
ORIGINAL PAPER

Using Terahertz Waves to Identify the Presence
of Goethite via Antiferromagnetic Resonance

S. G. Chou1 • P. E. Stutzman2 • V. Provenzano3 •

R. D. McMichael4 • J. Surek5 • S. Wang6 •

D. F. Plusquellic7 • E. J. Garboczi8

Received: 15 December 2016 / Published online: 24 April 2017

� Springer-Verlag Wien (outside the USA) 2017

Abstract Virtually every corrosion detection method reports only the presence of a

material phase that denotes probable corrosion, not its spectral signature. A sig-

nature specific to the type of iron oxide corrosion product would not only confirm

the presence of corrosion but also provide insight into the environment of its for-

mation. To identify the unique spectral signature of a commonly occurring corro-

sion product, goethite (a-FeOOH), we performed high-resolution terahertz (THz)

absorption loss measurements on a polycrystalline mineral sample of goethite,

scanning from 0.045 to 1.5 THz. We report two distinct temperature-dependent

absorption peaks that extend from 4.2 to 425 K. By combining X-ray diffraction and
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magnetic characterization on this large crystallite-sized goethite sample, we derived

a Neél transition temperature of 435 K, below which the sample is antiferromag-

netic. We interpret these absorption peaks as magnon transitions of the antiferro-

magnetic resonances, allowing precise identification of goethite, a common iron

corrosion product and geological mineral, via two terahertz absorption peaks over

this temperature range. This measurement technique has the potential for detecting

iron-bearing oxides originating from corrosion occurring underneath layers of

polymeric products and other protective coatings that can be easily penetrated by

electromagnetic waves with frequencies on the order of 1 THz. Furthermore, the

combined X-ray and magnetic characterization of this sample, which had a large

crystallite size, also improved the previously established relationship between the

Néel transition temperature and the inverse mean crystallite dimension in the [111]

direction. Our results provide end-case peaks which, compared with goethite

samples of smaller crystallite size and purity, will enable the extension of this non-

destructive evaluation technique to real corrosion applications.

1 Introduction

Goethite (a-FeOOH) is one of the most prevalent iron oxide minerals on the Earth’s

surface [1–3]. It is also grown for industrial purposes as acicular submicrometer

particles [1]. Goethite is one of the most abundant constituents in corrosion products

of steel formed in humid environments [4, 5] and can absorb metals such as gallium,

nickel, and arsenic [6]. Goethite is antiferromagnetic, with Fe3?-centered spins that

anti-pair through oxygen and hydroxyl ligands by superexchange. This antiferro-

magnetic pairing of spins up to a Néel transition temperature (TN) around 400 K has

been clearly established for goethite crystals by inelastic neutron scattering [6–9].

The use of THz electromagnetic radiation to detect absorptions associated with

the antiferromagnetic structure of goethite and, in our previous work, hematite [10]

was motivated by a desire to go beyond the U.S. national need for early detection of

iron corrosion [11–14] via non-destructive evaluation (NDE) and move toward

specific identification of these common iron corrosion species with a technique able

to penetrate concrete, polymer, and other protective coatings [15]. The antiferro-

magnetic (AFM) absorption that we observed in hematite is near 100 GHz [10] in

the temperature range just below water freezing, making it suitable for detecting

hematite corrosion products of reinforcing steel under *50 mm thickness of cover

concrete in a cold winter [16]. The goethite absorptions we report here occur at

roughly twice and four times the frequency of our hematite resonances. Because

penetration depth decreases with the frequency of the THz excitation energy, the

current results are more applicable for identifying goethite-based corrosion products

embedded under polymer and polymer composite coatings (e.g., pipe insulation in a

factory). It would be very difficult with today’s technology to detect these waves

through *50 mm of concrete.

As a part of our magnetic characterization, we found the Néel temperature for our

crystal sample to be about 435 K, implying large crystallite size and fewer lattice

imperfections when compared to previous studies. To further establish the
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relationship between crystallite size and Neel transition temperature, we decided to

extend the plot provided in [17] with this additional temperature point.

The essence of this study is our observation of two optical absorption peaks,

whose positions are recorded as a function of temperature in a good quality goethite

polycrystalline mineral sample. The positions of these transitions were recorded for

the goethite crystal in its antiferromagnetic phase with temperature spanning from

4.2 up to 425 K, just below the Néel transition temperature (435 K), excited using a

high-precision terahertz optical source generating excitation energies ranging from

0.045 to 1.5 THz (1.5 and 50 cm-1). We tentatively identify the observed

absorption peaks as one-magnon and two-magnon transitions.

2 Details of Goethite Structure

The overall structure of goethite involves ribbons formed from paired linear chains

of distorted octahedral FeO3(OH)3
6- clusters. Looking down the ribbon axis, the

ribbons share oxygens at four corners, forming a matrix that is roughly 50% open

[1, 18].

Themagnetic ordering of goethite has a fairly complex antiferromagnetic structure.

The axis of antiferromagnetic alignment (c-axis) is nominally orthogonal to the ribbon

axis. Results fromMössbauer spectroscopy on goethite powder suggest four magnetic

sublattices due to two slightly different subsets of the four Fe3? ions populating the

goethite unit cell [8, 9, 19]. Roughly speaking, the spins lay parallel or antiparallel to

the c-axis, but within each?c-directed or-c-directed subset of two spins, the spins tilt

approximately 13� from the c-axis in opposite directions [8].

In some canted antiferromagnets, the canting results in a weak net moment.

Although spin canting has been reported in goethite, inelastic neutron scattering has

found little evidence of uniform spin canting in the anti-aligned spins that would

identify goethite unequivocally as a ‘‘weak ferromagnet’’ [3, 8], as hematite was

found to be [20]. Ozdemir and Dunlop, as well as Hedley, found weak

ferromagnetism only along the antiferromagnetic spin axis [2, 21], suggesting a

spin imbalance along this axis, but no spin canting off this axis. Van Oosterhout

reported large variability in magnetic susceptibility and dehydration temperature as

a function of how he synthesized acicular goethite crystallite samples, and their

brief thermal aging, compared to the stable results that he observed in a goethite

mineral crystal [22]. Since we have tested a comparable goethite mineral crystal, we

expect our observations to be free of such underlying variations. However, such

variability could arise in field conditions, and so is addressed below in Sect. 6: NDE

application.

3 Experimental Methods

Several slices of natural polycrystalline goethite, cut using a diamond saw and then

polished, were used in our study. The composition and the crystallite size of the

goethite crystal were characterized using an X-ray diffraction method. Absorption
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spectra of the goethite sample were obtained between 0.045 and 1.5 THz (1.5 and

50 cm-1) for temperatures between 4.2 and 425 K using an experimental setup

described previously [10]. The frequency of an AFMR transition is known to change

rapidly when temperature is increased close to TN, the magnetic phase transition

from antiferromagnetic to superparamagnetic that is designated the Néel transition

temperature. We use the baseline sections of spectra obtained at different

temperatures to normalize the regions where absorption occurs, as in the previous

hematite study [10]. Since this method does not require sample repositioning

relative to the THz beam to normalize to the instrument power in the absence of

absorption, this approach significantly reduces the baseline variations that result

from standing wave interference patterns that are especially prevalent with high-

index materials such as goethite [23].

Broadly tunable continuous-wave (CW) THz radiation was generated using an

ErAs-GaAs photomixer [24]. This photomixer mixes the output from a fixed-

frequency single-mode ring laser, operating near 356.4 THz (11,880 cm-1), with

the tunable output from a single-mode diode laser. Each of the two lasers has a line

width less than 1 MHz and is focused onto the photomixer, driving the antenna

structure at the difference frequency. The resulting THz radiation is first collimated

by a Si lens and then focused by two off-axis parabolic mirrors (OAPs) onto the

sample. The sample assembly is fixed to the cold finger of a liquid nitrogen/liquid

helium-cooled cryostat located in the sample chamber. The transmitted power is

focused onto a liquid helium-cooled bolometer using two OAPs and detected using

a 480 Hz amplitude modulation method.

A superconducting quantum interference device [25] (SQUID) magnetometer

was used to measure the Néel temperature (TN) of the goethite crystal. The sample

was loaded into a screw-sealed polytrifluorochloroethylene (PCTFE) sample holder

for the magnetic measurements.

4 Results and Analysis

4.1 THz Spectra

As the optical excitation frequency was scanned between 0.045 and 1.5 THz (1.5

and 50 cm-1), we observed two absorption peaks for our polycrystalline goethite

sample across a temperature range covering its antiferromagnetic state. An example

of the absorption data up to 33 cm-1 (1 THz) is shown in Fig. 1. As discussed

above, the data are processed as a ratio in transmission at two different temperatures

to minimize standing wave interference effects. This method results in both positive

and negative going absorption peaks as illustrated in Fig. 1. Since the sample was

large with respect to the average crystallite size (see Sect. 4.2), so that there were

many crystallites randomly oriented, we expect that there would be no effect of

polarization of the exciting wave on the results. With the sample held at 4.2 K, we

observed absorptions at 0.57 THz (19 cm-1) and 1.14 THz (38 cm-1). These peaks

were much broader than the hematite peaks that we observed earlier [1]. Each

absorption was fit to a Lorentzian function to obtain the center frequencies as
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measurements were stepped across the range in temperature from 4.2 to 425 K. The

resulting temperature dependence of the two center frequencies are shown in Fig. 2.

There is a slight kink in the plot for the second peak that ranges from 240 to 320 K

as shown in Fig. 2 and we discuss the possible origin of this kink in Sect. 5.

4.2 Crystallite Size Dependence of TN

The Néel transition temperature, TN, is known to vary with the crystallite size in

polycrystalline samples. A linear relationship between TN and inverse crystallite

dimension, d, has been observed [17]: TN & b d-1, with a constant of proportion-

ality b = -1060 ± 130 K nm. So the value of TN may prove useful as a technique

to detect corrosion granularity at temperatures between *300 and 425 K. Since we

had a large and uniform polycrystal, we were able to add a maximal Néel transition

temperature point to the plot presented in [17], and repeated this plot as Fig. 3. This

reduction in TN as particle size dwindles is attributed to the accentuated influence of

surface states, including vacancies and defects, over bulk magnetics. The sample

characterized in this present study had a mean crystallite size of 176 ± 20 nm as

determined from profile fitting of the X-ray [111] diffraction peak and using a

portion of the same polycrystalline sample that was used for the optical absorption

measurements. Our measured value of TN was 435 ± 1 K, which is close to the

maximum Néel transition temperature recorded for a synthetic goethite sample of

440 K [22]. In Fig. 3, we revised the linear regression fit to include this maximal TN
point. From the extrapolation of our new linear fit, the TN for bulk goethite with

infinitely large crystallite size is estimated to be 417 ± 7 K and the constant of

proportionality, b, is determined to be -1376 ± 168 K nm. The fact that 417 K is

4% less than the measured value of 435 K is another indication of the uncertainty in

the fitted slope. However, the extrapolated infinitely large crystallite size value of
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315 K shown relative to the
absorption data taken at 300 K.
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transmission spectra at these two
temperatures. The shift of the
two AFM resonances at the two
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to the derivative like signals.
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TN for the new relation is closer to the measured value, 435 K, than the old linear

extrapolation [17] of TN = 400 K in this limit (see Fig. 3), or 8% below our

measured value.
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Fig. 2 Temperature dependence of the goethite AFMR transition measured using the THz spectrometer.
The data point at TN was obtained using a SQUID magnetometer. The uncertainty bars for the data were
approximately the size of the data points, so are not shown. The uncertainty expressed in temperature
dimension is type B, with coverage factor k = 1 (or 1 standard deviation [33]). The uncertainty expressed
in the frequency dimension is type A, with coverage factor k = 1 (or 1 standard deviation [33])
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5 Discussion

The octahedral iron cluster, (FeO6)
9-, has formed the basis for ferrite technical

materials [26], and AFMR results recorded for such materials are comparable to our

absorptions found here and for hematite [10]. Modern approaches are just beginning

to reveal the complex anisotropy and symmetry of goethite magnetism at the unit

cell level that relate to its magnon absorptions [27]. We have found two such

resonant absorption peaks for this four magnetic sublattice structure.

We find that the lower resonance frequency compares favorably with reported

spin-flop fields for goethite. In a simple two-sublattice model, the spin-flop

transition fields BSF and the antiferromagnetic resonance frequencies fAFMR are

related by fAFMR = cBSF, where c is the gyromagnetic ratio, approximately 28 GHz/

T. The reported goethite spin-flop field of 20 Tesla (T) [8], translates to an AFMR

frequency at 560 GHz, which compares well with our current result of 570 GHz at

low temperature. Spin flop results clearly support the hypothesis that the lower

frequency absorption is a single-magnon absorption. Similarly, the spin-flop field

for crystal hematite 6.78 T [28] conservatively estimated a low-temperature AFMR

of 190 GHz versus our previous result of 210 GHz.

We tentatively identify the upper resonance as a two-magnon absorption,

although there are problems with this identification as we will note below. Two-

magnon absorption involves electric dipole excitation of counter-propagating

magnon pairs [29]. While the mechanism is effective for all wavevectors, the

magnon density of states typically peaks at the Brillouin zone edge and other high

symmetry points of the Brillouin zone, yielding broad two-magnon peaks that often

have greater integrated intensity than the single-magnon peak. Our average line

width (full width at half maximum) of absorptions in the low-frequency peak is

approximately 26 GHz (0.86 cm-1) and that of the high-frequency series is

approximately 111 GHz (3.7 cm-1). The integrated intensity for these upper peaks

is roughly four times larger than the lower. The comparatively large integrated

intensity and line width support two-magnon absorption for the upper peak.

A problem with the two-magnon identification stems from the fact that our upper

resonance frequency is slightly less than a factor of two above the lower resonance

frequency at higher temperature ([120 K), as accentuated in Fig. 4. According to

two-magnon theory, the frequency of the two-magnon peak is twice the frequency

of the zone edge magnons, so if we interpret the two peaks as one magnon (zone-

center) and two-magnon (2 9 zone edge) peaks, the peak frequencies imply that the

zone edge magnon is actually at a slightly lower frequency than the zone-center

magnon. Such a result is not expected for a simple Heisenberg antiferromagnet. In

the low-temperature range (\100 K), the frequency of the higher energy peak is

exactly twice of the lower frequency zone-center magnon. This observation is

potentially consistent with an alternative scenario that two zone-center magnons are

being absorbed simultaneously. However, additional theoretical work will be

needed to more systematically understand the absorption cross section associated

with the different mechanisms contributing to the observed multi-magnon

transitions.
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In addition, we also note that a similar result has been reported from a low-

temperature, far-infrared study on cobalt carbonate (CoCO3, TN & 18.1 K). A

lower frequency absorption line at 1.03 THz (34.6 cm-1) was identified as single

magnon and one at 1.64 THz (54.7 cm-1) as two magnon [30]. The latter was

identified based on its much longer tail above TN that is indicative of two-magnon

absorption [29]. This absorption was also several times broader and had the

asymmetrical shape that is characteristic of zone edge absorption.

To this point, we have interpreted the spectra by comparison to antiferromagnet

models involving two sublattices, and we now hypothesize how the four-sublattice

magnetic structure of goethite [8, 9] may play a significant role. For resonances at

the zone center, each uniformly precessing sublattice of spins may be represented by

a single spin. In general, a four-spin system will have more resonances than a two-

spin system, and it is plausible that moving from a two-sublattice system to a four-

sublattice system may produce splitting of the one-magnon peak.

The kink between 240 and 320 K in the upper frequency peak of Fig. 2 may be

the result of a partial magnetic structural rearrangement. Results from differential

scanning calorimetry on five different goethite mineral crystals do show a small

endothermic peak indicative of a partial structural rearrangement in going from 240

to 320 K [31].

6 NDE Application

In applying these results and further developing this experimental technique as an

NDE method, detecting the one-magnon antiferromagnetic transition usually means

just seeing the amplitude of the peak above any noise. Since, very roughly speaking,

the integrated intensity of a peak is proportional to the amplitude times the line
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Fig. 4 Difference between twice the frequency of Peak 1 and the frequency of Peak 2, plotted as a
function of temperature. The uncertainty bars for the data were approximately the size of the data points,
so are not shown
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width, this means that the peak amplitudes of the upper peak series are about the

same as that of the lower frequency peak. Therefore, in the absence of significant

baseline variations, both resonances should be about equally detectable and could

both serve as an NDE indication of the presence of goethite corrosion.

The proposed NDE method would use the method of ratioing at different

temperatures, which implies a need to be able to control the temperature of the

system being analyzed. The frequency at which the AFM transition would be

observed depends on the relation of the ambient temperature to the Néel

temperature, which can vary with crystallite size. The empirical relation given in

this paper, based on new data from this paper and on previous work, would help

with this analysis. In general, we would expect that in detecting goethite corrosion

in cases where the crystallite size was smaller, the results of Fig. 2 would simply

rescale to accommodate a smaller value of TN. However, the peaks shown in Fig. 1

would probably broaden and be noisier and, therefore, be somewhat harder to

identify. In reference to this, we previously applied the same measurement

technique to a steel plate in reflection mode at room temperature that was covered

with thin film of rust [32]. The rust was formed in an open outdoor environment so

the composition of the rust was most likely goethite. Broad but strong peaks with

98% fraction absorption were clearly seen having peak centers nicely corresponding

to those observed here at room temperature. This suggests the field detection of

surface corrosion using AFMR of goethite may indeed be practical.

The frequencies presented in Fig. 2 limit the application of Terahertz waves to

identify goethite corrosion through significant thicknesses of materials such as

concrete, which has high attenuation. Furthermore, the high- and low-frequency

linewidths overlap and coalesce as temperature is increased to TN, so field

measurements should be made below this temperature. One application might be to

detecting corrosion under insulation in pipe systems in factories. Cold pipes should

present no problem, but any goethite corrosion on a pipe that is at a temperature

over or around 400 K (e.g., a high-pressure steam pipe) would not be detectable by

this method, since the goethite is not antiferromagnetic above the Néel temperature.

7 Summary

We report high-resolution optical absorption measurements between 0.045 and 1.5

THz (1.5 and 50 cm-1) in antiferromagnetic goethite (FeOOH), observing two

peaks that we tentatively identify as one-magnon and two-magnon transitions.

These are measured over a range of temperatures from 4.2 to 425 K, using a method

of spectral ratioing between two nearby temperatures. These resonances in the THz

region make possible a method for the early detection of goethite formation on iron

covered with polymeric or other protective coatings (e.g., pipe insulation) since

these latter materials are largely transparent in the THz region. We have also

extended the crystallite size dependence of the Néel temperature for goethite, which

may be of use for employing these results as a field NDE method.
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