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Chapter 3 

Magnetic linear dichroism of 
infrared light in 
ferromagnetic alloy films 

3.1 Introduction 

The electrical conductivity of ferromagnetic materials is often viewed as resulting from 
the sum of parallel contributions of electrons with opposite spin directions. This so-
called two-current model has provided excellent descriptions of the dependence of the 
residual resistivity of dilute binary and ternary ferromagnetic alloys on composition 
[62,63] and of the giant magnetoresistance of metallic multilayers with the current 
perpendicular to the planes (CPP-GMR) [2,64]. Both types of studies yield the 
separate majority-spin and minority-spin resistivities of ferromagnetic metals, p^ and 
p^. However, knowledge of the spin-resolved resistivities is insufficient to describe 
transport in thin films with the current in the plane (CIP) of the film. In this CIP 
geometry, transport effects depend critically on the spin-dependent electron mean 
free paths, A^ and A^, in each of the layers that comprise the film. Model treatments 
of the CIP-GMR effect in multilayers, almost invariably using the free-electronlike 
Drude model, have been employed to extract A1" and A^ from the experimental data 
[3,4,65,66]. Room-temperature experiments give conflicting results as to whether 
or not there is spin-dependent bulk scattering in ferromagnetic materials [3,4]. It 
would be of much interest to be able to critically test the validity of this model for 
ferromagnetic materials, and to be able to explicitly obtain the spin-dependent mean 
free paths and relaxation times. 

In this chapter we report the discovery of a novel magnetic-linear-dichroism ef
fect in ferromagnetic alloys at room temperature, and on its analysis on the basis of 
a Drude-type two-current model containing a small set of parameters. For thin alloy 
films we have observed a wavelength-dependent difference between the transmission 
of infrared light that is polarized perpendicular or parallel with respect to the (in-
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plane) magnetization direction of the films. And we provide strong evidence that the 
effect is related to the (DC) anisotropic magnetoresistance (AMR) of these films. The 
relationship is in a certain sense analogous to that between the recently discovered 
magnetorefractive effect in (Ni80Fe2o/Cu/Co/Cu)N multilayers and the GMR effect 
[67], however with the crucial difference that the latter effect is polarization indepen
dent. Analysis of the magnetorefractive effect in multilayers have been carried out 
using relaxation times averaged over all layers [67]. In contrast, studies of the mag
netic linear dichroism of single layers avoid this averaging problem, making it possible 
to obtain material-specific relaxation times. 

We remark that the novel magnetic-linear-dichroism effect reported here, is of 
an entirely different origin than the Cotton-Mouton effect, observed for nonmagnetic 
materials in a transverse magnetic field. 

In this chapter, the theory of refraction of infrared light in a thin metallic film 
is developed first, after which the experimental results are presented. Finally, the 
experimental results will be analyzed using a simple model introduced previously. 

3.2 Refraction of light in a thin metallic film 

In this section, the equation for the transmission of light through a thin conductive 
film will be derived. The theory applies both to single metallic layers, such as the 
ferromagnetic alloy layers showing the AMR effect, treated in this chapter, as to 
metallic multilayers, such as the spin valves discussed in Chapter 4. 

Starting from Maxwell's equations, one can derive the general wave equation [68]: 

. , - , d2E dJ ,n . 
V2E + n0eQer—=ii0— (3.1) 

with eo the permittivity of vacuum, er the relative permittivity of the medium and 
Ho the vacuum permeability. The medium is assumed to be isotropic and linear, with 
constant magnetization. The current density depends on the electric field 

J = aE (3.2) 

with a the conductivity tensor. 
In accordance with the experimental situation, the direction of propagation is 

now taken to be the positive z-direction and the polarization is perpendicular to 
the propagation direction (see Fig. 3.1), which results in an electric field inside the 
medium of 

(Ex\ 
E = Ey exp(iw£)exp( — ikz) (3.3) 

V o J 
with u) = Tp the frequency of oscillation, where Ao is the wavelength outside the 
medium and c the speed of light. The wavenumber inside the conducting film is 

k = T-S <3-4> 
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Figure 3.1: Configuration for the direction of propagation and polarization of the light 
in the experimental situation. 

with A the wavelength inside the film and 6 the skin depth, which is defined as 
the distance over which the amplitude of the light decreases with a factor e. The 
frequency of the infrared light is so low, that interband transitions can be neglected; 
only intraband transitions are assumed possible. Substitution of Eq. 3.2 and Eq. 3.3 
into Eq. 3.1, gives a set of decoupled wave equations for the different polarization 
directions of the light. The complex wavenumber k can be determined from these 
equations 

ia(u!,6) 
e0to 

(3.5) 

The conductivity a{u>) will be determined using the linearized Boltzmann equa
tion in the relaxation-time approximation 

df df _- , dv - (df (3.6) 

with ƒ = f(v,r,t) the electron-distribution function. The medium is assumed to 
behave as a free electron gas. The electric field in the medium will be induced by 
infrared radiation. Therefore it is essential to include the time-dependent term in this 
equation. At equilibrium, a Fermi-Dirac distribution function / 0 = 1/{1 + exp[(/x -
eF)/kT]} is assumed. Using the relaxation-time approximation, the variation of the 
electron distribution g can be calculated after rewriting Eq. 3.6 into 

g (3.7) 

in which r is the relaxation time for the electron collisions and e the electron charge. 
A constant electric field throughout the film thickness d can be assumed when the 
wavelength and skin depth in the metal are much larger than the thickness d. As 
shown in Fig. 3.1, È is in the plane of the film (xy plane) and the propagation is in 
the ^-direction perpendicular to the plane of the film. Fourier transforming Eq. 3.7 
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will then result in two equations for g, using the boundary conditions g{z = 0) = 0 
for vz > 0 and g(z = d) = 0 for vz < 0: 

,_ s (Exvx + EyVy)r dfo 
qlv.z.w) = e : r— yy ' 1 + iujT de 

1 + tWT 
1 — exp I z for vz > 0, (3.8) 

and 

I C1 „ , _1_ T? », W Pit- r / 1 -J- l'/.i-r V 

for wz < 0, (3.9) 
s (Exvx+EyVy)T dfo 1 + i0JT l A\ 

1 - exp (z - a) 

with vx,vy,vz the x,y,z components of the Fermi velocity. When the electron-
distribution function deviates from its equilibrium state an AC current is induced 
in the medium, with a current density given by 

J(z,cü) = - e ( ^ y jd3vvg(v,z,uj) (3.10) 

The average current density inside a thin film in the ^-direction due to a constant 
and linearly polarized electric field can be calculated by integrating the local current 
density (Eq. 3.10) over the entire film thickness: 

i fd ne^T 1 
Jx=jJ (Jxx(z) + Jxy{z) + Jxz(z)) dz = m 1 + iuTEx, (3.11) 

with m the electron mass. Jxi is the current density in the x-direction due to an 
electric field in the i-direction. This approximated equation can be used when the 
film thickness d is larger than the mean free path, VFT. We neglect non-diagonal 
elements in the conductivity tensor 

(3.12) 

so we assume tha t Jxy — 0 and Jxz - 0. Due to symmetry, axx = ayy. The frequency-
dependent conductivity is given by 

(rxx(ui) = ——— (3.13) 
1 + IU1T 

with <Jo = ne^r/m the DC conductivity. 
The energy flux of the electromagnetic radiation per unit area inside a layer is 

given by 

S = | f i e ( l x f f * ) , (3.14) 

with the conjugate of the magnetic field 

H * ^ ^ - ^ . (3.15) 
LJjJL 
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The transmission coefficient for light going from one semi-infinite halfspace (A) to the 
other (B), 

TAB = fp (3.16) 

is calculated by assuming continuity of electromagnetic fields and energy conservation 
across the AB interface, where SB and SA are the energy flux of the transmitted and 
incoming light, respectively. The electric field of the incoming and transmitted light 
is given by Eq. 3.3 with k = )ZA and ks, respectively. For the reflected light the 
propagation is in the negative z-direction and — ikAZ has to be replaced by +ikAZ in 
Eq. 3.3. Inside a conducting film there is an exponential decay of the amplitude of 
the electric field due to the finite skin depth. The total transmission coefficient over 
a single conducting film with thickness d in vacuum is 

T = 16 
fcfco -y] 

(k + k0)
2 

without taking into account internal multiple reflections. As can be seen from Eq. 3.5 
the wavenumber depends on the conductivity of the film. Changing the conductivity 
will therefore change the transmission coefficient of the light. 

Taking into account internal multiple reflections in the metallic layer, with some 
simple mathematics Eq. 3.17 changes to 

T' = 16 kkn 

(fc+fco)2 \ x p ( - f ) x . j l + M=i-exp(^) 

fifcW&fflffi,«. (*(),„(=*•) 
4fcn (|fc|2-fcg) 

ö \k+k0\
4 2 s i n ( ^ d ) e x p ( ^ ) } ' (3.18) 

In Figs. 3.2(a,b) the total transmission is given for single-layer films with a thickness 
of 10 and 30 nm, respectively, with and without including internal multiple reflections. 
The films are assumed to be flat on atomic scale and the light is incident along the 
normal of the plane of the film. The figure shows that internal multiple reflections 
can become important for thinner films. Interface and surface roughness will decrease 
the effect of internal reflections. In the model introduced in Section 3.5, internal 
reflections will be neglected, partly to keep the model as simple as possible and partly 
because including multiple reflections does not result in large changes of the calculated 
dichroism effect. 

3.3 Experimental set-up 

Four different ferromagnetic materials have been studied: Ni80Fe20 and Co90Feio, 
which are frequently used in magneto-electronic devices, Ni8oCo2o, which has a higher 
AMR ratio than Ni80Fe2o, and Fe88Vi2, which was selected because of the reported 
qualitatively different angular dependence of the spin-dependent conductivity as com
pared to the other materials mentioned [63]. The films were fabricated using DC-
magnetron sputtering with a background pressure of 3 x 10~4 Pa, an Ar pressure of 
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Figure 3.2: Transmission of single-layer metallic ßlms with a thickness of (a) 10 nm 
and (b) 30 nm with and without including internal reflections (dashed and full lines 
respectively). The electron mean free path is 10 nm and the conductivity is cr0 = 6.1 x 106 

(Qm)'1 for both Rim thicknesses. 

e •*- interface 

N2 gas SiO^ Si Ta metal Ta N2 gas 

Figure 3.3: A schematic representation of the total layer stack as used in the experi
ments and as it will later be used to model the transmission and the dichroism effect. 
The layer thicknesses are not to scale. 

0.9 P a during deposition and a substrate-target distance of 7 cm. The layer stack is 
shown in Fig. 3.3. On Si substrates polished on both sides, a 3 nm thick Ta buffer 
layer was deposited, which induces a strong (111) texture in the fcc-type magnetic 
layers. Then, the ferromagnetic layer was deposited, with a thickness tha t ranged 
between 3 and 50 nm. Finally, a protective Ta cap layer with a thickness of 3 nm was 
deposited. All layers were deposited at room temperature . The resistance and the 
AMR ratio of the films were measured separately using four-point methods. The film 
thicknesses were determined with Rutherford backscattering spectroscopy, assuming 

bulk densities. 
The infrared transmission was measured using a Bio-Rad 175C spectrometer 

equipped with a Mercury-Cadmium-Telluride (MCT) detector at normal incidence 
of the light. We measured in a wavelength range of 2.5 to 20 /im (4000 - 500 c m - 1 ) 
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Figure 3.4: (a) Transmission and (b) relative transmission change as a function of 
wavelength for 8 nm (bullets), 11 nm (crosses) and 19 nm (triangles) M80Fe2o layers. 

with a resolution of 8 cm""1. A polaroid filter with an efficiency of 98.5 % was placed 
between the sample and the detector, so that only light with a fixed linear polariza
tion was detected. The magnetization of the films was saturated by the application 
of a magnetic field and could be rotated to any arbitrary angle 0 with respect to 
the polarization angle which was kept fixed. The sample chamber was flushed with 
nitrogen gas to reduce the influence of water vapor and CO2 on the transmission 
spectrum. The transmission coefficients given are normalized with respect to the 
transmission through an uncovered Si substrate. All experiments were carried out at 
room temperature. 

3.4 Experimental results 

Figure 3.4 gives an overview of results obtained for NigoFe-20 films. As shown in 
Fig. 3.4(a) the transmission decreases monotonically with increasing wavelength and 
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Figure 3.5: Relative transmission change, AT/T = (T(6) -T(90°))/T(90°) for different 
angles 8 between the polarization direction of the light and the magnetization direction 
in the film. 

film thickness. The curves shown here have been measured with the magnetization 
direction perpendicular to the polarization direction. Figure 3.4(b) shows the relative 
change of the transmission, 

AT T(9) - T(90°) 
T(90°) 

(3.19) 

caused by the magnetic-linear-dichroism effect, with 9 the angle between the magne
tization and polarization direction, at 9 = 0°. The relative transmission change is 
small but significant. It increases with increasing film thickness until a maximum is 
reached at approximately 19 nm NisoFe2o- The AT/T curve shows a minimum at a 
wavelength of approximately 8 /im. For wavelengths above 15 /xm, the statistical er
rors are relatively large due to the low amount of transmitted light in this wavelength 
range. 

The relative transmission change, (AT/T)(9), is found to decrease monotonically 
at each wavelength from 9 = 0° to 90° with increasing 9, similar to the DC AMR effect, 
as shown in Fig. 3.5. Within experimental error, (AT/T)(9 = 0°) = 2 x (AT/T)(9 = 
45°). In Fig. 3.5, the influence of an unstable background was removed by normalizing 
all curves to AT/T = 0 at a wavelength of 2.5 /Jin. 

As shown in Fig. 3.6, the magnetic-linear-dichroism effect is also observed for the 
other alloys studied. For CogoFeio and NigoCo2o, the wavelength dependence of the 
relative transmission change is similar as for NigoFe2o, but the size of the change is 
smaller and larger, respectively. In contrast, the small effect observed for Fe8sVi2 
films shows a markedly different wavelength dependence. 



3 .5 . M o d e l of t h e l inear-d ichro i sm effect 41 

6-Ç 

0.4 

0.0 

0.4 

-0.8 

• 
• 

A A A ' W V ^ A A A A A * A A A A 

" A A A A A A A A ^ A A A A A A 

0.4 

0.0 

0.4 

-0.8 

+++ + + 
• • + + 

+
 ++ + 

• + + + 

• • 

• • • 
•• • 

• • - • • • • 
1 1 > 1 1 

5 10 15 
Wavelength (/im) 

20 

Figure 3.6: Relative transmission change for 18 nm CogoFeio (crosses), 26 nm N180C020 
(bullets) and 10 nm Fe8sVi2 (triangles) films. 

3.5 Model of the linear-dichroism effect 

In our t rea tment we follow the model of Jacquet and Valet [67], who have de
duced equations for the refractive index of a conducting film, including a frequency-
dependent conductivity. They assume this conductivity also to be spin dependent. 
Using this model to analyze their da ta on the so-called magnetorefractive effect in 
multilayers showing the G M R effect, they were able to deduce different spin-dependent 
t ranspor t parameters for their multilayer films. In Section 3.2, the conductivity was 
taken spin independent. However, as explained in Section 1.4, the GMR and AMR 
effect in thin films can be explained by the so-called two-current model, where current 
is viewed as the sum of contributions from spin-up and spin-down electrons through 
two separate, parallel conduction paths . We will model the linear-dichroism effect in 
terms of a frequency- and angular-dependent conductivity a(u,6), which is a sum of 
contributions from majority- and minority-spin electrons: 

a(uj,0) =at(iO,e)+ai(uJ,e) = 
n^e2T^(9) 

+ 
n^e2T^(9) 

m î ( l + ï u > T t ( 0 ) ) m±(l+i(jJT±{6)) 
(3.20) 

in which n^, n^ and m^, rn^ are the spin-dependent effective electron density and mass, 
respectively. For now it is assumed tha t n? = n^ and rn^ = m}. Later in this section 
the influence of a variation of these parameters will be discussed. Within a complete 
(first-principles) theory of the AMR effect, such a separation of the conductance into 
majority and minority terms is not possible, as spin-orbit interaction mixes the two 
spin currents. Equat ion 3.20 can therefore only be viewed as a phenomenological 
expression, of which the usefulness is determined by the descriptive and predictive 
quality of models based on this expression. 
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Figure 3.7: Wavelength and skin depth for a model system as described in the text as 
a function of the wavelength (V = 1 x 10" s). 

It is assumed that the conduction electrons behave as a free electron gas. The 
relaxation time r is given by 

r tU) JU) (1 a™ cos2 9). (3.21) 

We will use the parameters a t , a1 and the ratio a = T^/T^ to fit the experimental 
AT/T curves as will be shown later. The form of Eq. 3.21 leads to a cos2 9 depen
dence of the (DC) AMR effect which, to a good approximation, is also the angular 
dependence of the linear-dichroism effect as found from this model. The DC AMR 
ratio follows from these parameters 

AR 
~R 

R\\ — Ri 

R±_ 

aa* + a^ 

a+1 
(3.22) 

It is assumed that cr(u,6) can be treated as constant over the film thickness d. 
This assumption is justified when the wavelength and the skin depth inside the film are 
much larger than the metallic-layer thickness (A,<5 > d). In Fig. 3.7, the wavelength 
and skin depth inside the model system, which will be explained below, are shown as 
a function of the wavelength outside the film. This graph shows that for the case of 
the wavelength inside the metallic film A the condition is met, but the skin depth S 
is only 4 to 5 times larger than the film thickness, so it is probable that for thicker 
films it will be necessary to include the anomalous skin effect [69]. However, for the 
sake of simplicity this complication will be neglected. 

In the remainder of this section, this theory will be applied to a model system. 
The layer stack used is equal to that of the experimental situation as described in 
Section 3.3. The metallic layer is taken to have a thickness of 10 nm, equal to the 
average mean free path. The electron density is equal ton = 2.17x 1028 m~3, resulting 
from a Fermi velocity «F = 100 x 106 m/s and an electron mass me = 9.11 x 1031 
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Figure 3.8: Relative transmission change for the model system as described in the text 
with a = 3, a^ — 0.04 and a^ = —0.03 (full curve), together with the curves for o^ = 0 
or a? = 0 (dashed curves). 

kg, assuming a free electron gas behavior. The relaxation time is calculated from the 
mean free path A, with T = A/vp. The linear-dichroism effect is introduced via an 
angular dependence of the relaxation time as given in Eq. 3.21. The relative dielectric 
constant of the material er is taken equal to 10. However, the value of this parameter 
does not have a large influence on the calculated transmission coefficients. 

By means of example, the parameters a1", a^, a are taken to be 0.04, -0.03 and 
3, respectively. The average relaxation time is 1 x 10 ~14 s, which results in r j = 
1.5 x 10"14 s and T£ = 0.5 x 10~14 s. In Fig. 3.8, the resulting AT/T curve is 
given together with curves obtained when taking a? = 0 or a^ = 0, respectively, in 
other words either spin-up or spin-down electrons are assumed to have no angular 
dependence of their relaxation times. For small af and a^, the total AT/T curve is, 
to a good approximation, equal to the sum of the two separate curves. 

In Fig. 3.9 it is shown how the cross-over point, between positive and negative 
AT/T , changes when either a^ is varied with a^ = 0 or a^ is varied with a^ = 0, 
keeping the other parameters constant. 

In Fig. 3.10, the variation of AT/T with a variation of a, a1" and a^ is shown. 
Either a^ = 0 and a1" or a are varied (Figs. 3.10(a) and (c)), or a1" = 0 with variation 
a*- or a (Figs. 3.10(b) and (d)). Adding two curves obtained for equal a, one with 
a} = 0 and the other with a} = 0, the result will be a curve similar to the resultant 
full curve in Fig. 3.8. As shown in Fig. 3.10, changing either of the model parameters 
results directly in a change of the calculated relative transmission change. 

From the model as described above and the examples given, we conclude that 
the magnetic-linear-dichroism effect is a very sensitive method to analyze the spin-
dependent electron transport. 
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Figure 3.10: Variation of A T / T with (a) aT (a1 = 0), (b) a1 (a1 = 0), both with a = 3 
and variation with a for (c) aT = 0.04 (a1 = 0) and (d) a1 = -0.03 (aT = 0). The 
variation is performed for the model system as described in the text. 



3.6. Analysis of the experimental results 45 

&? 

0 5 10 15 
Wavelength (/im) 

Figure 3.11: Measured transmission of CogoFeio layers of different thicknesses (full 
lines). Also given in the figure is the transmission found by extrapolation towards zero 
CogoFeio thickness. The CogoFeio-layer thicknesses (in nm's) are given next to the 
respective curves. 

3.6 Analysis of the experimental results 

In Fig. 3.3, a schematic representation of the total layer stack is given that was used in 
the experiments and that now will be used to model the transmission and the relative 
transmission change. It consists of a partly oxidized Si substrate, with a 3 nm Ta 
layer, a metallic layer and a Ta-oxide layer on top. The whole layer is placed in an 
atmosphere of N2 gas. 

An uncovered Si substrate is found to have a transmission of 56 % in this wave
length range. This is higher than expected, as normally es; « 12, which would result 
in T « 49 %. This discrepancy is probably due to the re-oxidation of the bare Si sur
faces. The Si substrate on which the layers are deposited is dipped in an HF-solution 
before depositing the layers, to remove the native oxide. The bare lower interface 
however, can re-oxidize. The Si-oxide layer is modeled as a layer with esiOx = 9. 

The transmission as a function of wavelength for a single Ta layer on a Si substrate 
was determined by extrapolating the experimental transmission of the layer stacks 
with 5 nm Ta/ tp Co9oFeio/3 nm Ta-oxide towards zero Co9oFeio-layer thickness 
which is shown in Fig. 3.11. It shows that for zero CogoFeio-layer thickness (a single 
Ta layer), the transmission is almost independent of wavelength. A similar result has 
been found in a measurement of a single 3.5 nm thick Ta layer, where a transmission of 
65 % was found. It is very likely that such a thin layer is almost completely oxidized. 
This is however not the case when the Ta layer is deposited below the metallic layer. 
We conclude that the transmission of a Ta layer, metallic or oxidic, can be assumed 
as independent of wavelength in the wavelength range used in these experiments. In 
the analysis of the experimental results, the Ta layers will be described by an effective 
dielectric constant exa = 35. 
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Table 3.1: Expérimentai values for thickness, resistivity and AMR ratio (numbers be
tween brackets give the calculated AMR ratios) of JVigoFe2o, NisoCoio, CogoFeio and 
Fe88^i2 films, together with the calculated values for TQ , a, a1" and a1. 

Thickness p AMR % r,} a a t a^ 
(nm) (nOm) exp/(calc) (fs)  

Ni80Fe20 290 1.3 (0.8) 6.7 1.5 0.035 -0.033 
230 1.7 (1.4) 8.5 1.5 0.056 -0.050 
210 2.1 (2.1) 11 2.5 0.040 -0.027 

170 3.6 (3.6) 14 2.8 0.060 -0.031 

160 1.3 (1.3) 16 3.5 0.021 -0.014 

200 0.5 (0.2) 15 11 0.001 0.007 

The effect on the transmission due to the displacement of electrons in closed 
shells, as represented by tr « 1 - 10, is very weak for the highly conducting films used 
in our study and as the results of our analysis do not strongly depend on er, we will 
neglect this term in Eq. 3.5 from now on. 

In a first analysis of the experimental data, when assuming m1" = m^ = me = 
9.1 x 10~31 kg, and n1" = n^, the best fits were found for an electron density n1" = 
nl = 1.08 x 1028 m" 3 and n* '/m1' - n^/m1 = 1.19 x 1058 m~3kg_ 1 (resulting in 
v-p = 1.00 x 106 m/s). The results of the fits are given in Table 3.1, together with 
the AMR ratio that follows from these parameters, using Eq. 3.22 at u = 0. The low 
measured resistivities are indicative of the good structural quality of the films. The 
experimental AMR ratio and the value obtained from the fit parameters are in fair 
agreement, for Ni80Fe2o in particular for the thickest films, for which the effect of the 
presence of the Ta layer is less pronounced. The relative transmission change as well 
as the AMR effect increase with thickness (up to a certain maximum). This is most 
likely the result of the decreasing importance of spin-independent scattering at the 
interfaces with the Ta layers, and/or at grain boundaries or other defects within the 
Ni80Fe2o film [70]. For Ni80Fe20, Co90Feio and Ni80Co2o, it is found that a1" and a^ 
have opposite sign, whereas for Fe88Vi2 a* and a^ have equal sign. These results are in 
qualitative agreement with the conclusions of Dorleijn [63], who determined the values 
of the angular dependencies using resistivity measurements on dilute ternary Ni-based 
and Fe-based alloys. Note that the use of the present method is not restricted to dilute 
systems. The parameters n^/rri^ = n^/m^ can only be varied in a small range (±5 %) 
around the values used above, when requiring a good fit to the experimental AT/T 
curve, the AMR ratio and the experimental film resistivity. The resulting relative 
uncertainties of the parameters a, o1" and a^ are approximately 10 %. 

In Fig. 3.12 the experimental transmission and relative transmission change of 
a 19 nm Ni8oFe2o film are given together with the fits obtained from the model. It 
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Figure 3.12: (a) Transmission and (b) relative transmission change for a 19 nm NigoFe2o 
Rim, together with fits from the model described in the text (full lines). Also shown are 
the curves for either â  = 0 or a1* = 0 and a^,a^ = 0 equal to the fitted value, respectively 
(dashed lines). 

is shown that the wavelength dependence of AT/T can be explained quite well, and 
that the transmission above approximately 7 /zm wavelength is well described by the 
model, but that the fit is not satisfactory at shorter wavelengths. Figure 3.12 also 
shows the transmission change that is obtained when either a} — 0 or a^ = 0, i.e. 
when either majority or minority electrons do not exhibit an angular dependence of 
the relaxation time. When a} and er1- are small (< 0.1), as is the case in the example 
shown, the total transmission change is to a good approximation the sum of the 
separate curves. This result shows immediately the effect of the two separate spin 
directions on the total linear-dichroism effect. 

Subsequent analysis of the data showed that when allowing n1"/m^ ^ n^/m^, 
a much larger range of values is possible for these parameters. Figure 3.13 shows 
a contourpiot of the AMR ratio calculated from the best fits as a function of the 
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Figure 3.13: Contourpiot of the AMR ratio which is calculated from the fitted pa
rameters a, a} and a^, as a function of the parameters n' /m and rr/rrr for a 19 nm 
Ni$oFe2o layer, with an experimental AMR ratio of 2.1 %. The dashed lines in the plot 
are lines of constant AMR ratio. From top to bottom: 0.5, 1.0, 1.5, 2.1, 3, 4 and 8 %. 
The full section of the line at 2.1 % indicates the region where the transmission curve is 
fitted best along with all the other experimental results. 

parameters n^/m^ and n^/m^ for a 19 nm Ni8oFe2o layer. The dashed lines in the 
plot are lines of constant AMR ratio. From top to bottom: 0.5, 1.0, 1.5, 2.1, 3, 4 and 8 
%. For each material investigated there is an approximate linear relationship between 
the values of nf jrn} and n^/m^, for which the best fit to all experimental results is 
obtained. For a 19 nm NisoFe2o layer, the fit is consistent with the experimental 
AMR ratio of 2.1 % for 0.5 x 1058 < n±/ml < 2.5 x 1058 m ^ k g " 1 when ri*/ml = 
—0.30 x n^/m^ + 1.54 x 1058 m _ 3 kg _ 1 . At the same time, a remains approximately 
constant at 2.5 ± 0.2, a^ increases from 0.031 to 0.067 and a\ becomes less negative, 
changing from -0.06 to -0.015. The fits also show that the smallest values of n^/m^ 
give the best fit of the transmission as a function of wavelength (full section of line in 
the figure). 

3.7 Conclusions 

The analysis of the magnetic-linear-dichroism effect provides a sensitive new method 
for studying spin-polarized electron transport in metal films. Within the model used, 
electron transport in all films studied is to be considered as spin dependent at room 
temperature. At present no direct quantitative comparison can be made with the 
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results reported elsewhere. For Ni8oFe2o the analysis of the CIP-GMR effect of spin 
valves at room temperature has yielded A^/A^ > 7.7 [3] (using a rather indirect 
method for obtaining A+). The analysis of the CPP-GMR effect at 4.2 K has yielded 
p^/pï « 7.5±2;6) when taking spin-flip scattering into account as well [71]. The value 
of a = TQ/TQ as obtained from our study at room temperature for 19 nm Ni8oFe2o 
is significantly smaller. However, when comparing TQ/TQ with p^/p^ or A^/A^, a 
possibly spin-dependent Fermi velocity has to be included. 

In order to investigate the origin of the disagreement at small wavelengths be
tween the calculated and experimental transmission curve, refinements of the model 
would be of much interest, e.g. including the effect of multiple internal reflections of 
the infrared light in the layers, the decay of the infrared light intensity in the lay
ers, and spin-flip scattering [72]. Experimentally, interesting extensions would be the 
performance of in situ experiments (for which the films need not be covered with Ta 
protective layers), temperature-dependent studies, studies of the effect in the reflec
tion mode, the performance of spatially resolved studies, and the extension to larger 
wavelengths. 

In conclusion, we have found a novel magnetic-linear-dichroism effect for infrared 
light in ferromagnetic alloys. It has been found that the amount of infrared light 
transmitted through Ni80Fe20, Ni80Co2o, Cog0Feio and Fe88Vi2 thin films depends 
on the angle between the polarization direction of the light and the magnetization 
direction of the film. The magnetic-linear-dichroism effect has been analyzed in terms 
of a two-current Drude-type model for the (frequency-dependent) conductivity. Anal
ysis of the measurements with this model produces the spin- and angular-dependent 
relaxation times. 




