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A B S T R A C T

The dependences of magneto-optical, structural and morphological properties of reactive ion beam
sputtered (RIBS) nanoscale (Bi,Ga)-substituted DyIG [(Bi,Ga:DyIG)] films on (111) GGG and (111) CMZGGG
substrates on the time of crystallization annealing were studied using Faraday effect measurements, X-
ray diffraction and scanning atomic force microscopy. It was found that the roughness, degree of
crystallinity and Faraday rotation angle of the films depend substantially on the substrate type and the
time of crystallization annealing. It was determined a minimal time to achieve the optimal ratio between
the measured magneto-optical and structural parameters of the film.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

One-dimensional magneto-photonic crystals (1D-MPCs) and
the similar multilayer structures have shown many applications in
magneto-optical (MO) devices such as magneto-optical modu-
lators [1,2], optical insulators [3,4], magnetic field sensors [5,6] etc.
and have been extensively studied for more than fifteen years.
Usually, as a magneto-active layers in these structures Bi-
substituted yttrium iron garnet films (Bi: YIG) of thin and ultrathin
thickness are used.

In this respect, the extraordinary interest caused (Bi,Ga)-
substituted DyIG [(Bi,Ga:DyIG)] films, having a rather unique
combination of positive uniaxial anisotropy, large intrinsic MO
activity and low optical loss in the visible and near-infrared
wavelength region of optical spectrum. All these properties can be
controlled in wide range by varying both the composition of the
films and the conditions of their growth. In addition to all other
characteristics, it is very important to know the surface state
(roughness parameters and a grain sizes) of these films.

Pulsed laser deposition (PLD) [7,8], radio frequency magnetron
sputtering (RFS) [9–17] as well as reactive ion-beam sputtering
(RIBS) [18] are the widely used vacuum methods for Bi Ga:DyIG
films preparation as well as for Bi: YIG garnet films of another
composition. PLD is mainly used for in situ epitaxial growth of the
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films and all-garnet 1D-MPCs, RFS and RIBS � for in situ epitaxial
growth, and the two-stage one, i.e. sputtering and subsequent
crystallization in oxygen or atmosphere.

As it has been shown in a number of early studies [9–12], Bi-
substituted garnet films have attracted much attention for a high
density magneto-optical recording materials because of their
strong magneto-optical effect at short wavelengths near 500 nm.

The polycrystalline (BiDy)3(Fe, Al or Ga)5O12 garnet films of
good quality with stress-induced magnetic anisotropy normal to
the film plane prepared by RFS method on glass substrates using
pure Ar or Ar + O2 as the sputter gas were proposed for MO storage
with ultra-high density MO recording [9–11]. However, it’s well
known that the polycrystalline films have a serious problem of
suffering from the media noise due to grain boundary and
microstructure inhomogeneity and the epitaxial films with high
crystallographic quality can be grown by RFS only on single crystal
substrates.

A rapid thermal anneal for forming (BiDy)3(FeGa)5O12 films of
garnet phase deposited by RFS was employed by the authors of
[12]. It was found the crystallization mechanism is the diffusion
controlled growth of a fixed number of crystallites, irrespective of
the shape of the crystallites, provided that the shape doesn't
change during growth. The grain size obtained by analyzing the X-
ray diffraction linewidths was found to be consistent with such
observations and decreases from 70 nm at r = 1 �C/s to 30 nm at
r = 50 �C/s, where r is a ramp-up rate.

Almost all researchers note the extreme sensitive of the
composition and structure of growing films to substrate
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temperature, oxygen pressure and the annealing process durations
as well as substrate material. For example, according to X-ray
diffraction the films of average composition Bi1.5Dyl.5Fe4.0 Ga1.0O12

grown by PLD method on GGG (111) and (110) had a single garnet
phase with [111] and [110] orientation, respectively, perpendicular
to the film plane. The films grown on Yttria Stabilised Zirconia
(100) and Si (100) substrates demonstrated the presence of
randomly oriented polycrystalline garnet in addition to a small
amount of other phases under constant another growth conditions
[7].

Magnetically coupled double-layer (BiDy)3(FeGa)5O12 garnet
films of fine granular microstructure with different magnetic
compensation temperatures have been prepared by PLD method
varying oxygen pressure during the deposition process [8]. Authors
represent a new switching system as an alternative to exchange-
coupled magnetic metallic thin layers.

A series of studies [13–19] devoted to the development of
technological modes of production of (BiDy)3(FeGa)5O12 films, as
well as composite material (BiDy)3(FeGa)5O12:Bi2O3 with specified
characteristics prepared by RFS method.

In [13,14] in order to crystallize the amorphous Bi2Dy1Fe4-
Ga1O12 films and nanocomposite (BiDy)3(FeGa)5O12: Bi2O3 layers
synthesized by RFS on Corning 1737 glass and on a GGG substrates
into polycrystalline ferrimagnetic garnet phase, a post-deposition
high temperature annealing was used with temperature ramp
rates (up and down) in between 3–5 �C/min, for a number of
different annealing durations. X-ray diffraction patterns reveals
the nanocrystalline microstructure of the annealed garnet
materials and the body-centered cubic lattice structure type, as
well as only one identifiable impurity phase (Fe3O4) being present
residing outside garnet grains.

Manufactured by RFS method Bi2Dy1Fe4Ga1O12 films of
thicknesses between 50 and 5000 nm with typically root main
square roughness (RMS) about 2 nm across a randomly-selected
film area of 1 mm2 possessed a sufficient level of uniaxial magnetic
anisotropy in a direction perpendicular to the film plane and the
properties achieved in these garnet layers makes them very
attractive for use in nanostructured photonic devices and sensors
[15].

Experimental study of triple-layer all-garnet heterostructures
was carried out in [16]. Authors demonstrated a new material
Fig. 1. QF and RMS (a) and KS and Hc (b) dependencies on annealing time. The inset: (a
annealed at t = 1.2 (red, curve 1) and 5 (black, curve 2) min. (For interpretation of the ref
article.)
system possessing a combination of high specific Faraday rotation,
a nearly rectangular magnetic hysteresis loop and low coercivity.
The deposited films were annealed in air atmosphere at temper-
atures from 600 to 700 �C, and the annealing process durations
varied between 30 min and 12 h. Note that such a long time of
annealing can be harmful to oxide dielectric mirrors in the relevant
structures.

In [17] the microcrystalline structure with small grain size, high
volumetric content of garnet phase and low surface roughness was
achieved in the magnetic garnet layers Bi2Dy1Fe4Ga1O12 by
depositing additional non-magnetic garnet layers (GSGG), which
protect the magnetic garnet layers from the atmospheric exposure
using complex multi-step rapid thermal annealing processes.
Sputtered polycrystalline bismuth-doped iron garnet layers having
grain dimensions of the order of 50 nm.

The destructive influence of garnet annealing on optical
responses of dual cavities have been found in [20,21]. To avoid
formation of cracks, the authors used the (GdCa)3(GaMgZr)5O12

substrates with the coefficient of thermal expansion similar to that
of Bi: YIG. To crystallize Bi: YIG, the samples were annealed at
700 �C for 15 min. Annealing determined the surface roughness
after crystallization: RMS = 0.2 nm (before) and RMS = 2.8 nm
(after).

Another way to avoid the degradation of properties of dielectric
Bragg mirrors in of 1D-MPCs due to thermal annealing of Bi: YIG
films is the laser annealing of such films [22].

Therefore, the aim of this work was to choice the parameters of
crystallization annealing of Bi,Ga:DyIG films, which would allow
obtaining films with satisfactory optical (transmission), magneto-
optical (specific Faraday rotation), structural (degree of crystallini-
ty) and surface roughness characteristics (RMS) on GGG and
CMZGGG substrates.

2. Experimental

Bi,Ga:DyIG films of 120 nm thick of composition Bi2.3Dy0.7-
Fe4.2Ga0.8O12 were deposited on hot (350 �C) substrates of single-
crystal gadolinium–gallium (GGG) and calcium-magnesium-zir-
conium-gadolinium–gallium (CMZGGG) garnets by RIBS technique
in argon–oxygen mixture in relation of 70 and 30%, correspond-
) � the same dependencies on an enlarged scale on the X-axis; (b) � FLHS for the films
erences to colour in this figure legend, the reader is referred to the web version of this



Fig. 2. The normalized XRD patterns in CuKa radiation of Bi,Ga:DyIG films, prepared on a GGG substrates and annealed different time: a � 1.2 min (black); b � 5 min
(magenta); c � 20 min (red); d � 60 min (dark blue); e � 150 min (blue); f � 360 min (olive). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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ingly, with following crystallization by high temperature annealing
in the air at atmospheric pressure as described earlier [23,24]. The
samples on GGG substrates are named as SGGG-number and on
CMZGGG substrates as SCMZ-number.

The compositions of the films were chosen to obtain the films
with high value of out of plane magnetic anisotropy, desired
Fig. 3. AFM- surface images of Bi,Ga:DyIG films on GGG substrates after diffe
Faraday rotation angle QF and rectangular hysteresis loop (i.e.
values of squareness ratio as relation of residual values of QF to
saturation one must be KS = 1). The targets for sputtering were
prepared using conventional ceramic technique. The as-sputtered
Bi,Ga:DyIG films were amorphous and to crystallize ones a post-
deposition annealing at 700 �C was carry out. The crystallization
rent time of crystallization annealing: a- 1.2; b � 5; c � 20; c � 60 min.



Table 1
The X-ray diffraction data for Bi,Ga:DyIG films prepared on a GGG substrates.

Sample Annealing time, min afilm, nm Da, nm Da/asub, % FWHM, deg RMS, nm

SGGG-01 1.2 – – – – 1.40
SGGG-02 5.0 1.2555 0.0168 1.36 1.37 1.73
SGGG-03 20.0 1.2555 0.0169 1.36 1.35 2.46
SGGG-04 60.0 1.2556 0.0169 1.36 1.30 4.98
SGGG-05 150.0 1.2556 0.0168 1.36 1.06 14.09
SGGG-06 360.0 1.2556 0.0168 1.36 0.89 14.62

afilm is a film lattice parameter; Da is a mismatch of the film and substrate lattice parameters; FWHM is a full width at half maximum; RMS is a root main square.
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annealing was performed in a hand-made vertical type silit
electrical furnace. The durations of the crystallization annealing
process varied from 30 s to 6 h for the films on GGG substrates and
to 12 h for the films on CMZGGG substrates.

To determine the magneto-optical properties of the films
(Faraday rotation angle QF, coercivity force Hc, squareness ratio KS

and others) the Faraday hysteresis loops (FHL) were measured
using hand-made computer control magneto-polarimeter at a
fixed radiation wavelength of 655 nm. The magneto-polarimeter is
based on an azimuthal modulation technique and contains the
following optical element sequence: 50 mW 655 nm laser �
polarizer (Glan-Thompson prism) � ac Faraday-rotation modulator
with Bi-substituted LPE garnet film as a magneto-active element �
electromagnet with a sample � dc Faraday-rotation compensator
� analyzer (Glan-Thompson prism) � photo detector.

The surface topography and the domain structure of the films
were determined in a tapping mode using atomic force microscope
(AFM) Ntegra Prima manufactured by NT-MDTcompany (Russia). A
tapping mode is most preferable to investigations because it allows
one to get the best value of resolution and minimize the negative
impacts of the probe and the sample one each other. In this mode,
the cantilever console varies with self-resonant frequency and high
amplitude (approximately 50–100 nm). At these amplitudes, the
needle contacts the sample surface at the moment of maximum
deflection of the console down from its equilibrium position,
which significantly changes the frequency, phase and amplitude of
its oscillations. A tapping mode has a higher horizontal resolution
compared to the contact mode.

The diffraction patterns were measured using multifunctional
X-ray analytical system CompleFlex manufactured by CDP
Company (Russia) [25].
Fig. 4. Dependencies of QF and RMS (a) and KS and Hc (b) on a crystall
In this system X-ray optical scheme of Bragg-Brentano is
realized. X-ray copper tube with operating power of 280 W and a
working focus projection 20 mm is used. So, the required level of
angular resolution and signal intensity may be achieve without
using a complex system of collimation and focusing of x-ray
radiation. X-ray wavelength l (CuKa) is 0.1541 nm. Ni-filter is used
for the cut-off a CuKb characteristic line signal. The diffraction
patterns obtained in the mode of u–2u scan for symmetric Bragg
reflection (444). For the film structure and the substrate the
rocking curves of diffraction reflections were measured too in the
v- scan mode at a fixed detector position.

3. Results and discussion

Fig.1(a) presents the dependencies of Faraday rotation angle QF

and RMS on a time of crystallization annealing for Bi,Ga:DyIG films
on GGG substrates. The inset shows the same dependencies on an
enlarged scale on the X-axis. As one can see QF almost reaches
saturation after 10 min of annealing, wherein RMS is 3.3 nm. After
360 min of annealing QF increased slightly, while RMS reached up
to 14.62 nm.

Fig. 1(b) shows the dependencies of coercivity force Hc and
squareness ratio KS on annealing time of these films. At low
annealing time, the dependence of KS on the annealing time is a
very sharp: KS = 1 already after 5 min (see inset in on Fig. 1b, where
the FLHS for the films annealed at t = 1.2 (red) and 5 (black) min are
displayed), while Hc reaches a maximum value of 700 Oe after
360 min of annealing.

In Fig. 2a–e the diffraction patterns of the samples crystallized
within, respectively, 1.2, 5, 20, 60, 150 and 360 min are present. In
the diffraction pattern of the sample SGGG-01 (Fig. 2a) in a region of
ization annealing time for Bi,Ga:DyIG films on CMZGGG substrates.



Fig. 5. AFM- surface images of Bi,Ga:DyIG films on CMZGGG substrates after different time of crystallization annealing: a � 10 min; b � 20 min; c � 60 min.
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the Bragg diffraction angles 2u = 48.0 � 49.8� a pronounced diffuse
plateau is observed; at 2uB = 50.3 deg the weakly expressed
diffraction peak from Bi,Ga:DyIG film is clearly seen, indicating the
beginning of initial stage of the film crystallization process. The
peak on the left wing of the substrate diffraction peak is due to the
fine structure of a CuKa characteristic line and owned by its
satellite (measurements were carried out in a scheme without the
radiation monochromatization). The diffractograms (Fig. 2) pres-
ent normalized peak intensities from the film structure, so with an
increase of the deposited layer crystallinity and its diffraction
intensity, the CuKa satellite peak becomes indistinguishable.

Unlike the sample SGGG-01, in the diffraction pattern of the
sample SGGG-02 (Fig. 3b) there is a pronounced peak of Bi,Ga:DyIG
films. The full width at half maximum (FWHM) of the rocking curve
is quite large (FWHM = 1.37�). The FWHM of the rocking curve is
determined by the magnitude of the diffuse scattering of X-rays
and depends on the structural density of dislocations, the presence
of micro-inhomogeneity etc. Therefore, its high value for SGGG-02
indicates a high density of structural defects in the formed
polycrystalline layer and incompleteness of crystallization process.
For sample SGGG-03 (Fig. 3c) the same pattern is seen as for SGGG-
02, however, the right and left “shoulders” of the diffraction peak
are less pronounced, indicating a greater stress relaxation in the
structure.

The diffraction pattern changes completely for the samples
crystallized at annealing times t = 60 min or more. At t = 360 min
the diffraction peak of the sample SGGG-06 is fully resolved (Fig. 2f),
the right and left “shoulders” are absent, FWHM = 0.89 deg. Thus,
through prolonged annealing time the residual stresses relaxed
and the structural defect density decreased. Hc and RMS for these
films accepted the maximal values of 700 Oe and 14.6 nm,
respectively, of the entire series of the samples on GGG substrates.

The X-ray diffraction data for Bi,Ga:DyIG films prepared on a
GGG substrates are present in Table 1.

The measured FLHS (the inset in Fig. 1b) and X-ray diffraction
data (Fig. 2) correlate well with AFM- ones. Fig. 3 shows AFM-
surface images of Bi,Ga:DyIG films on GGG substrates after
different time of crystallization annealing. Pictures illustrate the
dynamics of growth of the film roughness with increasing of
annealing time. Fine grain structure of the films with increasing of t
is gradually becoming a large-block, average crystallite size at their
base increases from 100 at t = 1.2 min to 200–250 nm at t = 360 min.



Fig. 6. MFM images of domain structures of Bi,Ga:DyIG films on GGG (a-c) and CMZGGG (d) substrates annealed different times: a � 1.2; b � 5; c � d � 20 min.
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To determine the effect of the substrate material (the mismatch
of crystal lattices of the substrate and the film) on the surface
roughness and other film characteristics the number of films were
deposited and crystallized on CMZGGG substrate. Due to the
proximity of the diffraction peaks of the film and CMZGGG
substrate to measure correctly rocking curves and obtain the value
of FWHM was impossible.

Fig. 4(a) presents dependencies of Faraday rotation angle QF

and RMS on a crystallization annealing time of Bi,Ga:DyIG films on
CMZGGG substrates. As one can see, QF do not reaches saturation
yet after 60 min of annealing, wherein RMS is 2.51 nm. QF reaches
saturation only at t � 360 min. These films acquired the block
structure, average crystallite size at their base reached 250–
300 nm, RMS was 32.6 nm, however unlike the films on GGG
substrates, in the time region 0 < t < 60 min Hc first increases and
then decreases with t increasing at t = 720 min Hc reached 340 Oe
(Fig. 4b).

Bragg diffraction angle for the Bi,Ga:DyIG films on CMZGGG
substrates is 2uB = 50.26�, so, calculated lattice parameter is
aFilm = 1.2567 nm and this means that Da = 0.0073 that is 2.3 times
less than on GGG substrate. Due to the proximity of the diffraction
peaks of the film and CMZGGG substrate it was not possible to
measure the rocking curves for the films and determine their
FWHM.

Calculation of the target lattice parameter aTarget in accordance
with the nominal composition of the target and Vegard's law [26]
have shown that aTarget = 1.2567 nm. This indicate about identical
compositions of the target and the films on CMZGGG substrates,
i.e. during sputtering process almost 100% � th mass transfer of the
target material occurs to the substrate, and during crystallization
annealing the garnet phase of the same composition is formed on
CMZGGG substrate.

Fig. 5 shows AFM- surface images of Bi,Ga:DyIG films on
CMZGGG substrates after different time of crystallization anneal-
ing. As can be seen, the films have fine texture even after annealing
during 60 min.

In contrast to the results obtained in [12], not only the size of
crystallites, but also their density significantly depend on the
annealing time. The increasing of annealing time leads to an
increase in crystallite size due to their merger, the crystallites form
remains the same. The similar results were obtained in [27] during
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crystallization annealing of the RIB sputtered films of composition
Bi2.8Y0.2Fe5O12.

The magnetic domain structures of Bi,Ga:DyIG thin films on
GGG and CMZGGG substrates annealed different times in the
absence of externally applied magnetic fields are shown in Fig. 6.
The domain patterns were observed using a MFM-mode of SPM
microscope.

Bi,Ga:DyIG films are high-coercivity ones and after magnetiza-
tion usually tend to remain in a single-domain state. For
observation of the domain structure (DS) of such films, the
demagnetization process by heating above the Neel temperature
and cooling in the absence of external magnetic field was carried
out. DS of Bi,Ga:DyIG films is similar to the classic one of LPE garnet
films that clearly indicates the crystallinity of the ferrite-garnet
phase of the films. However, for the films on GGG substrates with
low annealing time (Fig. 6a–b) a fine magnetic structure
(substructure) is observed on the background of a uniformly
magnetized domains. The emergence of such domain substructure
(dots, ripples, domain size of less than 100 nm) can be attributed to
the formation of reverse magnetic phase germs with the magnetic
moment concentrated on such irregularities in zero magnetic field
(Ks < 1 � see inset in Fig. 1, as well.). Increasing of annealing time
results in decreasing of the average domain width W (W = 0.5 mm
at t = 1.2 min and W = 0.3 mm at t = 20 min) and improving the
uniformity of their magnetization, which indicates the increasing
the degree of the film single-crystallinity (see Fig. 6c).

For the films on CMZGGG substrates W = 0.7 mm at t = 20 min
that may indicate a different value of uniaxial magnetic anisotropy
of the films on GGG and CMZGGG substrates. Indeed, the
measurements of the uniaxial anisotropy field =A showed that
under the same annealing time the uniaxial anisotropy field =A of
the films on GGG is higher than the films on CMZGGG substrates.
As well if annealing time increases =A of the films on GGG
increases and on CMZGGG substrates decreases. This fact explains
the course of the time dependency of Hc of the films on booth types
of substrates (See Figs. Fig. 11b and Fig. 44b).

It may be note that the enlargement of projecting crystallites
leads to “microdomains” which enhance the contrast, but not
change the magnetization.

Bi,Ga:DyIG films on GGG substrates are in a stressed
(compressed) state due to large lattice mismatch Da = 0.0168 nm.
This leads to a blurring of the domain walls (Fig. 6a–c). In Bi,Ga:
DyIG films on CMZGGG substrates Da = 0.0073 nm, so, a stressed
state is much less. This affects the texture of the films and character
of the domain walls � they are more consistent with the domain
walls of LPE garnet films (Fig. 6d).

4. Summary

The roughness of Bi,Ga:DyIG films on GGG and CMZGGG
substrates increases with increasing of annealing time, their
surface texture changes from fine to large-block. At annealing time
up to 60 min the roughness of the films on CMZGGG substrates is
substantially lower than on GGG one. The mismatch of lattice
parameters of the films on GGG and CMZGGG substrates after
annealing at t � 5 min independent of annealing time and on GGG
substrates is +0.0168 nm, and on CMZGGG substrates is 0.0073 nm.
Thus, the stress component in the films on GGG substrates is
higher, which explains the increased roughness of the films on
GGG substrates compared with films on CMZGGG ones at the same
t.

Under the same annealing time the uniaxial anisotropy field =A

of the films on GGG substrates is higher than the films on CMZGGG
ones. If annealing time increases =A of the films on GGG increases
and on CMZGGG substrates decreases.

There is an optimal time of annealing for the films on both types
of substrates (from 10 to 20 min) at which a compromise between
the magneto-optical characteristics from one side and surface
roughness parameters from other one is reached.
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