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Experimental determination of magnetic polariton dispersion curves in FeF2
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~Received 8 July 1996!

A series of high-resolution attenuated total reflection and reflectivity measurements in the far infrared are
used to obtain experimental dispersion curves for bulk and surface magnetic polaritons in uniaxial antiferro-
magnets. In addition to bulk and surface modes, the individual spectra also allow identification of, to the best
of our knowledge, previously unseen surface resonances. The spectra also show huge nonreciprocity in infrared
reflectivity at low fields, a feature unique to magnetic systems.@S0163-1829~97!06205-X#
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In recent years the study of antiferromagnetic material
received increasing attention. This resurgence of interes
based in part on improved growth techniques which h
produced high-quality bulk samples, and have allowed f
rication of ultrathin antiferromagnetic films an
multilayers.1–3 These structures allow the exploration
properties that are central to the fundamental physics
magnetism—the exchange interaction and magn
configurations—in systems with truly localized spins, in co
trast to studies on metallic ferromagnets. For example, su
lattices of FeF2/MnF2 and CoO/NiO demonstrate strong e
change coupling between the two magnetic systems at
interfaces.1–3 Most recently, there have been studies of ve
thin antiferromagnetic films which appear to have a magn
structure different from that of the bulk and which have a
magnetic moment due to an uneven number of spin plan4

Antiferromagnets may also play an important technolo
cal role in the near future. First, antiferromagnets are be
used for biasing the spin-valve structures used in the g
magnetoresistance effect.5 Second, and in direct connectio
to the results in this paper, antiferromagnets have excita
frequencies that typically lie in the far infrared. These a
well above the frequencies available in ferromagnets. Th
antiferromagnets may play an important role in signal p
cessing in the far infrared. This is particularly true in rega
to the signal processing features that are unique to magn
systems—tunable nonreciprocal behavior.

One of the most fundamental methods for probing a m
netic system is to look at the spin excitations since th
provide information on the microscopic parameters,
change, and anisotropy fields that govern the spin sys
For larger wave vectors this can be done by inelastic neu
scattering,6 but surface excitations are not generally seen.
very small wave vectors, the spin excitations can couple
the electromagnetic field to produce a magnetic polarit
The appropriate tool for measurement is then far-infra
reflectivity. Thus it is somewhat surprising that there exi
no complete experimental study of magnetic polaritons
antiferromagnets, in spite of many theoretical works.7,8

The reason for this lack is that such experiments are q
difficult. Magnetic excitations have a narrow linewidth—o
the order of 0.05 cm21. Thus, observation requires very
high-frequency resolution. As a result, the few earlier m
surements of bulk magnetic polaritons concentrated on w
ing with a laser at a single frequency.9,10 Magnetic surface
polaritons have only recently been directly observed.11
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We note that magnetic surface polaritons have a spe
property of nonreciprocity where the frequency of the s
face mode depends on the sign of the wave vector.12 Thus,
reversing the direction of propagation can lead to a differ
frequency, i.e.,v(k)Þv(2k).Similarly, we find a nonrecip-
rocal reflectivity where the reflection coefficient depends
the direction of propagation. In our study of reflectivity, w
find an enormous nonreciprocal reflectivity where revers
the propagation direction changes the reflectivity from nea
80% to near zero. This kind of behavior, which occurs
small applied fields, is unique in the infrared region a
should be of great interest for signal processing in the in
red.

In this paper we present a complete experimental stud
bulk and surface magnetic polariton dispersion curves fo
uniaxial antiferromagnet. In addition, we also obtain featu
that are indicative of surface resonances which have b
discussed theoretically in the literature,13 but have not been
previously identified. We note that the dispersion curves
surface modes are likely to be the ones most influenced
interface exchange coupling, and thus this is an import
step in obtaining accurate values for interface exchange
antiferromagnets coupled to other magnetic materials.
nally, we note that since we examine the entire range
relevant frequencies and wave vectors, we can trace ou
nonreciprocalgroup velocity of the surface modes. Such in
formation is vital for possible device applications in del
lines, phase shifters, and isolators.

The FeF2 single crystal used was grown at Be
Laboratories.14 The crystal is placed with its reflecting su
face in thexzplane. Thec axis ~easy axis! is parallel to the
external magnetic field in thez direction. The measurement
were carried out usings-polarized light with the plane of
incidence in thexy plane. The resolution has been increas
from 0.06 cm21, which was used in the previously reporte
observation of the magnetic surface polariton11 using ATR
~attenuated total reflection!, to about 0.02 cm21. The higher
resolution is required to resolve the surface modes in
reststrahl regions from the bulk edges.

We obtain the dispersion curves, frequency vs wave v
tor, from the oblique incidence reflectivity and ATR spect
The spectra show the response of the crystal as a variatio
the reflectivity as a function of frequency, and it is by e
amination of these variations that we identify the vario
magnetic modes in the dispersion curves. The wave ve
for the bulk and surface modes is defined by the scatte
2745 © 1997 The American Physical Society
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2746 55BRIEF REPORTS
geometry. For the reflectivity measurements, the compon
of the wave vector parallel to the surface is given byq
5(v/c)sinf. Herev is the frequency of the radiation andc
the speed of light in a vacuum, andf is the angle of inci-
dence.

In the ATR measurements a silicon prism is placed ab
the sample, in front of the incident beam. The incident lig
is totally internally reflected off the base of the prism, but
evanescent wave extends into the antiferromagnet. The
line in this case is given byq5(v/c)ep

1/2sinf whereep is
the dielectric constant of the prism and the incident angl
measured inside the Si prism.

Three different silicon prisms,ep511.56, with angles of
incidence of 30°, 45°, and 50° were used. With the reflec
ity measurements, this gives four different scan lines.
versing the external field is equivalent to reversing the s
of q giving a total of eight scan lines mapping out the d
persion curve for each external fielduH0u. The 30° prism has
virtually overcome the problem of interference fringes intr
duced by the 45° prism.

When the frequency and wave vector of the incident
diation match those of the magnetic excitations in
sample, there is a transfer of energy from the incident ra
tion to the internal modes of the antiferromagnet. This c
pling is observed as a reduction in the measured reflectiv
The calculation is given in Refs. 8 and 9. The different kin
of modes excited can be identified by key features in
spectra. The bulk bands appear as broad regions wi
nearly constant reduction in the measured reflectivity. T
bulk bands are separated by regions in which no bulk wa
can propagate. These are referred to as reststrahl region
show up against the bulk background as regions of high
flectivity. Magnetic surface modes appear as sharp dips
generally show stronger coupling to the incident light, a
therefore the measured reflectivity drops below the reflec
ity of the bulk bands. The surface excitations are eit
damped surface resonances within the bulk bands or sur
modes that lie in the reststrahl regions between the b
bands.

A sample reflectivity spectrum forH0560.15 T is
shown in Fig. 1. Reading the spectra from the low
frequency end, we observe a region of reduced reflecti
indicative of a broad bulk band. Just under 52.5 cm21, the
reflectivity changes suddenly. Both spectra show a furt
reduction in the reflectivity. This is attributed to interactio
with nonreciprocal surface resonances just within the b
band. Both spectra clearly show the dramatic increase in
reflectivity due to the reststrahl band between the lower
the middle bulk bands. The middle bulk band is clearly v
ible in the 0.15 T spectrum as a broad dip. Comparing
1H0 curve with the reverse field, we see a sharp dip j
below 53 cm21 that is again due to a surface resonance. B
spectra show an increase in reflectivity above 53 cm21 fol-
lowed by a decrease indicating a gap between the middle
the upper bulk bands.

The theoretical curves are calculated using the previou
published parameters.11 The parameters used are the e
change fieldHE553.3 T, the anisotropy fieldHA519.7 T
and the sublattice magnetizationMS5560 G. The linewidth
is 0.05 cm21 atT51.6 K. The gyromagnetic ratiog has been
changed very slightly from 1.05 to 1.0525 cm21/T to pro-
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duce a better fit. Also included in the calculation is the a
isotropicg-factor reported by Ohlmann and Tinkham.15 The
inclusion is justified since the previous data were at insu
cient resolution and quality for such a small effect to
visible. However, comparison of the experimental data w
theory shows a marked improvement when the kno
g-factor anisotropy is included. Due to some surface defe
of the crystal and minor variations of the measured sign
small corrections to the experimental data have been car
out. This affects only the relative reflectivity and it should
stressed that the frequency scale remains unaltered.

A representative ATR spectrum is shown in Fig. 2. This
obtained using the 30° Si prism forH0560.15 T. The gap
between the base of the prism and the sample is aroun
mm. Again, bulk modes can be generally identified by bro
regions of reduced reflectivity, and surface modes are in

FIG. 1. Reflectivity as a function of frequency from FeF2

f545°. The applied field isH0560.15 T.

FIG. 2. ATR reflectivity as a function of frequency from FeF2.
f530°; the gap between the prism and the antiferromagnet is
mm. Note the large nonreciprocity in frequency at 52.6 cm21.
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cated by sharp dips or sharp reductions in reflectivity. T
agreement between experiment and theory for both the A
and the ordinary reflectivity measurements is excellent, w
even small features in the theory properly reflected in
experimental results. Additional measurements~not shown
here! at 0.3 T and higher fields show equally good agreem
between theory and experiment.

The nonreciprocity between positive and negative field
very striking. At the surface mode frequency for1H0~52.6
cm21!, the reflectivity of the two spectra varies from near
zero for positive field to about 80% for negative field. Sim
larly, at the surface mode frequency for2H0, the reflectivity
changes from about 70% to about 25% in reversing the
plied field. This large nonreciprocity in a small field is
unique effect in the far infrared~FIR!. The nonreciprocity in
the reflectivity near 53.1 cm21 is attributed to the surface
resonance just inside the bulk band present only forH05
20.15 T.

We obtain points for the dispersion curve in the us
manner. For example, for positive applied field, the edge
the lower bulk band is clearly marked by an increase in
flectivity around 52 cm21. The surface mode in the reststra
band is clearly resolved from the bulk band. Reversing
field brings the surface mode to a lower frequency. It is s
in the reststrahl region, but this time it is too close to t
lower bulk band to be resolved due to the damping in
crystal.

The experimentally determined dispersion curves
FeF2 are shown in Fig. 3. The thin solid lines mark the edg
of the theoretical bulk continua, while the dashed lines in
cate the theoretical surface polariton curves.8 The experi-
mental data are indicated in several different ways. T
solid, nearly vertical, lines indicate the frequency regions
reduced reflectivity indicative of the bulk bands. Each so
spot represents an experimental measurement of the ed
a bulk band. If a band edge could not be unambiguou
identified, this is indicated by solid lines which do not te
minate in an experimental spot. Single spots with no l
attached indicate the sharp dips in reflectivity typical of t
surface modes. The uncertainty of the bulk edges is e
mated to be about60.05 cm21. This uncertainty is simply
due to the difficulty of accurately determining the bulk edg
due to the damping of the crystal and does not indicate
accuracies in the experimental spectra. The uncertaint
about60.02 cm21 for the sharper surface modes. All of th
experimental measurements lie along the predefined
lines determined by the physical geometry of the instrum
and the prisms used.

Figure 3~a! is a plot of the dispersion curve for zero fiel
It is reciprocal both in the bulk bands and the surface f
tures. The plot shows two bulk bands and a surface mode
1q and2q. Due to the damping of the crystal, the upp
edge of the lower bulk band could not be accurately de
mined due to the presence of the strongly coupled sur
mode. Despite these uncertainties, the shape of the dis
sion curve is clearly defined.

The measurements with an external field are shown
Fig. 3~b!. We now see three bulk bands and two gaps
predicted by theoretical calculations. Furthermore, the s
face modes are clearly and dramatically nonreciprocal.
surface curve for propagation in the2q direction is
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squashed down in frequency towards the lower bulk ba
while for propagation in the opposite direction, the surfa
curve shows a significant increase in frequency with an
crease in1q. Thus the group velocities are very different fo
propagation in opposite directions. As mentioned previou
this could be important for device applications.

In summary, we have obtained experimentally the co
plete dispersion curves for bulk and surface polaritons o
uniaxial antiferromagnet. The results show excellent agr
ment with theoretical calculations and open the way for
ture studies on interface coupling of antiferromagnets w
other magnetic materials.16 The individual reflectivity spec-
tra show a very large nonreciprocity, tunable with a sm
applied field.
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FIG. 3. Experimental dispersion curves for~a! H050 and ~b!
H050.15 T. The solid vertical lines show regions of reduced
flectivity indicating bulk bands. The edge of the bulk bands a
marked by large dots indicating the uncertainty in frequency. T
better defined surface modes are indicated by smaller dots.
solid lines give theoretical edges for bulk bands; thin dashed li
give theoretical dispersion curve for surface waves.vT is the anti-
ferromagnetic resonance frequency given byg(2HaHe1Ha

2)1/2.



ol

ys

R

A.

T
.
J.

ys.

no,

ey,

ys.

ys.

2748 55BRIEF REPORTS
*Permanent address: Department of Physics, University of C
rado at Colorado Springs, Colorado 80933-7150.

1C. A. Ramos, D. Lederman, A. R. King, and V. Jaccarino, Ph
Rev. Lett.65, 2913~1990!.

2J. A. Borchers, M. B. Salamon, R. W. Erwin, J. J. Rhine, R.
Du, and C. P. Flynn, Phys. Rev. B43, 3123~1991!.

3J. A. Borchers, M. J. Carey, R. W. Erwin, C. F. Majkrzak, and
E. Berkowitz, Phys. Rev. Lett.70, 1878~1993!.

4T. Ambrose and C. L. Chien, Phys. Rev. Lett.76, 1743~1996!.
5J. K. Spong, V. S. Speriosu, R. E. Fontana, M. N. Dovek, and
L. Hylton, IEEE Trans. Magn.32, 366~1996!; S. F. Cheng, J. P
Teter, P. Lubitz, M. N. Miller, L. Hoines, D. M. Schafer, J.
Krebs, and G. A. Prinz, J. Appl. Phys.79, 6234~1996!.

6C. G. Windsor and R. W. H. Stevenson, Proc. Phys. Soc.~Lon-
don! 87, 501 ~1966!.

7See the review by K. Abraha and D. R. Tilley, Surf. Sci. Rep.~to
be published!.
o-

.

.

.

8R. E. Camley and D. L. Mills, Phys. Rev. B26, 1280~1982!; C.
Shu and A. Caille, Solid State Commun.42, 233 ~1982!.

9L. Remer, B. Luthi, H. Sauer, R. Geick, and R. E. Camley, Ph
Rev. Lett.56, 2752~1986!.

10R. W. Sanders, R. M. Belanger, M. Motokawa, and V. Jaccari
Phys. Rev. B23, 1190~1981!.

11M. R. F. Jensen, T. J. Parker, Kamsul Abraha, and D. R. Till
Phys. Rev. Lett.75, 3756~1995!.

12R. E. Camley, Surf. Sci. Rep.7, 103 ~1987!.
13R. L. Stamps and R. E. Camley, Phys. Rev. B40, 596 ~1989!.
14J. Ariai, P. A. Bates, M. G. Cottam, and S. R. P. Smith, J. Ph

C 15, 2767~1982!.
15R. C. Ohlmann and M. Tinkham, Phys. Rev.123, 425 ~1961!.
16J. Nogues, D. Lederman, T. J. Moran, and Ivan K. Schuller, Ph

Rev. Lett.76, 4624~1966!.


