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ABSTRACT: We report high-resolution optical absorption
measurements between 1.5 and 10 cm−1 of the antiferromag-
netic (AFM) resonance transition in α-Fe2O3. The AFM
transition is measured over a range of temperatures from 4 to
325 K that includes the low- and high-temperature branches
separated by a magnetic phase transition near 260 K. The high-
resolution measurements devoid of optical interference were
made possible by improving the frequency stability of the near-
infrared lasers used to generate terahertz radiation (±0.0003
cm−1) and by taking advantage of the large temperature
dependence of the AFM transition frequency. The temper-
ature dependence of both branches could be well-fit to a
magnon model. A slight difference in temperature dependence between the hematite samples with different annealing treatments
was observed in the low-temperature branch. The difference is qualitatively explained by changes in the higher order crystalline
anisotropy energy resulting from slightly altered magnetic interactions due to the annealing treatment. The sensitivity achieved
using these methods permits a detailed characterization of the optically excited AFM magnon in the absence of magnetic fields
over a wide temperature range, thus making the terahertz-based optical platform suitable for nondestructive examination
applications for many AFM materials and devices.

■ INTRODUCTION

Hematite (α-Fe2O3) is the most prevalent and thermodynami-
cally stable phase of iron oxide.1 Its exceptional chemical
stability, low cost, and ease of processing make it an ideal
candidate in a number of important technical applications such
as sensors,2,3 catalysis,4−6 lithium ion batteries,7,8 and solar
energy production and storage.9,10 The structure and properties
of hematite also play an important role in the corrosion of steel
in reinforced concrete in numerous parts of the national
infrastructure.1 While the magnetic properties of hematite do
not directly impact its photoelectrochemical performance, the
detailed spin configuration in hematite does have important
implications on the optoelectronic and carrier transport
properties of hematite-based materials and devices.
Under ambient conditions, hematite has the hexagonal

corundum crystal structure.11 Below the Morin transition
temperature TM ≈ 260 K, the crystal is antiferromagnetic
(AFM) with the magnetic sublattices oriented antiparallel along
the rhombohedral axis. Above TM but below the Neel’s
transition temperature, TN ≈ 955 K, the spins of the iron atoms
flip into the basal plane and order antiferromagnetically with
the moments lying in the basal plane with a slight canting away
from the plane, resulting in a small net magnetization and a
weakly ferromagnetic (WF) phase. The small canting of the
magnetic moments results from the anisotropic exchange
interaction, the Dzyaloshinski−Moriya (DM) interaction.12

The Morin transition arises from a competition of the different
magnetic interactions (vide infra) within the magnetic system
with different magnitudes, signs, and temperature depend-
encies.13 At the Morin transition temperature, a change of the
sign of the total free energy occurs that causes the spin flip of
the AFM lattice.
The detailed structure−property relationship of hematite has

been investigated using a number of methods, and its unique
magnetic properties have been characterized extensively using
magnetic methods.14−17 On the other hand, for applications
involving the examination of materials and devices, it is
advantageous to make use of a noninvasive optical method to
characterize the magnetic properties of such AFM materials in a
zero-field configuration.
Far-infrared absorption spectroscopy has been proven to be a

valuable tool for examining materials with different magnetic
configurations.18−21 Since the photons in the millimeter wave−
terahertz region can partially penetrate most polymeric matrix
materials, spectroscopic methods in this region have also been
applied for imaging magnetic components in complex
integrated materials and devices.18−21 While far-IR absorption
spectroscopic studies have been reported on several AFM

Received: April 16, 2012
Revised: July 4, 2012
Published: July 9, 2012

Article

pubs.acs.org/JPCC

This article not subject to U.S. Copyright.
Published 2012 by the American Chemical
Society

16161 dx.doi.org/10.1021/jp3036567 | J. Phys. Chem. C 2012, 116, 16161−16166

D
ow

nl
oa

de
d 

by
 B

O
U

L
D

E
R

 L
A

B
O

R
A

T
O

R
IE

S 
L

B
R

Y
 o

n 
A

ug
us

t 2
5,

 2
01

5 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

ul
y 

20
, 2

01
2 

| d
oi

: 1
0.

10
21

/jp
30

36
56

7

pubs.acs.org/JPCC


materials,19,20 to our knowledge, no optical characterization of
the position and line width of the AFM transition in hematite
has been reported. The absence of such measurements is partly
due to the strong optical interference associated with high
refractive index materials, as well as the lack of a broadly
tunable frequency-stabilized light source in the terahertz
region.19,22 Unlike the electronic or phonon-assisted pro-
cesses,23,24 the relaxation time scale for magnetic excitations in
most crystalline materials is relatively long, resulting in narrow
line widths (a few gigahertz). Therefore, a high-resolution
terahertz source scanning at a very small frequency step (≤10
MHz) is required to minimize the impact of the strong
interference effects and to accurately capture the peak positions
and the detailed line shapes. In addition, within a temperature
range relevant to most technical applications, 150−325 K, the
rapid frequency shift of the AFM transition frequency with
temperature that occurs near the AFM to WF phase transition
makes the optical characterization of the magnetic excitation
difficult.
As coherent light sources become increasingly available in the

terahertz region, there has been a renewed interest to
investigate and to monitor spin transitions in AFM materials,
using optical methods in the terahertz region for applications in
nondestructive examination (NDE). In this paper, we report
the high-resolution spectroscopic characterization of the AFM
transition for hematite as a function of temperature between 1.5
and 10 cm−1 (49−330 GHz). Since the typical resolution for
most pulsed terahertz systems is limited to a few gigahertz by
the travel length of the delay line, a continuous wave (CW)
terahertz platform is used to achieve the spectral resolution
(≤10 MHz) required to capture the AFM transitions. The
variations of the detected terahertz power from the optical
interference patterns produced by the Fresnel reflections from
the samples are quite extreme in this spectral region. The
impact of these variations on the absorption spectra was
minimized by normalizing the sample spectra against those
taken at different temperatures without repositioning the
sample.

■ EXPERIMENTAL METHODS

Several slices of hematite crystal mined in the Minas Gerais
region of Brazil were used in this experiment. The samples were

cut along the (012) plane to capture both the transitions
originating from spins aligned along the c-axis (low-temperature
AFM phase) and along the basal plane (high-temperature WF
phase), and the samples were characterized using X-ray
diffraction method. To qualitatively understand the effects of
the internal strain and defect concentration on the observed
AFM transition, the samples were annealed at 1300 °C for 24 h
to relax the lattice and to reduce the number of defects.
The hematite samples were examined between 1.5 and 10

cm−1 for temperatures from 5 to 325 K using an experimental
scheme similar to that previously reported25,26 but with
significant improvements in the frequency control of the lasers
used to generate terahertz radiation. The detailed experimental
scheme is shown in Figure 1.
The CW terahertz excitation energy was generated using an

ErAs/GaAs photomixer.27 The output from a fixed frequency
single-mode ring laser near 11 880 cm−1 is combined with the
output from a tunable external cavity single-mode diode laser
with a free-running line width <500 kHz and focused onto the
photomixer, driving the antenna structure at the difference
frequency. The resulting terahertz radiation is first collimated
by a Si lens and then focused by off-axis parabolic mirrors onto
the sample. The sample assembly, fixed to the coldfinger of a
liquid nitrogen/liquid helium (LHe)-cooled cryostat in a
sample chamber under vacuum, is placed in the terahertz
beam, and the transmitted power is detected by a LHe-cooled
bolometer using a 480 Hz amplitude modulation method.
Most sample scans were performed from 1.5 to 10 cm−1. The

precise frequency control of the lasers and the resulting
sensitivity achieved are illustrated in Figure 2, where three
overlapping transmission spectra are shown for consecutive
scans taken 1 h apart. In many instances, the peak-to-trough
signal variations are 90% of the peak power with rates of change
in excess of 50 MHz/V. With such strong variations, the
repeatabilty of the scans is essential to ensure good signal-to-
noise ratios as exemplified at the top by the near-unity ratios of
the three scans. To achieve this, the ring laser is actively locked
to a HeNe laser stabilized transfer cavity as discussed
elsewhere.28−30 The frequency scan control system of the
diode laser is more complex, since the scan range of 10 cm−1

well exceeds the fine-tuning range of the piezoelectric
transducer (PZT) (δν ≈ 2 cm−1), requiring periodic grating

Figure 1. Experimental schematic of the CW high-resolution terahertz spectrometer.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp3036567 | J. Phys. Chem. C 2012, 116, 16161−1616616162

D
ow

nl
oa

de
d 

by
 B

O
U

L
D

E
R

 L
A

B
O

R
A

T
O

R
IE

S 
L

B
R

Y
 o

n 
A

ug
us

t 2
5,

 2
01

5 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

ul
y 

20
, 2

01
2 

| d
oi

: 1
0.

10
21

/jp
30

36
56

7



angle adjustments for each segment of the computer-controlled
PZT scan. A fast wavemeter with a relative accuracy of ±0.0003
cm−1 was used in the interface to ensure the contiguous
alignment of the PZT scans over the full scan range of the
diode laser (up to 200 cm−1). Data were recorded at the update
rate of the wavemeter (130 Hz) and at a step resolution of 9−
15 MHz. For the corresponding power variations, the rate of
data acquisition was within a few time constants of the
bolometer’s 3 dB bandpass (450 Hz). For normalization
purposes, a voltage proportional to the photomixer current is
recorded simultaneously with the detected terahertz signal.
After linearization, the scan accuracy was more than adequate
to capture the position and line width (≈ 0.06 cm−1 on
average) of the AFM transition.

■ RESULTS
For high refractive index materials like transition metal oxides,
the acquisition of reliable absorption spectra can be challenging
even with well-stabilized lasers. To illustrate this point, Figure 3
shows a comparison of the absorption spectra processed using
different normalization schemes for a hematite sample at 175 K.
Using a conventional approach, the transmission spectrum was
normalized to the power transmitted with the sample removed
(blue). In this case, a strong oscillatory background is obtained,
which can be modestly improved by subtracting a sinusoidal
background (red) with period characteristic of the optical
thickness of the sample. A better approach to normalization is
made possible in hematite because of the large frequency shift
of the AFM transition with temperature throughout most of the
temperature range examined from 150 to 325 K. Normalizing
the transmission spectra against those taken at a slightly
different temperature (black/top trace) minimizes changes in
the standing wave interference patterns because of the very
minor scan-to-scan differences in the sample position and
dimensions. As a result, the positions and line widths of the
AFM transition in the absorption spectra are nearly devoid of
standing-wave artifacts. As shown in Figure 3, a clear absorption
feature associated with the 175 K spectrum is measured at 6.31
cm−1, while the absorption feature associated with the 200 K
spectrum used for normalization shows up as a well-separated
negative going absorption feature at 5.75 cm−1.

As the optical excitation energy is scanned between 1.5 and
10 cm−1, the electromagnetic wave corresponding to the AFM
resonance angular frequency is absorbed, which leads to the
excitation of the low-energy AFM magnon at the zone center
via a magnetic dipole transition. The absorption features
obtained could be fit to a single Lorentzian function with a line
width in the range between 0.03 and 0.08 cm−1. With increasing
temperature, the corresponding AFM transition changes in
both the position and line width. In this report, we report on
the shift in the position of the AFM magnon, while the origin of
the observed line width changes will be discussed in a
subsequent report.
Figure 4 shows the energies of the observed magnon

frequency as a function of temperature, where each spectrum is
normalized to a spectrum taken at a slightly different
temperature. In each case, the temperature differential is
sufficient to offset the AFM transitions from one another. The
TM for the hematite samples is estimated to be 258 ± 0.5 K,
where the lowest frequency magnon, measured at the Morin
transition, was 2.88 cm−1. We note that the magnon frequency
does not go to zero at TM.

■ DISCUSSION
As mentioned in the Introduction, the Morin transition is a
magnetic phase transition arising from the competition between
the different interactions in the hematite system. Specifically,
the most important competing interactions include the local
ionic anisotropy arising from spin−orbit coupling and the long-
range dipolar anisotropy.13 These interactions can have similar
magnitudes and opposite signs, and their magnitudes can have
different temperature dependencies. Within the context of these
competing interactions, the observed temperature dependence
of the magnon frequency in a temperature range near TM is
better understood within the framework of a previously
reported spin wave model.31 In a simplified model, where we
assume the unit cell consists of a two body-centered sublattices,

Figure 2. Three overlapping transmission spectra of the empty sample
chamber obtained from 1.5 to 20 cm−1 (bottom black traces) to
illustrate the rapid variation of the transmitted power with increasing
frequency as a result of the standing wave interference across the
region. Two independent ratios of the three transmission spectra (blue
and pink) are shown at the top to illustrate the repeatability of the
scans.

Figure 3. Same absorption spectrum of a 1 mm hematite sample taken
at 175 K, but processed using different normalization schemes. The
bottom (blue) trace shows the spectrum normalized to a empty
sample cell under vacuum, where the standing-wave interference from
the sample results in an oscillatory baseline. This baseline variations
can be partially reduced by subtracting an artificially generated
sinusoidal function, as shown in the middle (red) trace. The top
(black) trace shows the same spectrum normalized to another
spectrum taken at the same spot at 200 K, soon after the 175 K
spectrum was obtained. Note that the baseline for each of the three
traces corresponds to zero absorbance.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp3036567 | J. Phys. Chem. C 2012, 116, 16161−1616616163

D
ow

nl
oa

de
d 

by
 B

O
U

L
D

E
R

 L
A

B
O

R
A

T
O

R
IE

S 
L

B
R

Y
 o

n 
A

ug
us

t 2
5,

 2
01

5 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

ul
y 

20
, 2

01
2 

| d
oi

: 1
0.

10
21

/jp
30

36
56

7



the different energetics within the magnetic system are
described by the following model Hamiltonian

∑ ∑ ∑ ∑

∑

≈ · − + −

− ×

H J S S B S S A S S

D S S

2 [ ]

( )

j m
j m

j
jz

m
mz

j m
jz mz

j m
j m z

,

2 2

,

, (1)

Sj and Sm are the vector spin operators associated with the jth
and the mth atoms of the crystal, and the ∑⟨j,m⟩ terms are
extended over all nearest neighbor pairs. The first term on the
right-hand side is the Heisenberg exchange interaction, which
drives the spin alignment in a magnetic system. Here, the
fluctuation between neighboring spins is characterized by the
angle between the two spins. In the lowest energy
configuration, the spins are aligned with each other. Assuming
the exchange integral to be positive, J > 0, the jth and the mth
spins are coupled antiferromagnetically. The second term in eq
1 denotes the one-ion, crystal-field type uniaxial anisotropy
energy, and the interaction favors spin alignment along the ±z-
axis. The third term describes the dipolar type interactions
associated with the precessing spins and tends to favor
alignment in the xy-plane. The last term describes the
Dzyloshinsky−Moriya (DM) interaction,12 which is similar to
the dipolar-type interaction except that the latter term tends to
favor an orthogonal orientation of spins in the xy-plane. In
addition to the typical magnetic interactions in antiferromag-
netic systems described in eq 1, the spin wave model31 also
includes a contribution from a higher order crystalline
anisotropy energy of the form

∑ ∑− +C S S[ ]
j

jz
m

mz
4 4

(2)

While the temperature dependence measurements of the
magnetic excitation provides a measure of the changing
contributions of competing terms in the Hamiltonian, the
limited amount of experimental information obtained in the
present experiment is not sufficient to separately identify the
contributions from the individual terms shown in eq 1.

Therefore, as derived in the original work, the quantized
collective magnetic excitation, magnons, and their temperature
dependence are captured by functions given below that
describe the magnon frequency dependence on temperature.
Even though most of the magnetic interactions terms were
combined into simplified empirical parameters in this
formulation, it is possible to obtain insight into the effect of
the higher order crystalline anisotropy term when comparing
different samples of hematite and the temperature dependence
of their magnon frequencies.
In the low-temperature phase, the model predicts a magnon

temperature dependence that is strongly modified by the
inclusion of the higher order crystalline anisotropy effects,
whereas the magnon energy at temperatures higher than TM is
not strongly affected by the higher order anisotropy energy.
Below TM, the magnon energy can be written in an

approximate form of

ω ωℏ ≈ ℏ − ′T T T( ) (0)[1 ( / ) ]L0 L0 L
4 1/2

(3)

where TL′ ≈ TM(1 + δ). TL′ corresponds to the critical
temperature where the magnon frequency vanishes at zone
center at the phase transition.31 In this form, the δ term
summarizes a number of different anisotropy interactions in the
system, and the effects of high-order crystalline anisotropy
strongly affect both ℏωL0(0) and δ. Assuming that ℏωL0(0) ≃
ℏωL0(5 K), the data are well fit to eq 3, where the effects of the
higher order anisotropy are mostly captured by the δ term.
In contrast, the magnon frequency at temperatures higher

than TM is not strongly affected by the higher order crystalline
anisotropy energy. Thus, the magnon spectra collected from
both the annealed and the unannealed hematite samples could
be fit to a slightly altered form of eq 3, written approximately as
ℏωH0(T) ≃ A[−1 + (T/(TM(1 + Δ)))4]1/2.31 Empirically, A
and Δ are fit to 4.09(1) and 0.46(3), and the fit is shown in
Figure 4. We further note that the A and Δ are simplified
physical parameters obtained from the spin wave model.31 As a
result of the absence of the influence from the high-order
anisotropy energy, the parameters cannot be correlated to the
physical parameters shown in eq 3, despite the similar forms of
the two equations.
In the low-temperature phase, even though the geometric

structural information of the crystal could not be derived from
the temperature dependence of the magnon spectra, the
magnitude of δ gives qualitative assessments of the changes in
the higher order anisotropy of the materials without going into
detailed magnetic measurements. This is illustrated by
comparing hematite samples cut from the same specimen
undergoing different annealing treatments. For several slices of
naturally occurring hematite crystal used in this study, the fitted
value of δ is consistently found to be 0.043(1). When another
slice of the same crystal was annealed to relax the lattice and to
reduce defects, the inflection of the fitted curve was slightly
shifted in the low-temperature branch, as shown by red circles
in Figure 4. Even though the position of ℏωL0(0) does not
change significantly, δ is found to be 0.028(2), as shown by
blue squares (fit not shown), suggesting slight alterations in
higher order crystalline anisotropy as a result of the annealing
treatment. (The uncertainties of the fitted parameter reported
herein are type A, or 1 standard deviation.) In contrast, the
temperature dependence of the magnon frequency for T > TM
does not appear to depend on the processing condition. Since
the model predicts that the magnon energy at temperatures
higher than TM is not strongly affected by the inclusion of the

Figure 4. Temperature dependence of the AFM transition for the
same piece of naturally occurring hematite with different annealing
conditions. The data points for each sample were fitted to a spin-wave
model,31 but only the fit for the unannealed hematite crystal is shown.
The cross through each of the hollow data point denotes the
uncertainty of the measurement. The uncertainty expressed in
temperature dimension is type B, with coverage factor k = 1 (1
standard deviation32). The uncertainty expressed in the frequency
dimension is type A, with coverage factor k = 1 (1 standard
deviation32).
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higher order anisotropy energy, our observations corresponds
very well to the predictions of the spin wave model.
Experimentally, there has been several optical absorption

studies on hematite,33−36 but most optical studies to date have
been focused on the spectral region between the UV and near-
IR. The temperature dependence of the magnetic transitions in
hematite has never been probed optically in the terahertz
region. Even though the temperature dependence of magnon
frequency in the lower temperature branch of hematite (T <
TM) has been studied before, the high-temperature branch (T >
TM) has never been measured. Overall, the optical measure-
ments carried out here using a high-resolution terahertz
platform provide an alternative method to neutron scattering37

and magnetic measurements38 to obtain insight into the effects
of temperature on the magnetic behavior of a weak ferromagnet
like hematite near a magnetic phase transition. This, in turn,
provides a semiquantitative measure of the changing con-
tributions of the competing terms in the Hamiltonian, even
though the magnitude of the contribution from the individual
terms could not be separately identified. The high spectral
resolution data presented in this report may also provide
semiquantitative means to validate some of the physical
parameters derived from first-principles descriptions and
methods related to ferromagnetism in antiferromagnets that
have been under development.39,40 However, a comprehensive
comparison between the experimental findings and the different
computational models available is beyond the scope of this
paper.

■ SUMMARY

In summary, we have conducted a series of high-resolution
terahertz optical measurements of the temperature dependence
of the AFM magnon transitions in hematite over a wide and
technologically relevant temperature range, covering both the
AFM phase below TM and the WF phase above TM. The
temperature dependence of the magnon spectra was found to
fit well with a previous developed spin wave model for
hematite. A detailed comparison between the models and our
data also suggests that it is possible to qualitatively assess the
effect of the temperature processing condition on the magnetic
interaction of the materials by a noninvasive optical means.
Such information is otherwise difficult to obtain without
performing detailed magnetic field dependent measurements.
The data provides a semiquantitative measure of the changing
contributions of the competing terms in the Hamiltonian. The
results presented in this report may be used to provide a
semiquantitative means to validate some of the physical
parameters derived from ab initio computations. Overall, the
high-resolution optical measurements as demonstrated in this
study allow for the analysis of the optically excited AFM
magnon, suggesting the state-resolved terahertz measurement
platform could be extended for NDE applications for many
AFM materials and devices whose AFM transition falls into this
experimentally challenging spectral region. Furthermore, new
solid state instrumentation operating with much higher power
levels and scan speeds is now available in the submillimeter to
terahertz regions,41 which will make NDE applications utilizing
instrumentations in the terahertz spectral region more widely
available for practical applications. We will report in a separate
publication the use of this instrumentation to achieve much
higher sensitivity for detection of the AFM transitions
presented herein for hematite. We expect the portability and

robust nature of this instrumentation will spur the commercial
development of a new NDE platform.
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