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Magneto-optic effects accompanying frustrated total internal reflection are investigated in trans- 
versely (equatorial Kerr effect SE ) and longitudinally (meridional intensity effect SM' ) magne- 
tized nickel and Permalloy samples for light incident at 15 <g, < 85" and photon energies 
1.5 < fiw < 3.2 eV. The magnetooptical spectra are compared for transversely and longitudinally 
magnetized samples, and the influence of the dielectric constant of the material adjacent to the 
magnetic film is analyzed. The minima observed in the reflection curves are attributed to the 
excitation of surface plasma waves (SPW), while the extrema in the magnetoreflection curves are 
ascribed to surface magnetoplasma waves (SMPW) . The dispersion curve k(w ) for transversely 
magnetized samples is found to split into high- and low-energy branches (here k is the wave 
vector of the SPW). For longitudinally magnetized samples, only one branch k (w ) is observed for 
surface magnetoplasma waves, in agreement with theoretical predictions. Dispersion equations 
for surface magnetoplasma waves are derived for 1.5 < fiw < 3.2 eV. The wave vectors of the 
SMPWs are found to increase with E ,  the dielectric constant of the material at whose boundary the 
SPW and SMPW waves are generated; moreover, the splitting Ak induced by a transverse mag- 
netic field f H becomes smaller as E increases. 

INTRODUCTION 

Surface polaritons are coupled polarized electromag- 
netic (EM) modes that propagate as waves along the inter- 
face between two media and decay exponentially with dis- 
tance from the surface.I4 In particular, EM radiation 
incident on a metal surface may excite a surface plasma wave 
(SPW), because the discontinuity of the electric field com- 
ponent normal to the interface causes the surface charge to 
oscillate. The dispersion equation 

k = ( o / c )  [ E I F ~ / ( E I + E Z )  I"', (1) 
for the SPWs can be derived by solving the Maxwell equa- 
tions with appropriate boundary conditions. Here k is the 
wave vector of the SPW, w is the frequency of the incident 
light, c is the speed of light in vacuum, and E, and E,  are the 
dielectric constants of the two media. In order for a surface 
wave to exist, we must have R ~ ( E )  < 0 in one of the media 
(the surface-active medium), i.e., the wave vector of the 
SPW is greater than k for the incident light. Surface plasma 
waves therefore cannot be excited by light reflected by a sur- 
face-active material forming an interface with an inactive 
medium. 

The method of frustrated total internal reflection 
(FTIR) proposed by Otto5 is widely employed to excite 
SPWs in metals and semiconductors. In the Otto configura- 
tion the metal (or semiconductor) lies a distance d -A from 
the base of a prism at which the light undergoes total internal 
reflection (TIR). At TIR a nonuniform exponentially de- 
caying wave forms in the optically less dense medium (air) 
and excites a SPW at the air-metal (air-semiconductor) in- 
terface. In Kretschmann's m~dification,~ a thin surface-ac- 
tive film is deposited directly on the base of the prism, and a 
SPW is again excited at the air-metal interface. In either 
case, the experimental configuration permits the wave vec- 
tors (phase velocities) of the SPW to be synchronized with 

the optical wave, which propagates parallel to the base of the 
prism. As a result, some of the energy of the incident light is 
used to excite an SPW, and the total internal reflection is 
attenuated. The wave vector of the SPW is then given by 

k= ( o l e )  N sin rp, (2 )  

where N is the refractive index of the prism and g, is the 
incident angle at which the reflection coefficient forp-polar- 
ized light (TH mode) is a minimum. We note that the SPW 
spectrum is more complicated for a triple-layer structure 
(e.g., prism-metal-air) and is described by the equation7 

where 
(3) 

Here k is the wave vector of the surface plasma wave; E , ,  E,, 

E~ are the dielectric constants of the prism, metal, and air, 
respectively; t is the thickness of the metal film. 

The surface plasma waves become surface magneto- 
plasma waves (SMPW) when an external H field is applied. 
Moreover, their dispersion equations depend on the angle 
between H and the wave vector of the SPW and the incident 
plane of the light. In particular, if the Drude model is used to 
describe the dielectric tensor, one can that if Hlk 
(external magnetic field normal to the plane of incidence 
and direction of propagation of the SPW), the dispersion 
curve splits into a high- and a low-energy branch, depending 
on the sign of H. Surface magnetoplasma waves in semicon- 
ductors as well-understood the~retically'.~ and have been 
observed However, almost no work has 
been done for ferromagnetic metals, in which an internal 
molecular field excites the SMPW. We can cite only Refs. 12 
and 13, in which SMPW dispersion equations are derived 
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and the observation of the high-energy SMPW branch is re- 
ported for nickel. We note that the excitation of SPWs in 
Refs. 12 and 13 corresponded to a minimum in the reflection 
curve at FTIR, while SMPW excitation was accompanied by 
an abrupt increase in the magnetoreflection (equatorial 
Kerr effect). Magneto-optical techniques for analyzing 
magnetic materials are known to be particularly effective for 
studying the interaction of light with magnetically ordered 
materials and for probing the structure and properties of 
surfaces. It will therefore be of great interest to analyze mag- 
neto-optical effects at FTIR in ferromagnetic metal films, 
and this is the purpose for the present paper. We compare the 
magnetooptical spectra for transversely and longitudinally 
magnetized samples and study how they are altered by the 
properties of the dielectric adjacent to the magnetic film. 

SAMPLES AND MEASUREMENT TECHNIQUE 

We used a magneto-optical setup, based on a DMR-4 
monochromator and described in detail in Ref. 14, to mea- 
sure the intensity of the reflected light as a function of fre- 
quency and angle for H l k  (equatorial Kerr effect, EKE) 
and Hllk (meridian intensity effect, MIE) .I4 Light of energy 
1.5 < h < 3.2 eV was incident at angles p = 15-85" on the 
thin ferromagnetic film samples. The measurements were 
made in Kretschmann's FTIR configuratiom6 

The nickel and Permalloy film samples were vacuum- 
sputtered on the flat surface of a glass half-cylinder (diame- 
ter 7 mm, refractive index N = 1.7) and were mounted so 
that the cylinder axis was parallel to the monochromator 
slit. A system of lenses focused the light to a point a distance 
d ahead of the curved cylinder surface, where d was chosen 
so that the light beam was parallel inside the cylinder. l5 The 
films were mounted on a special rotating platform so that e, 
could be specified to within 0.5", and they ranged in thick- 
ness from 160 to 2000 h;. Liquid dielectrics-water 
(n = 1.33), oil of cedar (n = 1.515), and mercury-were 
added to a cell adjacent to the metal-air interface. 

The familar formula 
6 = A R / R  (4) 

determines the magnitude of the EKE and MIE effects; here 
AR is the change in the intensity of the reflected light due to 
the magnetization of the film, and R is the intensity of the 
reflected light intensity for H = 0. 

The reflection coefficient for a thin film is given by 
R= (r i+r2e- i2A)  / ( 1 + ~ , r ~ e - ' ~ ~ ) ,  (5) 

where r, and r, are the reflection coefficients at the glass-film 
and film-dielectric interfaces, respectively; the phase factor 
A = 2m*t cos (p)//Zo is proportional to the film thickness; 
n* = n + ik is the complex refractive index of the film; p is 
the angle of refraction, and A, is the light wavelength in 
vacuum. When an external magnetic field is applied, r, and 
r, change and expression (5) takes the form 

R + =  (r,*+rz+e-i2A)/ ( l +  * * -12A r i r 2 e  ), (6)  

where the + signs correspond to the two opposite direc- 
tions f. H of the field. 

In this case the change in the intensity of the reflected 
light due to the magnetization of the film is given by 

We measured the EKE for thep-component of the incident 
light; the meridian intensity effect was nonzero for incident 
polarizations intermediate between thep- and thes-polariza- 
tions. l4 

EXPERIMENTAL RESULTS AND DISCUSSION 

We measured S in Ref. 16 for longitudinally and trans- 
versely magnetized nickel films of thickness t = 2000 and 
160 h;; we also measured the angular dependence R,/R, 
( p ) ,  where R, and R, are the reflection coefficients for p- 
and s-polarized light. Since R, depends monotonically on p,  
the R,/R, (p) curves essentially reflect the behavior of 
R, (p). For a nickel film with t = 2000 h;, R,/R, (p) had 
the typical form for reflection by a (glass-air) bnterface with 
a nonzero absorption coefficient. For t = 160 A we recorded 
a sharp increase in R, /R, at p = 36", which coincided with 
total internal reflection of the light at the nickel-air interface 
(p,, = arcsin(l/N)), and there was a deep minimum for 
p = 55-65". According to Ref. 4 and the data in Refs. 12 and 
13, this minimum is caused by the frustration of total inter- 
nal reflection that accompanies the excitation of surface 
plasma waves at the Ni-air interface. A sharp (3-5)-fold 
increase in S for the equatorial Kerr effect was observed on 
either side of the peak in R, /R, , and the enhancement was 
attributed to excitation of surface magnetoplasma waves. 
Figure l b  shows the dispersion k(w) calculated by Eq. (2) 
for the two SMPW branches for a nickel film, t = 160 h;. 

Figure l a  shows the angular dependences SE (p) for a 
nickel film with t = 160 h; recorded with a water-filled cell 
(n, = &,'I2 = 1.33 ). Curve 1 in Fig. 2 shows a typical result 
for R, /R, (p) for h = 3.2 eV. We see that in this case R, / 
R, rises abruptly at p = 5 lo, which corresponds to TIR for 
thep-component of the light incident at the Ni-water inter- 
face, while the deep minimum (caused by SPW excitation at 
the Ni-water interface) lies ate, = 60-70". We note that the 
formula p,, = arcsin (E, /E,  ) 'I2 gives the TIR angle for 
light incident on the film-dielectric interface for the prism- 
film-dielectric configuration used in the experiment (here &, 

and&, are the dielectric constants of the prism and dielectric, 
respectively). The experimental value p z 5 lo agrees with 
the calculated result p = arcsin(1.33/1.7). The minimum 
value of R, /R, in this case is roughly 50% of the minimum 
for curve 2, which was recorded with an air-filled cell. In 
general, the depth of the minimum in R, /R, (p) is very sen- 
sitive to the film thickness. The above result thus shows that 
the depth of the minimum in R, /R, (p) can be adjusted by 
selecting a suitable dielectric while leaving the thickness t 
unchanged (this is much easier than changing t )  . 

Figure lb  shows the dispersion k(w) for the two 
branches of the SMPW. Here k ( o )  was also calculated by 
Eq. (2)  with p chosen to maximize 6, for a fixed energy fio. 
The solid curves show k(w ) for an air-filled cell. We see that 
the maximum energy splitting A (h), equal to 0.6 eV for an 
air-filled cell, drops to 0.15 eV for a water-filled cell. 

We also measured SM' for the meridional intensity ef- 
fect. In this case the cell was alternately filled with water and 
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FIG. 1 .  a: Angular dependence SE ( q )  in nickel for t = 160 A; curves 1-4 
correspond to frw = 3.2, 2.5, 2.0, and 1.5 eV, respectively, for a water- 
filled cell (&, = 1.77); curve 5 is for fkr, = 3.2 eV, mercury-filled cell. b: 
Dispersion curves k ( w )  for surface magnetoplasma waves in nickel for 
E, = 1 ( A )  and&, = 1.77 (0). 

oil. As in the case of air-filled cells,16 we found that for longi- 
tudinally magnetized films SM' had only a single maximum, 
which occurred for p close to the minimum R,/R,. This 
increase in SM' for a thin film was attributed to excitation of 
a single SMPW branch, in qualitative agreement with Refs. 8 
and 9, where it was concluded theoretically that the spec- 
trum k(@) should not split into two branches for longitudi- 
nally magnetized magnetically active materials. 

We note that the curve SE (p) for a mercury-filled cell 
on a nickel film with t = 160 A (Fig. 1 ) was nearly identical 
to SE (q) for an Ni film with t = 2000 A. This curious result 
can be explained by noting that mercury is optically denser 
than the nickel for energies &I = 1.5-3.2 eV, so that total 
internal reflection does not occur at the nickel-mercury in- 
terface. Since no SMPWs or SPWs are excited, there are no 
peaks or dips in SE (p) and R, /R, (p) . 

The expression 

for the magnitude of the equatorial Kerr effect in a film of 
finite thickness can be derived from Eqs. (6), (7) if we recall 

FIG. 2. Angular dependences R,/R, ( q )  (1,2) and 6 ,  ( q ) ,  (3,4) for 
nickel. Curves 2,4,  are for E, = 1, curves 1,3 correspond to E, = 1.77. The 
solid and dashed curves give experimental and calculated values, respec- 
tively (frw=3.2 eV, t = 2 0 0  A, ~ , = 2 . 8 9 ,  &,=1.69,  
E~ = - 2.35 + i10.5; E; = 0.0325 + iO.lO1). 

how the reflection coefficients r , ,  r, on the two sides of the 
film depend on the magneto-optical parameter Q (cf. Ref. 
17). Here SE = a&;, + b ~ ; ~  and S'" = b ~ ; ,  - character- 
ize the EKE and the ellipticity of a bulk sample, 

and E, = E,, + ieli and E; = E;, + are the diagonal and 
off-diagonal components of the dielectric tensor of the sur- 
face-active medium, respectively. We used (6)  and (8)  to 
calculate the curves R,/R, (p) and Sf (q)  for a thin nickel 
film with air- and water-filled cells. The dashed curves in 
Fig. 2 show these calculations for &I = 3.2 eV. 

We note that the optical constants of thin ferromagnetic 
films are sensitive to the thickness (see, e.g., Ref. 18). For 
example, measurements of n ( t ) and k ( t ) for iron in Ref. 19 
revealed that n ( t )  increases with l/t, while k decreases. The 
curves R, /R, (q) and Sf (q)  plotted in Fig. 2 were calculat- 
ed for n = 2.05, k = 2.56, and E; = 0.0325 + iO.lO1, which 
differ somewhat from the values for the bulk material. The 
agreement between the calculated and experimental curves 
for air- and water-filled cells is seen to be quite good. More- 
over, Sf (p)  calculated in Ref. 17 for these same values of 
n,k, and E; was also virtually identical to the experimental 
curve found for the same sample. 

We will now discuss the measurements for Permalloy 
(Fe,,Ni,,) films of thickness 200 and 2000 A. Figures 3 and 
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FIG. 3. Angular {ependence SE ( q )  for Permalloy ( E ,  = 1 ). Curves 1 9  
are for t = 200 A, fh  = 3.0, 2.5, 2.0, and-1.5 eV; 5,6)  t = 2000 A, 
fw = 3.0 and 1.5 eV; 7 )  R, /R,  (p), t = 200 A, fh = 3.0 eV. 

4 show SE (p) for fixed & for a 200-A-thick Permalloy film 
with air- and water-filled cells, respectively. Similar mea- 
surements were carried out for an oil-filled cell. The curves 
SE (p) for the 2000-A-thick Permalloy sample are shown 
only in Fig. 3 (curves 5,6),  because in this case they were 
identical for all of the above configurations. The dashed 
curves in Figs. 3,4 show typical dependences R, /Rs ( p )  for 
a thin film. We see that total internal reflection at the second 
surface of the Permalloy film occurs at higher p as the re- 
fractive index n, of the adjacent dielectric increases. The 

FIG. 4. Angular dependence SE ( q )  for Permalloy ( E ,  = 1.77), t = 200 
A. Curves 1 4  correspond to Fw' = 3.0, 2.5, 2.0, and 1.5 eV, respectively; 
5)  R, /R,  ( q ) ,  fw = 3.0 eV. 

FIG. 5. Dispersion curves k ( o )  for surface magnetoplamas waves in Per- 
malloy; A,  E, = 1; 0, 1.77; Q2.29. 

deep minimum on the curves R, /Rs (p) may again be attri- 
buted to frustration of TIR by SPW excitation, while SMPW 
excitation is responsible for the abrupt increase in the mag- 
netoreflection 6.  '' 

Figure 5 shows the SMPW dispersion k(w) calculated 
by (2)  from the data in Figs. 3, 4 and the corresponding 
measurements for an oil-filled cell. We see that k(w) de- 
pends linearly on w, and the two branches converge at k = 0 
in the limit w + 0. The splitting A(&) depends strongly on 
the optical properties of the dielectric at which the SPW and 
SMPW waves are excited. For air, A(&) varies from 0.15 to 
0.3 eV for incident light energy fiw = 1.5-3.2 eV, while for 
water and oil A(&) varies from 0.05 to 0.1 eV. Our experi- 
mental values A(&) for nickel and Permalloy films agree in 
order of magnitude with Ferguson's theoretical  value^,'^ 
which were calculated numerically with allowance for the 
dependence of the optical constants of the magnetic film on 
the thickness (this was done in order to bring the experimen- 
tal and calculated curves R, (p) into agreement). We will 
now attempt to explain qualitatively how E,, the dielectric 
constant of the medium at whose boundary the surface mag- 
netoplasma waves are excited, affects the splitting Ak for a 
transversely magnetized sample. The equations 

were derived in Ref. 12 for the Kretschmann configuration 
(KIlxlk, film surface normal to the z axis); 
E~ = E ~ ,  + iEZi,&; = E;, + i&li, and k is the wave vector of 
the surface magnetoplasma wave. If we consider the satura- 
tion region of k(w) (Ref. 9) and let k -+ co, Eq. (9) simpli- 
fies to 
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Since the off-diagonal components of the dielectric tensor E; 

of the film are at least an order of magnitude less than E,, E,, 
E,, we get the relation 

When combined with realistic approximations for E, (w ) and 
E; (a), Eq. ( 1 1 ) can be used to find the maximum frequency 
o, at which surface plasma waves can be excited; one can 
also calculate the change Aw, in o,, and hence also in the 
splitting Ak, produced when a magnetic field f H i s  applied 
to the sample. Clearly, Aw, is determined by the last term in 
Eq. ( 11). We see that in qualitative agreement with the 
above results, Aw, decreases if we increase E,. 

We have thus studied the magneto-optical spectra of 
longitudinally and transversely magnetized nickel and Per- 
malloy films with frustrated total internal reflection. The 
minima on the reflection curves are due to the excitation of 
surface plasma waves, while the extrema on the magnetore- 
flection curves are associated with SMPW excitation. We 
have found that k(w ) splits into two branches for transverse- 
ly magnetized samples (Hlk),  k ( o  ); for a specified energy 
Ziw, the SMPW wave vector k on either of the branches can 
be reached by changing the angle of incidence of the light. In 
agreement with theoretical predictions, only one SMPW 
branch is observed for longitudinally magnetized samples. 
The SMPW dispersion equations were calculated for inci- 
dent light energies 1.5-32. eV. An increase in E,, the dielec- 
tric constant of the material at whose boundary the SPW and 
SMPWs are excited, is accompanied by an increase in the 
SMPW wave vector k and by a decrease in splitting Ak pro- 
duced by an applied magnetic field + H. 

In closing, we thank V. I. Zhilin for help in fabricating 
the samples. 

"Curves 4 in Figs. 3,4 have additional weak peaks at q, = 40 and 60', 
which may be attributed to excitation of an additional SMPW branch. 
Such branches could correspond to virtual polaritons, which were pre- 
dicted theoretically in Ref. 1 (p. 11 1 ) and observed experimentally in 
Ref. 10. 
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