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The structure of nano-crvstalline Mol e-0Oy was determined and refined with electron powder difftaction data em-
Ploving the Rictveld refinement echnique. A nano-eryvstalline sample (with average ervstal size of about 10.9 nm)
was charactenzed by selected arca electron diflraction m an energy -filtering transmission clectron microscope oper-
ated al 120 kV. All reflection intensities were extracted [rom a digitized mimage plate using the program ELD and then
used n the course of structure refinements emploving the program FULLPROF (or the Rietveld analysis, The (inal
structure was relined in space group Fd-3m (# 227) with lattice parameters a=8.3413(7) A. The reliability factors of
the refinement are Ri=7.98% and Rp=3.55%. Comparison of ervstallographic data between electron powder dif-
traction data and reterence data resulted in better agreement with [CSI-36121 rather than with 1CS1-28517 which

assumes an mitial structure maodel.

Key Words: Nane-crystalline MnFe:Oa. Rietseld analysis. Electron powder diffraction. Encrgy filtering.

Image plate

Introduction

The structure of nano-crystalling matcrials has been ox-
tensively studicd during the last decades, The synthesis of
nano-structurcd magnctic materials has become a particularly
important arca of rescarch and is atiracting growing intcrest
because of the potential applications to ferrofluids. advanced
magnetic materials. catalysts. colored pigments. high-density
magnetic recording media. and medical diagnoslics.l“‘ The
substance MnFc:O;. one of the most important magnetic matc-
rials. has been widely used in clectronic applications. informa-
tion storage. magnetic resonance imaging (MRI) technology.
and drug-delivery lcc]molog_\'.“1 However. in order to devel-
op sy nthetic methods for novel nano-crystals and 1o studs their
chemical and physical processes that occur on the nano-scale.
11 1s required Lo apply appropriate analy tical methods [or de-
termmning the chemical composition and atomic structure of
nano-sizcd maicrials.

X-ray powder diffraction is the most useful analy sis method
for determining the structure of bulk samples. However. the
standard X-ray powdcr diffraction of nano-crystalline maicri-
als docs not provide the sufficient mtensity data nceessary to
dcterming the erystallographic information and perform struc-
ture refingment. Hence. additional methods arc required to
achicve the structure analysis of nano-crystallinc materials.

Recently. Weirich ef /""" have successfully determined
and refined the nano-cryvstalline anatase (110-) from clectron
powder diffraction data using the Rictveld technique. In the
casc of clectron diffraction. the scattering power for clectrons
is about 10" times stronger than that for X-rays. Electron dif-
fraction is. thercfore. more snitable than X-ray diffraction for
the structure determination ol nano-crystalline materials.

In this study. we report the structure determination of
nano-crystalline MnFe-Oy with enerpy-(ilicred clectron pow-
der diffraction using the Rictveld refinement technique.

Experimental Section

Synthesis of nano-cryvstalline MnFe:04. We synthesized
MnFe:0; nano-particles using previously reported procedures. h
[ron tris-2 4-pentadionate (Aldrichy and manganese chloride
(Aldrich) precursors were mixed i an cquivalenee ratio of 2: 1.
and reacted in 20 ml of an octy1 ether solvent containing oleic
acid and olcyl aminc at 290°C for 1 hour. The MnFc-Oy
nano-particles (~10 mg) with desired sizes of 10 nm were dis-
solved in 1 ml of tolucne and 2.3-dimercaptosuccinic acid
(DMSA. ~10 mg) molccules were dissolved i | ml of
methanel. We mixed these two solutions and allowed them to
rcact at ~23°C overnight. After isolation of black powders
through centrifugation. we added 1 ml of waiter and then ad-
justed the pH of the solution ~7.

TEM mecasurements. The as-preparcd powder was in-
timately dispersed in ethanol and then was loaded as a droplet
of the prepared suspension on an ultra thin carbon-supported
Cu grid and air-dricd. Encrgy-[iltered clectron powder dif-
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Figure 1. Bright-field image of Mnl‘e:0)y nuno-cn talline and the
corresponding scleeted arca eleetron powder diftraction. The over-
lay on the electron diffraction shows the average intensity profile
that was used to determine the structure.
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fraction was recorded on DITABIS imaging plates using the
Carl Zeiss EM912 Q transmission electron microscope. The
microscope was operated at 120 kV with a zero-loss window
of 15 eV. The digitized images (Figure 1) were calibrated for
the camera constant and astigmatism with a diffraction pattem
of a nano-crystalline gold standard sample and quantified by
the program ELD (Calidris. Sollentuna. Sweden). High reso-
lution transmission electron microscopy (HRTEM) images
were obtained using the KBSI-HVEM (JEM-ARM 13008S.
1250kV. 1.2 A).

Results

For the structure determination with electron powder dif-
fraction data, it is essential to carry out several steps of analvsis
procedures as follows: (1) extraction of the intensity profile and
data processing. (ii) peak search and determination of the ini-
tial structure. (iii) extracting structure-factor amplitudes from
the intensity profile. and (iv) structure refinement.

Extraction of intensity pmfile and data processing, In order
to find peak positions. average radial intensity curves from the
electron powder diffraction were obtained using the program
ELD. The d-space of intensity curves were converted to
two-theta (29) diffraction angles for each image pixel accord-
ing to a simple formula

B = arcsin(Z/2d). Rd=/ L.

where % is the electron wavelength. R is the pixel number of a
data point from the center of the diffraction pattern. and Z is the
corrected camera length in the digitized image.

Peak search and determination of initial structure. Analysis
of the average intensity profile (Figure 2) using the peak-search
tool in the program WinPLOTR'" vielded 13 peaks between
0.3%and 2.4”in 20 range. These peak positions were used as in-
put for the program CRY SFIRE.'® which is an automatic pro-
gram for finding the unit cell and linked to several indexing
programs. such as TREOR. DICVOL. and ITO12. Asa result.
its basic structure is a cubic system with lattice parameters a =

25000 —

20000 —

15000

Intensity

10000

<.

5000

0 '|'|':=':A| N e x .

0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0 2.2 24
20(%)

Figure 2. Average mtensity profile to determine the wt cell and

solve the mitial structure, Peak positions indicated by thm blue dots

(13 reflections) and additional thick red dashes (6 reflections) are

used for determination of the umt cell and space group.
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8.4764 A. Determination of the most likely space groups was
achieved by the program CHECKCELL." For better screen-
ing of the space groups. additional 6 peaks were added to the
initial 13 peaks (Figure 2). The best solutions resulted in three
space groups: Fd-3m (#227). F-43¢ (#219). and Fin-3¢ (#226).
In the case of two space groups ~-43¢ and Fin-3¢, their first
peaks appeared at much lower angles compared to the ex-
perimental data. The initial structure of MnFe:O4 nano-crys-
talline. therefore. was determined to be space group Fd-3m.
with lattice parameters a = 84764 A It was accorded to
[CSD-28517 (a = 8.511(5) A. Fd-3m)."®

Exnhacting shucture-factor amplitudes and Rietveld 1efine-
ment. The Rietveld refinement of the average intensity profile
of nano-crvstalline MnFe-(O4 was carried out using the pro-
gram FULLPROF." The inherent parameters determined by
the standard Au data and other experimental parameters were
used as input data in the program FULLPROF. The atomic
scattering factors for X-ray were modified for electrons.”™

Usually. the atomic scattering factor for electrons is defined
in the Mott-Bethe formula

s = L[Z -]

167°s,|s| .
where £°(s) is the atomic scattering factors for electrons. ¢ is
elementary charge. &) is permittivity of vacuum. s is the scat-
tering vectors. Z is the atomic number, audf" (s) 1s the atom-
ic scattering factors for X-ray. The best source of electron
scattering factors is that due to the Doyle-Turner parameteri-
zation

1 N
S(s)= 0047878013 a e
j=1
Thus. the Rietveld refinement should be performed correctly
by applying the accurate values for two coefficients a, and 4,
for all atoms of Mn. Fe. and O in the program.
The first refinement cyvcles were used to adjust the back-
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Figure 3. Rietveld analysis of the electron powder diftraction trom
Mnkbe;04 nano-crystallme. The positions of the Bragg reflections
are mdicated by vertical bars ( | ). The difference between the ex-
permmental (dots) and the calculated (sohd line) intensities from the
retined model 1s shown by the plot in the lower part of the diagram.
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Table 1. Crystallographic data and refinement results of MnFe:O,
nano-crystalline by the Rietveld analysis.

Formula, Z
Space group
Lattice parameters (A)
Cell volume (AY
D.i(g cm':‘)
Atomic sites

Mn site

Position (x, v, £)
SOF, B (A"

Fel site

Position (x, v, £)
SOF. B (A"

Fe2 site

Position (X, v, £)
SOF, B (A%)

O site

Position (x, v, &)
SOF, B (A%)
Wavelength (A)
26 scan range ()
20 scan step ()
No. of reflections
No. of parameters retined
Ry (%)

Ryp (%)

Rexp (%0)

Rp (%0)

Rr (%)
GOF-index

MIIFE:O4, 8
Fdd-3m (#227)
a=8.3413(7)
380.36(8)
3274

1%4
0.625,0.625,0.625
.46, 1.346(75)
l6d
.625,0.623,0.623
0.34, 1.346(75)

Sa

(.0, 0.0, 0.0

1.0, 1.204(35)

32e

0.3704(4), 0.3704(4), 0.3704(3)
1.0, 5.453(392)

03-20
0.00168
28

14

718
5.83
4.113
3.53
7.98

1.4

Table 2. Crvstallographic data of MnFe-O, crvstal trom the Inorganic
Crystal Structure Database (ICSD).

Crystal system Cubic (fce)
Lattice parameters a=8402 A
Space group Ed-3m

Mn 0.623,0.625,0.625. 0.5
Fel 0.625,0.625,0.625.0.5
Fe2  0.000, 0.000, (L0010, 1.0
(0] 0.380, 0.380, 0.380, 1.0

Atomic coordinates & SOF

ground by a polynomial function of sixth order and for refining
lattice parameters, the overall scale factor (level of intensity
profiles). and zero shift. A Pearson-VII profile function™ was
employed to model the peak shape of the Bragg reflections. In
the final step, atomic coordinates and isotropic displacement
parameters B could be improved. The structure refinement
was stable at all stages and converged rapidly to the results
summarized in Table 1. The calculated and experimental dif-
fraction profiles are shown in Figure 3 together with the differ-
ence curve obtained after the final refinement.

The final refinement of the electron diffraction data results
in the lattice parameters a = 8.3413(7) A. This value is some-
what different from the data in the initial structure. but agrees
more closely with ICSD data of No.561217 (Table 2). This
difference is affected by occupancy vanation of Fe and Mn
atoms. which occumred by substitution of Fe™ and Mn™" in the
Fe;0; structure. In order to refine the occupancy of the Fe and
Mn atoms. refinement of the O atoms was first performed.
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Figure 4. HRTEM umages of MnFe:O; nano-particles shown m
Figure 1. Most lattice planes correspond to the (220) plane of
MnFe:O4 nano-crystals.

Refinement of the Mn atoms was followed using the way
which replaces the site of the Mn atoms with the Wyckoff site
of the Fe atoms. 8a. 164. in the FeiQy structure. As shown in
Table 1, the Mn atoms were replaced with the Wyckoff site of
the Fe atoms L6 from final refinement results. The occupancy
ratio of Mn to Fe atoms at the Wyckoff site 164 is about
0.46:0.54. The chemical content ratio of Mn to Fe atoms in the
unit cell is approximately 1:2.23. which agrees well with the
result of the energy dispersive spectrometer (EDS) analysis
(1:2.42). All these refinement results for the atomic coor-
dinates and occupancy agree better with ICSD data of No.
56121 than with ICSD data of No. 28517

Discussion

Effects of prefened orientation of nano-crystalline. In com-
parison with previous reports using the X-ray diffraction for
the nano-rods and single particles of MnF 6304,23’:4 the (220)
and (440) reflections in our electron diffraction data presented
relatively stronger intensities compared to other reflections. It
was expected that those anomalous intensities originated from
preferred orientation of MnFe>0Os nano-crystalline mono-
dispersed onthe TEM grids. since electron diffraction pattems
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were formed by interaction between the specimen and the in-
cident electron beam nearly parallel to the specimen. To eval-
uate the effects of the preferred orientation. the Rietveld re-
finement was carried out together with preferred orientation
correction for the <110> direction. As a result. agreement of
the experimental intensity profile with the calculated intensity
profile was improved. To confirm the crystal structure and the
preferred orientation. HRTEM images of MnFe-O; were
obtained. Figure 4 displays HRTEM images of MnFe-O,
nano-particles. indicating that most nano-crystallites include
the (220) plane in common. Considering the interaction be-
tween incident beam and specimen. the Bragg angles are usu-
ally no more than 1° in fonming HRTEM images. Therefore, it
was expected that MnFe-O4 nano-crystals took a preferred ori-
entation having (220) plane parallel to the incident beam. which
resulted in enhancement of the (220) and (440) intensities.
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Figure 5. (a) Intensity profile from the C-supporting film exclud-

ing MnFe:O, nano-cryvstalline. (b) Experimental intensity profile

trom MnFe-O; nano-crystalline laid on the C-supporting tilm. (c)

Polvnomial function used in background subtraction.
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Consideration of background intensity from C-suppor-
ting film, The polynomial function used to subtract the
background intensity in the Rietveld analysis is

s 20
¥y = B -1
i Z,:, "'(BKPOS ]

where v is the back ground intensity. Bw is the background
coefficient, and BKPOS is the origin of the background
position.

In fact. the electron powder diffraction from MnFe-O. in-
cludes the diffuse scattering intensity from the C-supporting
film. The intensity profile of amorphous diffraction from the
C-supporting film is shown in Figure 3a. It has two shoulder
peaks at 0.88" and 1.66" in the 26 range. Figure 5b shows the
observed intensity profile used for the final refinement and
Figure 5¢ displays the polynomial function employed to sub-
tract the background intensity from Figure 3b in the final re-
finement process. As shown in Figure 3¢, intensities of two
peaks from the C-supporting film could not be subtracted
completely by the polynomial function. The intensities of
these peaks. therefore. affect directly the profile matching be-
tween the observed and calculated intensity profiles in the
course of structure factor quantification of the MnFe (O,
structure. To avoid these effects. it is necessary to remove
manually the diffuse scattering intensity from the observed in-
tensity profile before background subtraction using the poly-
nomial function. Eventually. the crvstallographic factor Ry
(%) was improved considerably from 20.05% to 8.60% by the
above-mentioned methods.

Particle size and dynamical effects. To evaluate dynamical
effects related to the accuracy of structure determination. the
thickness of MnFe-O. nano-crystalline was determined by
measuring the average particle size. In order to determine the
crystallite sizes of 607 nano-particles shown in Figure 1, the
particle finding and analysis were performed by applying the
appropriate threshold values with the program analysisSIS
(Figure 6a). The MnFe-O. crystallites were distributed in the
range of 7.8 to 17.8 nm and their average size was about 10.9
nm (Figure 6b). Subsequently, dynamical scattering effects
were evaluated by comparing 3 amplitudes: experimental
structure- factor amplitudes £ after the Rietveld refinement,
calculated kinematical amplitudes Fii,, and calculated

112 13 14

Crystal Size (nm)

(a) (b

Figure 6. (a) Particle finding and analysis obtamed by applyving the
appropriate threshold values with analySIS program. (b) The size
distribution of MnFe-O,crvstallites is in the range of 7.8 to 17.8 nm
and their average size is about 10.9 nm.
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dynamical amplitudes Fyq. P Dynamical amplitudes £y, were
calculated for the exact Laue condition using the relation™

}'” = f“"s'”(%j
|14

where 7 is the mean thickness of crystallites and the total
scattering power per unit cell is Foo= 243.6 A. The electron
wavelength 2 and cell volume | "were taken from Table 1. The
ratio of Fiwm to Faynis about 1:1.513 and it is expected that the
experimental electron diffraction data includes the weak
dvnamical scattering effects. For a more quantitative and
precise study of electron diffraction in a kinematical condition,
it is expected that the mean thickness of the crystallites should
be about 7 nm at 120 kV.

Alternative methods for relaxation of thickness restriction
use high voltage electron microscopy (HVEM) and a newly
developed electron diffraction method. precession electron
diffraction (PED) method. ™ In the study of electron dif-
fraction data by HVEM. dynamical scattering effects are ex-
pected to be reduced because of its longer mean free path and
extended Ewald sphere by higher transmission power. Applica-
tion of the PED method is also expected to reduce the dynami-
cal scattering considerably by employving conical beam illumi-
nation and rapid precession. For quantitative analysis of single
crvstal diffraction, PED’s effects have been reported in several
previous works. ™" while PED’s effects for the analysis of
electron powder diffraction have not been reported vet.
Nevertheless. the PED method would be useful to avoid any
spotty or discontinuous powder diffraction formed by a small
quantity of nano-crvstalline which adversely affect for quanti-
tative analysis.

Conclusions

The structure of nano-crystalline MnFe-O; was solved and
refined by the Rietveld analysis for the electron powder dif-
fraction. The basic crvstallographic information of MnFe-O4
turned out to be space group Fud-3m. lattice parameters a =
8.3413(7) A. These results agree with [CSD-36121 rather than
with ICSD-28517 which assumes an initial stnicture model.
The cell parameters and atomic coordinates in the final results
coincided with the reference data to within 0.06 A and 0.01 A.
respectively. Since intensity profiles of electron powder dif-
fraction for nano-cryvstalline have a steep slope from the center
beam and include diffuse scattering intensities from the C-sup-
porting film, it is mandatory to subtract the background in-
tensities reasonably. For a more quantitative structure analysis.
effects of preferred orientation should be considered according
to the specimen conditions. It is expected that dvnamical scat-
tering effects for real nano-structures could be minimized by
applyving the precession electron diffraction.
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