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Abstract. We demonstrate how the interpretation of high-resolution far-infrared reflectivity
and ATR spectra allows the mapping out of experimentally determined dispersion curves for
the antiferromagnet FeF2. The dispersion curves clearly summarize the relationship between
frequency and wave vector of magnetic polaritons, and show the position of the bulk and
surface modes and surface resonances in zero, low and relatively strong applied fields. Surface
resonances which exist only in the presence of damping are identified. In addition we show
how far-infrared measurements can provide independent measurements of material parameters
such as the exchange and anisotropy fields and the sublattice magnetization.

1. Introduction

The study of magnetic excitations has proved to be a key tool in the understanding of the
properties of layered, metallic ferromagnetic-based structures. Fundamental properties of the
structure including interfacial exchange and anisotropies have been obtained largely through
Brillouin light scattering experiments [1–3], which is the appropriate tool for measuring spin
waves with frequencies in the 10–40 GHz range.

Magnetic spin waves in antiferromagnets, in contrast, have frequencies which usually
lie in the range of 100 GHz to 2 THz. Inelastic neutron scattering experiments [4] are
often used to provide information about the magnetic spin waves, but such experiments
generally do not provide information about surface excitations. The natural tool therefore for
studying excitations in this frequency range is far-infrared spectroscopy [5]. There are many
far-infrared studies of phonon–polaritons and plasmon–polaritons reported in the literature
[6, 7]. Such works have given detailed information on the properties of semiconductor
superlattices, including effective masses of charge carriers and surface charge densities [8].

There are two major differences between the properties of phonon– and plasmon–
polaritons and the magnetic polaritons that we will discuss in this paper. First, the
non-magnetic excitations have features which are fairly broad in frequency—for example,
reststrahl bands may extend over 20 cm−1. The reststrahl bands in antiferromagnets are
significantly narrower, of the order of 0.4 cm−1 in width. Since the surface waves are to
be found in the reststrahl bands, this requires a system with very high frequency resolution.
Secondly, the magnetic excitations have a key signature of non-reciprocity [9] not present
in other systems. Here reversing the direction of propagation (or equivalently reversing
the applied field) produces dramatic changes in the reflectivity or in the attenuated total
reflection (ATR) signal. This is generally associated with a non-reciprocity of the magnetic
surface polariton itself.
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Earlier experimental studies of magnetic polaritons were carried out by using a laser
operating at a single frequency [10, 11]. The magnetic excitation to be observed is then
measured by changing the external magnetic field which shifts the magnetic excitation
through the laser frequency. The laser brings the immediate advantage of the high resolution
necessary to see the narrow magnetic excitations, but also has the obvious disadvantage that
information at only one frequency is obtained.

Recently, a series of experiments studying magnetic polaritons [12–14] on FeF2 with a
high-resolution Fourier transform spectrometer operating in the far infrared [12, 13] have
been reported. The initial work concentrated on oblique-angle reflectivity measurements,
while the most recent ATR techniques led to the first observation of a magnetic surface
polariton on an antiferromagnet [14].

The work presented here significantly extends the earlier experimental studies and this
paper gives a thorough account of the results presented recently as a brief report [15]. Using
a combination of ATR and reflectivity we map out complete dispersion curves for both bulk
and surface polaritons. In particular we are able to show that the group velocity for surface
polaritons in the presence of an external magnetic field is strongly non-reciprocal, thus
confirming theoretical predictions made over a decade ago. In addition, and in contrast
to earlier work, we show how values for the individual fields that govern the spin-wave
excitations, the exchange fieldHE and the anisotropy fieldHA, can be individually obtained
from far-infrared measurements alone. Earlier studies required additional measurements of
the transverse magnetic susceptibility [16]. Finally we show that the concept of a surface
resonance, where a surface excitation exists inside a bulk band as a mode with a finite
lifetime, can be used to explain the significant non-reciprocity of the reflectivity seen in the
frequency range where bulk excitations exist.

2. Experimental mapping out of dispersion curves

In this section we experimentally obtain the dispersion relations governing bulk and surface
magnetic polaritons on a uniaxial antiferromagnet. This work demonstrates how high-
resolution spectroscopic measurements probing both bulk modes and surface modes can be
qualitatively and quantitatively explained and all of the observed features identified.

Figure 1. An illustration of the Voigt geometry.

The measurements were obtained using a unique high-resolution Fourier transform
spectrometer operating in the far infrared. The sample, in this case FeF2, is held inside
a liquid helium cryostat between the poles of a 7 T superconducting magnet. We consider
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here the Voigt geometry (figure 1) where radiation incident in thexy-plane strikes the
sample occupying the spacey < 0 with the reflecting surface in thexz-plane. The applied
field is parallel to the sample surface in thez-direction. The results reported here were
obtained with the sample easy axis either parallel or transverse to the applied field. Only
linearly polarized light (s- or p-polarized) is considered. For the reflectivity measurements,
the angle of incidence is limited toθ = ±45◦.

Since the previous reported observation of the magnetic surface polariton using the
technique of ATR [14], the attainable experimental resolution has been increased from
0.06 cm−1 to 0.02 cm−1 to resolve the surface mode from the bulk bands, and the fabrication
of a new Si ATR prism to permit measurements at an angle of 30◦ has virtually overcome
the problem of interference fringes encountered with a 45◦ prism.

Theoretical dispersion curves calculated for antiferromagnets have in a large number
of publications been used to describe and summarize the interactions which take place
between incident electromagnetic radiation and magnetic excitations in the sample [16–20].
The dispersion curves (frequency versus wave vector) are closely related to the experimental
reflection spectra in that each spectrum is in effect the result of probing the dispersion curves
along a specific scan line which is determined by the scattering geometry. In ATR the far-
infrared radiation first strikes a Si prism which is placed∼10–20µm above the surface of
the antiferromagnet. An evanescent wave in the gap below the base of the prism is created
when the angle of incidence,φ, is greater than the critical angle,φc = sin−1(ε

−1/2
p ). This

wave has a wave vector given byk‖ = ±(ω/c)ε1/2
p sinφ, which defines the ATR scan lines

seen later on the dispersion curves. This also defines the reflectivity scan line for which
εp = 1. If the wave vector and frequency of the external radiation match those of the bulk or
surface excitation, coupling is possible and a reduction in the reflectivity is observed. Three
different silicon prisms,εp = 11.56, with angles of incidence of 30◦, 45◦ and 50◦, were
used along with the reflectivity measurements to give fourk vectors at a given frequency.
A reversal of the external magnetic field is equivalent to reversing the sign ofk, thus giving
a total of eight wave vectors at a given frequency.

We wish to produce experimental dispersion curves for various values ofH0 so we
need to be able to identify the origin of the observed features by consideration of the line
shape. The shape of the spectrum depends on the interaction of the external radiation with
the electromagnetic modes of the antiferromagnet. In general one would expect a broad
region in frequency of reduced reflectivity at the frequency of the bulk bands. Any sharp
dips, where the reflectivity drops below the level of the bulk bands, indicate the presence
of surface excitations, i.e. surface modes or surface resonances. The surface resonances
will be discussed in more detail in a later section. In the reststrahl regions the measured
reflectivity rises sharply and in theory in the absence of damping would tend to unity. From
previous publications [17, 18] we expect to see two bulk bands for zero external field, and
with an external field present we expect to see an additional bulk band in the gap between
the upper and lower bands seen forH0 = 0 T.

In figures 2–5 we show representative reflectivity and ATR spectra. These spectra have
been carefully analysed and the results of these and other spectra are plotted against the
theoretical dispersion curves in figure 6. Figures 2 and 3 (top and bottom panels) show
experimental (thin line) and theoretical (thick line) oblique-incidence reflectivity curves for
an applied external field ofH0 = 0 T and±0.3 T respectively. The shape of the spectra
allows identification of the various modes. We consider first the zero-field case. The
spectrum initially shows a nearly flat reduced reflectivity indicative of a broad bulk band
up to about 52 cm−1. The dip just above 52 cm−1 is identifiable as a surface excitation due
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Figure 2. Experimental (thin solid line) and theoretical (thick line) reflectivity spectra of FeF2

measured with zero applied field with the easy axis aligned along thez-axis. T = 1.7 K and
the resolution is 0.02 cm−1.

to the stronger coupling and the much sharper line shape. To compare with the dispersion
curves, traverse up either of the 45◦ reflectivity scan lines, A or A′, in figure 6(a) and the
frequency of the sharp dip is where the scan lines cross the surface feature within the bulk
region. Just past this point the dramatic increase in the reflectivity marks the end of the bulk
band and the beginning of the reststrahl region. Immediately past the reststrahl region the
reduction in the measured reflectivity to a nearly flat region is caused, as expected, by the
broad band of bulk polaritons. This allows us to identify the edge of the bulk band. From the
spectrum there is a clear difference between the surface excitation and the bulk excitations,
and we have clearly identified the sharp dip as a surface feature. The theoretical fit to the
experimental data is calculated using previously published parameters [14]. The parameters
used are the exchange field,HE = 53.3 T, the anisotropy field,HA = 19.7 T, and the
sublattice magnetization,MS = 560 G. The gyromagnetic ratio,γ , has been changed very
slightly from 1.05 cm−1 T−1 to 1.0525 cm−1 T−1 to produce a better fit. The theoretical
calculations include an anisotropicg-factor with g⊥ about 10% smaller thang‖ [16]. This
inclusion was necessary to produce a close match between theory and experiment using the
above parameters. As can be seen, the theory and the experiment are in good agreement.

When a relatively weak field (H0 = ±0.3 T) is applied the spectra are more complic-
ated. This is due to the appearance of the additional bulk band in the reststrahl region
between the upper and lower bulk bands. We expect the reflectivity of the surface modes
for propagation in the+k direction to be different to that for the−k direction, so it is
necessary to probe both sides of the dispersion curves. This, of course, is easily done
simply by reversing the applied field. Reading figure 3 (top and bottom panels) from the
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Figure 3. Experimental (thin line) and theoretical (thick line) reflectivity spectra of FeF2 with
the easy axis aligned along thez-axis. T = 1.7 K and the resolution is 0.02 cm−1; (top panel)
H0 = +0.3 T and (bottom panel)H0 = −0.3 T.

lower-frequency end and comparing this to the reflectivity scan lines A and A′ in figure 6(b)
the first feature identified is a broad bulk region with a nearly flat but low reflectivity. This
is, as expected, observed for both+H0 and−H0 and is where the scan lines pass through
the lower bulk region. The reflectivity at just over 52 cm−1 then changes dramatically for
+H0, but remains virtually the same for−H0. Unlike the−0.3 T spectrum the+0.3 T
spectrum clearly has a much sharper surface dip which on the dispersion curve (figure 6(b))
is where the scan line is seen to cross the surface feature present only on the+k side of the
dispersion curve. The equivalent curve for the−H0 spectrum simply shows a continuation
of the broad bulk region. The end of the lower bulk region and start of the reststrahl region
is marked by the dramatic increase in reflectivity due to the gap between the lower and
middle bulk bands, and the upper edge of the middle bulk band is clear from the rapid
increase in the reflectivity following the bulk interaction. This is in good agreement with
the dispersion curves as the scan lines pass through the bulk bands and the reststrahl regions.
Again near the upper edge of the middle band the spectra are highly non-reciprocal for+H0

and−H0. Just below 53 cm−1 only the spectrum for−H0 shows a sharp dip where the
scan line for−k crosses the surface feature which is only seen on one side of the dispersion
curve. Past the narrow reststrahl region of high reflectivity the reflectivity again drops for
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Figure 4. Experimental (thin line) and theoretical (thick line) ATR spectra of FeF2 measured
with zero applied field.φ = 30◦, T = 1.7 K and the resolution is 0.02 cm−1.

both+H0 and−H0 due to the upper bulk band. Again the theoretical curves calculated
using the above parameters are in complete agreement with the experimental data.

Figure 4 shows the observed ATR measurement in the absence of an applied field. The
angle of incidence is 30◦ and the ATR gap between the prism and the sample is around
17µm. The interpretation of the spectrum is similar to that of the zero-field curve; however,
it is clear that the surface dip is now observed at a slightly higher frequency, in agreement
with the theoretical calculations seen in figure 6(a), scan lines B and B′. Comparison of the
reflectivity and the ATR spectra reveals that the edges of the bulk bands have also shifted
slightly due to the enhanced wave vector introduced by the prism. This is also clearly
visible on the dispersion curve. Again since the dispersion curve (figure 6(a)) is reciprocal
for propagation in the+k and−k directions, the spectrum can be understood with reference
to either of the 30◦ ATR scan lines.

The ATR spectra obtained with an angle of incidence of 30◦ and an applied field of
±0.3 T are shown in figure 5 which can be understood with reference to scan lines B and B′

in figure 6(b). The lower bulk region is identified from the broad reduction in the reflectivity
as before. The level of the measured reflectivity for bulk interactions is different from that
in the reflectivity spectra due to the introduction of the ATR gap which reduces the coupling
to the bulk modes. The edge of the lower bulk band is easily visible forH0 = +0.3 T. Here
the surface mode and the lower bulk modes are clearly resolved and we see an increase in
the reflectivity at around 52 cm−1 due to the gap between the lower bulk region and the
surface mode. Reversing the field brings the surface mode to a lower frequency which is
also clear from the dispersion curve. It is still in the reststrahl region, but due to magnon
damping it is now too close to the lower bulk region to be resolved; however, it is now well
away from the middle bulk band which as a result can be fully resolved. The non-reciprocity
of the two spectra is very striking since following the 30◦ ATR scan lines up in frequency
the positions on the frequency scale at which the scan lines cross the surface features are
very different for propagation in the+k and−k directions. For example, at the surface
mode frequency for+H0 the observed reflectivity differs by about 80% for the spectra
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Figure 5. Experimental (thin line) and theoretical (thick line) ATR spectra of FeF2 with the
easy axis parallel to the applied field.T = 1.7 K and the resolution is 0.02 cm−1; (top panel)
H0 = +0.3 T and (bottom panel)H0 = −0.3 T.

with the applied field in the opposite direction. This is a unique effect in the far infrared.
Comparing the shape of the features obtained using ATR to those in the reflectivity spectra,
it is clear that the sharp dips in the ATR spectra are due to surface features, and they have
also clearly moved to a higher frequency and are no longer within the bulk bands. Such
spectra can of course only be obtained with the enhancement in the wave vector introduced
by the prism. Both ATR spectra show weak interaction at the middle bulk band. For+H0

the bulk band is seen as a shoulder on the rising edge after the surface polariton dip, and
for −H0 the bulk band is seen as a weak, but typical, bulk dip. The non-reciprocity of the
upper bulk band seen in the spectra is attributed to another surface resonance just inside the
upper bulk band forH0 = −0.3 T, and this surface feature only exists on one side of the
dispersion curve. We believe that this is the first observation of the virtual surface mode in
antiferromagnets. Again the theoretical fits are in excellent agreement with experiment. A
similar analysis has been carried out for all measured spectra.

The experimental dispersion curves (figure 6) are plotted with the combined data
extracted from careful interpretation of the results of oblique-incidence reflectivity studies
and the ATR measurements using all three prisms. In addition to the ATR measurements with
a near-optimum ATR gap for coupling to the surface excitations, many of the experiments
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(a)

(b)

Figure 6. Experimental and theoretical dispersion curves for (a)H0 = 0 T, (b)H0 = ±0.3 T and
(c) H0 = ±6 T. The experimental points are marked by the spots and the solid, nearly vertical
lines. Theoretical bulk regions (thin lines) and surface modes (thick lines) are calculated for zero
damping. The surface resonances (very thick lines) are calculated with a damping parameter of
0.05 cm−1. The dotted lines represent the theoretical scan lines. The reflectivity scan lines A
and A′ are for an angle of incidence of 45◦. B, B′ and C, C′ are the ATR scan lines for angles
of incidence of 30◦ and 50◦, respectively. ATR data obtained with an angle of incidence of 45◦
are shown between the 30◦ and 50◦ scan lines. The other parameters are as in figure 2.

were repeated with a minimum gap, thus enhancing the bulk coupling to allow more accurate
measurements of the bulk edges. Dispersion curves for zero applied field, for a weak applied
field (±0.3 T) and for a relatively strong applied field (±6 T) are presented. The thin solid
lines mark the edges of the theoretical bulk continua calculated using the above parameters.
In between the bulk continua, in the reststrahl regions, are the surface modes. For later
reference we also plot the surface resonances, which exist only in the presence of damping.
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(c)

Figure 6. (Continued)

These are represented by the thick solid lines. The detailed derivation of the dispersion
relations is given elsewhere. Each solid spot represents an experimental measurement and
the thick nearly vertical straight lines indicate regions of reduced reflectivity indicative of
bulk modes. The positions of these lines correspond to the scan lines determined by the
scattering geometry. If the edge of a bulk band could not be unambiguously identified,
usually due to the mixing of modes, this is indicated by solid lines which do not end
in an experimental spot. Single spots with no line attached are measurements of surface
modes. The uncertainty of the bulk edges is estimated to be about±0.05 cm−1, and the
uncertainty is less for the sharper surface features. This uncertainty is due to the difficulty of
accurately determining the bulk edges due to the presence of magnon damping. It, therefore,
does not indicate inaccuracies in the experimental spectra and is not caused by insufficient
experimental resolution. The uncertainty is depicted in the figures by the approximate size
of the experimental spots.

Figure 6(a) is a plot of the dispersion curves in the absence of an external field. They are
of course reciprocal for both bulk and surface features. Due to the mixing of modes it was
not possible to accurately determine the upper edge of the lower bulk band; however, the
positions of the surface resonances and the bulk continua are in good agreement with theory.
Note that the calculated dispersion curves with the exception of the surface resonance have
been calculated with negligible damping; however, since the surface resonances are clearly
visible in the experimental spectra they have been included for easy comparison of the
spectra to the dispersion curves.

Applying a weak external field, figure 6(b), causes the two bulk regions seen for
H0 = 0 to separate in frequency and an additional bulk band is observed in the reststrahl
region separating the lower and upper bulk bands. It is clear that the bulk regions remain
reciprocal with an applied field despite the inevitable magnon damping. The surface modes,
however, are strikingly non-reciprocal. The surface polariton curve for propagation in the
−k‖ direction shifts to a lower frequency towards the lower bulk band while the surface
curve for propagation in the+k‖ direction moves up in frequency. Similarly the surface
resonances display non-reciprocity to be discussed in more detail in the following section.
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The effect of a relatively strong applied field is shown in figure 6(c). Again the upper and
lower bulk regions separate and the middle bulk band widens. The surface modes now lie
along the edges of the bulk bands and can no longer be resolved experimentally.

3. Surface resonances

As has been pointed out, the surface polaritons propagating on an antiferromagnet can be
strongly non-reciprocal in the presence of a magnetic field. In contrast, bulk magnetic
polaritons in an infinitely extended medium are reciprocal. It is therefore somewhat
surprising that there can be strong non-reciprocity in the reflectivity when the frequency is
in the range where bulk modes propagate. One possible explanation for this non-reciprocity
is that damped surface modes, or surface resonances, may exist inside the bulk band. Since
these resonances are surface excitations, they retain the non-reciprocity of the true surface
modes.

Surface resonances in antiferromagnets have been discussed previously in the literature
[19]. In the absence of damping, one can find surface wave-like solutions to Maxwell’s
equations and boundary conditions where the electric and magnetic fields are all
proportional to exp(i(kx − ωt)) exp(−αy) in the antiferromagnet. In the vacuum above
the antiferromagnet we have solutions which are proportional to exp(i(kx−ωt)) exp(+βy).
Hereω is a real frequency, andk andα are also real. When damping is included the original
solution must be modified slightly. For example one can chooseω to be real, andα, β
and k complex†. Such a solution represents a dissipative wave with an attenuation along
the surface governed by the imaginary part ofk. Similarly the real part ofα governs the
exponential decay of the wave as it penetrates into the antiferromagnet while the imaginary
part of α indicates the oscillatory behaviour in they-direction. Initially we require bothα
andβ to have positive real parts in order to ensure exponential decay of the surface wave
as one moves away from the interface. We will eventually discuss when this condition may
be relaxed slightly in order to find slightly different surface resonances.

We have already discussed the observed sharp dips in the reflectivity spectra shown as
figures 2 and 3, and can now identify these dips as surface resonances. This is also in
agreement with the above dispersion curves, and it is clear that the sharp dips observed
in the spectra occur at the frequencies where the calculated surface resonances cross the
reflectivity scan line. As mentioned, the surface modes penetrate into the bulk bands in a
non-reciprocal way, i.e. the surface mode on the+k side penetrates into the lower bulk
band while the surface mode on the−k side does not. Similarly, the high-frequency surface
mode on the−k side now crosses the light line. There is no equivalent mode on the+k
side. It can be seen that when damping is absent, the surface dispersion curves do not
cross the light line for the incident radiation. As a result, the reflectivity does not measure
these non-reciprocal surface features and is essentially reciprocal. With the increase in
damping, surface resonances appear which do cross the light line. The crossing on the+k
side produces the low-frequency dip in the reflectivity, and the crossing on the−k side
produces the high-frequency dip.

In the absence of damping the high-frequency surface mode on the−k side has an
upper bound when the surface mode intersects the bulk band. This mode does not appear to
extend significantly further upwards when damping is introduced if we restrict the solutions
to the exponential decay required by imposing Reα > 0 and Reβ > 0. However, it is

† It is also possible to choosek to be real, andω andα complex. For the modes discussed here, the essential
results—the extension of those for the surface modes—are effectively the same.
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possible to examine situations where we choose Reα < 0 and Reβ > 0. This is appropriate
only in the case where Reα is small, and so the exponential increase in the wave as one
moves away from the surface into the antiferromagnet is small. This is, in fact, just the
situation where the−k surface mode intersects the bottom of the upper bulk band, since this
is where Reα = 0. As a result, we can find a damped surface mode inside the upper bulk
band as well. We note that there is no equivalent mode on the+k side of the dispersion
relation. Mathematically there is a solution for modes on+k, but they are non-physical.
The +k modes do not intersect the upper bulk band and therefore they do not obey the
condition that Reα is very small.

The high-frequency surface resonance seems to be measured in the 30◦ ATR experiment.
When we look at the−H0 ATR curve, we see a sharp drop near the frequency of the upper
surface resonance. The+H0 ATR curve shows no sharp dip, but a broad decrease.

4. Independent determination of the anisotropy and exchange fields

In the earliest experiments [16] on FeF2, only the resonance frequency

ωr = γ (2HAHE +H 2
A)

1/2

was found directly from far-infrared measurements. To obtain independent values forHA
andHE it was necessary to introduce transverse susceptibility data from other experiments.
We show in this section that one can obtain reasonable measures ofHA, HE andMS solely
from far-infrared reflectivity measurements.

Figure 7. An illustration of how different values ofHA lead to very similar spectra provided
that the resonance frequency is kept constant. The applied fields are (a) 0.3 T and (b)−0.3 T.

On the basis of the excellent fits between theory and experiment shown in the previous
section, one might expect that independent values for the exchange and anisotropy fields
could be obtained simply by comparing theory and experiment for a single geometry, s-
polarized reflectivity, where the easy axis is parallel to the applied field and the plane of
incidence is perpendicular to the applied field. In fact, ifMS is known or can be deduced,
as is often the case at low temperatures in bulk samples, independent values forHA may
be obtained with an accuracy of about 15%. This is illustrated in figure 7 where we show
different theoretical reflectivity curves for different values ofHA, with the resonance field
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ωr held constant. The shifts in frequency for the different cases are within the experimental
resolution.

At higher temperatures or for thin films,MS may not be known. In this case, it is
unfortunately possible to obtain quite reasonable fits to the data with enormous variations
in HA. The reason for this is the following. In the previous reflection geometry with the
easy axis parallel to the applied field the permeability tensor has the form

µ =
(
µxx µxy 0
µyx µyy 0

0 0 µzz

)
. (1)

The individual components are given by

µxx = 1+ 4πγ 2HAMS(ϒ
+ + ϒ−) (2)

µxy = −µyx = i 4πγ 2HAMS(ϒ
+ −ϒ−) (3)

with

ϒ± = [ω2
r − (ω ± γH0)

2]−1. (4)

We see thatHA andMS always appear as a product. Because of this it is possible to get
very good matches to the experimental data with quite different parameters. Basically any
deviation from the true value ofHA can be balanced by a change inMS and vice versa.

Figure 8. (a) The initial configuration. The crystal is placed with the easy axis parallel to the
applied field and the spins,S1 andS2, align along the field. (b) The new configuration. The
crystal is placed with the easy axis perpendicular to the applied field. This causes the spinsS1

andS2 to cant towards the applied field. The canting angle isα.

It is obviously of interest to look at other geometries [20] so as to obtain additional
information. Earlier theoretical work has shown that in the transverse geometry, where the
external magnetic field is perpendicular to the easy axis, the permeability tensor still has
the form given in equation (1). However, the individual components are now given [21] by

µxx = 1+ 8πγ 2MSH0 sinα/(ω2
⊥ − ω2) (5)

µxy = i 8πγMSω sinα/(ω2
⊥ − ω2) = −µyx (6)

µyy = 1+ 8πγ 2MS(H0 sinα +HA cos 2α)/(ω2
⊥ − ω2) (7)

µzz = 1+ 8πγ 2MSHA cos2 α/(ω2
‖ − ω2). (8)

In these equationsα is the canting angle, measured from thex-axis, induced by the applied
field (figure 8). This angle is given by the equation

sinα = H0

HA + 2HE
. (9)
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There are two important resonance frequencies. The first resonance

ω⊥ = (ω2
r cos2 α + 2γ 2H0HE sinα)1/2 (10)

is common to the upper block of the permeability tensor. These terms are probed in a
reflectivity experiment with s-polarized radiation where the plane of incidence is parallel to
the easy axis. Similarly there is a second resonance

ω‖ = ωr cosα (11)

which occurs in theµzz-permeability. This resonance is seen in a p-polarized reflectivity
measurement.

Figure 9. Experimental (top panel) and theoretical (bottom panel) ATR spectra of FeF2 with
the easy axis perpendicular to the applied field. The experimental parameters are:H0 = ±6 T,
gap= 17 µm and θ = 30◦. The spectra demonstrate slight non-reciprocal behaviour. The
theory was calculated using the parameters of figure 1.

One might think that since the resonance frequency is shifted with applied field, the
reflectivity curve essentially shifts with it. In this case one can obtain explicit expressions
for the anisotropy field:

HA = ω2
r

γ 2H0

√
1−

(
ω‖
ωr

)2

(12)



7246 M R F Jensen et al

which is appropriate for p-polarization measurements, and

HA = ωr

γ 2H0

√
ω2
r + (γH0)2− ω2

⊥
2

(13)

which is appropriate for s-polarization measurements. By measuringωr in zero field, and
ω‖ andω⊥ with a large external field one can obtain useful estimates forHA. HavingHA,
one can then easily findHE andMS through the equation forωr and the usual reflectivity
measurements in the geometry of figure 8(a). There are, however, a number of problems
using this approach directly.

(1) The s-polarization shift in the resonance frequency is reasonable (0.26 cm−1 at 6 T),
but the signal in the reflectivity is rather weak: typically the change in reflectivity is of
the order of 5% for low temperatures and significantly smaller at higher temperatures. This
means that noise can significantly influence the result.

(2) The p-polarization shift in the resonance frequency is small (0.057 cm−1 at 6 T), but
the change in the reflectivity is significantly larger, 60%, which compensates somewhat.

These problems can be overcome by using ATR reflectivity in s polarization. This
maintains the larger frequency shifts in s polarization, but increases the change in the
reflectivity to about 25%.

Unfortunately, the assumption that the reflectivity curve simply shifts in frequency
according to the shift in the resonance position is not quite true. There is a slight non-
reciprocity in the frequency shift depending on the sign of the applied field. This is
illustrated in figure 9 where we show ATR reflectivity spectra for s-polarized radiation
at various different fields. In addition to the non-reciprocal shifts discussed above, there
can also be some slight frequency shift due to misalignment of the crystal. Without great
care, we estimate that the error in the estimates forHA can be of the order of 15–25%.

5. Summary

In this paper we have described in detail the measurements carried out which led to
experimentally determined dispersion curves for the antiferromagnet FeF2. We have shown
how the dispersion relations change from being reciprocal in the absence of an applied field
to demonstrating a striking non-reciprocal behaviour in the presence of an applied field. By
tracking the movement of the surface and bulk polaritons with various applied fields we
demonstrate how the observed non-reciprocity can be controlled by the field. We also show
how the non-reciprocity observed in the reflectivity experiments is caused by the presence
of surface resonances which are only seen in the presence of damping. These modes extend
from the pure surface modes which exist in the reststrahl bands into the bulk regions,
which explains the non-reciprocity observed at the frequencies of bulk propagation. All of
the experimental spectra are in excellent agreement with theory. We have also described
how far-infrared experiments alone can provide independent measurements of some of the
material parameters controlling the spin system.
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