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Correlation between the magnetorefractive effect, giant magnetoresistance, and optical propertie
of Co-Ag granular magnetic films
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Giant magnetoresistance~GMR!, optical properties, and the infrared magnetorefractive effect~MRE! are
studied in reflection for granular films of composition CoxAg12x with x ranging from 0.1 to 0.7. From
ellipsometry measurements it is shown that it is necessary to take into account finite-size effects in order to
successfully model the optical data demonstrating the importance of the microstructure to the MRE. The
ellipsometry data enable the variation in optical properties with Co concentration to be determined and incor-
porated into a model of the MRE. The MRE itself is calculated with a frequency- and spin-dependent conduc-
tivity. Both the experimental and theoretical analyses reveal a correlation between GMR and the MRE dem-
onstrating the feasibility of using the MRE as a contactless method for measuring the GMR and for extracting
fundamental spin-dependent scattering parameters.
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I. INTRODUCTION

In the last decade, there has been considerable intere
the experimental exploitation and theoretical interpretat
of giant magnetoresistance~GMR!.1 GMR arises from spin-
dependent scattering2,3 and has been observed in magne
multilayers~with alternating layers of magnetic and nonma
netic materials! and in granular films~with magnetic clusters
embedded in a nonmagnetic matrix!.4,5 More recently, the
magnetorefractive effect~MRE! was proposed theoreticall
and proved experimentally by Jacquet and Valet.6 The MRE
exploits infrared spectroscopy to probe the change of refl
tion and transmission in the infrared region due to the cha
of conductivity when a magnetic field is applied to a syst
that exhibits GMR. Since its discovery, the MRE has be
measured in transmission and reflection in a limited rang
systems including both multilayers and granular films.6–8

Correlation of the MRE with GMR has been experimenta
demonstrated, proving the potential of the MRE as a cont
less technique for the measurement of GMR.9,10 The MRE
differs from GMR in that it originates from both the optic
and the transport properties of the thin film and attempts
model it are still in their infancy.6–10 The dependence of th
MRE on electrical conductivity offers the potential for th
extraction of the fundamental material- and spin-depend
scattering parameters from measurements of the MRE.

In this paper we show that the correlation between
GMR and MRE depends on the wavelength regime. Mate
parameters such as grain size may affect the optical pa
eters differently than the electrical parameters. These par
eters become significant at lower wavelengths and there
in order to model the full spectrum, it is necessary to de
mine optical properties such as the dielectric function,
plasma frequency, and the optical relaxation.
0163-1829/2002/65~5!/054415~9!/$20.00 65 0544
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The materials studied in this paper are giant magneto
sistive granular Co-Ag films. Such systems have been wid
studied because of their large room-temperature magne
sistance effect which has been seen to occur in a wide va
of granular nanostructures.11,12Co and Ag are imiscible since
the surface free energy13 of Co ~2.71 J/m2! is more than
twice that of Ag~1.30 J/m2! causing the Co to form clusters
There is also a very poor lattice match since fcc Ag ha
lattice parameter that is 15% larger than that of fcc Co. T
optical and magneto-optical properties of Co-Ag granu
films in the visible spectral region are strongly dependent
the relative composition of Co and Ag and on structural m
terial parameters such as grain size that will vary with de
sition parameters.14,15 The MRE has previously been ob
served in Co-Ag granular films and it has been demonstra
that the self-averaging effect can be applied to su
materials.9,10

In this paper, optical properties, GMR, and the MRE r
flection effects in CoxAg12x magnetic granular films have
been studied at room temperature over a wide range of
concentrations. The optical measurements were made u
spectroscopic ellipsometry,16–18which has been proved to b
a powerful optical tool for the nondestructive study of ele
tronic structure. The technique measures the dielectric
sponse functions, which contain information on the opti
transitions between the occupied and unoccupied electr
band states.19 The optical properties were modeled using t
Drude model,17,18 which was modified to include spin
dependent scattering rates calculated using the mode
GMR granular systems by Zhang and Levy.2,12 A value for
the relative dielectric constant for Ag-rich samples was
termined from the ellipsometry results in the visible spect
region and then this value was used in the subsequent ca
lation of the MRE. The MRE was calculated with a mod
©2002 The American Physical Society15-1



vi
in

io
rc
pr

at
th
io
ra

on

a

r

by

s
ed
n
.

b
ho

a
ze
45
-

d
th
-

em

o
la
f

es-

d us-
to

n 2
a-

in-
ple

ents
were
le
flu-
.
by

und
ice

si-
s at

ties

o-
si-

ical
b-
the
e of
f
is

3.
to

-

V. G. KRAVETS et al. PHYSICAL REVIEW B 65 054415
containing the frequency- and spin-dependent conducti
that influences the complex refractive index of the th
film.8,20

II. SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS

Granular films of Co-Ag were prepared by coevaporat
of Co and Ag using two independent electron-beam sou
at room temperature on sapphire substrates. The base
sure during deposition was less than 1024 Pa. Cobalt atomic
concentrations varied from 0% to 90%. The deposition r
varied from 0.1 to 0.2 nm/s and the total thickness of
deposited films was approximately 200 nm. The composit
of the films was confirmed using energy dispersive x-
spectroscopy and Auger electron spectroscopy.

The structure of the films was studied by x-ray diffracti
with Cu Ka radiation. As-deposited CoxAg12x ~x at. %!
magnetic granular films exhibit single-phase fcc peaks
2u'38° from the Ag ~111! planes for all samples. With
increasing Co content,x, the peak position shifts to a highe
angle, and the intensity of a broad peak around 2u'44°
increases, which arises from both the fcc Ag~200! and fcc
Co ~111! planes.

The microstructure of the Co-Ag films was determined
high-resolution transmission-electron microscopy. Withx in-
creasing from 0.1 to 0.7 the average grain size increa
from 1 to 5 nm. This is in agreement with values deriv
from superconducting quantum interference device mag
tometry and nuclear-magnetic-resonance measurements21

The optical properties of the samples were also studied
means of spectroscopic ellipsometry in the 1.0–4.2-eV p
ton energy region~0.3–1mm! at a fixed angle of incidence
of f0572°. Schematically, the spectroellipsometer is
polarizer-sample-analyzer system with the fixed polari
azimuth equal to 45°. The analyzer is rotated in steps of
~by the Beattie method!. Through measurement of the com
plex reflectance ratior (5r p /r s) of the p ~parallel! and s
~perpendicular! field components of the light beam, define
with respect to the plane of incidence of the sample,
complex dielectric function«* can be obtained from the fol
lowing equations using a semi-infinite medium model~air
and sample!.16,18

A«* 5A«11 i«25n* 5n2 ik

5Asin2 f01sin2 f0 tan2 f0

~12r!2

~11r!2 ~1!

Ellipsometry measurements were performed at room t
perature in air. The corresponding optical constantsn andk,
as well as the dielectric functions«15n22k2 and «2
52nk, were calculated~where«1 and «2 are the real and
imaginary parts of the complex dielectric function«* , re-
spectively!. The error in the values ofn andk depends on the
sample size and surface quality, but lies in the region
2%–3%. The optical conductivity is described by the re
tionship s(\v)5«2v/4p ~v is the angular frequency o
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light and\ is the Planck constant! at photon energy\v. \v
was varied by 0.1-eV steps within the spectral region inv
tigated.

The magnetoresistance was measured by a dc metho
ing a four-terminal configuration with a magnetic field up
7 kOe at room temperature.

Infrared reflection measurements were made betwee
and 14mm using a Mattson RS1000 Fourier-transform infr
red reflection ~FTIR! at 4-cm21 resolution and a liquid-
nitrogen-cooled HgCdTe photoconductive detector. The
frared beam was presented to and collected from the sam
to study by two off-axis parabolic mirrors~focal length f
530 cm! giving an angular spread of approximately63° for
the incident beam. The incidence angle for all measurem
was set at 75° and magnetorefractive measurements
performed up to a maximum field of 4 kOe. The samp
chamber was flushed with nitrogen gas to reduce the in
ence of water vapor and CO2 on the reflection spectrum
Data obtained from the FTIR spectrometer were analyzed
taking three consecutive spectra:S1 at zero field,S2 in an
applied field, andS3 in zero field again.S1 and S3 were
averaged out to take into account the change of backgro
~e.g., drift of the detector response and buildup of water
onto the detector!. The MRE was then calculated as

MRE ~%!5
0.53~S11S3!2S2

S2
3100, ~2!

which corresponds to a relative change in reflectivity,

DR/R ~%!5
@R~H50!2R~Hmax!#

R~Hmax!
3100 ~3!

with Hmax equal to 4 kOe.

III. EXPERIMENTAL RESULTS

A. Ellipsometry measurements

The complex dielectric function«* (\v)5«1(\v)
1 i«2(\v) provides information about the interband tran
tions that are related to the combined density of state
high-symmetry points of the Fermi surface.17,22 However,
these transitions are also affected by structural proper
such as grain size. The variation of the real part«1(\v) and
the imaginary part«2(\v) of the dielectric function as a
function of composition are shown in Figs. 1 and 3 for C
rich compositions and Figs. 2 and 4 for Ag-rich compo
tions, respectively.

In contrast to the sharp threshold absorption edge typ
for pure Ag films, a significant interband broadening is o
served in these Co-Ag films due to the confinement of
electronic mean free path that results from the presenc
grain boundaries.23 The magnitude of the imaginary part o
the dielectric function of these Co-Ag granular films
strongly enhanced in the energy region 1.5–3 eV~Figs. 3 and
4!, especially for the Co-rich compositions shown in Fig.
The enhancement in this wavelength region is expected
reduce the values of«2(\v) in the infrared~IR! region. The
real and imaginary parts of«~\v! both show a systematic
shift with increasing Ag content from Co-like optical con
5-2
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stants to Ag-like constants. With increasing Ag content
peak in the«2(\v) spectra around 2.4 eV decreases and
dip near 3.2 eV emerges~Figs. 3 and 4!.

For metallic materials, plasma oscillation occurs at
spectral positionvP , where «1(\v)'0, and «2(\v) is
small.17 These conditions are satisfied for Ag-rich CoxAg12x
granular films withx50.10 and 0.12 shown in Figs. 4 and
For these films, a change of sign from negative to posit
for the real part«1(\v) of the dielectric function at a photo
energy of\v'3.5 eV can be observed, which, combin
with the small value of«2(\v) in this region, leads to a
plasma frequency of'3.4 eV. If Ag metal were a free
electron metal~i.e., if the response of thed electrons is ne-
glected!, it would have a plasma frequency of 9.1 eV but t
plasma oscillations are modified by interband transitions

FIG. 1. The real part«1(\w) of the complex dielectric tensor a
a function of the incident photon energy for different concentratio
of Co.

FIG. 2. The real part«1(\w) of the complex dielectric tensor a
a function of the incident photon energy for Ag-rich granular film
The Drude model assumes« r51 and uses the value oft corre-
sponding to that for pure Ag. The modified Drude model assum
« r53.5 and a lowert value to take into account the grain-siz
effects.
05441
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volving d electrons so that the plasmon energy observed
electron energy-loss spectroscopy is 3.8 eV.24 Here, the
plasma frequency is further affected by the granular natur
the films.19,14 This variation in the dielectric tensor betwee
the samples due to both the composition and structure
affect the values ofn andk and consequently the reflectivit
from Eq. ~1!.

B. GMR and MRE measurements

Figure 5 shows the dependence of the magnetoresist
as a function of Co concentration. A maximum value
GMR of 15.3% for a field change of 7 kOe was obtained
a Co concentration of approximately 26%. The majority
the resistance change occurs for magnetic-field values be
4 kOe. Above 4 kOe, the resistivity of the films decreas
slowly, but has not saturated for magnetic fields approach
7 kOe.

s

.

s

FIG. 3. The imaginary part«2(\w) of the complex dielectric
tensor as a function of the incident photon energy for differ
concentrations of Co.

FIG. 4. The imaginary part«2(\w) of the complex dielectric
tensor as a function of the incident photon energy for Ag-r
granular films.
5-3
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V. G. KRAVETS et al. PHYSICAL REVIEW B 65 054415
Figure 6 shows the relative change of infrared reflect
for a single sample of Co38Ag62 as a function of wavelength
for different values of the applied magnetic field. The MR
was calculated using Eq.~2!. The change in reflection due t
the applied field increases with increasing wavelength, w
no saturation observed in the wavelength range~2–14mm!.
The sharp peak observed atl'4 mm is due to the presenc
of a residual amount of CO2 gas in the measuring chambe
The increase in noise above'14 mm is due to the limitations
of the detector.

Figure 7 shows the MRE for a field difference of 4 kOe
a function of Co concentration from 12% to 47%. A max
mum of the MRE of 0.75% forl514mm was observed for
the sample containing 38% Co. As the concentration of C
further increased to 47% of Co, the MRE decreases.

IV. INTERPRETATION

A. Optical properties

In general, the«~\v! is related to the electronic propertie
of a material. If the solid film is a good conductor, like

FIG. 5. Magnetoresistance as a function of Co concentration

FIG. 6. Field dependence of the infrared reflection
Co38Ag62.
05441
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noble metal~e.g., Ag!, the optical wave interacts mainly with
conduction electrons and, according to the Drude model,17,18

the plasma frequencyvP of the electron gas plays a ver
important role. The observed dielectric function of a 20
nm-thick Co film~Figs. 1 and 3! is like that observed in fcc
Co films, where«2(\v) exhibits a peak near 2.4 eV, an
«1(\v) shows a smooth variation with frequency. Th
physical origin of this phenomenon is related to the minor
3d bands of Co that cut the Fermi level giving rise to
complicated Fermi-surface crossing resulting in numer
interband transitions. The feature in the«2(\v) spectra
around\v52.4 eV may be associated with electron tran
tions from the occupiedd(↓) states lying just below the
Fermi level into the emptyd(↓) states above the Fermi leve
~near the peak of the density of electron states for fcc Co!.25

Using a Drude expression, it is possible to estimate
dielectric functions«1(\v) and«2(\v) for Ag-rich granular
films:

«15« r2
vp

2t2

11v2t2 , ~4!

«25
vp

2t

v~11v2t2!
. ~5!

In Eqs. ~4! and ~5!, \vP is the ‘‘quasifree’’ plasma fre-
quency of bulk Ag~9.1 eV! and\t21 is the relaxation fre-
quency of Ag~0.104 eV!.17,18 The real and imaginary part
of the dielectric function for Ag were first calculated usin
the Drude model«(\v) with « r51 and are plotted in Figs
2 and 4. From the poor agreement between the Drude m
of «1(\v) and«2(\v) and the experimental data it can b
concluded that the frequency dependence of the dielec
function of Ag-rich Co-Ag granular films is considerably di
ferent from the simple Drude model in which the scatteri
rate and plasma frequency are grain-size independent.
introduction of a value of« r'3.5 improves the agreemen
between the Drude model predictions and observation fo«1
but strong discrepancies remain for«2 .

FIG. 7. MRE as a function of wavelength for different Co co
centrations forH54 kOe.
5-4
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The grain size affects the scattering rate and can there
be incorporated into the model by modifyingt in Eqs. ~4!
and ~5!. In these giant magnetoresistive materials,t is also
spin dependent. In Sec. IV B, the model of Zhang and Le2

is used to define these spin-dependent relaxation times@Eqs.
~12!–~17!#. These values combined with« r53.5 were then
used in Eqs.~4! and ~5! to introduce grain-size effects int
the model for«1 and«2 and the resulting curves are plotte
in Figs. 2 and 4. This new model successfully describes
magnitude and general form of the dielectric tensor in t
frequency regime, demonstrating the need to take into
count the finite-size effects. The modified Drude model c
not, however, describe«2 in the region around the 2.4-eV
absorption.

B. GMR and MRE

In the long-wavelength limit it is possible to interpret th
MRE by a spin-dependent extension of the Hagen-Rub
relation.17,18 In the absence of ferromagnetism the optic
constants in the infrared take the formn'k
'(1/2«0r0v)1/2, wherer0 is the low-frequency resistivity
Then at normal incidence the reflectivityR is given by

R.12@2«0vr0#1/2. ~6!

This is valid whenvt!1 for both electron spins, a con
dition typically satisfied forl*25mm. R depends directly
on r0 with no explicit dependence ont : it is then possible to
estimate the change in reflectivity associated with a cha
in resistivity by differentiatingR with respect tor0 , giving

DR52@2«0vr0#1/23GMR, ~7!

where GMR5Dr/r0 .
It can be seen from this formula that to a first approxim

tion, the MRE is proportional to the GMR, but also depen
on the zero-field resistivityr0 and the frequencyv. Equation
~7! can be used to calculate values for the MRE using
measured electrical resistivities. These values, calculate
l514mm, are tabulated in Table I as a function of Co co
centration along with measured resistivities and values of
GMR. The calculation predicts that the maximum MR
should occur when the GMR is at a maximum. In this stu
where the GMR is varied by changing the Co concentrati
the theory predicts a maximum for the MRE at 25% C

TABLE I. Comparative table of experimental values of GM
and predicted MRE as a function of the Co concentration~r in
mV cm andl514mm!.

Co ~at %! r (H54 kOe) r (H50) GMRmeas~%! MREcalc ~%!

10 23.30 24.25 4.0 20.09
15 24.87 26.80 7.2 20.17
20 26.75 29.50 9.3 20.23
25 26.90 30.80 12.7 20.32
30 28.40 31.88 10.8 20.28
35 32.6 35.95 9.2 20.25
40 40.30 43.10 6.5 20.20
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where the maximum GMR occurs. However, if the expe
mental values of the GMR and MRE as a function of C
concentration are compared, see Fig. 8, it is observed tha
maxima for the GMR and MRE are obtained at differe
concentrations. In the case of the MRE, a maximum
20.75% occurs at 38% Co, whereas the GMR reache
maximum of212.7% at 25% Co. The values in both cas
are measured forH54 kOe. The trends in the data also in
dicate that the MRE is more significant for higher Co co
centrations. These observations indicate that atl514mm
the conditions for the Hagen-Rubens relations are not me
vt is approaching unity. As the wavelength is further r
duced, optical parameters such as the plasma frequency
« r start to become significant. As the Co concentration
changed, microstructural changes occur that will affect th
optical parameters.

Jacquet and Valet developed a multiparameter model
the analysis of the magnetorefractive effect and calcula
expressions for the optical characteristics of a metal fi
which are a function of the frequency-dependent conduc
ity in multilayer systems.6 However, in their model, the
‘‘quasifree’’ plasma frequency is assumed to be a cons
for all samples, which is inconsistent with observed opti
properties of granular material systems as demonstrate
our study. For granular systems,vp and« r depend on con-
centration and microstructure, and to fit the dielectric pro
erties with Eqs.~4! and~5!, the parametervp would need to
have frequency dependence. Our theoretical analysis is b
on the theoretical models developed by Granovs
Kuzmichev, and Clerk20 and van Drielet al.8 This model
avoids the need to include the frequency-dependent pla
frequency by using the relative dielectric constant« r to de-
scribe the optical behavior.

From the analysis of Eq.~6! and the experimental dem
onstration of the link between the GMR and the MRE, it
clear that the optical conductivity in the IR region is sp
dependent. The complex refractive index is given by

FIG. 8. Comparison of experimental GMR with both expe
mental and calculated MRE as a function of Co concentration
H54 kOe andl514mm. The MRE is calculated with the prelimi
nary model, which uses Eq.~7!.
5-5
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n2 ik5A« r2
is~v!

«0v
, ~8!

with «058.85310212A s/V m is the permittivity of free
space,« r is the relative dielectric constant of metal, whic
depends on the contribution due to bound electrons,
s~v! is the conductivity. For metal films,« r typically varies
between 1 and 10 and does not vary with frequency. In
study,n andk were determined from the ellipsometry expe
ments measured atl51 mm and used to determine a valu
for « r for Ag-rich samples using Eq.~8!. In this way the
significant differences in optical properties between
samples were determined. In the MRE calculation, a valu
« r53.5 was used for all samples.

Having determined« r for each sample, Eq.~8! can then
be applied in the IR region in order to calculaten andk and
then the complex Fresnel reflection coefficient can be ca
lated fors andp polarization using

r s5
n0 cosf02~n2 ik !cosf

n0 cosf01~n2 ik !cosf
, ~9!

r p5
~n2 ik !cosf02n0 cosf

~n2 ik !cosf01n0 cosf
, ~10!

wheref0 is the angle of incidence, which in this case w
75°, andn051 for air.

In order to complete the calculation of the MRE using E
~8!, a value for the optical conductivitys~\v! must be cal-
culated. In the infrared spectral region, the optical cond
tivity is the sum of contributions from spin-up~↑! and spin-
down ~↓! electrons:7,8

s~\v!5(↑,↓

s↑~↓ !~v50!

11 ivt↑~↓ ! , ~11!

where s↑(v50), s↓(v50), and t↑ and t↓ are the spin-
dependent dc conductivity and relaxation times, respectiv
s↓(v50), t↑, andt↓ must be determined from a model o
the GMR in granular systems, which will enable the cor
lation between the GMR and MRE to be determined.

The magnitude of the GMR in granular films depends
the polarization of the magnetic material, the magnitude
the spin-dependent scattering, and the spin-diffusion len
The variation of resistance with applied field is proportion
to (M /Ms)

2 provided there are no interparticl
interactions.26,27 We have used the model of Zhang a
Levy2,12 for GMR in granular systems to determine values
t↑ and t↓ needed for the MRE calculation. This model a
sumes that in granular systems the current is neither par
nor perpendicular to the magnetic cluster surfaces and th
is valid to consider self-averaging of the scattering. Th
showed that spin-dependent scattering from the interfa
dominated over the bulk scattering from within the grain
generating a grain-size dependence of the GMR. In
model the GMR and spin-dependent conductivity can
written as
05441
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GMR5
Dr

r~H50!
5

j1
2

j0
2 S M

Ms
D 2

~12!

with

j05
12x

lnṁ
1

x~11pb
2!

lm
1

3x~11ps
2!

r gls /a0
, ~13!

j15
2xpb

lm
1

6xps

r gls /a0
, ~14!

s↑~↓ !~v50!5
ne2\

2m

1

D↑~↓ ! , ~15!

D↑~↓ !5
\

2t↑~↓ ! , ~16!

D↑~↓ !5
EF

kF
S j06j1

M

MS
D , ~17!

where x is the concentration of ferromagnetic material,a0
the lattice constant of the magnetic clusters,r g the size of the
magnetic grains,lnm and lm the mean free paths for th
nonmagnetic matrix and the magnetic particles, respectiv
ls the mean free path at the interfaces,pb the ratio of spin-
dependent to independent scattering potentials within
magnetic clusters, andps are the interfaces.

The grain size and Co concentration are known from
periment; all other parameters were taken from the literatu2

and are listed in Table II. In this model, with these para
eters, the value of the giant magnetoresistance is domin
by the value ofps and so this parameter was used to fit o
experimentally determined values of resistivity. The resu
can be seen in Table II. These values were then use
obtain values fors↑(↓)(v50), t↑ andt↓ as a function of Co
concentration. These parameters in conjunction with exp
mental data were then used to calculate the optical cond
tivity using Eqs.~11!–~17!.

Using Eqs.~9! and~10!, the MRE was then calculated a
a function of wavelength. At this stage it is useful to put t
MRE computation of the Levy-Granovsky~LG! model20 into
an analytical contact. In the far infrared~v small!, the effect
should reach the spin-dependent Hagen-Rubens limit of
~7! with DR}l21/2. Expandings~\v! in powers ofvt↑(↓) ,
it is possible to estimateDR as a series in powers ofl in the
form

DR52al21/21bl23/21O~l5/2!. ~18!

Here a is consistent with the value derived from the a
ternative approach in Eq.~7!, andb is typically 3–5a for the
samples studied here. In Fig. 9, the MRE is compared for
Hagen-Rubens~HR! model (b50), the extended HR for-
mula with typical sample parameters@Eq. ~18!#, and the nu-
merical computation for the dielectric model. Abovel
;25mm, all the models agree sincevt↑(↓) is much less than
unity, but at lowerl, values ofvt↑(↓) become significant.
Instead of becoming larger in magnitude according to the
5-6
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TABLE II. Values of the fitting parameters used for the calculation of the MRE for various concentra
of Co.

Parameters Co12Ag88 Co19Ag81 Co25Ag75 Co38Ag62 Co46Ag54

Grain diameter~nm! 1.8 2 3 3.5 4
Co mean free path,lm ~nm! 5 5 5 5 5
Ag mean free path,lnm ~nm! 35 35 35 35 35
Interface mean free path,ls 1.0 1.0 1.0 1.0 1.0

Bulk contribution,pb 0.2 0.2 0.2 0.2 0.2
Interface contribution,ps 0.19 0.23 0.275 0.255 0.17

D↑ ~eV! 0.245 0.298 0.347 0.445 0.433
D↓ ~eV! 0.145 0.158 0.165 0.22 0.259

GMR ~%! 6.6 9.5 12.5 11.5 6.5
a
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or ted
model, the extended HR model leads to a reduction in m
nitude in agreement with the computed LG model; the t
approaches agree well in the range 15–25mm. However,
below this we reach a regime wherevt↑(↓);1 and the ex-
pansion of Eq.~18! is inadequate. The MRE~%! changes
sign and as the wavelength decreases further, thed-electron
response begins to have some effect@simulated by the finite
« r value in Eq.~4!#. The effects of different sample param
eters in the LG model are shown in Fig. 10 for the expe
mental geometry used here with the following conclusion

~i! the MRE has a nonlinear dependence on the wa
length over a wide-wavelength range of~5 to 30mm!; ~ii ! the
absolute magnitude of the MRE rises with increasing wa
length in the region 2–30mm and subsequently decreases
higher wavelengths;~iii ! the variation ofDR/R ~or the MRE!
strongly depends on the absolute values of optical const
n and k at small wavelengths; and~iv! in agreement with
Ref. 20, the wavelength at which the minimum value of t
MRE occurs increases with decreasing GMR. Compari
with the experimentally measured MRE~Fig. 7! leads to the
following observations:~i! the change in reflectivity for the
Co38Ag62 granular film is a factor of 5 larger at the maximu
point compared to the MRE in Co12Ag88 in both the calcu-
lation and the experiment. This difference reflects the m

FIG. 9. Comparison of the different models for the MRE f
normal incidence.
05441
g-
o

-
:
e-

-
t

ts

n

h

smaller value of the real part«1 of the dielectric function for
Co-rich films compared to Ag-rich CoxAg12x granular films
~Figs. 1 and 2!; and~ii ! the different dependence of the MR
and GMR on Co concentration as observed experimental
now correctly predicted by the theory.

According to the Drude-Zener theory, the density of co
duction electrons can be determined as in Ref. 18:

N.
u«1um* pc2

e2l2 . ~19!

The rapid decline ofDR/R for Ag-rich CoxAg12x granu-
lar films compared to the GMR~Figs. 7 and 10! is consistent
with the «1 dependence on the Co content, which is due
the rapid reduction of electronic occupancy below the Fe
level due to the substitution of Co atoms by Ag atoms23

FIG. 10. Calculated values of the MRE~%! as a function of
wavelength for different Co concentrations. The MRE is calcula
with the extended LG model.
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Below 5 mm the model predicts larger positive MRE valu
than is found experimentally: this is the region where a be
description ofd-electron response may be required.

V. CONCLUSIONS

A detailed analysis and comparison of the optical a
electrical properties of CoxAg12x giant magnetoresistive
granular thin films has demonstrated the relationship
tween GMR and the MRE, leading the way for the MRE
be exploited as a contactless technique to measure the G
In the concentration range studied~x ranging from 0.07 to
0.7! the MRE increased with infrared wavelength in t
range 4–14mm. The shape of the MRE as a function
wavelength also changed as the GMR increased with a la
GMR and MRE, resulting in a more pronounced peak at l
wavelengths.

Analysis of ellipsometry measurements showed that
plasma frequency and the optical relaxation rate are b
functions of the composition and grain size, demonstrat
that finite-size effects play an important role. The electri
and optical properties were shown to have a different dep
dence on the microstructure, therefore demonstrating th
is necessary to take this into account when calculating
MRE.

It was shown that for wavelengths greater than about
mm a modified Hagen-Rubens relation accurately descr
the MRE and that in this region the GMR should be prop
tional to the MRE. As the wavelength is reduced,vt be-
comes important, altering the shape of the MRE curve.
still lower wavelengths, the value of« r becomes significant
It is in these shorter-wavelength regimes that finite-size
fects are most important.

A model for the MRE was developed based on the opt
conductivity and the relative dielectric constant. Using t
relative dielectric constant to describe the optical proper
has the advantage that it is not frequency dependent and
F.
lla
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be successfully determined experimentally from ellipsome
measurements in the visible optical spectral region. In t
way the variation in optical properties as a function of C
concentration can be taken into consideration. This mo
successfully reproduced the variation of magnitude a
shape of the MRE curve as a function of Co concentrat
and GMR.

As it is the spin-dependent relaxation time that appear
Eq. ~8!, the MRE is sensitive to this fundamental parame
rather than just the magnitude of the GMR as used in Eq.~7!.
The shape of the MRE curve as a function of wavelength
therefore sensitive to the spin-dependent scattering par
eters that determine the GMR. The details of this variat
will be the subject of a future publication and should allo
accurate fitting of the shape of the MRE curve as a funct
of wavelength in order to determine the spin-dependent
laxation time.

The MRE depends on the response of quasifree elect
near the Fermi level. GMR has two basic origins—sp
dependent scattering of electrons aroundEF and spin depen-
dence in the density of states atEF . The current MRE mod-
els emphasize spin dependence in relaxation time~i.e., in
scattering!. Although a close relationship between the MR
and GMR is to be expected GMR probes excitations wit
kT of EF , while the MRE probes responses of electrons
energies greater than kT, typically in the order of 0.1 e
While very close correspondence between the MRE
GMR is to be expected for low-energy~high wavelength
*25 mm! photons, more subtle relationships are to be
pected at lower wavelengths as the results of this paper d
onstrate.
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