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Magnetic nanoparticles have applications in information stotage, 05
color imaging? magnetic refrigeratiof,bioprocessing, medical .« Mn849% I
diagnosis, controlled drug delivery,and as ferrofluidg. Thus, 40 rd
developing a new synthetic route for magnetic nanoparticles and
investigating their properties are of immense importance.

Ferrites, the transition metal oxides having a spinel structure,
are technologically important because of their appealing magnetic
and electrical properties. They are used in magnetic®irakel
fluids,? as well as for the fabrication of magnetic cores of read/
write heads for high-speed digital tapes or for disk recording. .
Maghemite §-Fe,O;, the ferrimagnetic cubic form of iron(lll) R
oxide) is also technologically important, as it is being used widely o ) 2 o 2 p &
for the production of magnetic materials and catalysts. Because of H(T)
the ;mall COEI’.CIVI.ty of P nangpartlcles, Wh'ch arses from a Figure 1. Magnetization curve of-Fe,Oz andy-Fe03 doped with 8.5%
negligible barrier in the hysteresis of the magnetization loop, they mn(y at 295 K.
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can also be used in magneto-optical devites. _ position-sensitive detector gating electronically on the Kr-escape
_Varlous meth_ods have been reported for the syntheS|_s ofsmetal peak!® See Supporting Information for details.
oxide nanoparticles, such as wet chemiéaglectrochemicak: When amorphous s is heated at 306C for 3 h, ferrimagnetic

pyrolysis;¢ and sot-gel reactions? as well as chemical oxidation ,,_Fe,0, is observed as the sole prodéOn the other hand, when

in micellar med|.é16 or polymerstt Recently,. we have developed a  the temperature is raised to 500, one observes only antiferro-
new sonochemical routefor the preparation of coatepF&:0s  magnetica-Fe,05 as the product. Therefore, we were surprised to
nanoparticle$® Motivated by the potential of exploring the magnetic g that, upon doping with 8.5 wt % Mn(lll), the amorphous
properties of particles in the nanosize regime, we have initiated panoparticles crystallized to mainly the-e,05 matrix after heating
systematic studies of oxides, ferrites, and garnets nanoparticles. Hergyt 500°C for 3 h (Figure 1, Supporting Information), with some
we report on a mixed oxide systemFe;0; nanoparticles doped  peaks showing a strainextphase. Moreover, the annealed nano-
with Mn(lll), where the transition from the cubic to the more stable particles showed superparamagnetic behavior (Figure 1). The

hexagonabi-Fe,Os structure is suppressed. ~ magnetic measurements also show that the doping of Mn(ill)
Doped amorphous B®; nanoparticles were prepared by ir-  reduces the maximum magnetization. The question was if the
radiating the mixture of amorphous & nanoparticle¥ and M- structure at 500C is theo- or y-FeOs. In other words, can it be

(COMo in 40 mL of decahydronaphthalene with a high-intensity that at 500°C the structure isx-Fe;0s-“like”, and upon cooling
ultrasonic horn under ambient conditions for 2 h. The resulting transforms to the-Fe,0; structure? We therefore heated 8.5% Mn-
product was separated by centrifuge, washed thoroughly with dry (111)-doped amorphous E&; nanoparticles at 508C for 3 h and
pentane, and dried under vacuum. The as-prepared amorphouguenched them in liquid nitrogen. XRD shows a highly strained
nanoparticles were then crystallized in a tube furnace under air. -Fe,0; structure (Figure 3, Supporting Information), whereas the
Magnetic data of the nanoparticle samples were obtained with a normally cooled (10C/min) sample resulted in a largejyFe,0s
Princeton Applied Research vibrating sample magnetometer, modelphase (Figure 1, Supporting Information). This suggests that the
155 (VSM), and a Quantum Design SQUID MPMS-XL (AC and  y-to-o transition is not complete, even at high temperatures, and

DC modes and maximum static field of 5 T). Mn(Ill) doping effectively suppresses the transition to the thermo-
Powder XRD was done using a Philips diffractometer (Gu K dynamically stable phase. Recall thaFe,0s is a metastable form,
radiation,A = 1.5418 A), with a 0.008 resolution in 2. The and the presence of Mn(lll) ions stabilizes this form since the

measurement time was 2.5 h, and titerange was from 15to activation energy is substantially increased by Mn(lll) doping.

85°. Initial synchrotron X-ray powder diffraction experiments were The electron diffraction patterns ef-Fe,0; (Figure 2a, Sup-
performed at the beamline X7A of the National Synchrotron Light porting Information) anc-FeOs (Figure 2b, Supporting Informa-
Source (NSLS) at Brookhaven National Laboratory using a linear tion) from TEM show spotty rings, which is the result of
polycrystallinity . Due to the sintering, the bright-field images show

" Polytechnic University. the aggregation of annealed nanoparticles.
* Brookhaven National Laboratory. R ; ; it
S Institut de Physique et Chimie des Meaix. To further |nvest|_gate _thls phase transition, we have recorded
UThe NSF Garcia MRSEC for Polymers at Engineered Interfaces. synchrotron X-ray diffraction patterns as a function of temperature,
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500 °C. This result is in very good agreement with quenching
experiments, where the XRD of the same nanoparticles heated to
450 °C and quenched into liquid nitrogen revealed a highly

S 900 600°C amorphous product (see Figure 4, Supporting Information).
< lsso°c | ,':I T In summary, we have established that, when 8.5% Mn(lll)-doped
£ -"‘/W\‘““*""."I.V"A—-J'Jﬂ—“lf'“—ﬁﬁw Fe0; amorphous nanoparticles are heated at 500for 3 h,
E & NN . y-Fe0z is obtained rather tham-Fe,0s. Even preannealed samples
- %-JJ"\NU S ] require temperatures as high as 6@to completely convert to
300 ‘°ff9 e AM) N the a-phase, indicating a high activation energy for this process.
T On the other hand, heating amorphous 5% Mn(lll)-dopegDge
ol nanoparticles at 500C for 3 h results in a product with the-Fe,0;
5 10 15 2 25 30 35 structure. The suppression of the(cubic) toa-Fe,05; (hexagonal)
248 transition is due to the fact that, while Mn(lll) has a cubic spinel

Figure 2. Temperature-dependent synchrotron powder X-ray diffraction phase (with more free volume), it does not transform into a
0, - i . . .

of preannealed 8.5% Mn(ll)-doped @ nanopartciles. hexagonal one, and therefore doping@gwith Mn(lll) increases

the activation energy for the transition to the more compaghase,

which requires lattice contraction. Thus, above a critical concentra-
1200 tion (between 5 and 8.5%), the transition needs temperatures higher
5 than 600°C to complete. Preliminary results show that the same
< 900 '| suppression occurs in @0s-doped FgO3 nanopatrticles. The 8.5%
2 50°C . Mn(lll)-doped y-Fe,05 displays superparamagnetic behavior at
E w0 m___/"ﬂmﬁ_.f_.u ._d_L,_;I-_»I_l_f%r','—uL’u—M'- room temperature, suggesting that doping might be used to tailor
= Eo"dc/w ‘“‘h-w"~1'1r—»-'--n—f~--z'='—~-.-'—-v~"--~'-—~ - the magnetic properties of nanoparticles.
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Figure 3. Temperature-dependent synchrotron powder X-ray diffraction Supporting Information Available: XRD of 8.5% Mn(lll)-doped
of 5% Mn(lll)-doped amorphous E@; nanopartciles. y-Fe0s, TEM images ofr-Fe:0; andy-FeOs, detail synchrotron X-ray

starting from crystallized (508C, 3 h) 8.5% Mn(lIl)-doped-Fe,0s pattern of 5% Mn(lll)-doped F€s, and XRD of 5% Mn(lil)-doped
nanoparticles (as in Figure 1, Supporting Information). A powdered F&0s with heating at 450C for 3 h (PDF). This material is available
sample (-0.003 g) was loaded into a 0.5-mm quartz capillary which T€€ of charge via the Internet at http://pubs.acs.org.

was not sealed. A horseshoe-shaped heater was placed close to the
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