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In contrast to ferromagnets, where low frequency surface excitations typically have frequencies in
the 10 GHz range, surface excitations in antiferromagnets are often in the several hundred GHz to
few THz range. Theoretical predictions for surface spin waves on antiferromagnets indicate that
they should be highly nonreciprocal, i.e., the properties of a wave with wave ve&tavould be

very different from those with a reversed wave vector ofk. Surface spin waves on
antiferromagnets have recently been measured using a high resolution Fourier transform infrared
spectrometer. The results show evidence of both true surface modes and surface resonances. The
nonreciprocal features of the surface modes are seen in a dramatic nonreciprocal reflection. For
example, the reflectivity can be 80% for one orientation, but when the incident and reflected waves
are reversed the reflectivity drops to near zero. While the initial measurements were done on a bulk
antiferromagnet, we also present calculations showing the results for thin film&99® American
Institute of Physicg.S0021-897@8)36811-3

The properties of antiferromagnets have recently reand our initial calculations show that it should be possible to
ceived renewed attention for a variety of reasons. Many ansee signals from antiferromagnetic films with thicknesses in
tiferromagnets are insulators and therefore have very differthe 100—1000 A range.
ent properties from the thoroughly studied ferromagnetic In the long-wavelength limit the reflectivity of a mag-
metals of Fe, Ni, and Co. For example, anisotropy fields innetic insulator is governed primarily by the frequency depen-
antiferromagnets are often in the 100 kG range compared tdent permeability tensor. For the antiferromagnet, a calcula-
the 1 kG or less found in the transition metals. Also, antifer-tion of this tensor begins with the equations of motion for the
romagnets play an important role in the exchange bidsifig SPins on the two sublattices:
ferromagnetic films, a feature of current importance in mag- dM,
netoresistive reading heafi$\gain in contrast to ferromag- ar = Y(Max HS™), (1)
nets, antiferromagnets can have long-wavelength spin exci-
tations in the infraredIR) frequency regime. This makes and
antiferromagnets of interest for signal processing in the in-  dwm, o
frared. ar ~ Y(M2xHz). ()

In this paper we report on theoretical and experimental
studies of the infrared reflectivity from a bulk antiferromag- In the above equatiorid, andM are the magnetizations on
net sample of FeF We concentrate in particular on the sur- the two sublatticesy is the gyromagnetic ration, artd®" is

face spin waves that propagate in this structure. In contrast 8" ffective field acting either on sublattice 1 or 2. _
the bulk waves, the surface waves show significant The effective field is composed of a number of contribu-

nonreciprocity in that reversing the wave vector can signifi- tions. For example the effective field acting on sublattice 1 is

cantly change the frequency of the excitation when the sysgiVen by
tem is in the presence of an external magnetic field. In a Hiﬁ:Hixchang%r Hinisotroper Ho+ Nipolars &)

reflectivity experiment this corresponds to interchanging the . L . . . .
Y exp P 9ing M<yith a similar expression for the effective field on sublattice

!nC|dent and reflected waves, and a nonreciprocal reflect|V|t)é_ HereH, is the applied field. The exchange field is typi-
is also observed. . : .
cally the largest of all the fields above with a magnitude on

_We also mdma_te the p055|b|I|_ty of IR stu_d|es of thin the order of 100—1000 kG. A key point to notice is that the
antiferromagnetic films by theoretical calculations. In very ' . : ST
thin f tic fil it is th ‘ hich wil exchange field acting on sublattice 1 comes primarily from
in ferromagnetic films, it is the surface waves which will ,, magnetization on sublattice 2, i.e.,

have the lowest frequencies and which are most easily mea- A
sured. This is likely to be true in antiferromagnets as well, HT“"“"9%AM,, 4

where\ is the exchange coupling constant. Even in the long-
dElectronic mail: rcamley@brain.uccs.edu wavelength limit, the two sublattices do not have to be par-
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allel and as a result the large exchange field produced by

) i - | / ATR scan Iines\
sublattice 2 influences the motion of sublattice 1 through Eg. 54 .
(D). HoeoT  ulk
The large exchange field is a significant difference be- ° modes
tween the ferromagnet and the antiferromagnet and explains surface
why antiferromagnet excitations lie in the infrared while e 5 *
long-wavelength ferromagnetic spin wave frequencies are in é’ ————— e
the few GHz region. In the ferromagnet—in the long wave- 3
length limit—the exchange field is simply proportional to the L 52
magnetization: —~—
Hexchange__ AM. (5) lror:g‘c(!es
As a result the contribution of the exchange field in the equa- 5 2 0 2 4
tions of motion is zero sinckl X A\M =0. So even though the Wave Vector (ck/o)

exchange field is very large, it does not influence the motiorric. 1. Dispersion relations for bulk and surface polaritons in,Fae
of the spins. In the antiferromagnet, however, the exchanggequency,o/2wc, is given in wave number;. The applied field is zero and
field does play a role, and the resulting frequencies are muc$f both bulk and surface modes are reciprocal, g+ ki) =w(—ky).
. Propagation is perpendicular to the easy axis.
higher.
Using the expressions for the exchange field and any
external and anisotropy fields, the coupled equations of mo-
tion for the two sublattices can be solved to relate the dipolawhere

driving fields to the fluctuating magnetization. We assume a 8mH M
time dependence of exp{wt) for all the dynamic fields and pi(w)=1+ v —E (9)
obtain the frequency dependent susceptibility tensor defined 0
through the equation Here w is the resonance frequency given by

M =X(‘U)hdipolar- (6) wo=Y[HaA(ZHg+ HA)]llzy (10
The frequency dependent permeability is then found througland M is the saturation magnetization of one of the sublat-
the usual definition tices. In Fek the anisotropy fieldH ,=197 kG and the ex-

_ change fieldHg=533 kG, andM =0.56 kG. With a gyro-
plw)=1+4mx(w). @ magr?etic ratioEofy=O.105 cm Y/kG this gives a resonance

The explicit form for the permeability can be found in Ref. 4. frequency of 52.4 cm' or about 1500 GHz.

Having found the permeability, the electromagnetic modes Wwhen the applied field is zero the dispersion relations

for the antiferromagnet may be found in the usual W&@ne  have relatively simple forms. The dispersion relation for the

looks for wavelike solutions which satisfy Maxwell's equa- pulk polaritons in zero field is given by the usual relation.

tions inside and outside the antiferromagnet. These solutions  , , 972

are then matched at the surface of the antiferromagnet and Kitky=epqw®/c?, (1D

this results in the dispersion relation. The reflectivity maywherek, is the component of the wave vector parallel to the

also be calculated similarfy. surface andk, is the wave vector component perpendicular
We note that a number of different structures and geomto the surface. The dispersion relation for surface polaritons

etries have been considered theoretically in the literatures given by an implicit dispersion relation

Both easy plane and uniaxial antiferromagnets have been

studied, and general geometries with arbitrary directions for k2= (—2)M1w2/0 ) (12

the applied magnetic field and for the direction of propaga- 1=pi

tion have been examined. Much of this work is summarizedrhe results for the bulk and surface polaritons in feffth

in the review article found in Ref. 7. zero applied field are shown in Fig. 1. We see two frequency
We consider a geometry where the surface of the antiregions which represent the bulk excitations. Between the

ferromagnet lies in th&z plane. The results take a particu- bulk bands we see a surface mode which is reciprocal, i.e.,

larly simple form for a uniaxial antiferromagnet where the the frequency does not depend on the sign of the wave vec-

easy axis and the external field are both along the surface andr.

parallel to each othealong thez axis), and the direction of A very different dispersion curve is found when there is

propagation is perpendicular to the external field, i.e., in thean external magnetic field as can be seen in Fig. 2. Now there

xy plane. We look for electromagnetic waves with the elec-are three bulk bands. While the bulk modes are reciprocal,

tric field parallel toz and the magnetic field in they plane  the surface modes are clearly nonreciprocal. For example,

(s polarized. With no external field, one may find that the one mode which exists at higher frequencies-fdt, has no

€~ My 2

permeability tensor is given by counterpart for+k, in the same frequency range. We note
p, 0 0 that for the geometry considered here reversing the applied

field is equivalent to a reversal of the propagation direction.
mw)={ 0 wu 0], ®  Thus one may determine nonreciprocal propagation and re-

0O 0 1 flectivity characteristics by leaving the optical setup un-
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FIG. 4. Experimental and theoretical ATR reflectivity as a function of fre-
quency for Fek in zero field. The broad regions of depressed reflectivity
FIG. 2. Dispersion relations for bulk and surface polaritons in,Feh an represent losses to bulk modes. The sharp dip in reflectivity represents the
applied field of 3 kG. In contrast to thé=0 case there are now three bulk loss to the surface mode. The angle of incidence in the prism is 30° and the
bands and the surface modes are strongly nonreciprocal. gap between the prism and the antiferromagnet igutiz

Wave Veclor (ck/o)

changed and simply reversing the applied field. This is a To understand the ATR curves, it is helpful to plot the
much simpler procedure experimentally and we use thislispersion curve representing the incident light in the prism
method. on top of the magnetic polariton dispersion curves. When we
Since these excitations are in the infrared, it is natural townrite the dispersion relation in terms of the component of the
use infrared radiation as a probe. We note that this has beemave vector parallel to the surface we obtain
done in the past using a laser at a single frequéficand k.= (w/C)\e sin 6. (13)
also with a Fourier transform infrar¢&TIR) systent How- X . . N .
. : . This gives the straight lines shown in Figs. 1 and 2 for posi-
ever, none of these experiments truly identified the surfaC(ta ) . 2
ive and negativek,. Where the dispersion curv@r scan

modes. There are several reasons for this. First, the friine) of the incident light crosses the bulk or surface modes

quency gap between the bulk and the surface modes is qu'o‘? the antiferromagnet, there can be a loss of energy from the

small, requiring a system with high frequency resolution..” .
q g asy Ath g q Yy incident wave to the modes of the antiferromagnet and a
Second, an ordinary reflectivity measurement is normally . L : )
. corresponding reduction in reflected intensity. Thus a broad
sensitive to bulk modes and not to surface modes.

To overcome the difficulties outlined above, we haye €9ion of depressed reflectivity corresponds to the existence

used a specially designed FTIR system with a resolution or?f bulk bands, while a sharp dip at one particular frequency

the order of 0.01 cm'. This requires the scanning arm of the corr:anslg(i)nddfsvflc; ali?tr;?aciTnl]?oge?iectivit for the case of zero
interferometer to be abod m long. Additional information field Thgltem eFr)ature here and in Fi y5 is 1.7 K. In this plot
on the interferometer may be found in Ref. 10. In addition ’ P 9- P P

we use the attenuated total reflecti@R) technique which we see two broad regions of dep.ressed reflectivity corre-

- sponding to the two bulk bands of Fig. 1. In between there is
allows the external radiation to couple to the surface modeg sharp dip in reflectivity. corresponding to the surface mode
effectively!! This technique is illustrated in Fig. 3. External b dip Y P 9 ’

light is incident on a Si prism with dielectric constaat and then an increase in reflectivity corresponding to the gap

—11.57. Because of the high index of the prism, the light iSbetween the bulk modes. It is clear that the experimental

totally internally reflected at the base of the prism and thereSUItS are in very good agr e_ement with bOth the t_heoretlcal
L .. calculations for ATR reflectivity and for the dispersion rela-
reflectivity, in the absence of a sample, would be unity

However, there is an evanescent wave below the prism baggns calculated in Fig. 1.
' In Fig. 5 we again plot ATR reflectivity presently for a

which can couple to electromagnetic modes in the samplt?ield of =3 kG. From the dispersion curve in Fig. 2, we

When this occurs, the reflectivity is reduced from unity since : 2
. expect a total of three regions of reduced reflectivity corre-
some of the energy is transferred to the sample.

sponding to the three bulk bands. In addition we expect

sharper dips representing the surface modes. These features

incident wave reflected wave are all present in Fig. 5. A key feature to note is that the
surface modes appear at different frequencies depending on
the sign of applied magnetic field. This clearly demonstrates
the expected nonreciprocity of the surface modes. It may be
possible to exploit this nonreciprocity for signal processing
in the infrared. For example the ATR reflectivity near

) 52.5cmtis close to zero for positive field. In contrast, the

_ ;”i‘g,pd"ed wave traveling in the reversed directigaquivalent to re-

antiferromagnet versing the applied fieldhas a reflectivity of close to 80%.

FIG. 3. ATR reflectivity geometry. Reversing the incident and reflected 1NUS this system might be used as the basis for a nonrecip-

waves reverses the direction kof . rocal isolator in the infrared.
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FIG. 6. Ordinary reflectivity from a thin FeRilm on a Si substrate for
different linewidths. The applied field is 1.5 kG, and the angle of incidence
is 45°,

Reflectivity

give 1000 A of antiferromagnet. In this case a signal should

FIG. 5. ATR reflectivity as a function of frequency for Fekith an applied be observable even with the higher “ne.WIdthS' . .
field of 3 kG. The angle of incidence in the prism is 30° and the gap between What could be eXpECted from studies of thin antiferro-

the prism and the antiferromagnet is 4. Note the large nonreciprocity in -~ magnetic films? We know that in ferromagnets surface an-
frequency at 52.5 cit. The smooth curves are the theoretical results andisotropy fields or interfacial exchange fields can substantially
the thinner, jagged lines are the experimental results. change the surface spin wave freque?ﬁ:Measurements of
this frequency can then be used to determine these surface
and interface parameters. Initial calculatibnshow that the

By doing measurements with different angles of inci- _ . . . . .

L . . Spin wave modes in antiferromagnets will also be sensitive to
dence inside the prism, one can trace out the behavior of thsurface and interfacial properties. Thus IR probes, either with
edges of the bulk band and the position of the surface mod brop ' b ’

fhe FTIR system or with a narrow linewidth laser of thin

In addition one can also use ordinary reflectivity. The . o ; .
213 . . .__antiferromagnetic films may be helpful in understanding the
result$?>!® are in excellent agreement with the theoretical >
exchange biasing effect.

calculations shown in Figs. 1 and 2. Other recent reflectivity
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