

1h 2h

FIGURE 1: The flowchart of the heat treatment process.
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FIGURE 2: The XRD patterns of Er,,Y, ;Fe;O,, films annealed for
2h at different temperatures.

at 850°C. The values of lattice constant of the films calculated
from the XRD pattern were in the range of 12.339 to 12.359 A
and were found a little smaller than the pure YIG (12.376 A)

due to the ionic radii of Er** (1.03 A) less than Y>* (1.04 A).
The effect of the heat treatment has been studied by several
researches. They observed that the lattice parameter decreases
with increasing heat treatment temperature [23]. The average
lattice constants values of Er;,Y, ¢FesO,, films as a function
of different annealing temperatures are shown in Table 1.

3.2. Microstructural Properties. The microstructures of all of
the Er,Y, ¢Fe;O,, films were studied using field emission
scanning electron microscope (FESEM) as shown in Fig-
ures 3(a)-3(c). The particle size obtained for these samples
increases with the annealing temperature increased. From
the images of the FESEM micrograph, the resulting grains
show that the particles stuck to each other when the annealing
temperature is above 800°C and this implies that the particles
are highly agglomerate due to their high surface energy [24].
The micrographs show that the particles stuck together, and
these hard agglomerates are called aggregates. Agglomeration
of fine particles can occur at the synthesis stage, during drying
and subsequent processing of the particles. Agglomeration
of fine particles is caused by the attractive van der Waals
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TABLE 1: The variation of annealing temperature with the coercivity (Hc), magnetization (M), particle size, and lattice constants.

Annealing temp. (°C) Hc (Oe) M, (emu/cc) Average particle size (nm) Average lattice constants (A)
800 28 26 51 12.359
900 36 60 59 12.358
1000 45 76 85 12.339

Mag=30000KX  Signal A= InLens

EHT = 3.00 kv WD = 3.6mm E04 800

EHT = 3.00kV Signal A= SE2

Mag = 50.00 K X

Mag = 300.00 KX Signal A
EHT= 300KV  WD= 2

252nm 243 nm 235nm

EHT = 3.00kV
WD = 45mm

Signal A= SE2
Mag = 50.00 KX

Date :3 Apr 2010
wwwww i on

Mag = 300.00 KX  Signal A = InLens N
EHT= 300kv  WD= 27mm  E0-4-1000

2550m 252 nm e

- 239 n@

EHT = 3.00kV
WD = 67 mm

Signal A= SE2

Date :3 Apr 2010
Mag = 50.00 KX e oo tektran

FIGURE 3: FE-SEM micrograph and images of cross-section of Er,, Y, (Fe;O,,films at different annealing temperatures: (a) 800°C, (b) 900°C,

and (c) 1000°C.

force and the driving force that tends to minimize the total
surface energy of the system. The grains could not be seen
clearly, and this may be because of masking caused by the
gold coating on the film’s surface. The thicknesses of the films
were decreased as the annealing increased and ranged from
408 nm to 249 nm. We can conclude that for different anneal-
ing temperatures, the crystallite sizes of Er,,Y, (Fe; O, films

are increased, while the films thicknesses were reduced. This
is probably due to the different ionic radius of Er*" (1.03 A)
which is less than Y>* (1.04 A), which leads to some apparent
variation about the crystalline lattice.

3.3. Magnetic Properties. The magnetic properties of the sam-
ples at different annealing temperatures of Er,,Y, (Fe;O,,
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FIGURE 4: The in-plane hysteresis loop for Er,,Y, Fe;O,, films
annealed for 2 h at different annealing temperatures.

films were measured using vibration samples magnetometer
(VSM) with a maximum applied field of 12kOe at room
temperature. Figure 4 shows the in-plane magnetization
properties and typical hysteresis loop for all films. The
hysteresis curves indicate that Er, , Y, ;Fe;O,, films annealed
at 800 to 1000°C are soft magnetic materials. The saturation
magnetization (M) of the films increased from 26 (emu/cc)
for the film annealed at 800°C to 76 (emu/cc) for film
annealed at 1000°C when the particle size increased from
51 to 85nm as shown in Table 1 and Figures 5(a) and 5(b).
This rise can be related to the higher surface-to-volume ratio
in the smaller particles, which results in the existence of
nonmagnetization surface layer. Also the M, of the particles
decreases as the particle sizes reduce due to the enhancement
of the surface spin effects. The coercivity (Hc) increased from
28 to 45 Oe as the temperature rose to 1000°C as shown in
(Figure 5(c)).

4. Conclusion

We have studied the synthesis of YIG substituted (Er™®)
Ery4Y,cFe;O,, nanoparticles, with size between 51 and
85nm at different temperatures varied from 800 to 1000°C
prepared using a sol-gel method. The results show that, at
low concentration of Er’* ion, the best annealing temperature
for crystallinity begins at 800°C. From the XRD, it can be
observed that all the samples have only a single phase of
garnet structure. The average values of lattice constants of
the films were decreased as the temperature increased. The
particle size obtained for these samples increases with the
annealing temperature increasing and the particles are highly
agglomerate due to their high surface energy. The saturation
magnetization (M) decreases as the particle size is reduced
due to the enhancement of the surface spin effects. The
thicknesses of these samples reduced as the annealing rises
to 1000°C.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Journal of Nanoscience

50
45
40
35
30
25
20
15
10

M, (emu/cc)

750 800 850 900 950 1000 1050

Annealing temperature (°C)

(a)
90
80 -
70
60
50 -
40 1
30 -
20 -
10 1

Particle size (nm)

750 800 850 900 950 1000 1050

Annealing temperature (°C)

(b)

60
50
40
30

Hc (Oe)

20
10

750 800 850 900 950 1000 1050
Annealing temperature (°C)

(c)

FIGURE 5: The variation of (a) saturation magnetization, (b) particle
size, and (c) coercivity with different annealing temperatures.
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