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Abstract. We pasent a full theoretical discussion of the surface polariions. AIR and oblique 
incidence reflectivity spectra of layered antiferromagnets The results apply equally to a 
large class of easy-plane magnetic systems including artificial magnetic superlattices with 
antiferromagnetic coupling. It has recently been argued that the conventional calculation of the 
w permeability tensor p is incorrect and should be replaced by a calculation that is consistent 
with macroscopic electrodynamics. Our computed spectra for MO lead to the conclusion that 
the form of p can be established by comparison with experimental fa-infrared spectra. 

1. Introduction 

We have recently [ I ]  reconsidered the calculation of the RF permeability tensor p for easy- 
plane layered antiferromagnetic such as NiO m i e l  temperature TN = 523 K) with simple 
NaCl structure. With a magnetic field applied parallel to the easy planes, the orientation 
of the sublattice moments is as shown in figure 1. The conventional calculation of p 
in a magnetic crystal [Z] involves finding the linear response of the spin system to an 
applied RF field h exp(-ior). However, we argue that this is not correct for an easy-plane 
antiferromagnet, The argument applies equally to some superlattices in which successive 
planes order as in figure 1. We propose [l], by analogy with the effective-medium theory 
of magnetic superlattices [3.4], that the correct procedure is to find the response to the 
components of h parallel to the planes but to the component of b normal to the planes. The 
physical argument is that in macroscopic electrodynamics these are the components that are 
continuous from layer to layer. The result of this ‘hlb’ analysis is that p takes the form 

with 
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The resonance frequencies in these expressions are given by 
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w t  = Y[HO(HO + Ha cos a)]”* 

Here 01 is the canting angle as shown in figure I. For bulk crystals, cos 01 = Ho/2H,.  The 
result of the conventional ‘applied h’ analysis [ I ]  is that pix, pxy  and pyy take the same 
form, but in the expression for fizz. Ha + 4nM, is replaced by Ha and u d  by U- ,  where 

I I’ 0- = y(2H,Ha sin’ 01) , 

In other words, by comparison with the expression for w-,  O d  contains the demagnetizing 
factor 4nM,. The question that arises is how the difference between the two expressions for 
f izz can be tested experimentally. We discuss this by reference to calculated dispersion and 
oblique incidence reflectivity curves. We may mention that the current literature values for 
NiO, derived from antiferromagnetic resonance (AFMR) transmission measurements [5-71, 
are He = 31.83 T and Ha = 15.6 T, corresponding to an AFMR frequency at 36.6 cm-I. This 
mode has also been investigated by other techniques, including inelastic neutron scattering 
[S] and recently by Raman scattering [9]. For available applied field Ho in a laboratory, 
w+ is of the order of up to 10 cm-’ whereas w- and Wd are in the far-infrared region 
accessible to Fourier transform spectroscopy. The lower mode (U+) was claimed to appear 
in a Brillouin scattering study of NiO [lo]. 

Figure 1. The spin configuration in the layered antiferromagnet NiO. The momem within one 
( U )  plane, i.e. a (111)  plane, are aligned and in the absence of an applied field moments on 
neighbouring planes iue antiparallel. In the presence of a field the moments tum towards Ho 
through an mgle U [I] .  Ho is in the ( I  I I )  plane. 

Theoretical considemtion of the question is timely because of the recent development 
of a high-resolution Fourier transform speckometer for studies of magnetic materials [ I  I] .  
So far this instrument has been applied [12,131 to a detailed study of the oblique incidence 
reflectivity of the uniaxial antiferromagnet FeFz (NCel temperature TN = 78 K). In the 
experimental arrangement the magnetic field is vertical and the plane of incidence horizontal; 
the usual angle of incidence is 45”. The next stage of instrumental development is the 
introduction of a prism so as to enable attenuated total reflection (ATR) measurements to 
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be canied out in the Otto configuration, in which an air gap separates the prism from the 
sample. In this technique, the ATR scan line in the 0-q plane is q = E:'~ (o/c) sin 6, 
where is the prism dielectric constant and 6 is the angle of incidence in the prism. Dips 
are seen when the scan line crosses a surface polariton dispersion curve [2, 111, so this 
technique gives direct access to the surface polaritons. Our theoretical estimate [ 151 is that 
an Si prism ( E ~  = 11.56) with 6 = 45" should be suitable. 

The plan of this paper is as follows. In section 2 we derive and illustrate the surface 
polariton dispersion curves. Sections 3 and 4 are concerned specifically with the question 
of the alternative forms of pZI; we show calculated ATR and reflectivity curves. A general 
discussion and conclusions are presented in section 5. 

2. Surface polaritons 

We consider the interface at y = 0 between vacuum (y < 0) and the sample (y > 0). and 
we follow the usual derivation [2] of the surface polariton dispersion curve. This means first 
finding solutions of Maxwell's equations that decay away from the interface and second 
applying the electromagnetic boundary conditions to find the dispersion relation. In the 
medium the RF field H satisfies 

V 2 H  - V(V. H )  + t (~J ' /c * )p .  H = 0. (9) 

We require a solution that propagates as a plane wave in the x direction decays as in the y 
direction: 

H =  HI^, HI,, H,,)exp(-aly)exp(iqx - io0 (y =- 0). (10) 

Substitution of equation (10) into equation (9) gives three homogeneous, linear equations 
for the components of H, namely 

UI + kZpX, '4"; + k2pXy 0 [ i q a ~  ;k2pX, -4 + k2pyy 0 ] [ Z ] = O  (11) 
0 ai - 4' + k2!& 

with kZ = &w2/c2. Here, E is the dielectric constant of the magnetic crystal. It is seen 
from equation (11) that the solutions separate into the two polarizations (HI,, HlY,  0) and 
(0, 0, HI& which we denote as s and p, as previously [U, 131. This nomenclature agrees 
with the convention that in s polarization the RF E field is transverse to the plane of 
incidence. The spatial decay constant I Y ~  is then given by 

ff;py, - qZpxr + k2(p,,pyy + &) = 0 

a: - q2 + k2pzi = 0 p polarization. (13) 

V 2 H  + 02/c2H = 0 (14) 

H = (Har, Ha,, Haz)exp(oloy)exp(iqx - i 4  (15) 

s polarization (12) 

In the vacuum, the corresponding wave equation for the RF H field is 

with a plane wave solution 

(Y < 0) 
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so that in either polarization the decay constant a0 is given by 
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We now apply the conditions of continuity of the parallel components HZ and E,. For 
p polarization the latter is given by 

EO, = +icu,Ho,/(&o&.o) n = 0. 1 (17) 

where the + sign applies in vacuum (n = 0. EO = 1, y c 0) and the - sign in the medium 
(n = I ,  E ,  = E ,  y > 0); HoZ is the common value of HZ at the interface. Putting EO, = El,  

we find 

011 = -&WO. (18) 

Now a condition for equations (IO) and (15) to describe a surface mode is that both a0 and 
a, are real and positive. Usually, the magnetic resonances do not coincide with diclectric 
resonances, so consequently E is also positive. Thus equation (18) has no solution and there 
is no surface polariton in p polarization. This result is surprising, or at least we find it 
so, since a strong magnetic resonance is seen in p polarization oblique incidence reflection 
off FeFz in this geometry [12]. Since pz: appears only in the expression (13) for @I, in  
p polarization. this means that experiments aimed specifically at surface polaritons cannot 
resolve the question of the proper form of pzz in NiO-type structures. The corresponding 
ATR calculation described in section 3 verifies the nonexistence of this surface mode. 

Figure 2 shows an example of the dispersion curves for bulk ppolarized polaritons 
in NiO. The dispersion relation is given by q2 = &p,,wz/cz. This is even in q so that 
bulk mode propagation is reciprocal. Here we show the results with p z r  derived from a 
conventional analysis in figure 2(a) and from an h /b  analysis in figure 2(&). The bulk 
polariton dispersion curves are the curved lines in each figure. In discussion of oblique 
incidence reflectivity or ATR it  is convenient to interpret figures of this kind as w versus 
q where q is the in-plane wavevector component. In this case bulk polariton modes can 
occur throughout the bulk continuum region shown shaded in figure 2(a) and (b). The main 
distinction between the two figures is a difference of about I cm-I in the location of the 
frequency gap between the two bulk continuum regions. For future reference, the ATR scan 
line (a), the oblique incidence (45”) reflectivity scan line (b) and the vacuum light line(c) 
are also drawn. In either case, the reflectivity scan line passes through a very narrow gap 
around 33 or 34 cm-’ between the bulk continuum regions. Within a bulk continuum the 
incident light can generate bulk polaritons so the reflectivity R is less than unity. In the 
gap, however, no coupling to bulk polaritons occurs so the gap is a reststrahl-like region 
with R c 1. Therefore, in the absence of a surface mode, we may expect that the oblique 
incidence reflectivity in p polarization will give very sharp peaks in this band. This is the 
case as will be made clear in section 4. 

We now turn to s polarization and it is convenient to work in terms of the electric field 
amplitude EL,  which is continuous at the interface. The other continuous field component 
H, is found to be 

(19) HI, = [ ( i w , ,  + ~ P ~ ~ ) / ( P ~ . + , ,  + II:).)]EJLLOW 

HoX = -ia&/(pow) y < 0. (20) 

Y > 0 

and 
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0 200 400 600 800 1000 
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Figure 2. The dispersion c w e s  for bulk (shaded regions) p-polmized polxitons on NiO. We 
have made use of the magnetic permeability tensor element p,, derived by different methods: 
( a )  the constant-h or conventional method: (b) the h/b method. In both sets of curves, three 
scan lines are also shown: the AIR scan line with @ = 45O and ep = 11.56 (line a), rhe 45"- 
reflectivity scan line (line b) md the vacuum light line (line e). Other magnetic parameters are 
taken from [5 ]  and [7]. 
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Equating these two components, we find the dispersion relation to be 
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~ O M V  + ( M ~ ~ . Y O ~ I  - igfixy)/~LII = 0 

M V  = My? + M,y/MXr 

( 2 1 )  

where p v  is the Voigt permeability for this geometry, 

(22) 2 

and 

fff  = MLIx(q2 - EfiVW2/C2)/MSS. (23) 

Non-reciprocal propagation of the surface polaritons [I61 is evident in the appearance of 
the linear term qprs/firr in equation (21), which means that w ( - q )  # o(g ) .  The required 
dispersion relations for surface polaritons are given by the values of w and q that satisfy 
equation (21) and also give real and positive values for a0 in (16) and 011 in (23). With 
0 1 ~  = 0, in addition, we obtain from (23) the dispersion relation for the bulk modes, namely 
g2 = .efivw2/cZ. This is even in g. so bulk mode propagation is reciprocal. 

For later purposes, it will be useful to consider briefly the properties of the Voigt 
permeability pv near the vicinity of the magnetic resonance frequency w+. Using 
equations (2)<5) in equation ( 2 2 )  we find that 

(24)  PV(W) = ( w ~  + Aw’ + B)/(w’ - W?)(W’ - mi). 

Here, the exact forms of the constants A and B are determined by the magnetic parameters 
of the antiferromagnet. Therefore, in contrast to the ferromagnet in the same geomeuy 
[ 171, the Voigt permeability given by (24) has two poles and two zeros. The presence of 
these poles, in particular, leads to the existence of three bulk continua where bulk polaritons 
may exist and in the frequency gaps (fiy < 0) between these bands we may find surface 
polaritons. It is a matter of algebra to find that the pole and zero frequencies are 

W I  =w+ 0 2  =o+[l + 4 n y 2 M @ . + 2 H c ) / w + ]  ’ ’I2 (poles) ( 2 5 4  

W: = [w: + 2 n y M s ( C  f D)]’” (zeros) (25b) 

c = y ( H ,  + 2H, + Ho cos f f )  ( 2 5 ~ )  

where 

D = [4~~+y~(H.+2H,-H~coso1)~+4rryM,(2y(H,+2H,+H~cosor) 

+ 4nyM,] ]1 ’2 .  ( 2 5 4  

We should mention at this point that the existence of these poles and zeros was not clearly 
indicated in the works reported previously [12,  IS]. 

In figure 3 we plot the dispersion curves in s polarization for bulk and surface polaritons 
on NiO with the spin configuration depicted in figure I .  We find in this case that the surface 
modes are all virtual with no magnetostatic limits and they are markedly non-reciprocal. 
Each of these modes starts at a certain point on the vacuum light line and terminates at a 
finite value of g in the bulk continuum. In order to compare l o  future experimental work that 
may soon be available [ I  1-13], some ATR scan lines with a fixed angle of incidence of 45” 
(as will be the favourable case in an experimental run) are also drawn. As indicated in the 
figure, ATR dips may be expected when the scan lines cross the surface polariton dispersion 
curves. The frequency band where the middle bulk continuum exists (mi < w c w2) is 
remarkably wide. We may expect that oblique incidence reflectivity [I21 in s polarization 
will give broad dips in this band. This indeed is the case as will be made clear in section 4 .  
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F i ~ r e  3. The dispersion curves for bulk (shaded regions) and surface %polarized (solid lines) 
polaritons an lhe layered anriferromagnet NiO. The applied field is 5 T. Some Am s m  lines 
with @ = 45" are also shown for sp = 5.29 (SiOd (a). &n = 10.55 (sapphire) (b), = 9.0 (c) 
and en = 11.22 (d). The m o w s  an the venical axis indicate frequencies of Am dips discussed 
later in seclion 3. The surface modes have no magnetosmtic analogue, i.e. they are virtual 
modes. 01 and w2 are given by equadon (25). 

3. Attenuated total reflection (ATR) 

We consider an ATR arrangement in the Otto configuration, as illustrated in figure 4. Since 
there is no surface polariton in p polarization we first deal with a s polarization. We do not 
repeat the standard details of the ATR calculation, which are given elsewhere 12, 151, so we 
need only quote the result: 

R = I[kl(l+ f) - iaO(1- n l / [ k L ( l +  f) + iao(l- n]l' (26) 

where 

k l  = & ~ J z ( w / c )  cos 4J kll = &;/'(o/c)sin 4J (27) 

f = [(iao - m)/(iuo +a)] exp(-2uod) (28) 

The inverse decay lengths 010 and a, were defined previously in equations (16) and (23). 
As mentioned in section 1, ~m spectroscopy should prove effective in probing surface 
modes, as has been the case in semiconductor superlattices [14]. In typical far-infrared 
measurements, the angle of incidence c$ is fixed and the frequency w is scanned along the 

01 = ( ~ ~ I I I L ~ ~  f k i p x y ) / ( m h ) .  
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Figure 4. The geameq for the Am calculation. Light is incidcnt inside a prism of dielectric 
constant is the critical angle for tow1 internal reflection. The 
prism is separated from the sample by an air gap of thickness d .  

Y an angle 4 > 4. where 

scan line kll = E;'' (o/c) sin 4. In this work, we choose q5 = 45" which is consistent with 
our reflectivity measurements [12,13]. It is necessary to include a damping parameter r in 
the ATR calculation and we do this by the replacement o -+ o + i r .  

We present in figures 5-1 some ATR curves for surface polaritons of NiO with the 
dispersion relations already shown in figure 3. The geometry for the ATR calculation is 
given by figure 4. 

Figure 5 shows the ATR curves for NiO with the scan line specified by E = 5.29 and 
6 = 45". that is, line a on both +q and -q sides of the dispersion diagram in figure 3. The 
reflectivity is clearly non-reciprocal. With a moderate value of damping l? = 0.05 cm-' we 
find very sharp ATR dips with linewidth of the order of 0.2-0.3 cm-' . As seen in figure 3, 
the scan line at the low-frequency region enters a bulk continuum and consequently gives 
R c 1 in this region. 

corresponding to the ATR scan lines in figure 3 with a fixed value 
45" for 4, we plot the ATR spectra in figure 6(a) for the +q modes and figure 6(b) for -4 
modes. Again with damping of 0.05 cm-' we find sharp dips with linewidth of the same 
order as those shown in figure 5. The positions of these dips are at the scan line crossing 
frequencies indicated in figure 3. The frequencies at which the ATR dips are found are at the 
low-frequency end of the range of a standard far-infrared Fourier transform spectrometer. 
We believe that after some instrumental improvements 1191 the ATR modes shown here 
should be detectabIe, as proved to be the case in semiconductor superlattices [141. 

Finally, we consider an ATR calculation in the Otto configuration, as illustrated in figure 4 
except that the incident beam is now in p polarization. An expression for the refleclivity 
can be derived as before. The result is given by 

Using values of 

where 

The quantities a0 and el are given by equations (16) and (23) respectively. 
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Figure 5. The computed A ~ R  specva in s polmii2ation for surface polaritons of NiO whose 
dispersion curves are shown in figure 3. Parameters are given by d = 340 pm, 4 = 45“. 
r = 0.05 cm-’, &p = 5.29 (associated with the scan line a indicated in figure 3) and HO = 5 T. 

Figure 7 shows an example of the ATR curves for NiO, which can be understood by 
reference to the scan line a shown in figure 2. As mentioned before, there are no surface 
polaritons in p polarization. Consequently, the dips shown in figure 7 are merely due to 
coupling to bulk modes. At the low-frequency region the scan line falls in a region where 
bulk polaritons cannot exist so R R! I .  For w R! 26 cm-’ the scan line enters a bulk 
continuum and R drops slowly. Finally, for w > o- (curve A) or o > wd (curve B) the 
scan line is entirely in a broad reststrohl region with no surface modes and consequently R 
increases rapidly to R R! 1. 

4. Oblique incidence reflectivity 

The second technique that might in principle test the position of the resonance in wzz is 
oblique incidence reflectivity. The experimental geometry is figure 4 without the prism. 
The resonances at Wd for the hfb method (equation (7)) and w- for the conventional 
method (equation (8)) can be seen in p polarization oblique incidence reflectivity whereas 
the resonance at w+ for both methods is seen in s polarization. The reflectivity [IZ, 131 is 
R = l(1 - r ) / ( l  + r)1’, where 
r = [ ( ~ p ~  -6, sin2 @)‘”,:”E sin @ - p L r ) . ~  2 ]/[wXrEEa sin 4 cos 4 

- Epxy(&ps - e .  sin’ 4 ) ” z E ~ / z  cos $1 (s polarization) (31) 

and 

r = E:/’& cos @/(spLrr  - E ,  sin2 4)”’ (p polarization) (32) 
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0 
5 6 7 8 9 1 0 1 1  12 

Frequency (cm-') 

i 

Figure 6. ( 0 )  The compuled AIR specln in s polariwrion of NiO using lhe scan lines a b and 
d on the +p side of the dispersion diagram depicted in figure 3. Labels on the graph stand for 
A, e, = 5 . 2 9 . d = 3 5 0 p m . B . ~ , =  10.55.d= 1 5 0 p m a n d C . ~ ,  = 11.22.d= 118 p m  (b)  
Analogous to (a )  on the -4 side. A. e, = 5.29. d = 340 pm; B. E, = 7. d = 200 pm and C. 
E,, = 8. d = 175 pm. In both (a )  and (b). r = 0.05 cn-'. 



Theory of FIR optics of layered antiferromagnets 2727 

1 

0.95 

c 
0 = 
= 
m 

P 0.9 
2 

ij 
7 0.85 

- 

P 
J 
5 g 0.8 

+ 

0.75 

0.7 

NiO 
H0=5 

3 

26 28 30 32 34 36 38 40 
Frequency (cm-') 

Fwre 7. The computed AIR spectra of NiO in p polarization. given by equahon (29). A. 
cowmt-h or conventional analysis; B, hfh analysis. Parameters we given by d = IO @m. 
# = 45'. r = 0.05 cm-' and cp = 11.56 (Si). The resonance frequencies U- and od are 
indicated by the mows. 

where 

Here E,  is the dielectric constant of the medium of incidence, E the dielectric constant of the 
magnetic crystal and + the angle of incidence. Thus, theoretically, the difference between 
the two expressions for p I i  is seen from the p polarization spectra shown in figure 8 with 
separate features; actually the experiment can only give one of these spectra with a single 
resonance frequency, either CL or wd. Both sets of reflectivity curves can be understood 
by reference to the scan line b depicted in Figure 2. The curves start at the low-frequency 
region with R e 1 since the scan line falls in a bulk continuum. As the frequency increases 
the scan line enters a narrow reststrahl region where coupling to bulk modes cannot occur. 
As a result, we find very sharp peaks with R -+ 1 within this band. At the high-frequency 
region the scan line finally enters a bulk continuum and R decreases rapidly. As seen in 
figure 8, the resonance frequency shifts slightly to higher frequency with increasing field. 

The resonance frequency, either 0- or wd, may be obtained from a measured spectrum. 
As shown in equation (7) or (R), this frequency depends on the exchange and anisotropy 
fields He and Ha as well as on the sublattice magnetization Ms. Therefore if independent 
series of measurements of those fields and M, are available, for example s polarization 
reflectivity in a range of fields, we propose that far-infrared spectroscopy developed so far 
for studies of magnetic materials [ l l ]  can determine the correct procedure to derive the 
dynamic susceptibility for many magnetic layered structures such as NiO and magnetic 
superlattices. 
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Figure 8. Thc computcd oblique incidence (45') retlwtivity off NiO in p polmnwtion, given 
by equation (30). We have made use of ule magnetic permeability tensor derived in different 
procedures [ I ] :  A, constant-h, or conventional analysis; B, h fb analysis. In both set$ of curves. 
Hu = 2 T (solid lines) and f i t  = 5 T (dashed!dotted lines); damping of 0.05 cm-' is assumed. 

For the sake of completeness we also show the s polarization 45" reflectivity off NiO in 
figure 9, where both methods lead to identical spectra. The reflectivity curve for Ho = 5 T 
can be understood by reference to the corresponding scan line shown in figure 2. At the 
lowest frequency scan line falls in a continuum region and R is small. For w E 5.5 cm-' 
the scan line leaves the continuum and enters a region where coupling to bulk modes cannot 
occur. Consequently R increases rapidly to R % 1. For w E 12 cm-' the scan line enters 
the next bulk continuum region and R drops rapidly. In other words, the reflectivity has 
the classic reststrahl form as also seen in figure 8 for p polarization. The frequency scale 
is set by U+, equation (6), and therefore increases as HO increases. The frequency range 
is accessible, though with considerable difficulty, to far-infrared spectroscopy [ 191. We 
believe that a series of measurements under various conditions (e.g. in a range of fields) on 
s polarization reflectivity would enable us to characterize the layered antifeerromagnet NiO. 

5. Conclusions 

In this paper we have presented a full theoretical discussion of the surface polaritons, ATR and 
reflectivity spectra of layered antiferromagnets. Calculations are presented and illustrated 
numerically using the experimental magnetic parameters of NiO, which is an easy-plane 
antiferromagnet of the form shown in  figure 1. The conventional calculation of p for this 
material has recently been argued to be incorrect [I]. The alternative or h / b  method [ I ]  is 
consistent with the requirements of macroscopic electrodynamics. The two methods disagree 
only over the correct form of p,,. In this work we discuss how the difference in pzz for a 
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Figure 9. 
r = 0.05 an-'. Hu = 2 T (dashed lines) and MI = 5 T (solid lines). 

Calculated oblique incidence (45') reflectivity off NiO in s polarization wilh 

layered antiferromagnet can be tested experimentally; we show calculated dispersion, ATR 
and oblique incidence reflectivity curves with particular reference to NiO. 

The essential question may be phrased thus: given a crystal of NiO, say, is it possible 
to characterize the crystal, that is, determine the magnetic parameters, with s polarization 
measurements, then use the values of these parameters to discriminate between the 
alternative expressions for wiz by analysing measurements in p polarization? As seen from 
equations (2&(5), the parameters are He, Ha, M, and a damping constant r: the dielectric 
constant E enters the expression for the reflectivity. In practice the angle of incidence q5 in 
a reflectivity or ATR experiment is likely to be fixed for practical reasons but the external 
field HO does offer a degree of freedom. Computed s polarization characterization spectra 
are shown in figures 5 ,  6 and 9. These are drawn for r = 0.05 cm-', which is typical 
of a good crystal of FeF2 [12, 131. The frequencies for the particular case of NiO are at 
the low end of the range that is accessible to Fourier hansform spectroscopy, but they are 
not impractical [19]. The computed p polarization spectra, figures 7 and 8, have features 
differing in position by about 1 cm-' for the alternative forms of pLZ. This is already clear 
from the polariton dispersion curves of figure 2. We believe that the s polarization spectra, 
figures 5,6 and 9, contain sufficient sharp features to enable the five parameters He, Ha, M,, 
r and E to be determined with an accuracy for the frequencies we = y He etc considerably 
better than 1 cm-I. This is certainly the case for FeF2, where small variations in the 
parameters lead to significantly worse fits to data [IZ, 131. The experimental resolution 
0.02 cm-l at best, is no restriction. In our view, therefore, the calculations in this paper 
show that the question of the correct form of fi  can be resolved solely by measurement of 
far-infrared spectra. It is hoped that the experimental test of this basic question in magnetic 
spectroscopy will soon be forthcoming. 
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