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Abstract
We report the discovery of finite length scale effects on vibronic coupling in nanoscale a-FeyO3 as
measured by the behavior of vibronically-activated d-d on-site excitations of Fe3* as a function of
size and shape. An oscillator strength analysis reveals that the frequency of the coupled symmetry-
breaking phonon changes with size, a crossover that we analyze in terms of increasing three-
dimensional character to the displacement pattern. These findings demonstrate the flexibility of
mixing processes in confined systems and suggest a strategy for both enhancing and controlling

charge-lattice interactions in other materials.

KEYWORDS: hematite nanoparticles, vibronic coupling, color band analysis, finite length scale

effects



INTRODUCTION

Charge-lattice coupling is one of the most celebrated interactions in functional materials.
The mechanism underlies a wide variety of scientifically and technologically important pro-
cesses including superconductivity, charge density wave formation, vibronic coupling, and
photochemical reactions, just to name a few [1-9]. Each expresses itself in different ways.
One example of vibronic coupling is the activation of d-manifold excitations in transition
metal-containing materials [10-12]. These excitations probe the crystal field environment
and are often called color bands when they appear in the visible range. Vibronic coupling
in which an odd parity phonon interacts with an on-site d-d excitation to break inversion
symmetry has been investigated in a number of bulk oxides like CuGeOs, LiNbO3, and
BiFeOs [13-15]. By contrast, the mechanism is relatively unexplored in nanoscale materials
[16-18]. a-Fey03, commonly known as hematite [19-22], attracted our attention as a system
with which to reach beyond temperature, magnetic field, and pressure tuning of color band

activation [23-25] to investigate size and shape effects.

In this paper, we report the discovery of finite length scale effects on vibronic coupling
in a-Fe,O3, and a crossover in the coupling phonon frequency (from the 530 cm™' phonon
mode in the single crystal to the 470 cm™! mode in the smallest nanoparticles) that is driven
by a change in the dimensionality of the displacement pattern. Analysis reveals that the
mode character becomes more three-dimensional with decreasing size. We confirm these
findings and uncover a two-state mixing process at intermediate sizes via direct vibrational
property measurements and comparison with prior lattice dynamics calculations [26]. Similar
flexibility in charge-lattice energy transfer processes may underpin the remarkable properties
of other confined systems [27-31]. These findings advance the fundamental understanding of
vibronic coupling and functionality in iron-containing solids [32-36], present a strategy for
controlling charge-lattice interactions, and are relevant to more complicated energy transfer
processes in which size acts as a tuning parameter. Examples include direct vs. indirect

band gap crossover and catalytic activity [28, 37].
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METHODS

Various sizes and shapes of a-Fe;O3 nanoparticles were prepared by hydrothermal meth-
ods (Table I) and their magnetic and structural properties characterized [38-41]. For com-
parison, a high quality single crystal was grown by flux techniques [24], and bulk powder
was purchased from Alfa Aeser (99.999%). The nanoparticles and bulk powder were mixed
with a matrix and pressed into pellets for optical transmittance measurements (30 - 700,
and 8700 - 17000 cm™!). Absorption was calculated as a(w) = (1/hd)In(T(w)), where T'(w)
is the measured transmittance, h is the sample loading, and d is thickness. Variable temper-
ature measurements from 4 to 300 K were performed with the use of an open flow helium
cryostat. Oscillator strength was calculated as f= Nchw,% f:’f no(w)dw, where N, = 5 is the
number of electrons per Fe site, n ~ 2.23 is the refractive index, w), is the plasma frequency
Wy, = ;—25), e and m are the charge and mass of an electron, ¢, is the vacuum dielectric
constant, p is the density of Fe sites, ¢ is the speed of light, and w; and w, are the frequency
limits of integration [42]. Since the 5A;, — *T;, Fe*" on-site excitation that is our focus
here overlaps with the next higher energy d-d transition, a simple integration could not be
used. Instead, a Gaussian fit to the spectral band was used to determine oscillator strength.

This fitting procedure reduces error in oscillator strength trends originating from different

temperature dependencies of the two electronic excitations.

RESULTS AND DISCUSSION

Figure 1 (a-c) displays the absorption spectra for single crystalline hematite and select
nanoparticles at 4 and 300 K. The dominant structure in this spectral region is assigned
as the 9A;, — T, Fe?* on-site electronic excitation [10]. This d-d excitation and the one
around 16,000 cm™! (not shown) are formally spin and parity forbidden, but are observed due
to exchange interactions, spin-orbit coupling, and odd parity phonons that break inversion
symmetry [10-12]. The low temperature single crystal spectrum reveals excitons and a
magnon sideband on the leading edge of the d-d transition [24]. While the magnon sideband
is still observed in the nanoparticle spectra, the excitons are more obscured, probably due to
the random orientation of the nanoparticles combined with the directional character and low

oscillator strengths of the excitons. We calculated the oscillator strength of the electronic
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FIG. 1. (a-c) Absorption at 4 and 300 K for the (111) plane of the single crystal, nanopolyhedra,
and largest nanorhombohedra, respectively. Excitons and a magnon sideband can be seen in the
low temperature spectrum of the single crystal, whereas the nanoparticles reveal strong magnon
sideband excitations but only weak exciton features. (d-f) Oscillator strength of the color band
transition as a function of temperature for the single crystal, nanopolyhedra, and largest nanorhom-
bohedra, respectively. The green line represents a fit to the vibronic coupling model described in

the text. Insets: Images of each material.

excitation over the full temperature range (Figure 1 (d-f)). The 260 K discontinuity in
the oscillator strength of the single crystal is a signature of the spin-flop transition [43].
Magnetization measurements show that the spin-flop is present in the nanoparticles but is

obscured by the error bars on oscillator strength [41].

The temperature dependent oscillator strength for a vibronically activated excitation is

described as

f = focoth(hv/2kT), (1)
where f is oscillator strength, fy is the limiting low temperature oscillator strength, v is
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the frequency of the vibrational mode that activates the on-site excitation, h is Planck’s
constant, k is Boltzmann’s constant, and T is temperature [12]. We employed this model
to fit the oscillator strength trends and extract the coupling phonon frequencies. The best
fits are shown in Figure 1 (d-f), and the fit parameters are summarized in Table I. The
magnitude of the oscillator strength of the d-d excitation in each sample agrees well with
typical oscillator strengths of parity forbidden transitions observed in other transition metal
oxides like CuGeOj [13] and iron containing materials such as CsFeCls [44]. Our extracted
value of =525 cm™! for single crystalline hematite is significantly larger than the previously
reported 139 cm™! acoustic phonon [23], but lies within the range of phonons energies in
hematite. In fact, it is an excellent match for the E, symmetry mode centered at 520 cm ™!
[45]. This difference likely arises from the fact that the previous authors measured only along
one crystal axis, did not investigate below 100 K, and used an approximate model that as-
sumes that both the ground and excited state are characterized by harmonic oscillators that
share force constants and equilibrium positions [46, 47]. Our more comprehensive analysis
was also carried out on a micron-sized bulk powder (in order to compare the single crys-
tal to the randomly oriented nanoparticles), nanocubes, nanopolyhedra, nanorice, and four
sizes of nanorhombohedra. Figure 1 shows some representative examples. The nanoparticle

dimensions and extracted parameters are summarized in Table I.

Figure 2 displays the coupling phonon frequency, v, that we extract from this vibronic
coupling analysis, versus average particle size. There is excellent agreement between the
two largest sizes (the single crystal and micron-sized bulk powder). Both yield a coupling

1

phonon frequency of about v=525 cm™". For the 450 nm nanocubes, we extract a coupling

1

frequency of 507 cm™!. !

For the smallest size of nanorhombohedra, we find =469 cm™".
Overall, reduction of particle size decreases the coupling phonon frequency that activates
the color band excitation. This decrease is much larger than what might be expected from

size-dependent changes in phonon frequencies for hematite alone [49].

In order to activate the spin and parity forbidden on-site excitation, the coupling phonon
mode must break the inversion symmetry around the Fe3* center. The activating phonon
must then be of ungerade symmetry, i.e. infrared active. To test whether the phonon
frequencies extracted from our vibronic coupling analysis correlate with actual vibrational
modes, we measured the infrared response of each set of nanoparticles (Figure 3 a). From

our vibronic coupling analysis, we extract ¥=525 cm~! for the bulk material, and in the
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FIG. 2. Coupling phonon frequency, v, versus average particle size as determined by the oscillator
strength analysis described in the text. The blue line guides the eye. Interestingly, this trend
depends only on the particle size, with shape playing no role. Inset: Expanded view of the trend

for the smallest nanoparticles.

infrared there is an E, symmetry phonon mode observed at 530 cm™! [50]. This phonon
mode consists mainly of atomic displacements within the ab plane [26]. For the 450 nm

I and

cubes, v is found to be 507 cm ™!, which is now between the peaks observed at 560 cm™
480 cm™!, indicating that both modes are contributing to the activation of the color band.
Turning to the smallest nanoparticles (the 35 x 50 nm rhombohedra), v is determined to
be 469 cm~!. Indeed, the infrared spectrum does reveal a phonon mode at 470 cm~!. The
displacement pattern for this mode consists of combined ab plane and ¢ axis motion [26].
Taken together, these findings suggest that there is a crossover from the 530 cm™! phonon
mode activating the transition at large sizes to the 470 cm™! mode at small sizes. In the
intermediate size region, our analysis yields a weighted average of the two mode frequencies
(530 and 470 cm™') [51]. This size driven crossover is reminiscent of a simple two state

kinetics model, with particle size in place of time, and the concentrations (or two states in

our case) are the relative contribution of the 530 and 470 cm™' phonon modes to v.
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TABLE I. Summary of the material characteristics and fitting parameters obtained from the vi-
bronic coupling model described in the text demonstrating how v decreases with particle size,

regardless of shape. Error bars in size represent a distribution of sizes.

Sample  Length (nm) Width (nm) f (107%) v (em™!)

single crystal 42 pm - 10.8 525 £ 6
bulk powder 1000 nm - 4.73 529 £4
cubes 450 £ 60 450 + 60 25.1 507 £ 8

polyhedra 320 £ 90 320 £ 90 18.6 505 £ 4

rice 148 + 32 67 £ 10 1.61 498 + 4
rhombohedra 105 + 16 84 £+ 12 5.57 491 £ 3
rhombohedra 75 + 8 50 £ 7 5.38 460 £ 4
rhombohedra 59 + 9 59 + 8 1.97 490 £ 9
rhombohedra 50 + 8 357 2.54 469 £ 8

To understand why this crossover occurs, we must consider how nanoscale confinement
affects the structure of hematite. As particle size decreases, the hematite unit cell expands
anisotropically, with the ¢ axis expanding faster than the a-axis [52]. While this trend has
been formally demonstrated for particle sizes below 63 nm [52], the argument can presum-
ably be extended to the sizes discussed in our work. As the unit cell expands, c-directed
displacements in the 470 cm™' mode become more important. This enhanced symmetry
breaking provides a mechanism for why the electronic transition crosses over to be acti-
vated by a lower frequency phonon mode at small size. Moreover, the trend appears to
be independent of particle shape, as the nanorice (with a vastly different aspect ratio than
the nanocubes and nanorhombohedra) and the multifacted polyhedra follow the same trend
with excellent agreement. The reduction of v also suggests that small nanoparticles should
be more sensitive to temperature than bulk hematite as indicated by the greater relative

increase in oscillator strength [41].

At low temperature, coupling between the activating phonon mode and the electronic
transition is reduced, and the activating phonon mode may recover some oscillator strength
[53]. We carried out variable temperature infrared measurements to test this idea. Figure

3 (b,c) displays the 4 and 300 K infrared absorption spectra for the nanocubes and largest
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(a) Representative 300 K infrared absorption spectra for the bulk powder (black),

nanocubes (red), and nanorhombohedra from largest (green) to smallest (magenta). Infrared re-

sponse at 4 and 300 K for the (b) 450 nm nanocubes, and (c¢) 84 nm nanorhombohedra. All phonon

modes harder upon cooling. (d) Contribution of the 470 and 530 cm™! phonon modes to the ac-

tivation of the on-site excitation. At large sizes, the 530 cm™! mode consisting of only ab plane

motion dominates. There is a strong superposition at intermediate sizes as well as a crossover. At

small sizes, the 470 cm™! mode consisting of ab plane and ¢ axis motion dominates. Analysis of

the data in (b) and (c) allow us to follow phonon oscillator strengths as a function of temperature.

Panels (e) and (f) show our findings for the nanocubes and nanorhombohedra, respectively. Only

the phonon modes extracted from our vibronic coupling analysis gain significant oscillator strength

at low temperature, a finding that directly confirms the aforementioned weighting crossover in the

intermediate size regime.



size of rhombohedra, respectively. Again, due to the overlapping spectral features a simple
integration could not be performed, and a standard peak fit method was used to determine
the oscillator strength of each mode. In the nanocubes, both the 560 and 470 cm ™! phonon
modes show a modest increase in oscillator strength at low temperature while the oscillator
strength of the other phonon modes remain constant. This indicates that both modes are
coupled to the electronic transition, as predicted by our vibronic coupling analysis. In the
largest size of thombohedral nanoparticles, the 480 cm™! E,, phonon mode regains oscillator
strength at low temperature while the 560 cm ™! mode remains constant. This nicely confirms

that only the 480 cm™! phonon mode is coupled to the electronic transition as anticipated

(Figure 3 (e,f)).

CONCLUSION

In summary, we investigated the optical properties of a-Fe;O3 as a function of size,
shape, and temperature and compared our results with micron-sized bulk powder and single
crystals. We find that the vibronically-activated d-d on-site excitation of Fe3* in the single
crystal is activated by the 530 cm™' phonon mode consisting of ab plane motion rather
than a 139 cm™! acoustic phonon as previously reported [23]. Moreover, as particle size
is reduced, the frequency of the vibronically coupled phonon that allows the transition
decreases and crosses over to the 470 cm™! vibrational mode (which contains both ab plane
and c-directed motion) at the smallest size. This universal size dependence stems from an
anisotropic expansion of the unit cell leads to a more three dimensional type of symmetry
breaking courtesy of the 470 cm™' phonon. This trend is confirmed by an increase in
oscillator strength of the vibronically coupled phonon modes at low temperature. The
discovery of size-dependent vibronic coupling broadens our understanding of finite length
scale effects in transition metal oxides. This effect may be present in other transition metal
containing materials such as CuGeOs or CsFeCls [13, 44], where nanoscale confinement

enhances functionality.
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