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ABSTRACT

Room Temperature Ferromagnetism with Large Magnetic Moment

at Low Field in Rare-Earth-doped BiFeO; Thin Films

Tae-Young Kim
Dept. of Physics and Astronomy
Graduate School

Seoul National University

BiFeO; is a promising multiferroic material due to its high ferroelectric (1103 K)
and antiferromagnetic (643 K) ordering temperatures. Previous reports have suggested
that by reducing the dimensionality, the spiral magnetic ordering could be
suppressed; therefore, the magnetic properties could be modified. In BiFeOs, if Bi is
partially substituted by a small amount of divalent or trivalent metal ions, or Fe is
substituted by transition metal ion, a significant enhancement in magnetization can
be achieved. Thin films of Rare Earth (Re) - doped BiFeO; (where RE = Sm, Ho, Pr
and Nd) were grown on LaAlO; substrates by using pulsed laser deposition
technique. All the films show a single phase of rhombohderal structure with space
group R3c. The saturated magnetization in the Ho- and Sm- doped films is much
larger than those reported in literature, and was observed at a quite low field asof 0.2 T.
In the case of Ho and Sm doping, the magnetization increases when the film

becomes thinner, suggesting that the observed magnetism is mostly due to surface



effect. In the case of Nd doping, even though the thin film has large magnetic

moment, the mechanism seems to be different.
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Chapter 1: Introduction

1.1. Multiferroic materials; Bismuth Ferrite Oxides (BFO)

BiFeO; (BFO) is one of promising multiferroic materials due to its high
ferroelectric (about 1100 K) and antiferromagnetic (about 650 K) ordering
temperatures, that are much higher than room temperature. BiFeO; exhibits G-type
antiferromagnetism due to the local spin ordering of Fe** which forms a cycloidal
spiral spin structure having spin periodicitiy of 62 nm. There are ways to suppress
the spiral magnetic ordering by applying a very high magnetic field, or reducing the
dimensions of the sample, or by chemical substitution of Bi** or Fe** by other ions of
comparable ionic sizes [1].

There are many multiferroic materials, which have the simultaneous
ferroelectricity, ferromagnetism and ferroelasticity. So, these multiferroic materials
can be used in future electronic devices, such as information storage, sensors, etc.
Among these multiferroic materilas, BFO has been an especially interesting one,
because different from other materials, it shows the multiferroic properties at room

temperature.



1.2. Ferromagnetic enhancement in BiFeO; thin film; Dimension

and Doping

Reduction in dimension is shown to enhance the magnetization in thin films
and in nanoparticles [2, 3]. There are many reports on the enhancement of
magnetization of BiFeOs in the bulk, thin films, and nanoparticles, on the Bi-site
substitution by selected trivalent rare-earth and divalent ions, or on the Fe-site
substitution by transition metal ions. Liu et al. suggested that the probable reason for
higher magnetization after substitution of Eu®* is a presence of the Rare-Earth-(RE)
orthoferrite impurity phase [4]. On the other hand, in certain cases, as reported by
Qian et al. for Dy*" substitution, there is a large decrease in the particle size after
substitution, and this could be the reason for an increased magnetization after
substitution [5]. Recently, Thakuria and Joy showed that the magnetic moment of the
nanoparticles could be enhanced 3 times by substituting Bi by Ho. However, the

reported saturated magnetization is still found only at a quite high field as of 6 T [1].
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Fig. 1: Magnetic hysteresis loops measured by vibrating sample magnetometry for a 70 nm-thick-

BiFeO; film. Inset (a) thickness dependence of saturated magnetization and inset (b) preliminary ME

measurement [2]
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Chapter 2: Experimental Methods

2.1. Sample Preparation

We made RE,Bi,FeO; ceramic targets (where RE= Sm, Ho, Pr and Nd; x = 0,
0.05 and 0.1) by a sol-gel auto ignition method. Rare- Earth- (RE)-doped BiFeOs
(RBFO) thin films have been fabricated by Pulsed Laser Deposition (PLD) technique
(excimer KrF laser with A = 248 nm; the repetition rate was 13 Hz and the energy
density was 2.1 J/cm?), with typical thicknesses of 10 and 200 nm. All the films were
grown on (001) LaAlO; (LAO) substrates. During deposition, the substrate
temperature was kept at 700 °C and the oxygen partial pressure (Po,) was 1.4 X
1073 Torr. After deposition, the sample was kept in the chamber at 500 °C with the
same oxygen partial pressure as during deposition for 30 min, and then finally cooled

down slowly to room temperature.



2.1.1. Sol-gel auto ignition Method

We used sol-gel auto ignition method to fabricate BFO nanopowders. First, we
put required chemicals (BFO and RE elements) and citric acid in a beaker. And we
whirled and heated it using the hot plate and magnetic bar. The temperature was 100
to 300 °C, and the rotating speed was 500 ~ 600 mph. Then we grinded it in a mortar
until it becomes fine. And, using by mold and hand manual press, we made the pellet
from the powders. After making pellets, we annealed them in a box furnace twice;

500 °C and 900 °C for 10 hrs separately.

2.1.2 Pulsed Laser Deposition (PLD)

Pulsed Laser Deposition (PLD) is one of the significant tools in order to
fabricate thin films both for scientific research and commercial application. The
process is as in the following. First we fix the ceramic target in a chamber. Second,
we use the laser beam to shot the target, and then a plasma plume goes to a substrate
which is heated to a high temperature. When fabricating a sample, the chamber is

maintained in a ultra-high vacuum.
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Fig. 3: The schematic diagram of PLD Technique [13]

PLD conditions

Type KrF Excimer Laser (248 nm)
Target RE,Bi;4FeO; ceramic target
( RE =Sm, Ho, Pr and Nd; x=0, 0.05, 0.01)
Substrate LaAlOj; (5x5x0.5 mm?)
Substrate Temperature 700 °C
Oxygen Partial Pressure 1.4x107 Torr
Repetition Rate 13 Hz
Energy density 2.1 J/lcm?

Table. 1: PLD conditions for making RE- doped BFO thin films




2.2. Measurements

2.2.1. X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) measurement is one of the most important tools to
see the structure of materials; bulk and thin films, etc. This machine radiates X-ray to
the material and detects the reflected beams. So, it is nondestructive and can be used
to any materials including metal, alloys, powders and thin films. By the Bragg’s law,

nA = 2dsin &

we can analyze the crystallinity and lattice parameters.
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Fig. 4: Schematic of 4-circle diffractometer [14]



2.2.2. Superconducting Quantum Interference Device (SQUID)
Superconducting Quantum Interference Device (SQUID) is the tool to measure
the magnetization of some samples. This tool uses a superconducting loop; inside
this loop a Josephson junction is placed. SQUID can measure many forms of
samples such as bulk, powder and thin films. So, this is useful to many fields
including physics, chemistry, material science and electrical engineering. Actually,

we used the MPMS SQUID of Quantum Design.
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Fig. 5: Highly sensitive magnetometers: SQUID [15]



2.2.3. X-Ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a good measurement tool to
investigate the surface state of samples, chemical composition and the electron’s
states. Also this tool is known as Electron Spectroscopy for Chemical Analysis
(ESCA). X-ray attacks a sample and then a photoelectron comes out. So, by
calculating the energy of this photoelectron, we can know the binding energy of an
electron. Especially, we can see the chemical shift of peaks. Therefore, we can get to

understand if there is any change with sample’s state such as oxidation, valency, etc.

@ Photon
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Fig. 6: Schematic diagram for the XPS Emission Process [16]
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Chapter 3: Results and Discussions

We used High Resolution (HR) XRD to analyze the structural properties of thin
films. Magnetic properties were investigated by measuring the magnetic moment
using a SQUID system. The surface chemical state of thin films was studied by using

XPS measurement.

3.1. Structural Properties

The XRD diffraction patterns of RE-BFO are shown in Fig. 7 gives a
comparison for all the doping cases (for 10% of doping concentration, and thickness
of 200 nm). As one can see, there is no drastic change in structure depending on the
type of RE elements. All the films show a rhombohedral structure with very sharp
peaks of BFO phase. No peak of alien phase appears in the spectra, and the
crystallinity is good. Doping of different RE elements with the same concentration
only causes some shift in the position of the peaks, indicating some change in lattice
parameters. The out-of-plane parameter was determined as of 3.925, 3.925, 3.9329
and 3.922 A for Sm, Ho, Nd and Pr doping cases, respectively. It seems that the
structure is distorted the most in the Pr doping case, and this is in accord with the
fact that the ionic radii of Pr** is also quite large (as of 1.266 A) in comparison to
those of the original Bi** (as of 1.17 A); Ho®* (0,901 A), and Nd** (as of 1.08 A).
[6] From Fig. 8, one can see that changing concentration of doping, or changing the
film thickness does not change the structure of the RE- doped BFO films. The BFO

films doped with 5 or 10% of Nd with thickness of 200 nm have the same structure,

10



and the 10 nm- and 200 nm-thick-BFO doped with Nd for the same concentration as
of 10% have similar structure as well. Only we note that the crystallinity seems to
get a bit worse in the very thin film case, and the lattice parameters are modified
(out-of-plane lattice parameters of Nd- and Pr- doped BFO have become 3.932 and
3.937 A, respectively). In 2007, as for BFO films grown on LaAlOs substrates, Rana
et al. observed a drastic change from rhombohedral to tetragonal phase when the
thickness decreases [7]. However this structural change is not observed in our RE-

doped BFO films.

11
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Fig. 7: XRD diffraction patters for 200 nm-thick-RE, 1Big oFeQO; films (where RE= Sm, Ho, Pr and Nd)
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Fig. 8: XRD diffraction patterns for Nd- doped BiFeO; films with different Nd concentration (as of 5

and 10%), and different thickness (as of 10 and 200 nm) grown on LaAlO; substrates
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3.2. Magnetic Properties

3.2.1. Sm- and Ho- doped BFO thin films

Magnetization versus magnetic field taken at 300 K for Sm- and Ho- doped
BFO films is shown in Fig. 9. From Fig. 9, one can see that with the same
concentration of doping as 10%, with a thickness of 200 nm (not very thin), both
films of Sm- doped and Ho- doped BFO films show quite strong ferromagnetic
ordering. Even though the magnetic moment of Ho doping case is slightly larger than
that of Sm case (11 emu/cm® for the former and 7 emu/cm? for the latter), we can

take these two as roughly the same.
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Fig. 9: Magnetization versus magnetic field taken at 300 K for 200 nm-thick Smg ;BigoFeO5 and

Hog 1Big gFe0; films
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Seeing from another aspect, in order to verify whether the doping
concentration may influence the magnetic moment of the films or not, one can see
the difference shown in Fig. 10 for the typical Ho doping case. It is found that the
10% doping case may give magnetic moment of 2 times larger than that of the 5%

doping case. Another point needed to look at is the thickness dependence of the

magnetization.

15
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Fig. 10: Magnetization versus magnetic field taken at 300 K for 200 nm-thick Hog ¢5Big 9sFeO3 and

Ho, 1BiggFeO; films

Fig. 11 shows that the saturated magnetization (M) can rise up to about 120
emu/cm?® for the 10 nm-thick- Ho- doped BFO film (equivalent to about 0.8 pg/f.u),
in comparison to the magnitude of 7 emu/cm® for the 200 nm-thick- one. It is seen
that doping Ho (and Sm, also very similarly) partially for Bi in BFO films can make

BFO to become room temperature ferromagnetic with a quite large magnetic

14



moment. Our undoped BFO films fabricated with the same conditions could be
ferromagnetic, but the ferromagnetism is quite weak (about 2 orders smaller) (see the
insets of Fig 12 and 13, and Ref. 8). Some other group also got ferromagnetic
ordering in Ho-doped BFO, however with much smaller magnitude, and the M, was
obtained at much larger field (as of 6 T), while we got much a larger M but at much
lower field (as of 0.2 T). This is quite meaningful for applications. One thing we
need to note about the Sm and Ho doping cases is that the magnetism in this case
seems to have surface/interface nature. Looking closely and carefully at the raw
magnetic data (after subtracting substrate’s data) of Ho and Sm cases, we have found
that the saturated magnetic moments of the 10 nm-thick film and the 200 nm-thick
film have almost the 6 same value as order of 10° emu (that’s why when
normalizing, after dividing by a smaller volume (in the case of thin film), it brings up
the magnitude of magnetization as seen in Fig. 11. It shows that most of the magnetic
moments come from the surface and/or the interface between the film and the

substrate, but not from the whole sample.

15
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Fig. 11: Magnetization versus magnetic field taken at 300 K for Hog 1Big gFeO; films with thickness of

10 and 200 nm. The inset shows the zoom for low field region of M-H of the 200 nm-thick-film.
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3.2.2. RE- doped BFO thin films

We can see that this is different from the Pr and Nd cases that even though
magnetization is also large, but the structure of the very thin film seems to show
some difference from the thicker one, not surface effect. This is similar to what we
have observed in some other magnetic oxide systems [9]. This may be related closely
to the tendency of defects and/or oxygen vacancies to locate more intensively at the
surface and/or interface. This effect is more dominant in the Sm doping case (it can
be seen while comparing Fig. 12 and Fig. 13. In the Ho case, even though there is
also a strong surface/interface effect, magnetic moments still exist over the whole

thickness of the film, however, with a much less density.
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Fig. 12: Magnetization versus magnetic field taken at 300 K for 200 nm-thick Rey 1Big oFeQO; films
(where Re= Sm, Ho, Pr and Nd). The inset show the M-H curves of undoped BiFeO; films with similar

thickness for comparison
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Figs. 12 and 13 indeed give us a complete comparison for the magnetic
properties of those four doping cases. As seen in Fig. 12, all of RE- doped BFO films
(with the concentration of dopant of 10%) are ferromagnetic at room temperature.
The M is quite large (the largest M is about 11 emu/cm® for Ho doping case) and it
is obtained at low field (0.2 T). RE- doped BFO films basically show a strong
surface/interface effect: from Fig. 13, in comparison to Fig. 12, one can see that the
thinner films have a much larger magnetization in comparison to the thick films. The
largest obtained M is about 1.5 pg/f.u for the 10 nm-thick- Sm- doped BFO film. As
for the case of Nd doping, even though the magnitude seen from Fig. 13 is not much

different from that of Sm, the mechanism seems to be different.
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Fig. 13: Magnetization versus magnetic field taken at 300 K for 10 nm-thick Reg 1Big oFeO3 films
(where RE= Sm, Ho, Pr and Nd). The inset show the M-H curves of undoped BiFeO; films with similar

thickness for comparison
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Looking at the raw data of magnetic moment before normalizing, we find that
the magnetic moment of the 10 nm-thick Nd- doped BFO film is one order larger
than that of the 200 nm-thick-one. If the magnetic moments came basically from
surface/interface, then those should have been maintained when the film is grown
thicker, too (surface and interface exist in the thick film, and do not lose anywhere).
From the XRD data that we analyzed earlier, no significant structural change is
observed, except that the lattice parameter extended a bit more in the thinner films of
Nd (and Pr). Somehow, the constrained is more relaxed in this case. What we should
say here is that, for Sm- and Ho- doped BFO films, magnetism is mostly from the
surface effect, but as for Pr and Nd case, nanostructure of the thin films with their
confinement effects may play some important role. This may be also related to the

big ionic radius of the latter case.
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3.3. BFO Films’ Chemical State

In order to identify the origin of magnetism of our RE- doped BFO thin films, XPS
measurements were performed for the films with 10% of doping and thickness of
200 nm. A scan of the Fe 2p line is shown in Fig. 14. The peak of Fe 2p is expected
at 711 eV for Fe* and 709.5 eV for Fe*. 10 Actually XPS is mostly sensitive to the
surface of the films, so that to evaluate the ratio of Fe®*: Fe** qualitatively would not
be very correct. However, from the shape of the peaks one can say definitively that
both Fe?* and Fe** exist in all doping cases (Ho, Sm, Pr and Nd). The rough fitting
analysis of the peaks give us the picture that the oxidation state of Fe in our films
shows a coexistence of Fe** and Fe®* with ratio is about 50% : 50% for the cases of
Ho and Sm, and about 40% : 60% for the Pr and Nd cases. This is in accord with
what was reported for BFO films made by sol-gel method [11]. The coexistence of
Fe?* and Fe** is in favor of the ferromagnetic phase in BFO films due to the double
exchange between Fe®* and Fe®* via the role of oxygen as intermediates [11, 12].
When the amount of Fe* is more favored, the ferromagnetism get weaker due to the
fact the Fe** - Fe** interaction is in favor of antiferromagnetic ordering [12]. This
explains why from the corresponding SQUID data shown in Fig. 12, we see that the
magnetization of Pr and Nd- doped BFO films are much smaller than those of Sm

and Ho- doped BFO films.

20
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Fig. 14: XPS spectra of the Fe ions for the 200 nm-thick Reg ;Big gFeO; films (where RE= Sm, Ho, Pr

and Nd)
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Chapter 4: Conclusions

Rare- Earth-(RE) doped BiFeOs; thin films were grown on LaAlOj; substrates
using pulsed laser deposition technique. All the films show a single phase of
rhombohedral structure with space group R3c, and are room temperature
ferromagnetic. Magnetic properties were found to be thickness dependent. The
saturated magnetization in Ho- and Sm- doped films is much greater than those
reported previously, and is observed at a much lower field as of 0.2 T. The magnetic
moments of Ho- doped BFO and Sm- doped BFO films are roughly largest. The
magnetization increases as the thickness decreases, suggesting that the observed
behavior in Ho- and Sm- doped is indeed surface magnetism. The large magnetic
moment was also obtained in very thin films of Nd- doped BFO, however, our data
suggests another mechanism for this case. The observed ferromagnetism in our RE-
doped BFO films should be caused by the coexistence of Fe?* and Fe** that favor

double exchange via oxygen.
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Appendix

l. The poster | presented in ICM 2012 Busan
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Effects of dimensionality on magnetization of Ho and Sm-
doped BiFeO; Thin Films

T.Y. G. Kim'*, A.T. Raghavender, S. Takashi2, and M. Kurisu?, Nguyen Hoa Hong'

"Nanomagnetism Lab, Department of Physics & Astronomy, Seoul National Univ., Seoul 151-747, Korea

Department of Physics, Graduate School of Scien

Motivation

Surface magnetism in Rare-Earth (RE)-
doped BiFeO, (BFO) thin films

Reports of other groups have suggested that by reducing the
dimensionality, the spiral magnetic ordering could be
suppressed. Thus multiferroics in thin films and nanocrystalline
forms could enhance the magnetic properties. In BiFeQ,, if Bi is
substituted by a small amount of divalent or trivalent metal ions,
or Fe is substituted by transition metal ions, a significant
enhancement in magnetization can be achieved.

fey—

M vs H taken at RT for BFO 70nm
thin film in & out of plane. Inset (a)
i the thiciness dependence of
saturation magnetization(M,) , (b) is
preliminary ME measurement

M ws H taken at Room
Temperature(RF) for BRFO{R=La,
Nd, Gd, and Ho) powders. Inset:
enlarged curves showing
changes in the coercivity

P Thakaria J.Apel Phys. 87 162504 (2010) 1. Weng &t 2l Seience 298 1717 (2009)

Therefore, we want to know the magnetization of RE-doped BFO
thin films ing on the doping elements and thickness

Previous studies

4 RE doping effect

oo/ o0
< & BLF/BPO
2 M vs H taken at RT for La-doped
5 BFO films (H// ). Doped one has a
E higher i
i YiHsion Lee, Agpl. Phys. Lett. 88, 042603 (2006)
-
4

00 <0 0w oo

@gmail.com

Structural Analysis

XRD analysis

Depending on , thickness,
concentration and dupants

the phase of RE doped BFO thin
films can be changed

There are twa phases;
Rhombohedral & Tetragonal

Intensity (cps)

36 38 40 42 44 46 48 80
20 (dogy

O Mazumdar et al., Nano Let. 10 2555-2561 (2010)

@y

XRD patterns for (a) Sm -doped
BFO thin films & {b) Ho- doped
0 thin films

| Among 8 thin RE-doped BFO

| thin films, only one, 5%, 200nm
| Ho-doped BFO, shows the

| Tetragonal phase. Fvery other
thin films shows the

phase.

We need to do some calculations &
simulations to understand the
reason of that single Rhombohedral
phase.

XRD spectra show the well oriented samples,
Both Rhombohedral and Tetragonal

urface characteristics

I e ;
B T P
M vs H taken at RT for BFO thin

films grown on LAO substrates, The
- | thinner one has a higher
magnetization

ATRaghavender, Mater Lett 65 2786-2788 (2011

wtros)

Powder fabrication
1 Starting powder made by Sol-gel method

2 After grinding, it was annealed for 10 hrs @ 500 °C
3 After grinding, it was annealed again for 10 his @900 °C.

Puised Laser Deposition(PLD) for thin film fabrication

X-ray Photoelectron Sp py (XPS) analy
7248 T

Val
ek

Intansty {wtitary unt)

undoped TN

N’

T

|

(I LI
Intensity (arb. units)

3

B ETR Y
Binding energy (eV)

Phys. Latt, B3, 132801 (2006)

740 o

1 ko, Aggd

ity farbitary unit)

In order to see the valence state, X-
b .

ray y
0 (XPS) measurements can be useful.
The deconvoluted peaks correspond
700 to trivalent states,
If we cannot sce the big difference
between two samples like figure (a),

70 0
Bincing Enecgy (a¥)
ochem Solid &1, 8 (10), Fa3-

there is no big difference in valence
states.

PLD conditions
Type KiF Excimr Laser (248 nm)
RBi1 FeO; coramic target
Target {x=0.08, 0.1, R= Sm, Ho)
Substrate LaAIO: (5x5x0.5 mm?)

Substrate temperature 700°C

Oxygen Partial Pressure 1.4x107 Torr

Repelition Rate 13Hz

Energy density 210 mulem?

During deposition, Py, was kept as 1.4x10 Torr, and after
deposition, films were cooled down to 500K under the same P, a
s during depaosition, with a rate of 20 T /min.

— v g |

emsray (V)

XPS spectra WM Fe & Bi valence states are very small

ce & Engineering, Ehime Univ., Matsuyama, Japan

Magnetic properties

Element & Thickness dependence

@ [

@ o 5870 4 i v o
R o i S
: " aged -
eee] |
3 _eecos
aagdyy °
=)8008¥ mjaeead

uiow by
(a), (b) MH curves for films with different concentration, dopant
and thickness.

. o

From these figure, we can see the 2 crucial factors to induced
magnetization; Thickness & Doped Element,

Thick i ( Interf:

effect )

The thinner films can have as
almost 100 times larger magnetic
‘moment than other films. This
suggests that if defects play a role
for induced magneti  then the
interface and for surface is the main
- origin.

i

N K. Hang . J Appl Phys. 111, 07G302 (20121

Interface effect

Smaller volume.

Larger volume
Less defect effect Thicker film Thinner film ]_ i

- The most dominant effect comes from thickness:
Big magnetization comes from either
Interface or Surface.

- Ho-doped BFO films seems to be advantageous
than Sm-doped ones enhancing magnetization.

- Magnetization of RE-doped BFO thin films are
type of dopant, concentration of dopant and
thickness dependent.
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