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Rhombohedral single crystallites of hematite (iron oxide;e,0s) in the size range of 20200 nm have

been synthesized by forced hydrolysis in water. The optical Rayleigh scattering and AFM topography of
individual crystallites have been recorded on an inverted microscope based apparatus. Individual crystallites
show narrow Mie “optical cavity” resonances across the visible spectrum as the particle size increases. These
spectra are far sharper than the size broadened extinction spectra of the parent colloid. In the blue region near
the intense band gap optical absorption, the resonances are also significantly sharper than calculated from
simple scattering theory. This unexpected structure is discussed in terms of single crystallite birefringence,

and uncertainties in hematite bulk optical properties.

Introduction as well as in natural atmospheric and polluted aerosols. Hence,

. . . . understanding the optical and scattering properiésematite
fTh?tiSt|Udy ?(f tl::'f sE/mnthtiezgs %f dcolrl‘mdal glspirs?]nsfcopwp;)s?‘cé|eads to insight into the radiative effects of atmospheric aerosols

of particles of unriorm size and shape has been of greal and,, e r5gjative energy balance of the earth-atmosphere system.

S 2 -
e“d“r".‘g interest Not only are these systefhaesthetically Rapid and accurate determination of particle size and shape is
appealing but also they serve as model systems for understand-

ing optical, magnetic, electrokinetic, and adsorptive properties ?lc?gecr:glfr?\l/ollr\]/ i#”?ﬁf}fgmgg pr(z(ces?els re_:jpon3|b|I19 for p?el-
of bulk matter because of their narrow size distribution and well- -~ 9 'on o metal oxides stch as meta
defined geometry and structure. The applications of this researchcorrqsmn' ) ) ) )
can be found in the design of electromagnetic devices, catalysts, ‘Dielectric particles show a Mie scattering resonance when
photosensitive materials, medicines, pigments, and ceramics.the diameted is on the order of one-half an internal optical

In this study, we synthesize and characterize single hematiteavelength. In hematite, this occurs at abdut= 80 nm for
(iron oxide,a-Fe0) crystallites. Hematite is present in highly 2000 A blue-green light, because the index of refraction is very
weathered soils and is found in the clay fraction of tropical and Nigh. i-e., 2.9. This purely electromagnetic effect occurs at sizes
subtropical soils, giving them their pink bright red hue. Bacteria aboutan order of magnitude larger than the quantum mechanical
in surface waters are known to catalyze the oxidation of Size effect.extenswely studied in §emlconductors such as CdSe.
magnetite to hematittHematite present in soil is thought to Hematite is actually best described as a narrow band Mott
be catalytic in the oxidation of chlorinated pollutants in charge-transfer insulator; it can be doped, but electrons and holes
groundwater. Furthermore, hematite is also found in cosmic dustare self-trapped with very low reported mobilitieé particle
showing a Mie resonance heuristically is a micro-optical cavity
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Figure 1. Extinction spectrum of hematite nanocrystals, prepared after
7 days of incubation at 108C.

scattering, as shown by organic molecules adsorbed on noble
metals. Hematite Mie resonances have been previously reported
in colloidal extinction spectra that were inhomogeneously
broadened by the sample size and shape distribution. In this
paper, we study Mie resonances in single crystalline hematite
particles, as a first step toward developing sensitive optical Figure 2. TEM micrograph of hematite nanocrystals, prepared after
methods for monitoring aqueous surface reactions. 7 days of incubation at 108C. Scale bar represents 125 nm.

lamp have been removed from the microscope stage. Tapping
Experimental Methods and Synthesis mode AFM images are obtained in air with FESP (force
_ ) ) _ _ modulation etched silicon probes) and TESP (tapping mode
Preparations of monodisperse hematite particles of different etched silicon probes) with force constants of-610 N/m.

sizes and morphologies are known. The mechahisrforced Nanocrystal samples were prepared by spin coating onto a quartz
hydrolysis; a burst of nuclei is produced and allowed to grow mijcroscope coverslip.

uniformly, resulting in particles with narrow size distributi®n.
At 100 °C, many polyvalent metal ions readily hydroly2and
deprotonation of coordinated water molecules is accelerate

Amorphous iron hydroxides quickly form, and slowly convert  emaite is a rhombohedral crystal of the corundum structure,
to hematite single C(ystallltes over a period _of days. Anlons, similar to sapphiré?7-18 TEM examination, in Figure 2, shows
such as phosphate ions that strongly coordinate to dissolvedihompohedrally shaped, crystalline faceted large single nano-
metal ions, have been used to control shape in the formation Ofcrystals. A typical size is 80 nm after 2 days and 120 nm after
ellipsoidal particles of varying axial ratid:*? 7 days. Nanocrystals tend to self-organize as the solution dries
Following the earlier work of Matijevicand Sernad? 100 on the TEM grid. A few crystallites are aligned to strongly
cm® of 0.02 M FeC} aqueous solutions under air in closed diffract the electron beam and appear black in this Figure. Strain
containers were aged at 10C for periods of 1 day, 2 days, fields are apparent for several touching particles. X-ray powder
and 7 days, respectively. Over this time, the color of the patterns of precipitated crystallites show only the expected strong
suspension evolves from light orange to dark red. The color of |ines of hematité?
the suspension depends on the particle size and shifts to darker The particles probably have adsorbed surface chloride.
hues with increasing diameter, due to greater absorption of light However, on the basis of the data and characterization evidence
in the blue-green range of the spectriffAt 7 days, the  collected, it is certain that the hematite prepared is stoichio-
extinction SpeCtrUm in Figure 1 shows a broad peak near 400 metrica”y pure in bulk. As Samp|es were prepared in an
nm, with a shoulder near 550 nm. oxidizing environment and analyzed in equilibrium with moist
In addition, to generate rodlike, elliptically shaped par- air, the surface hematite stoichiometry should remain unchanged.
ticles!9150.02 M FeC} aqueous solutions were incubated in  That is, the surface should be completely oxidized.
the presence of 0.0005 M KRQ, for a period of a week; Most of the particles examined by AFM on the quartz
particles produced had aspect ratios of up to 7:1. coverslip are aggregated. The individual rhombohedral particles
Our inverted microscope based, optical scattering CCD typically have a height that is one-half or one-third of the in-
apparatus has been descriBédwe previously used this  plane length and width dimension. This synthesis makes slightly
apparatus to obtain the dark field Rayleigh scattering (Mie) oblate crystallites that lie flat on surfaces. We presume that the
spectra of individual Ag nanocrystals. The incident white light crystallites have a short hexagomadxis, perpendicular to the
is unpolarized; scattering is observed with a NA 0.55 objective plane in the TEM and optical images. The in-plane length/width
at an angle of approximately 6Qvith respect to the forward  ratio of the particles observed in AFM is 1.15 on average, in
scattering direction. To directly measure the morphology of the agreement with the value derived from the TEM results.
same crystallite observed in the dark field Mie scattering, we  If the hematite nanocrystals are separated yrilor more
have incorporated a Digital Instruments (Santa Barbara, CA) on the quartz coverslip, then the tungsten lamp dark field
Bioscope AFM, equipped with a Nanoscope Illa controller. The scattering by individual particles can be seen through the
scanning head of the AFM can be mounted over the fixed quartz eyepiece, and also recorded on the CCD camera in imaging
coverslip on the microscope, after the dark field condenser andand/or spectroscopic modes. While most scattering points appear

d Results and Discussion
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Figure 3. Parts a through c are AFM height images, measuring 500 nm by 500 nm, of increasingly larger hematite nanocrystals. (Inset) Cross-
section drawn across each particle, representing a line cutting through the nanocrystal at point A. Heights at half-maximum for the particles are for
parts a-c: 8.9, 9.7, and 37.6 nm, respectively. Partsf depresent Mie scattering images of the corresponding hematite nanocrystals.

white and thus have broad Rayleigh scattering, about 10% show We have attempted to fit these spectra using the same
a distinct color to the eye, with a structured Mie scattering wavelength-dependent index of refraction data derived by Kerker
spectrum, as shown in Figures 3 and 4. AFM examination showset al., and used by Hsu and Matijeidn fitting their size
that these are single, nonaggregated nanocrystals. broadened colloidal extinction spectra. We have used the
The larger individual particles often show rather sharp analytical Mie theor$ for spheres, as well as the numerical
scattering resonances, that tend to shift from blue to red as sizeT-matrix programs developed by Barber and co-workefor
increases. Figure 3a shows a small particle without a resonanceoblate ellipsoids of revolution. As shown in Figure 5 for
Figures 3b,c and 4a show somewhat larger particles with sharpspherical particles, these calculations reproduce the shift from
resonances in the blue. Figure 4b shows the red resonance of &lue to red with increasing size though they do not express the
rather large patrticle. Figure 4c presents a broadened resonancsharp blue resonances we observe. As well, the calculations do
of a dimer particle, composed of two smaller particles with produce red Mie resonances in rough agreement with our
individual resonances in the blue. As expected, the single observations. Similar trends are observed with oblate-shaped
nanocrystal scattering spectra are sharper than the Figure Iparticles as has been observed previously in thin film stuidies.
extinction spectra of the size-broadened parent colloid but can Agreement with experiment is not improved if we use the
be visualized as essentially discrete, constituent components ofdielectric data of Chen and Calrinstead of the Kerker et
that Figure. al?® index data.
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Figure 4. Parts a and b are AFM height images, measuring 500 nm by 500 nm, of increasingly larger hematite nanocrystals. Part c is the corresponding
AFM height image (500 nm by 500 nm) of a dimer hematite particle. (Inset) Cross-section drawn across each particle, representing a line cutting
through the nanocrystal at point A. Heights at half-maximum for the particles are for parts&i.8, 116, and 62.9 nm, respectively. Parts d

represent Mie scattering images of the corresponding hematite nanocrystals.

Hematite is birefringent with a uniqueaxis. This birefrin- lower energy, the optical dielectric constant shows resor#nce,
gence is neglected in the Mie calculations, which use an averagepresumably corresponding to a maximum in the energy density
isotropic index of refraction. The oblate rhombohedral nano- within the dielectric hematite particle. The imaginary part
crystals appear to have thetaxis perpendicular to the substrate, increases and the real part decreases after reaching a peak of
and are aligned with respect to the incoming white light. 11 at 577 nm. It may be that the real part becomes very small
Perhaps, an interference effect involving birefringence is or even negative. The type of pronounced blue resonance we
involved in this discrepancy. see is reminiscent of the resonance observed in small Ag

A more likely possibility, though, is that both sets of complex, particles, associated with the excitation of surface resonance
wavelength-dependent hematite dielectric #&fare inaccurate  plasmons where a negative real part of the complex refractive
in the blue region of strong absorption. Hematite has a strong index does indeed exist.
charge-transfer optical absorption (‘band gap’) in the blue where
we see an unexpected resonance. At longer wavelengths, Acknowledgment. We thank Stephen P. O’Brien for TEM
hematite is essentially transparent with a real optical index of studies and help with X-ray diffraction work, Amy M. Michaels
about 3.6-in this region, the optical properties are not in for Mie scattering computing algorithms, and Enrique R. Batista
question. As the charge-transfer absorption is approached fromfor help with using T-matrix methods. The financial support of
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