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Magnetic linear dichroism of infrared light in ferromagnetic alloy films
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We have observed a magnetic linear dichroism effect for infrared light in ferromagnetic alloys at room
temperature. The effect has been studied fogféhy, NiggC0o,y, CaygFery, and FggV, thin films by mea-
suring the transmission of light polarized parallel and perpendicular to the magnetization direction. Its physical
origin and frequency dependence are explained from a two-current Drude-type model for the conductivity. A
study of a singl€thin film) specimen is shown to be sufficient for obtaining the spin and angular dependence
of electron relaxation times in ferromagnetic allo}S0163-182809)50134-3

The electrical conductivity of ferromagnetic materials istimes averaged over all layetdn contrast, studies of the
often viewed as resulting from the sum of parallel contribu-magnetic dichroism of single layers avoid this averaging
tions of electrons with opposite spin directions. This so-problem, making it possible to obtain material-specific relax-
called two-current model has provided excellent descriptiongtion times.
of the dependence of the residual resistivity of dilute binary We remark that the linear dichroism effect reported here
and ternary ferromagnetic alloys on compositiband of the  is of an entirely different origin than the Cotton-Mouton ef-
giant magnetoresistance of metallic multilayers with the curfect, observed for nonmagnetic materials in a transverse
rent perpendicular to the plané6PP-GMR.>* Both types  magnetic field.
of studies yield the separate majority- and minority-spin re- We have studied four different ferromagnetic materials:
sistivities of ferromagnetic metalgy! and p'. However, NiggFe,and CagFe o, which are frequently used in magne-
knowledge of the spin-resolved resistivities is insufficient totoelectronic devices, NiCo,q, which has a higher AMR ra-
describe transport in thin films with the current in the planetio than NigFe,, and FggV1,, which was selected because
(CIP) of the film. In this so-called CIP geometry transport of the reported qualitatively different angular dependence of
effects depend critically on the spin-dependent electron meatie spin-dependent conductivity as compared to the other
free pathsh! and\ ', in each of the layers that comprise the materials mentionetl.The films were fabricated using dc
film. Model treatments of the CIP-GMR effect in multilay- magnetron sputtering with a background pressure of 3
ers, almost invariably using the free-electronlike Drudex 10 “ Pa, an Ar pressure of 0.9 Pa during deposition, and a
model, have been employed to extradtand \' from the  substrate-target distance of 7 cm. On Si substrates polished
experimental datd.® Room-temperature experiments give on both side a 3 nmthick Ta buffer layer was deposited,
conflicting results as to whether or not there is spin-which induces a stron@.11) texture in the fcc-type magnetic
dependent bulk scattering in ferromagnetic matefilst layers. Then the ferromagnetic layer was deposited, with a
would be of much interest to be able to critically test thethickness that ranged between 3 and 50 nm. Finally, a pro-
validity of this model for ferromagnetic materials, and to betective Ta cap layer with a thickness of 3 nm was deposited.
able to explicitly obtain the spin-dependent mean free pathéll layers were deposited at room temperature. The resis-
and relaxation times. tance and the AMR ratio of the films were measured using

In this article we report on the discovery of a magneticfour-point probe methods. The film thicknesses were deter-
linear dichroism effect in ferromagnetic alloys at room tem-mined with Rutherford backscattering spectroscopy, assum-
perature, and on its analysis on the basis of a Drude-typing bulk densities.
two-current model containing a small set of parameters. For The infrared transmission was measured using a Bio-Rad
thin alloy films we have observed a wavelength dependent75C spectrometer equipped with a mercury-cadmium-
difference between the transmission of infrared light that igelluride (MCT) detector at normal incidence of the light. We
polarized perpendicular or parallel with respect to tire measured in a wavelength range 2.5—20n (4000—
plane magnetization direction of the films, and provide 500 cni't) with a resolution of 8 cm'. A polaroid filter
strong evidence that the effect is related to the dc anisotropiwith an efficiency of 98.5% was placed between the sample
magnetoresistancéAMR) of these films. The relation- and the detector so that only light with a fixed linear polar-
ship is in a certain sense analogous to that between theation was detected. The magnetization of the films was
recently  discovered magnetorefractive  effect insaturated by the application of a magnetic field and could be
(NiggFey/Cu/Co/Cu), multilayers and the GMR effedt, rotated to any arbitrary anglé with respect to the polariza-
however with the crucial difference that the latter effect istion angle which was kept fixed. The sample chamber was
polarization independent. Analyses of the magnetorefractivlushed with nitrogen gas to reduce the influence of water
effect in multilayers have been carried out using relaxatiorvapor and C@ on the transmission spectrum. The transmis-
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s o sl with €, the dielectric constant in vacuum, agdando(w, 6)
08k ot the relative dielectric constant and conductivity of the metal.
(b) . ! . . The effect onn due to the displacement of electrons in
0 5 01520 closed shells, as represented &y=1—10, is very weak for
Wavelength (zsm) the highly conducting films used in our study, and as the

FIG. 1. Transmissiorfa) and magnetic linear dichroism effect results of our analysis do not strongly dependepnwe will

(b) as a function of wavelength for 8 nn@®(), 11 nm (+), and 19 neglect this term from now on.
nm (A) NiggFey layers. We model the effect in terms of a frequency and angular

dependent conductivity(w, 8), which is the sum of contri-

sion coefficients given are normalized with respect to the?utions from majority- and minority-spin electrons:
transmission through an uncovered Si substrate. All experi- a2 () )
ments were carried out at room temperature. _§ neTT(0)/m

. . . . o(w,0)=

Figure 1 gives an overview of results obtained for o 1+iwr (9)
NiggFey films. As shown in Fig. (a), the transmission de- . . .
crgoasizg monotonically with increasing wavelength and film{? Which n-andm are the spin-dependent effective electron
thickness. The curves shown here have been measured winsity and mass, respectively. It is assumed that the con-
the magnetization direction perpendicular to the polarizatioffuction electrons behave as a free electron gas. The relax-
direction. Figure ) shows the linear dichroism effect, i.e., &lion timer is given by
the relative change of the transmissioAT(T)(0)=[T(60) YO Y
—T(90°)]/T(90°), with # the angle between the magnetiza- rW=r(1-al) cog ). &)
tion and polarization direction, at=0°. The linear dichro- \We will use the parametees, a', and the ratiax= T(T)/Tg to
ism effect is small but significant. It increases with increas<it the AT/T curves as will be shown later. It is assumed that
ing film thickness until a maximum is reached ats(w,6) is constant over the film thickne$3The form of
approximately 19 nm NjFe,. The AT/T curve shows a Eq. (3) leads to a cd® dependence of the dc AMR effect,
minimum at a wavelength of approximately 8Bm. For  which, to a good approximation, is also the angular depen-
wavelengths above 1m the statistical errors are relatively dence of the linear dichroism effect as found from this
large due to the low amount of transmitted light in this wave-model.
length range. The linear dichroism effectAT/T)(#), is The frequency of the infrared light is so low that inter-
found to decrease monotonically at each wavelength fronhand transitions can be neglected, and only intraband excita-
#=0° to #=90° with increasingg, similar to the dc AMR  tions are assumed possible. The transmission coefficients of
effect. Within experimental error XT/T)(6=0°)=2 the total layer stack are calculated by assuming continuity of
X (ATIT)(6=45°). the electromagnetic fields at the interfa&bmcluding mul-

As shown in Fig. 2 the effect is also observed for thetiple internal reflections did not result in large changes of the
other alloys studied. For Ggre;q and NpCo,g the wave-  calculated linear dichroism effect and will be neglected. For
length dependence of the linear dichroism effect is similar tdooth Ta layers we have assumed a refractive index indepen-
that of NiggFey, but the size of the effect is smaller and dent of angle and frequency in the experimental wavelength
larger, respectively. In contrast, the small effect observed forange, resulting in a frequency independent transmission. We
FeggV 1, films shows a markedly different wavelength depen-have observed that the variation of the transmission through
dence. a single Ta film over this wavelength range is indeed small

The observation of a magnetic linear dichroism effect im-enough to justify this assumption.
plies that the complex refraction index depends on the angle From the measured dc resistivity @t 90°, together with
6 between the polarization and magnetization direction. Thehe measured curves oAT/T, the parametersr), «

@

complex refraction index is given by =rl/7}, al, anda! are determined. We have assumed that
i the Ta cap layer is totally oxidized and therefore noncon-
=\ € — io(w,0) (1) ducting. A reasonable estimate for the spin-independent re-

- r

€ow laxation time in the Ta seed layer is approximately 1



RAPID COMMUNICATIONS

PRB 60 MAGNETIC LINEAR DICHROISM OF INFRARED LIGHT IN ... R6951

TABLE |. Total film resistivity, p, measuredcalculated AMR ratio, and value ofr, «, a', anda' as
obtained from a fit of theAT/T curve (see texk for NiggFe,g, NiggC0oyy, CoygFeg, and FggV,, films of
different thicknesgl.

d p AMR % 7} a al al
(nm) (nQ2 m) exp(calg (fs)
NigoFeso 8 290 1.3(0.8 6.7 15 0.035 -0.033
11 230 1.71.9 8.5 1.5 0.056 —0.050
19 210 2.1(2.1) 11 2.5 0.040 —0.027
NigoCoyg 26 170 3.6(3.6) 14 2.8 0.060 -0.031
CoggFerg 18 160 1.3(1.3 16 35 0.021 -0.014
FesV 1o 10 200 0.5(0.2) 15 11 0.001 0.007

X10715 s. This relaxation time is so low that also the influ- angular dependence of the relaxation time. Wheranda'
ence of the Ta seed layer can easily be neglected. In a firetre small 0.1), as is the case in the example shown, the
analysis of the experimental data it was found that, wherotal transmission change is to a good approximation the sum
assumingm'=m!=m,=9.1x10"3! kg, and n'=n!, the of the separate curves. This result shows immediately the
best fits were found for an electron density=n'=1.08 effect of the two separate spin directions on the total linear
x 10?8 m~3andn'/m'=n!/m!=1.19x10°® m 3kg~! (re-  dichroism effect.
sulting in ve=1.0x10° m/s). The results of the fits are Subsequent analysis of the data showed that when allow-
given in Table I, together with the AMR ratio that follows ing n'/m!#n'/m!, a much larger range of values is possible
from these parameters, usifgR/R=ca' +al/a+1 at for these parameters. However, in the analysis it is found that
=0. This expression foAR/R results from Eqs(2) and(3),  for every material investigated there is an approximate linear
including the spin-asymmetry parameter The low mea- relationship between the values of/m' and n'/m!, for
sured resistivities are indicative of the good structural qualitywhich the best fit to all experimental results is obtained. For
of the films. The experimental AMR ratio and the value ob-a 19 nm NigFe,, layer the fit is good for 0.%10°®
tained from the fit parameters are in fair agreement, for<n!/m!<2.5x10°®® m—3kg"! when n'/m'=-0.30
NigoFey, in particular, for the thickest films, for which the xn!/m'+1.54x10°® m 3kg 1. At the same timeq re-
effect of the presence of the Ta layer is less pronounced. The
linear dichroism effect as well as the AMR effect increase
with thicknesqup to a certain maximuimThis 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 thegfie,, film.? For
NigoF&9, CayoFeo, and NigCoy, it is found thata! anda'
have opposite sign, whereas forgf¢;, a' and a' have
equal sign. These results are in qualitative agreement with
the conclusions of DorleijA,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 parameten'/m' (for n'/m'=n!/m!) can only be var-
ied in a small range{5%) around the values used above,
when requiring a good fit to the experimentsl/T curve,
the AMR ratio, and the experimental film resistivity. The
resulting relative uncertainties of the parametersa’, and
al are approximately 10%. -1.5 (b) 1 ) L L
In Fig. 3 the experimental transmission and linear dichro- 0 5 10 15 20
ism effect of a 19 nm NjFe,, film are given together with Wavelength (um)
the fits obtained from the model. It is S_hown that the wave- FIG. 3. Experimental data for transmissi@) and linear dichro-
length dependence a&fT/T can be explained quite well, and  jsm effect(b) of 19 nm NigFey, (+) together with the fit using the
that the transmission above Zm wavelength is well de-  model discussed in the text and the model parameters as given in
scribed by the model, but that the fit is not satisfactory atrable I(full curve). Also given in the lower graph is the calculated
shorter wavelengths. Figure 3 also shows the transmissiafhear dichroism effect assuming eithat=0 (dashed curveor
change that is obtained when eith@r=0 or a'=0, i.e., a'=0 (dashed-dotted curyeall other model parameters remaining
when either majority or minority electrons do not exhibit anthe same.

T %)

AT/T (%)
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mains approximately constant at 2.8.2, a' increases from small wavelengths between the calculated and experimental
0.031 to 0.067, and' becomes less negative, changing fromtransmission, refinements of the model would be of much
—0.060 to—0.015. The fits also show that the smallest val-interest, e.g. including the effect of multiple internal reflec-

ues ofn'/m' give the best fit of the transmission as a func-1onS Of the infrared light in the layers, the decay of the
tion of wavelength infrared light intensity in the layers, and spin-flip

: ] o ) scattering"* Experimentally, interesting extensions would be
This shows that the analysis of the magnetic linear dichrothe performance oin situ experimentsfor which the films

ism effect provides a sensitive new method for studyingneed not be covered with Ta protective layetsmperature
spin-polarized electron transport in metal films. Within thedependent studies, studies of the effect in the reflection
model used, electron transport in all films studied is to bemode, the performance of spatially resolved studies, and the
considered as spin dependent at room temperature. Axtension to larger wavelengths. Preliminary experiments for
present no direct quantitative comparison can be made witf2velengths up to 4Qum showed for NigFey a further

results reported elsewhere. Forgjffie,g the analysis of the increase oRT/T, although even at a wavelength of 4om

. the expected high wavelength limiting valueAT/T
CIP-GMR effect of spin valves at room temperature has:Ap/p) was not yet reached.

yielded\'/\'=7.7 (Ref. 7) (using a rather indirect method  |n conclusion, we have found a linear magnetic dichroism
for obtaining\'). The analysis of the CPP-GMR effect at effect for infrared light in ferromagnetic alloys. It has been
4.2 K has yieldedp!/p'~7.5+ %;g, when taking spin-flip  found that the amount of infrared light transmitted through
scattering into account as wéfl.The value ofa=r7l/7; as  NisdF&o, NigCOs, CoyFelo, and FegVy, thin films de-

. . pends on the angle between the polarization direction of the
obtained for 19 nm NyFey from our study at room tem- light and the magnetization direction of the film. The linear

perature is significantly smaller. However, when calculatinggichroism effect has been analyzed in terms of a two-current

the mean free pathA(=vg7), a possibly spin-dependent pryde-type model for théfrequency dependentonductiv-

Fermi velocity has to be included. ity. Analysis of the measurements with this model produces
In order to investigate the origin of the disagreement athe spin- and angular-dependent relaxation times.
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