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Abstract: The magnetic properties of spinel nanoparticles are determined by crystal chemistry issues such as
cation distribution and oxidation states. The cation distribution and oxidation state efFdirspinel
nanoparticles have been systematically studied at various temperatures by using neutron diffraction and electron
energy loss spectroscopy, respectively. The-W¥e spinel nanoparticles prepared by coprecipitation have a
high degree of inversion with 61% of the tetrahedral sites occupied bydeagions. The degree of inversion
correlates with the distribution expected from random occupancy of cations consisting of Fe (60%) and Mn
(40%). After heat treatment in a vacuum, the cation distribution reaches an equilibrium state with a 29%
inversion. Initially, one-half of the Mn cations are in th€3 oxidation state and the other half are in th2
oxidation state. M#" cations are slowly and irreversibly reduced towith increasing temperature. When

the temperature approaches 6@ all Mn cations are in theé-2 state. These results provide direct evidence

for the temperature-dependent change of crystal chemistry inrRénspinel nanoparticles, which has been
closely related with the controversy on attributing the changes in the magnetic properties of the nanoparticles
to crystallite size effect. These results will also provide an understanding of how to control crystal chemistry
in order to control the properties of these magnetic nanoparticles.

Introduction Over the past few years, Mn§, spinel ferrite nanoparticles

. . . . . have attracted considerable attentfioMnFe0, has a face-
Magnetic nanoparticles of spinel ferrites are of great interest

. . . entered cubic structure with two types of cation lattice sites:
in fundamental science such as for addressing the fundamentaf yp

relationships between magnetic properties of nanoparticles and 1) 2 tetrahedral lattice site A formed by four oxygen anions,
. P : 9 prop P . -and (2) an octahedral lattice site B formed by six oxygen anions
their crystal chemistry and structure. They also have potential

applications such as contrast agents in magnetic resonanc Figure 1). There E8A§ites and 1.6 B sites in eaph unit ceII_.
irr?gging (MRI)! Due to their reducged sizes thege nanopatrticles he percentag.e of th'e A s!tes occupied by Fe speues.determlnes
may possess .novel and/or improved prop’erties in comparisonthe d_egree of Inversion with 100% oceupancy of A sﬂes_by Fe
to the bulk materials, which have been extensively used in species an_d Mn Species corresponding to 100%'|nver5|on and

. . . . zero inversion, respectively. The magnetic properties are closely
electronic devices for high-frequency telecommunicatfoRer

. : . " }
instance, CdF®, nanoparticles with a size of about 8 nm have related to the inversion degree since thé'ke Fe**s super

. - ) exchange interaction is much stronger than théMrFetg
displayed enhanc_ed magne_uzat?orA clear_ unde_rstandlng_ of interaction®1° The magnetic properties such as Curie transition
the crystal chemistry of spinel nanoparticles is essential for

studying and controlling their magnetic properties, because of temperature in nanoparticles prepared by coprecipitation have
ying ng _magnetic prop ' been noted to change as the particle size chaHgés.How-
the relative complexity of spinel oxide compounds and close

connections between their maanetic properties and their or Stalever, there is considerable controversy about the origin of these
. 8 9 prop y reported changes partially due to the uncertainty in the crystal
chemistry and structurés!

chemistry of these nanoparticl&s?” In bulk spinel com-
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Figure 1. The unit cell of the spinel structure with half of the A and
B sites shown.

distribution and oxidation state are the determining factors for
the magnetic propertié’s. The cation distribution and oxidation
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Experimental Section

Nanoparticle Preparation. The Mn—Fe spinel nanoparticles were
prepared with the coprecipitation methtd.The starting materials,
FeCk-6H,O and MnC}-4H,0 solids, were dissolved in water with the
concentrations of 0.8 and 0.4 M, respectively. The aqueous mixture
of MnCl, and Fe( was slowly poured into a magnetically stirred 6
M NaOH solution, and the molar ratio of the total metal cation
concentration [M] and [OH] was 0.2. A precipitate was formed, and
the slurry was then placed in a boiling water bath to digest for 2 h.
After the digestion, the slurry was filtered and washed until the pH in
the solution became neutral. The particles obtained were dried in air
at 145°C for 2 h.

Neutron Diffraction. Neutron diffraction data were collected with
use of the HB4 powder diffractometer at the High-Flux Isotope Reactor
at Oak Ridge National Laboratory. The sample was placed in a
vanadium can for data collection at 26 over the 26 range of 1% to
135 in steps of 0.05 The wavelength was precisely determined to
be 1.0911(1) A on the basis of the refinements of Si standard. An
array of 32 equally spaced (2)7°He detectors can be step-scanned
over a range of up to 40 The data were corrected for the variation in
detector efficiencies, which were determined by using a vanadium

state are uncertain in the nanoparticles used in size-effect studiesstandard. For high-temperature measurements, a vacuum furnace with
The changes of magnetic properties such as Curie transition® niobium heating element was used. The sample temperature in the

temperature could be due to different crystal chemistry among
these nanoparticles. The cation distribution in the nanoparticles
has been studied with Msbauer spectroscop¥i® however,
the presumption of the same recoilless fractions fot"Fa

furnace was calibrated by using the thermal expansion of magnesium
oxide. The nuclear and magnetic structures of the sample were refined
by using the General Structure Analysis System (GSAS) progtam.
The pseudo-Voigt peak-profile function truncated at 0.3% of the peak
height was used, including two refinable terms for the Lorentzian

tetrahedral and octahedral sites usually causes concern ofortion? Peak asymmetry was refined, and the intensities were

accuracy in Mgsbauer data analysis. The oxidation state of
Mn in these Mn-Fe spinel ferrite nanoparticles has only been
speculated due to the lack of adequate experimental réddilts.
Clearly, an unambiguous understanding of the cation distri-
bution and oxidation state in Mnk®4 nanoparticles is re-
quired for the study of their magnetic properties, especially the
widely concerned particle-size effects in the magnetic nano-
particles.

We herein report the studies on the oxidation state and the
cation distribution of the nanoparticles prepared by coprecipi-
tation using electron energy loss spectroscopy (EELS) and
neutron powder diffraction, respectively. As-prepared magnetic
nanoparticles have a high degree of inversion in the cation
distribution, and the cation distribution changes drastically after

corrected for the Lorentz effect. The background was approximated
by a cosine Fourier series with four terms.

EELS Studies. The EELS experiments were performed with a
Hitachi HF-2000 field-emission transmission electron microscope with
a Gatan 666 parallel detector. A Gatan 628 TEM specimen heating
stage was employed to conduct the in-situ temperature-dependent EELS
experiments. The specimen temperature can be increased continuously
from room temperature to 1000C. The sample chamber column
pressure was kept at:8 1078 Torr or lower even during the heating.
The EELS spectra were acquired in the image mode at a magnification
of 40000-100000. The nanoparticles were dispersed on holey carbon
grids for TEM observation, and the EELS spectra were recorded
consecutively from the same specimen region. The low-energy-loss
spectrum from the valence shell was used to remove the multiple-
inelastic-scattering effect in the core-loss region by using the Fourier
ratio techniqué? Therefore, the spectra presented here are the results
of the single scattering of electrons.

the nanoparticles are heated in a vacuum. Mn species have a

mixed valence oft2 and+3 in as-prepared nanopatrticles. As
the nanoparticles are heated in a vacuum, the in-situ EELS
studies show that all the Mn cations are eventually converted
to Mn?* cations.

Our studies demonstrate that the crystal chemistry of-Mn

Results and Discussion

Mn —Fe Spinel Nanoparticle Formation. X-ray diffraction
studies showed that the sample was a pure spinel phase with
no impurity peaks (Figure 2). The electron diffraction pattern
also matched with the cubic spinel structure (inset in Figure 3).

Fe spinel nanoparticles can change greatly depending upon théVe determined the size of nanoparticles in two ways. First,

annealing conditions. Therefore, the magnetic properties of

from analysis of the diffraction peak broadening with use of

Mn—Fe spinel nanoparticles such as Curie transition temperaturethe Scherrer equation, the particles had a size of about 40 nm.
may vary considerably with different annealing conditions even Second, —high-resolution transmission electron microscopy

in the same spinel nanoparticle system. Our results suggest thafHRTEM) studies confirmed that the size of these nanoparticles
the shift of Curie transition temperature in Mfe spinel was about 40 nm and was fairly uniform as shown in Figure 3.

nanopatrticles, previously attributed to crystallite size effect, may g.?fe c?n5|ste3ttresult§ on thel nflnopartlcle size f‘:'cl)Enl\]/I X-rt;':ly
be due to annealing-induced changes in cation distribution and iffraction and transmission electron microscopy ( ) ob-

oxidation state. A well-defined crystal chemistry in MRe (19) Tang, Z. X.; Sorensen, C. M.; Klabunde, K. J.; Hadjipanayis, G. C.
spinel nanoparticles is essential for a valid conclusion on the J. ((32%||)0||_d mtersz%SCll%gw 1‘16 3}’?8-8 CSAS.G | Structure Analvsi
. . . . arson, A. C.; von Dreele, R. B. -General Structure Analysis

part!cle size effect to the magnetic properties of the nano- System; Rept. LA.-UR-86-748, Los Alamos National Laboratory, Los
particles. Alamos, 1989.

(21) Thompson, P.; Cox, D. E.; Hastings, JJBAppl. Crystallogr1987,
20, 79.

(22) Egerton, R. FElectron Energy-Loss Spectroscopy in the Electron
Microscope 2nd ed.; Plenum Press: New York, 1996.

(18) Long, G. J. inMossbauer Spectroscopy Applied to Inorganic
Chemistry Long, G. J., Ed.; Plenum: New York, 1984; Vol. 1, p 7.
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Figure 2. X-ray diffraction pattern (Cu k& radiation) of Mn-Fe ferrite
spinel nanoparticles.
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Figure 4. Neutron diffraction patternsi(= 1.0911 A) of Mn—Fe ferrite
spinel nanoparticles at 2% (a) before vacuum heating and (b) after
vacuum heating. The “goodness of fit?, for these two patterns is
1.26 and 1.37, respectively. Below the pattern, the first row of the sticks

. . . . mark the peaks from the magnetic scattering, and the second row of
servations imply that the sample consists of single-crystal the sticks correspond to the peaks from the nuclear scattering. The
nanocrystals. After the heat treatment, the particle size remainedexcluded region near2= 30° in spectrum eliminates the 110

unchanged. Although the accurate chemical composition of the diffraction peak of the Nb heating element of the furnace.
sample is not crucial to our discussion here, the [Mn]/[Fe] ratio
in the sample was analyzed by using ICP technique, which diffraction intensity. The results from the refinement of the
suggested a ratio of about 0.6, well in the range common for neutron diffraction data are displayed in Tablé1.
the Mn—Fe spinel compositions. The cation distribution apparently reaches its equilibrium state
Cation Distribution. Neutron powder diffraction was em-  after the heating in a vacuum. The neutron diffraction study at
ployed to determine the cation distribution in these -Mre 25 °C on as-prepared nanoparticles (Figure 4a) shows that the
spinel nanoparticles. Because the coherent neutron scatterindnversion degree is as high as 61% for Fe at the A sites. The
lengths for Fe and Mn differ significantly (0.954 1012 and Rietveld refinement results suggest a formula for as-prepared
—0.373x 1072 cm, respectively), neutron diffraction is an ideal hanoparticles as Mizd=en.s:(Mno.sFe1.19O4 Where cations in
technique for the precise determination of the cation distribution the brackets occupy the B sites. The magnetic scattering can
in MnFe,O, spinel nanoparticle®24 The temperature de- Only be observed at low Bragg angles (Figure 4). The
pendence of the Fe/Mn cation distribution in the nanoparticles diffraction peaks at @ ~ 33, 55, and 79 are purely from the
was systematically studied by in-situ data collection in a vacuum magnetic scattering. Such peaks originate from the antiferro-
furnace at 25, 363, and 48& and back to 28C. The cation magnetic order possessed by the nuclear structure. This is
distribution at various temperatures was obtained by whole- consistent with the well-studied antiferromagnetic Ordering in
pattern f|tt|ng with use of the Rietveld method. Figure 4 bulk Mn—Fe Spinel material$® For the data collected at 363
displays the neutron diffraction patterns and fits to data obtained ™ 35) The precision of-0.01 from the least-squares fit is clearly over-
at 25°C before and after the heating cycle. The fractions of estimated, because the total Mn and Fe compositions from these fits vary
Mn and Fe on both A and B sites were refined, and the from 1.13 to 1.21 and from 1.79 to 1.86, respectively, over the four heat
individual A and B site magnetic moments were also refined. (SRSRE SR 0E YRR RIS R0 e & tmes a6
The oxygen content was not refined due to the relatively weak |arge in data fits, and thus there is no significant difference among the results

obtained at 363, 485, and 2& (after heating).
(26) Wohlfarth, E. P., EdFerromagnetic Materials North-Holland:
Amsterdam, 1982; Vol. 3, Chapter 4.
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Figure 3. Transmission electron micrograph of M#e ferrite spinel
nanoparticles (about 40 nm in size). The inset shows the electron
diffraction pattern of these nanopatrticles with the cubic spinel structure.

(23) Hastings, J. M.; Corliss, L. MPhys. Re. 1956 104, 328.
(24) Sakurai, J.; Shinjo, T. Phys. Soc. Jprl967 23, 1426.
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Table 1. Structural Parameters from Rietveld Refinements of Neutro
Spinel
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n Powder Diffraction Data for a Nanocrystalline (Mn,Fe}4n,Fe)

measurement cell edge site occupanciés isotropic displacement parameters moments agreement factors
order T(C) a(A) A-site B-site x©0) UA) A) UB)(A) UO)AD) wus(A) us(B) x>  Rup(%)
1 25 8.4811(3) MmaFee MnogFe1s 0.2589(2) 0.003(1) 0.003(1) 0.012(1)-3.2(1) 2.5(1) 1.26 6.71
2 363 8.5131(3) MfesF@ss MnosFes; 0.2597(2) 0.015(1) 0.009(7) 0.016(1) 1.28 9.00
3 485 8.5272(2) Meesfess Mnosdess 0.2597(2) 0.009(5) 0.009(1) 0.020(1) 1.28 7.10
4 25 8.4884(2) Mp:Feze MnosfFes 0.2606(2) 0.008  0.005(1) 0.012(1) —3.3(1) 2.3(1) 1.33 6.73
a Estimated standard uncertainties for the site occupancies@@125 ° Fixed value.

°C, the magnetic ordering disappeared and only the nuclear

scattering was observed, which is consistent with the observation 404 %o

of Curie temperature below 32T in general among these ° °% o,

materialst®> The refinement gives a cation distribution of 39% 3.5 o, ©

inversion with a formula of MpeiFey 3dMngsF€1.47)0s. As

the temperature was raised to 485, the cation distribution in % 30 9 L3

the nanoparticles remained unchanged. When the sample was e 3

cooled back to 28C, the antiferromagnetic order was restored. im s

The cation distribution showed a 29% inversion (Figure 4b), 2.5+ fé L2

which is almost the same as that from the high-temperature

measurements if the uncertainties in the data fits are consid- 20 ! | |

ered?®> The stable cation distribution after heating shows that 620 640 660 680

an equilibrium state has been reached. Ener. Loss (eV)

The initial 61% inversion for the cation distribution is due 155 1(')0 2(')0 3(')0 4(')0 5(')0 e(l)o

to the random occupancy of A and B sites by the cations
following the 3/2 ratio of Fe to Mn in sample composition. As
the nanoparticles are formed at room temperature, the thermal

Temperature (°C)

Figure 5. The plot of the peak intensity ratio of MnslL, following

energy is too low to overcome the energy barrier to an ordered the temperature change. The intensity ratios were obtained from the
cation distribution. When the nanoparticles are heated, there EELS spectra qf the sample nanoparticles recorded in situ at various
is sufficient energy to enable the cations to diffuse and produce temperatures. Five repeated measurements 2828 shown and give

an equilibrium state of about 29% inversion. This change of ConSLStem ;el\s/lu"z The 'nt.set SEOWS a typc'f%l S;nzgée'scatte”ng EELS
cation distribution is consistent with the change of unit cell size. Specirum of Mn-a3 lonization edges recorded at 25.

A relationship between unit cell size and cation distribution has of the oxidation state is carried out in reference to a working
been observed previously in bulk materials with cubic spinel curve that has been established from the spectra acquired from
structures. The inverse spinel has a smaller unit cell than its standard samples with known oxidation stées.

counterpart with normal cation occuparfcylhis difference in The formation of Ms* cations may occur during the
unit cell size has been attributed to a shorter catimmion bond precipitation process since Mthis easily oxidized in a highly

for FE* in the tetrahedral A sites compared to®fén the basic solutiorf2 EELS studies on the MAaFe spinel nanopar-
octahedral B sites, and to the possible change of Mn oxidation ticles show that the oxidation state of Mn is a mix¢8 and
state}10 In the nanoparticles with 29% inversion, the lattice +2 oxidation states in as-prepared nanoparticles. The Mn
constant is 8.4884(2) A. In comparison, the lattice constant is oxidation state changes to almost a pur@ state as the
8.4811(3) A in the nanoparticles with 61% inversion. In nanopatrticles are heated in a vacuum. For a typical EELS
addition to the above change of inversion degree, such differencespectrum of Mn in the nanoparticles (Figure 5 inset), the ratio

in unit cell size may also partially come from temperature-
dependent variation of the Mn oxidation state.

Oxidation State. The oxidation state of Mn in MnaFe
nanoparticles has been determined by EELS. In EELS studies,
the inner-shell L ionization of transition metal usually displays
sharp peaks at the near-edge redgibnVhen the high-energy
electron beam excites a 2p electron to a 3d orbital in a first-
row transition metal, two sharp transitions are formed as L
and L, peaks. They are the electron transitions from th&22p
electron state to 3% or 3P2 and from 232 to 3P
respectively’® Systematic EELS studies have demonstrated that
the change in the oxidation states of metal cations results in
significant changes in the ratio of the peak intensitiéksg)/
I(L2). Therefore, the intensities of peaks in EELS measurements
can be used to identify the oxidation sta&s! EELS analysis

(27) Disko, M. M.; Ahn, C. C.; Fultz, BTransmission Electron Energy

of the Mn Ls and Ly intensities increases with increasing
temperature (Figure 5). Consistent results were obtained in five
independent experiments. From various standard Mn
compounds-MnO, MnzO,4, MN,03, and MNQ—the Mn Lg/L,
ratio is 2.26 for M+ and 4.26 for MA". The percentages of
the Mre™ and Mr#" cations in the samples can be determined
based on the ratio of peak intensity relative to thé b ratios

of Mn3t and Mr#".33:34 The results are plotted versus temper-
ature in Figure 6. In as-prepared MRe spinel nanoparticles,
Mn cations have botht+3 and+2 states with about 50% for
each. As the temperature increases2Maations are slowly
reduced to MA"™. When the temperature approaches 6G0Q
virtually all Mn3* cations in the nanopatrticles are converted to
Mn2*. The change of the Mn oxidation state during the vacuum
heating is the result of losing oxygen anions in the nanopatrticles
heated in a vacuum and the fincations absorbing the extra

Loss Spectrometry in Materials Sciengéde Minerals, Metals and Materials
Society: Warrendale, PA, 1992.
(28) Krivanek, O. L.; Paterson, J. Hlltramicroscopy199Q 32, 313.
(29) Pearson, D. H.; Ahn, C. C.; Fultz, Bhys. Re. B 1993 47, 8471.
(30) Kurata, H.; Colliex, CPhys. Re. B 1993 48, 2102.
(31) Fortner, J. A.; Buck, E. CAppl. Phys. Lett1996 68, 3817.

(32) Liang, C. C. InEncyclopedia of Electrochemistry of the Elements
Bard, A. J., Ed.; Marcel Dekker: New York, 1973; Vol. 1, p 352.

(33) Wang, Z. L.; Yin, J. S.; Jiang, Y. D.; Zhang, Appl. Phys. Lett.
1997, 70, 3362.

(34) Wang, Z. L.; Yin, J. S.; Mo, W. D.; Zhang, Z. J. Phys. Chem. B
1997 101, 6793.
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sites. The cation distribution of the nanoparticles can be

& 100 ; ; changed by the heat treatment in a vacuum. An equilibrium
Z 0 i § i s ; state of the cation distribution with a 29% inversion degree is
=l £ E £ higher than the usual 20% inversion in the Mrpe spinel
A l prepared from solid-state reactidhsThe Mn cations in as-
mg 60 A Mn** prepared nanoparticles have bet and+2 oxidation states.
ps i o Mn3* The Mre* cations are irreversibly reduced to Rnby heating
) 40 the nanopatrticles in a vacuum. Such crystal chemistry changes
g @@ @ in Mn—Fe spinel nanoparticles should have a profound effect
8 20 @ @ @ @ @ on the magnetic properties such as magnetic transition temper-
L ature. A decrease of about 30 in Mn—Fe spinel nanoparticles
0 @ @ has been observed when the crystal chemistry of the particles
oot Tl is changed by annealing at 400 for 2 h37 In addition, these
200 400 600

results clearly demonstrate that size effects on the magnetic
Temperature (°C) properties of spinel nanoparticles have to be tightly connected
Figure 6. Calculated relative percentages of Mrand Mr#* based with the crystal chemistry studies on these nanoparticles. The
on the peak intensity ratios, showing the reduction process éf ktn conclusion of particle size effect to Curie transition temperature
Mn2* during the vacuum heating. Five repeated measurements at 25from previous studies may not be valid since the crystal
°C are shown and give consistent results. chemistry of Mn-Fe spinel nanoparticles in those studies has

not been well defined. We believe that these results on the
electrons to maintain the charge balance. This is consistent withtemperature dependence of the cation distribution and the

the low oxygen contents in heat-treated samples estimated frompxidation state in the MrFe spinel nanoparticles will be
ICP analysis by the increased percentage of Mn and Fe cationinvaluable to the understanding of the magnetic properties of
mass in the total sample mass. The EELS spectra &f Fe the spinel nanoparticles. Moreover, these results may provide
cations in the nanoparticles were also collected. However, the rational approaches to facilitate the control of the magnetic
Ly/L, ratio for Fe shows little change. This implies that the properties in nanoparticles.

oxidation state of Fe is very stable. This is understandable since

Fe** is hard to reduce to Pé. This also agrees with the Acknowledgment. We thank Professor A. P. Wilkinson of
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