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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 for Ni80Fe20, Ni80Co20, Co90Fe10, and Fe88V12 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 single~thin film! specimen is shown to be sufficient for obtaining the spin and angular dependence
of electron relaxation times in ferromagnetic alloys.@S0163-1829~99!50134-3#
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The electrical conductivity of ferromagnetic materials
often viewed as resulting from the sum of parallel contrib
tions of electrons with opposite spin directions. This s
called two-current model has provided excellent descripti
of the dependence of the residual resistivity of dilute bin
and ternary ferromagnetic alloys on composition1,2 and of the
giant magnetoresistance of metallic multilayers with the c
rent perpendicular to the planes~CPP-GMR!.3,4 Both types
of studies yield the separate majority- and minority-spin
sistivities of ferromagnetic metals,r↑ and r↓. However,
knowledge of the spin-resolved resistivities is insufficient
describe transport in thin films with the current in the pla
~CIP! of the film. In this so-called CIP geometry transpo
effects depend critically on the spin-dependent electron m
free paths,l↑ andl↓, in each of the layers that comprise th
film. Model treatments of the CIP-GMR effect in multilay
ers, almost invariably using the free-electronlike Dru
model, have been employed to extractl↑ and l↓ from the
experimental data.5–8 Room-temperature experiments giv
conflicting results as to whether or not there is sp
dependent bulk scattering in ferromagnetic materials.7,8 It
would be of much interest to be able to critically test t
validity of this model for ferromagnetic materials, and to
able to explicitly obtain the spin-dependent mean free pa
and relaxation times.

In this article we report on the discovery of a magne
linear dichroism effect in ferromagnetic alloys at room te
perature, and on its analysis on the basis of a Drude-t
two-current model containing a small set of parameters.
thin alloy films we have observed a wavelength depend
difference between the transmission of infrared light tha
polarized perpendicular or parallel with respect to the~in-
plane! magnetization direction of the films, and provid
strong evidence that the effect is related to the dc anisotr
magnetoresistance~AMR! of these films. The relation
ship is in a certain sense analogous to that between
recently discovered magnetorefractive effect
(Ni80Fe20/Cu/Co/Cu)N multilayers and the GMR effect,9

however with the crucial difference that the latter effect
polarization independent. Analyses of the magnetorefrac
effect in multilayers have been carried out using relaxat
PRB 600163-1829/99/60~10!/6949~4!/$15.00
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times averaged over all layers.9 In contrast, studies of the
magnetic dichroism of single layers avoid this averag
problem, making it possible to obtain material-specific rela
ation times.

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

We have studied four different ferromagnetic materia
Ni80Fe20 and Co90Fe10, which are frequently used in magne
toelectronic devices, Ni80Co20, which has a higher AMR ra-
tio than Ni80Fe20, and Fe88V12, which was selected becaus
of the reported qualitatively different angular dependence
the spin-dependent conductivity as compared to the o
materials mentioned.2 The films were fabricated using d
magnetron sputtering with a background pressure of
31024 Pa, an Ar pressure of 0.9 Pa during deposition, an
substrate-target distance of 7 cm. On Si substrates polis
on both sides a 3 nmthick Ta buffer layer was deposited
which induces a strong~111! texture in the fcc-type magneti
layers. Then the ferromagnetic layer was deposited, wit
thickness that ranged between 3 and 50 nm. Finally, a p
tective Ta cap layer with a thickness of 3 nm was deposit
All layers were deposited at room temperature. The re
tance and the AMR ratio of the films were measured us
four-point probe methods. The film thicknesses were de
mined with Rutherford backscattering spectroscopy, ass
ing bulk densities.

The infrared transmission was measured using a Bio-R
175C spectrometer equipped with a mercury-cadmiu
telluride~MCT! detector at normal incidence of the light. W
measured in a wavelength range 2.5– 20mm ~4000–
500 cm21) with a resolution of 8 cm21. A polaroid filter
with an efficiency of 98.5% was placed between the sam
and the detector so that only light with a fixed linear pola
ization was detected. The magnetization of the films w
saturated by the application of a magnetic field and could
rotated to any arbitrary angleu with respect to the polariza
tion angle which was kept fixed. The sample chamber w
flushed with nitrogen gas to reduce the influence of wa
vapor and CO2 on the transmission spectrum. The transm
R6949 ©1999 The American Physical Society
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sion coefficients given are normalized with respect to
transmission through an uncovered Si substrate. All exp
ments were carried out at room temperature.

Figure 1 gives an overview of results obtained f
Ni80Fe20 films. As shown in Fig. 1~a!, the transmission de
creases monotonically with increasing wavelength and fi
thickness. The curves shown here have been measured
the magnetization direction perpendicular to the polarizat
direction. Figure 1~b! shows the linear dichroism effect, i.e
the relative change of the transmission, (DT/T)(u)[@T(u)
2T(90°)#/T(90°), with u the angle between the magnetiz
tion and polarization direction, atu50°. The linear dichro-
ism effect is small but significant. It increases with increa
ing film thickness until a maximum is reached
approximately 19 nm Ni80Fe20. The DT/T curve shows a
minimum at a wavelength of approximately 8mm. For
wavelengths above 15mm the statistical errors are relative
large due to the low amount of transmitted light in this wav
length range. The linear dichroism effect, (DT/T)(u), is
found to decrease monotonically at each wavelength fr
u50° to u590° with increasingu, similar to the dc AMR
effect. Within experimental error (DT/T)(u50°)52
3(DT/T)(u545°).

As shown in Fig. 2 the effect is also observed for t
other alloys studied. For Co90Fe10 and Ni80Co20 the wave-
length dependence of the linear dichroism effect is simila
that of Ni80Fe20, but the size of the effect is smaller an
larger, respectively. In contrast, the small effect observed
Fe88V12 films shows a markedly different wavelength depe
dence.

The observation of a magnetic linear dichroism effect i
plies that the complex refraction index depends on the an
u between the polarization and magnetization direction. T
complex refraction index is given by

h5Ae r2
is~v,u!

eov
, ~1!

FIG. 1. Transmission~a! and magnetic linear dichroism effec
~b! as a function of wavelength for 8 nm (d), 11 nm (1), and 19
nm (n) Ni80Fe20 layers.
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with eo the dielectric constant in vacuum, ande r ands(v,u)
the relative dielectric constant and conductivity of the me
The effect onh due to the displacement of electrons
closed shells, as represented bye r'1 – 10, is very weak for
the highly conducting films used in our study, and as
results of our analysis do not strongly depend one r , we will
neglect this term from now on.

We model the effect in terms of a frequency and angu
dependent conductivitys(v,u), which is the sum of contri-
butions from majority- and minority-spin electrons:

s~v,u!5(↑,↓

n↑(↓)e2t↑(↓)~u!/m↑(↓)

11 ivt↑(↓)~u!
, ~2!

in which n and m are the spin-dependent effective electr
density and mass, respectively. It is assumed that the
duction electrons behave as a free electron gas. The re
ation timet is given by

t↑(↓)5to
↑(↓)~12a↑(↓) cos2 u!. ~3!

We will use the parametersa↑, a↓, and the ratioa5to
↑/to

↓ to
fit the DT/T curves as will be shown later. It is assumed th
s(v,u) is constant over the film thickness.10 The form of
Eq. ~3! leads to a cos2u dependence of the dc AMR effec
which, to a good approximation, is also the angular dep
dence of the linear dichroism effect as found from th
model.

The frequency of the infrared light is so low that inte
band transitions can be neglected, and only intraband ex
tions are assumed possible. The transmission coefficien
the total layer stack are calculated by assuming continuity
the electromagnetic fields at the interfaces.11 Including mul-
tiple internal reflections did not result in large changes of
calculated linear dichroism effect and will be neglected. F
both Ta layers we have assumed a refractive index indep
dent of angle and frequency in the experimental wavelen
range, resulting in a frequency independent transmission.
have observed that the variation of the transmission thro
a single Ta film over this wavelength range is indeed sm
enough to justify this assumption.

From the measured dc resistivity atu590°, together with
the measured curves ofDT/T, the parametersto

↑ , a
[to

↑/to
↓ , a↑, anda↓ are determined. We have assumed th

the Ta cap layer is totally oxidized and therefore nonco
ducting. A reasonable estimate for the spin-independent
laxation time in the Ta seed layer is approximately

FIG. 2. Magnetic linear dichroism effect for 18 nm
Co90Fe10 (1), 26 nm Ni80Co20 (d), and 10 nm Fe88V12 films
(n).
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TABLE I. Total film resistivity, r, measured~calculated! AMR ratio, and value ofto
↑ , a, a↑, anda↓ as

obtained from a fit of theDT/T curve ~see text! for Ni80Fe20, Ni80Co20, Co90Fe10, and Fe88V12 films of
different thicknessd.

d r AMR % to
↑ a a↑ a↓

~nm! ~nV m) exp.~calc! ~fs!

Ni80Fe20 8 290 1.3~0.8! 6.7 1.5 0.035 20.033
11 230 1.7~1.4! 8.5 1.5 0.056 20.050
19 210 2.1~2.1! 11 2.5 0.040 20.027

Ni80Co20 26 170 3.6~3.6! 14 2.8 0.060 20.031

Co90Fe10 18 160 1.3~1.3! 16 3.5 0.021 20.014

Fe88V12 10 200 0.5~0.2! 15 11 0.001 0.007
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310215 s. This relaxation time is so low that also the infl
ence of the Ta seed layer can easily be neglected. In a
analysis of the experimental data it was found that, wh
assumingm↑5m↓5me59.1310231 kg, and n↑5n↓, the
best fits were found for an electron densityn↑5n↓51.08
31028 m23 andn↑/m↑5n↓/m↓51.1931058 m23 kg21 ~re-
sulting in vF51.03106 m/s). The results of the fits ar
given in Table I, together with the AMR ratio that follow
from these parameters, usingDR/R5aa↑1a↓/a11 at v
50. This expression forDR/R results from Eqs.~2! and~3!,
including the spin-asymmetry parametera. The low mea-
sured resistivities are indicative of the good structural qua
of the films. The experimental AMR ratio and the value o
tained from the fit parameters are in fair agreement,
Ni80Fe20 in particular, for the thickest films, for which th
effect of the presence of the Ta layer is less pronounced.
linear dichroism effect as well as the AMR effect increa
with thickness~up to a certain maximum!. This is most likely
the result of the decreasing importance of spin-independ
scattering at the interfaces with the Ta layers, and/or at g
boundaries or other defects within the Ni80Fe20 film.12 For
Ni80Fe20, Co90Fe10, and Ni80Co20, it is found thata↑ anda↓

have opposite sign, whereas for Fe88V12 a↑ and a↓ have
equal sign. These results are in qualitative agreement
the conclusions of Dorleijn,2 who determined the values o
the angular dependencies using resistivity measurement
dilute ternary Ni-based and Fe-based alloys. Note that
use of the present method is not restricted to dilute syste
The parametern↑/m↑ ~for n↑/m↑5n↓/m↓) can only be var-
ied in a small range (65%) around the values used abov
when requiring a good fit to the experimentalDT/T curve,
the AMR ratio, and the experimental film resistivity. Th
resulting relative uncertainties of the parametersa, a↑, and
a↓ are approximately 10%.

In Fig. 3 the experimental transmission and linear dich
ism effect of a 19 nm Ni80Fe20 film are given together with
the fits obtained from the model. It is shown that the wa
length dependence ofDT/T can be explained quite well, an
that the transmission above 7mm wavelength is well de-
scribed by the model, but that the fit is not satisfactory
shorter wavelengths. Figure 3 also shows the transmis
change that is obtained when eithera↑50 or a↓50, i.e.,
when either majority or minority electrons do not exhibit
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angular dependence of the relaxation time. Whena↑ anda↓

are small (,0.1), as is the case in the example shown,
total transmission change is to a good approximation the s
of the separate curves. This result shows immediately
effect of the two separate spin directions on the total lin
dichroism effect.

Subsequent analysis of the data showed that when al
ing n↑/m↑Þn↓/m↓, a much larger range of values is possib
for these parameters. However, in the analysis it is found
for every material investigated there is an approximate lin
relationship between the values ofn↑/m↑ and n↓/m↓, for
which the best fit to all experimental results is obtained. F
a 19 nm Ni80Fe20 layer the fit is good for 0.531058

,n↓/m↓,2.531058 m23 kg21 when n↑/m↑520.30
3n↓/m↓11.5431058 m23 kg21. At the same time,a re-

FIG. 3. Experimental data for transmission~a! and linear dichro-
ism effect~b! of 19 nm Ni80Fe20 (1) together with the fit using the
model discussed in the text and the model parameters as give
Table I ~full curve!. Also given in the lower graph is the calculate
linear dichroism effect assuming eithera↓50 ~dashed curve! or
a↑50 ~dashed-dotted curve!, all other model parameters remainin
the same.



m
al
c

ro
in
he
b

.
wi

a
d
at

-
in
t

a

ntal
ch
c-
he
p
e

tion
the
for

sm
n

gh

the
ar
ent

es

RAPID COMMUNICATIONS

R6952 PRB 60van DRIEL, de BOER, COEHOORN, AND RIETJENS
mains approximately constant at 2.560.2, a↑ increases from
0.031 to 0.067, anda↓ becomes less negative, changing fro
20.060 to20.015. The fits also show that the smallest v
ues ofn↓/m↓ give the best fit of the transmission as a fun
tion of wavelength.

This shows that the analysis of the magnetic linear dich
ism effect provides a sensitive new method for study
spin-polarized electron transport in metal films. Within t
model used, electron transport in all films studied is to
considered as spin dependent at room temperature
present no direct quantitative comparison can be made
results reported elsewhere. For Ni80Fe20 the analysis of the
CIP-GMR effect of spin valves at room temperature h
yieldedl↑/l↓*7.7 ~Ref. 7! ~using a rather indirect metho
for obtainingl↓). The analysis of the CPP-GMR effect
4.2 K has yieldedr↓/r↑'7.562.6

1.5, when taking spin-flip
scattering into account as well.13 The value ofa5to

↑/to
↓ as

obtained for 19 nm Ni80Fe20 from our study at room tem
perature is significantly smaller. However, when calculat
the mean free path (l5vFt), a possibly spin-dependen
Fermi velocity has to be included.

In order to investigate the origin of the disagreement
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small wavelengths between the calculated and experime
transmission, refinements of the model would be of mu
interest, e.g. including the effect of multiple internal refle
tions of the infrared light in the layers, the decay of t
infrared light intensity in the layers, and spin-fli
scattering.14 Experimentally, interesting extensions would b
the performance ofin situ experiments~for which the films
need not be covered with Ta protective layers!, temperature
dependent studies, studies of the effect in the reflec
mode, the performance of spatially resolved studies, and
extension to larger wavelengths. Preliminary experiments
wavelengths up to 40mm showed for Ni80Fe20 a further
increase ofDT/T, although even at a wavelength of 40mm
the expected high wavelength limiting value (DT/T
5Dr/r) was not yet reached.

In conclusion, we have found a linear magnetic dichroi
effect for infrared light in ferromagnetic alloys. It has bee
found that the amount of infrared light transmitted throu
Ni80Fe20, Ni80Co20, Co90Fe10, and Fe88V12 thin films de-
pends on the angle between the polarization direction of
light and the magnetization direction of the film. The line
dichroism effect has been analyzed in terms of a two-curr
Drude-type model for the~frequency dependent! conductiv-
ity. Analysis of the measurements with this model produc
the spin- and angular-dependent relaxation times.
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