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Chapter 4 

Magnetorefractive and 
magnetic-linear-dichroism 
effect in exchange-biased spin 
valves 

4.1 Introduction 

Recently, two novel effects have been discovered in the transmission of infrared light 
through magnetic thin films. Jacquet and Valet [67] have shown that the transmission 
of infrared light through (Ni80Fe2o/Cu/Co/Cu)N multilayers changes upon a change 
of the angle between the magnetization directions of the Ni80Fe2o and Co layers. The 
DC conduction of such systems shows the giant magnetoresistance (GMR) effect. Us
ing a simple Drude-type model for the electrical conduction including spin-dependent 
relaxation times, the authors were able to analyze the experimentally observed wave
length dependence of the relative transmission change. It was shown that the change 
of the relative magnetization directions leads to a change of the refractive index of 
the film. Hence, this change was appropriately named a magnetorefractive effect [67]. 

In the previous chapter, the discovery of a second effect in the transmission of 
infrared light through thin films has been reported, viz. a novel magnetic-linear-
dichroism effect. The transmission of linearly polarized infrared light through thin 
ferromagnetic alloy films was found to depend on the angle between the magnetization 
direction in the film and the polarization direction of the light. The in-plane compo
nents of the complex refractive index (r}x and r}y) are generally different, leading to 
the observed dichroism effect. 

Whereas the magnetorefractive effect for multilayers is related to the GMR effect, 
the linear-dichroism effect for alloy films is related to the anisotropic magnetoresis
tance (AMR) effect. Indeed, we have been able to analyze the wavelength dependence 
of the magnetic-linear-dichroism effect using a Drude model including spin-dependent 
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and angular-dependent relaxation times. The spin and angular dependencies deduced 
for Ni80Fe2o, Ni80Co2o, Co9oFei0 and Fe88Vi2 are in qualitative agreement with re
sults obtained from DC transport experiments using dilute ternary alloys [62,63]. 

In this chapter, the transmission of infrared light through so-called exchange-
biased spin valves will be investigated. Spin valves consist of two ferromagnetic (F) 
layers separated by a nonmagnetic (NM) layer. One of the F layers is free to rotate, 
whereas the other F layer has its magnetization direction pinned by an antiferro-
magnetic (AF) exchange-biasing layer. This configuration enables the F layers to 
be switched between a high-resistance, antiparallel magnetization state and a low-
resistance, parallel magnetization state (see also Section 1.3). Using exchange-biased 
spin valves instead of multilayers has the advantage that also in the antiparallel mag
netization state the two F layers are monodomain, which is often not true for mul
tilayers. This means that, in contrast to multilayers, for spin valves the magnetic 
state is always accurately known when switching between parallel and antiparallel 
configuration. We show that the change in conductivity results in a change of the 
transmission of nonpolarized infrared light through these spin-valve films, the magne
torefractive effect. Together with the magnetorefractive effect we will also show the 
existence of a magnetic-linear-dichroism effect in these spin valves. For these spin 
valves F = Ni80Fe20 and NM = Cu and in order to investigate the effect of the AF 
layer, two different AF materials were investigated, Fe5oMn5o and NiO. 

We will analyze the magnetorefractive effect in terms of a Drude-type model 
using spin-dependent relaxation times. The relaxation times are averaged over the 
two F layers and the NM layer. It is found that the experimental data can be quite 
accurately described by this simple model. The fits indicate larger relaxation times 
and a stronger spin dependence for the electron transport in NiO spin valves. This 
would be consistent with other experimental results which have been interpreted in 
terms of specular reflection of electrons at metal/NiO interfaces [73-75]. 

4.2 Experimental set-up 

We have studied two different types of exchange-biased spin valves: 
(I) Si(100) / 3.5 nm Ta/8 nm Ni80Fe20/tcu Cu/6 nm Ni80Fe20/10 nm Fe5oMn50/5 
nm Ta, and 
(II) Si(100) / 40 nm NiO/4.5 nm Ni80Fe20/tcu Cu/8 nm Ni80Fe20/3.5 nm Ta. 
The essential difference between the two types of spin valves is the AF layer, which 
is metallic (Fe5oMn5o) in the first case and insulating (NiO) in the second case. 

The films were fabricated using DC-magnetron sputtering with a background 
pressure of 1 x 10"6 Pa, except for the NiO layers which were fabricated using RF 
sputtering. An Ar pressure of 0.7 Pa (5 mTorr) was used during deposition with 
a substrate-target distance of 110 mm. The films were deposited on Si substrates 
polished on both sides, which were dipped in a 2 % HF solution just before deposition 
to remove the oxidic skin. The films with Fe5oMn5o contain a Ta seed layer in order 
to induce a strong (111) texture in the fee-type layers on top of it. This is very 
beneficial for the soft magnetic properties of the free magnetic layer. The Cu spacer 
layer thickness ranged from 1.1 to 6.0 nm. Finally, a protective Ta cap layer with a 
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Figure 4.1: Transmission for 8 nm Nis0Fe2o/tcu Cu/6 nm Ni80Fe2o/10 nm Fe5oMn5o 
spin valves with either 2.6 nm Cu (squares) or 4.0 nm Cu (bullets) with parallel magne
tizations of the free and pinned Nig0Fe2o layers. 

thickness of 3.5 nm (sample I) or 5 nm (sample II) was deposited. During deposition 
all films were placed in a magnetic field to induce magnetocrystalline anisotropy in 
the free magnetic layer and exchange anisotropy of the pinned magnetic layer due to 
the exchange-biasing interaction with the AF layer. All layers were deposited at room 
temperature. 

The infrared transmission was measured using a Bio-Rad 175C spectrometer 
equipped with a Mercury-Cadmium-Telluride (MCT) detector. We measured in a 
wavelength range of 2.5 to 22.5 fim (4000 - 440 cm"1) with a resolution of 8 cm - 1 . 
For the linear-dichroism experiments 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 
polarization was detected. The magnetization of the free layer was saturated by the 
application of a magnetic field and could be rotated to any arbitrary angle 6. The 
exchange-biasing field (~ 22 kA/m for both types of spin valves) is much larger than 
the applied field. Therefore, the magnetization direction of the pinned layer is, even 
for e = 90°, only slightly affected. The sample chamber was flushed with nitrogen 
gas to reduce the influence of water vapor and C 0 2 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 tem
perature. The resistance and the GMR ratio of the films were measured using a 
four-point method. All experiments were performed at room temperature. 
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Figure 4.2: Relative transmission change for 8 nm NisoFe2o/tcu Cu/6 nm NisoFe2o/10 
nm Fe5oMn5o spin valves with 2.6, 3.0 and 4.0 nm Cu. The lines are guides to the eye. 

4.3 Experimental results 

Figure 4.1 shows the transmission spectra of 8 nm NigoFe2o/tcu Cu/6 nm Nig0Fe2o/10 
nm Fe5oMn5o spin valves in the parallel magnetization state with either 2.6 or 4.0 nm 
Cu as the nonmagnetic spacer layer. The transmission as a function of wavelength of 
the spin valves with NiO as the biasing layer is found to be similar, however a few 
percent larger for equal Cu-layer thicknesses, which is the result of the fact that the 
total thickness of the conducting layers is smaller for spin valves with (insulating) 
NiO. 

Figure 4.2 shows the relative transmission change AT/T for Fe5oMn50-biased 
spin valves with different Cu-layer thicknesses. The measured resistivities and GMR 
ratios of these films are summarized in Table 4.1 given later in this chapter. The 
resistivities given in Table 4.1 are the values for the two F layers and the Cu layer. 
The Ta seed layer and the FesoMnso layer are treated as shunting layers with a 
resistivity of 1.6 x 10~6 urn. The Ta capping layer is assumed to be completely 
oxidized and therefore nonconducting. The magnetorefractive effect causes a change 
of the transmission when the magnetization directions of the F layers are changed 
from an antiparallel to a parallel configuration, resulting in a relative transmission 
change, 

T A p - T p (4.1) 
AT 
T TP 

The relative transmission change shows a very distinct behavior as a function of 
wavelength. At small wavelengths the effect is very small. Around a wavelength of 10 
/im there is a negative minimum and at wavelengths between 15 and 20 /im there is 
a cross-over from negative to positive AT/T. In the limit of infinite wavelengths, the 
relative transmission change should become equal to the DC GMR effect (AT/T = 
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Figure 4 .3: Relative transmission change for 40 nm NiO/4.5 nm NigoFe2o/tcu Cu/8 
nm Ni&oFe2o spin valves with 1.6, 2.6, 3.6 and 6.0 nm Cu, respectively. The lines are 
guides to the eye. 

Ap/p), which can be deduced from the expressions for the transmission and the 
wavenumber inside the metallic film at UJ = 0 (Eq. 3.17 and Eq. 3.5). Preliminary 
experiments with wavelengths up to 40 pm on an 8 nm Ni80Fe2o/2.6 nm Cu/6 nm 
Ni80Fe2o/10 nm Fe5oMn5o spin valve showed a further increase of AT/T, although 
even at a wavelength of 40 pm the expected high-wavelength limiting value (AT/T = 
Ap/p) was not yet reached. 

In Section 4.4 the experimental results will be analyzed using a simple model in 
which the complex refractive index of the metallic layer depends on the conductivity 
of the materials. Since the GMR effect changes the conductivity of the films when the 
magnetization direction of the F layers is changed, the refractive index will change 
accordingly. Fits of the relative transmission change for the different spin-valve struc
tures are obtained by varying the spin-dependent parameters in the conductivity. 

Figure 4.3 shows the relative transmission change for NiO-biased spin valves. It 
shows similar features as described above for Fe5oMn5o-biased spin valves. The value 
of AT/T at the minimum is more negative for the three spin valves with the thinnest 
Cu layers, which is consistent with the fact that samples with the same Cu-layer 
thickness have a larger GMR ratio than Fe5oMn5o spin valves, as will be shown in 
Section 4.4. 

Figure 4.4 shows the configuration used for measuring the transmission of linearly 
polarized light, with different angles between the magnetization directions of the free 
and pinned layers, which can be used to investigate the magnetic-linear-dichroism 
effect in spin valves. Figure 4.5(a) shows the results for an 8 nm Ni80Fe2o/2.6 nm Cu/6 
nm Ni80Fe2o/10 nm Fe5oMn50 spin valve as measured by detecting the transmitted 
light with its polarization direction parallel to the (fixed) magnetization direction of 
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Figure 4.4: Magnetization configuration for the free and pinned layers in a spin valve. 
The magnetization direction of the free layer is assumed to rotate with respect to the 
magnetization direction of the pinned layer. 

the pinned layer. The angle 9 between the magnetization directions of the free layer 
and the pinned layer was varied by the application of a magnetic field. The size of the 
relative transmission change can be compared to the DC relative resistance change in 
equal configuration. To a first approximation, the resistance is given by: 

R = Ro- A i W sin2 9 + ^ [ 1 - cost?], (4.2) 

where the second and third terms in the equation are contributions resulting from 
the AMR effect and the GMR effect, respectively. Figure 4.5(b) shows that there is 
a linear relationship between the relative resistance change AR/R and AT/T at 10 
/xm for the four cases defined in Fig. 4.5(a), using the definition of AT/T as given in 
the inset of the figure, and the analogous definition of AR/R. 

In measuring the relative transmission change as presented in Figs. 4.2 and 4.3, 
the angle 9 is varied between 0° and 180°. If 9 is varied from 90° to 270° no change in 
the transmission should be observed, if only the magnetization of the free layer would 
rotate. However, in Fig. 4.5(a) it is shown that (T27o - T90)/T90 is non-zero. Also, 
the difference in resistance is found to be non-zero in this configuration. This can be 
due to a small misalignment. 

Figure 4.5(a) also gives the curves for 9 changing from 180° to 90° and from 90° 
to 0°. The relative transmission change for these two measurement is clearly not the 
same. This is due to the AMR effect in the F layers. Subtracting the two measured 
curves will give the true AMR-related magnetic-linear-dichroism effect. The sum of 
the two curves is equal to the magnetorefractive effect. For this sample the DC GMR 
ratio is 3.6 % and the DC AMR ratio is 0.5 %. Figure 4.5(b) shows there is a linear 
relation between the relative transmission change and the relative resistance change. 

In the analysis in Section 4.4 we will restrict ourselves to the case where 9 is 
varied between 180° and 0°. 

4.4 Model and discussion 

To model the total transmission of the spin valve, the film is treated as a stack of sev
eral effectively nonconducting layers (i.e. with a refractive index which is independent 
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Figure 4.5: (a) Relative transmission change in an 8 nm NisoFe2o/2.6 nm Cu/6 nm 
NigoFe2o/10 nm Fe5oMn50 spin valve. The angle between the magnetization direction 
of the free magnetic layer and the polarization direction of the light was varied between 
0 and 270° (To, T90, ï iso, Ï270, as shown in the legend), (b) The relation between the 
relative transmission change at a wavelength of 10 fim and the relative resistance change 
AR/R as measured from DC electrical-transport measurements. 

of frequency in the frequency range considered) plus one single conducting layer. The 
treatment of the Si substrate and the Ta seed and cap layer is the same as in Section 
3.6. For the Si substrate, the NiO layer and the Ta layers, we have assumed a real 
refractive index independent of frequency. From the literature the relative dielectric 
constant of Si has taken to be esi = 12 [76]. However, analyzing the transmission 
spectrum of an uncovered Si substrate gives an effective dielectric constant equal to 
9. We have used this value in analyzing the experimental data. The discrepancy may 
be due to the fact that on the uncovered surface of the Si substrate again an oxidic 
skin is formed after the HF dip. A single NiO layer deposited on a Si substrate was 
found to have a transmission spectrum almost the same as an uncovered Si substrate. 
Therefore we assume eNio = 9. The variation of the transmission in the 2.5 - 22.5 
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/im wavelength range through a single Ta film is found to be small enough to jus
tify the assumption of a wavelength-independent transmission spectrum. An effective 
relative dielectric constant exa ~ 35 is deduced from the experimental data (see Sec
tion 3.6). The metallic layers (the two F layers and the Cu layer) in both types of 
spin valves were treated as a single layer with a refractive index which is wavelength 
dependent. For the Fe5oMn5o-biased spin valves, the FesoMnso layer is treated as a 
metallic shunting layer, which means that these spin valves are treated as consisting 
of two adjacent conducting layers. 

The expressions for the wavenumber inside the metallic film and the transmission 
through a metallic film have already been derived in Section 3.2. From Eq. 3.5, using 
k = rjko, the equation of the complex refractive index rj can be deduced: 

/ i<j(u>) ,. , 
n = \UT - - i - A 4.3 

y e0u> 

with eo the dielectric constant in vacuum and eT the relative dielectric constant of the 
metal, the contribution due to the bound electrons. Similar as in Section 3.6, er is 
again neglected in the analysis. 

To model the magnetorefractive effect we assume the conductivity to be the sum 
of contributions from spin-up (f) and spin-down (l) electrons 

ta)e2 rtU)/mt(4.) 

* M = S 1 • IT) • (4-4) 
t.4. 

in which r, n and m are the spin-dependent relaxation time, electron density and 
electron mass, respectively. The layer thicknesses are typically of the order of or 
smaller than the electron mean free path and electrons will cross the interfaces between 
the different layers, partially without scattering. In that case a model such as treated 
by Camley and Barnas [26] has to be used for calculating the proper layer-averaged 
relaxation time over the two F layers and the nonmagnetic layer. Jacquet and Valet 
[67] used a more simple approach, viz. a weighted average over one multilayer period 
of the reciprocal of the relaxation times, 

Udz ' 
L J r(z) 

(4.5) 

with L the thickness of one multilayer period and z the coordinate along the thickness 
direction. This is a good approximation for very thin layers (layer thickness <C mean 
free path) and no interface scattering. For our spin valves, the layer thicknesses 
are too large and a much more elaborate model has to be used for obtaining the 
effective relaxation times, where the Boltzmann transport equations are solved for all 
separate layers with the appropriate boundary conditions, as mentioned above [26]. 
We have not carried out such calculations and have, instead, regarded the effective 
spin-dependent relaxation times as empirical parameters that can be obtained from 
an analysis of the experimental AT/T curve. 

For the parallel configuration of the F-layer magnetization directions, we intro
duce the spin-asymmetry parameter a P , which is defined as the ratio between the 
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Table 4 .1 : Experimental results for pp and GMR ratio, together with the fit parameters 
n/rn, Tp, r^ p , ap and ü A P for both types of spin valves. The average resistivity of the 
magnetoresistive layers pp is calculated from the measured resistivity, assuming that the 
FesoMnso and lower Ta layer are shunting iaj'ers with a resistivity of 1.6 x 10~6 Um. 

t C u PP GMR ratio n/m T P T A P a p Q A P 
31 (nm) (nlim) (%) ( m ^ k g - 1 ) (fs) (fs) 

Fe50Mn5o spin valves 
2.6 246 3.6 2.4 xlO58 8.3 6.6 1.70 1.08 
3.0 240 2.9 2.4 " 8.3 6.8 1.61 1.07 
4.0 199 2.6 2.6 " 9.2 7.6 1.58 1.07 

NiO spin valves 
1.6 235 6.4 2.0 " 10.8 8.4 1.86 1.18 
2.6 181 5.0 2.4 " 11.6 9.3 1.78 1.17 
3.6 172 4.1 2.3 " 12.6 10.2 1.74 1.16 
6.0 153 2.7 2.3 " 13.7 11.6 1.58 1.13 

spin-up and spin-down effective relaxation times, Qp = Tp/rf,. Similarly, for the an
tiparallel configuration the spin-asymmetry parameter is defined as Q A P = T A P / T A P > 
where the spin-up direction is defined as the majority-spin direction of the free mag
netic layer. When the thickness of the free and pinned F layers would have been 
equal, r ^ p would have been equal to r A p . However, as the free layer is thicker than 
the pinned layer for all samples studied, one has, most generally, r ^ p ^ r ^ p and 
Q A P T^ 1- For the samples studied, one expects tha t Qp > 1 and tha t Qp > Q A P > 1, 
because for NisoFe2o the relaxation time of the majority-spin electrons is expected to 
be larger than for the minority-spin electrons. Using the method of calculating the 
weighted average over different layers we obtain the relation between a p and Q A P 

tp + tfQp 
"AP = 7E—7 • (4-6) 

U + tpQp 

The experimental AT/T curves have been fitted by a variation of n/m, r p and 
a p , taking care tha t the relation between a p and Q A P (Eq. 4.6) is maintained. These 
parameters are chosen such tha t the calculated resistivity and GMR ratio are equal to 
the measured values. The calculated parameters n/m, r p , r ^ p , a p and O A P for spin 
valves with Fe5oMn50 and NiO as biasing layers and different Cu-layer thicknesses are 
given in Table 4 .1 . 

In Table 4.1 it is shown tha t the fit parameters for both types of spin valves are 
qualitatively the same, which is not surprising since the magnetoresistive layer consists 
of Ni8oFe2o and Cu for both types of spin valves. The relaxation times are found to 
increase with increasing Cu-layer thickness for both types of spin valves. This can be 
due to the fact tha t the highly conducting Cu layer forms an increasing fraction of 
the total layer stack at increasing Cu-layer thicknesses. The average relaxation t ime 
will then increase. Also, at thicker Cu layers, the effect on the average relaxation t ime 
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from diffusive scattering at the outer boundaries will decrease. Relaxation times are 
found to be larger for NiO spin valves than for Fe5oMn50 spin valves, for all Cu-layer 
thicknesses. The lower overall layer thickness in NiO spin valves, as compared to 
Fe5oMn50 spin valves with the same Cu-layer thickness, should lead to a relatively 
stronger decrease of the layer-averaged relaxation time due to scattering at the outer 
boundaries, unless the type of electron scattering is specular, instead of diffusive. The 
occurrence of specular electron reflection at the interface between metallic layers and 
NiO, has been reported previously [73,74], whereas the scattering at the interface 
with Fe5oMn50 is usually assumed to be diffusive. Specular reflection would also 
result in a larger spin-asymmetry parameter a P for NiO-biased spin valves, which 
is indeed the case for the films with thin Cu-layer thicknesses. When the Cu-layer 
thickness increases, aP decreases as is expected because scattering in the Cu layer is 
spin independent. 

Extrapolation towards zero Cu-layer thickness would result in the spin-asymmetry 
parameter of a single Ni80Fe2o layer, modified (decreased) by the diffusive scattering 
at the interface with the AF and Ta layers, if this scattering is spin-independent. 
From a linear extrapolation we obtain for NiO- and Fe5oMn5o-biased spin valves a 
spin-asymmetry parameter aP of 1.95 ± 0.05 and 1.87 ± 0.15, respectively. These 
values of aP can be considered as representative for NiO/12.5 nm Ni80Fe2o/ Ta and 
Ta/14 nm Ni80Fe20/ Fe50Mn5o films. It is of interest to make a comparison with 
the results as obtained independently from the analysis of the linear-dichroism effect 
performed in the previous chapter, which yielded a = 1.5 and a = 2.5 for 11 nm and 
19 nm Ni80Fe2o films, respectively, in between Ta buffer and cover layers. It may be 
concluded that the magnetic-linear-dichroism experiments are comparable with the 
results from the magnetorefractive experiments, obtained by extrapolation of ap to 
zero Cu-layer thickness for spin valves. 

Figures 4.6(a,b) show the measured transmission and AT/T curves for an 8 nm 
Ni80Fe20/2.6 nm Cu/6 nm Ni80Fe20/10 nm Fe5oMn5o spin valve together with the fits 
obtained from the model described above. It can be seen that for larger wavelengths 
the fits are good, however for smaller wavelengths the fits are less satisfactory. Also 
given in Fig. 4.6(b) are the AT/T curves obtained when either r^ = r£ p or rp- = r^p. 
This means that either the spin-up or spin-down electron scattering does not depend 
on the angle between the magnetization directions of the free and pinned layer; the 
calculated relative transmission change is a result of either spin-up or spin-down 
electrons. In a first a pproximation, the total AT/T curve is equal to the sum of 
these two partial curves. 

The analyses show that the magnetorefractive effect can provide more informa
tion about the spin-polarized electron-transport properties of GMR spin valves. In 
the analysis we have used parameters that are averaged over the two F layers and 
the nonmagnetic layer. To be able to make a quantitative comparison with other 
experiments it will be necessary to include the electron-transport properties of the 
individual layers and the interfaces between the different layers. 



4.5 . C o n c l u s i o n s 61 

&? 

6-? 

40 
(a) 

30 -
\ 

20 - \ 

10 

0 i i i i 

15 20 

3 -

(b) 

™ H « B P 

3 -
- ~ L P AP 

5 10 15 

Wavelength (fim) 

20 

Figure 4.6: (a) Transmission and (b) reJative transmission change for an 8 nm 
NigoFe2o/2.6 nm Cu/6 nm NigoFe2o/10 nm FesoMn5o spin valve together with the fits 
obtained from the model and the relative transmission change as obtained for either 

î T 
or T„ = r . 

4.5 Conclusions 

It has been found tha t the transmission of infrared light through an exchange-biased 
spin valve depends on the relative magnetization directions of the two F layers. Both 
the magnetorefractive effect (where the F layers are switched parallel and antiparallel, 
respectively, with unpolarized light) and the magnetic-linear-dichroism effect (where 
the angle between magnetization and polarization direction is changed) are observed. 
It has been found tha t there is a linear relationship between the DC relative resistance 
change measured and the value of the relative transmission change at the negative min
imum. The results were analyzed with a Drude-type two-current model, which pro
duced averaged spin-dependent relaxation times. For NiO-biased spin valves, larger 
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relaxation times and larger spin-asymmetry parameters are found than for Fe5oMn5o-
biased spin valves. This may be an indication of the existence of specular reflection 
at the NiO/NigoFe2o interface. As expected, the relaxation times increase and spin-
asymmetry parameters decrease with increasing Cu-layer thicknesses, which is caused 
by the larger and spin-independent relaxation times in the Cu layer and a decreasing 
influence of scattering at the outer boundaries. The extrapolation of the values of 
the spin-asymmetry parameter of Ni80Fe2o to zero Cu-layer thickness produces values 
that are very comparable with the values found in Chapter 3 for single NigoFe2o films. 

One can conclude that measuring the magnetorefractive effect is a good method 
for the determination of the spin-dependent transport properties, although a more 
elaborate model will be needed to describe the experimental results more accurately. 


