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JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 12 15 JUNE 2002

Cyclotron frequency coupled enhancement of Kerr rotation in low
refractive index-dielectric /magneto-optic bilayer thin-film structures

A. De and A. Puri
Department of Physics, University of New Orleans, New Orleans, Louisiana 70148

(Received 18 December 2001; accepted for publication 22 February 2002

We investigate the enhancement of magneto-optic polar Kerr rotation over a broad range of optical
frequencies. The Drude model for the dielectric tensor is considered. Resonance-like peaks in the
Kerr rotation and ellipticity caused in the vicinity of a plasma edge is extended throughout the
visible spectrum by deriving an expression for the cyclotron frequency such thgt)Rd( at any

given incident photon energy and plasma frequency of the material. The Kerr rotation obtained by
use of this expression was studied for the case of InSb and further enhancement of Kerr rotation was
achieved in the case of LiF/InSb bilayer thin-film structure, grown on a glass substrate. The
numerical analysis was carried out using & 2 characteristic matrix, which takes into account
multiple reflections and interface effects within the medium. In addition the role of various
magneto-optic material parameters and layer thicknesses is investigated in determining the optical
frequency at which the maximum Kerr rotation occurs, under the present cyclotron frequency
condition. Enhanced Kerr rotation greater than 1.5° over a broad range of optical frequencies was
obtained. Tables showing optimum figure of merit for repeated LiF/InSb bilayers at 3.1 eV for
different plasma frequencies are also provided. 2@D2 American Institute of Physics.

[DOI: 10.1063/1.1469665

I. INTRODUCTION Kerr enhancement due to plasma resonance in the MO media
and due to deposition of a low refractive index film on such
In the last three decades a vast amount of research hasMO media. This is done for the particular case of LiF/InSb
been carried out in order to enhance the magneto-optic Keljlayer structures. We assume that macroscopically, MO ef-
effect(MOKE), particularly because of its importance in the fects of free carriers can be represented by the Drude model
optical readout of magnetically stored information. The polanyith reasonable accuracy and that large MOKE indeed oc-
Kerr effect continues to be the preferred configuration forcyrs wherever Re{,)~1. This enables us to obtain a simple
magneto-opti¢MO) readout as most MO materials have per-gynression for the cyclotron frequenay, in the Drude
pendicular magnetization. The appearance of high peaks imqdel, which satisfies the Feil and Hass conditioe.,

the MOKE spectrum has been attributed to various phySiqu?e(exx)~1] at any optical frequency and thus enables us to

origins 1sgch. as integand transitions - and  spin—orbifypain high KR at any optical frequencies of our choice,
coupling” Feil and HasShave suggested a slightly differ- i1 by adjusting the MO and dielectric layer thickness

ent explanation for large MOKE. They have shown throughand by choosing an appropriate plasma frequency. Broad-

mid(\j\ih(i:aécrlailgotrljls t\zaitnilflrg? I\foan (:ccurzs r\]/vhefrre m(n band characteristics in the KR can also be achieved. This has
y en s € vicinily of plasma resonance requency,een carried out with particular reference to InSh, which was

of free charge_: carrers. . the chosen MO material and has been discussed in greater
Kerr rotation(KR) enhancement in the case of ferromag- . . . .
etail along with some theoretical background in Sec. Il.

netic layers embedded in metallic matrices has been mor . . . ;
Y A 2x2 characteristic matrix formulatidh** which

widely attributed to plasma resonance of free carriers in the . . S
nonmagnetic noble met4i&and also to sharp surface plas- would be required to analyze multilayer structures, is briefly

mon resonance of noble metals in total reflection geonfetry.discussed in Sec. Il In Sec. 1V, under thg. condition
It has also been report&d that enhancement of KR is pos- obtained in Sec. I, we were aple to further enhance the KR,
sible by deposition of a low refractive index dielect(E) ~ PY depositing a low refractive index DE on top of the MO.
film on top of the MO material. This has been attributed toWe chose LiF as our DE as it has a very low refractive index.
the fact that the DE film would reduce the polarization com-Various parameters such as plasma frequefvalyich de-
ponent of the directly reflected light without influencing the Pends on the doping densitgnd layer thickness were varied
component induced by the KR. In Ref. 10 it has been shown order to investigate their respective effects on MOKE. It
that such an enhancement of MOKE can be expected if theas found that the optical frequency at which the KR peaks
dielectric constants of neighboring materials are low ands quite heavily dependent on the layer thickness of the DE
well matched to each other. and the MO material, which enabled us to control the MOKE
In this article we have carried out numerical simulationsto some extent by controlling layer thickness. The LiF/InSh
to enhance the KR in view of the concepts presented in Refdilayer structure was also studied by repeating it a number of
3 and 7-9. In particular we study the combined effect oftimes at an optical frequency of 3.1 eV. We have provided

0021-8979/2002/91(12)/9777/11/$19.00 9777 © 2002 American Institute of Physics
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FIG. 1. Solution curves showing real and imaginary partsgfor various values ofv, .

tables that give us various MOKE parameters after having n?= ye. (4
optimized the figure of meritFOM). ) . ) )
Ignoring nonlinear effects in the material response and fol-

II. BACKGROUND THEORY AND DERIVATION lowing th_e arguments of !_andaet al. that.,u=l at opncgl
frequencies, the complex index of refraction may thus simply
Circularly polarized light propagating along tizeaxis  pe expressed as
can be expressed in terms of its electric field vector by
, ~ (N—iK)Z=exFiey=€x . (5)
E.=reafEye'(“"2m=7"0) (g, xje )}, 1)
The complex polar MO rotation and ellipticity of reflected

where\, is the wavelength in vacuum, arg} andey are  jight can be described by using the properties of the materi-
unit vectors inx andy directions, respectively. The-, — al's dielectric tensor b

signs represent right and left circularly polarized modes of
propagation of an electromagnetic wave in a longitudinal

. Exy
magnetic fieldTi.. is the complex index of refraction given 0k—|§kzm- (6)
by i.=n.—ik., wheren. andk. are the refractive and XXX
absorptive indices, respectively. KR is described by the imaginary part of the off-diagonal
The dielectric tensor is in general complex and takes thenatrix elemente,, and Kerr ellipticity (KE) by the real part.
form The KR may be simplified and expressed as
€jk= €1ji T €xj - 2 p-er, - €y
Symmetry of the problem configuration allows simplification 0= p2+qg? 0
of the dielectric tensor and it may be expressed as , " . .
. where €,,, €, are real and imaginary parts of the off-
€xx 1€y O diagonal dielectric tensor, respectively=a(1— a?+ 8?)
e=—iey €y O, 3) +2aB? and q=.(a2—[32—1)+2azﬁ,.wherga and 8 are
related to the diagonal part of the dielectric tensorfay,
0 0 €,y —a—ip.

It is well known that the dielectric response of the medium  On application of a magnetic field the plasma reflection
can be described by Maxwell's equations. Applying Max-edge splits into two edges, and the separation between the
well's equations on electromagnetic fields given by Fi.  two minima increases lineafy with the field. Hence the
leads to the following expression for the complex index ofapplication of a magnetic field changes the complex index of
refraction: refraction, inducing magnetic circular bifringence and mag-
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FIG. 2. (a) Kerr rotation andb) Kerr ellipticity for bulk MO (01 arrangemet

netic circular dichroism. In the Kerr configuration with the
pointing vectorS|By, and EL By the complex dielectric ten- Exx= €| 1
sor may be writtetf as

_ op(e—iy)
w((0=iy)*=wy)
(0l — 03 (03— w?)—iTw)
2

wp (w12-—w2)2+l"2a)2

8

(10

Cw(otoc—iv)]’ . . o
w(w=weiv) By solving the above equation for real and imaginary parts

. . and ignoringy? terms we obtain

where w, is the plasma frequency, is the cyclotron fre-

quency, v is the scattering frequency, ard, is the back- wg

ground dielectric constant. The plasma frequency may be R&(€w)=€x| 1~ 22— o2 +A], (11)
expressed am,=(47Ne?/m* ;)Y and the cyclotron fre- ¢

quency asw.=He/m*c. H being the magnetic field; the  where

speed of lighte the charge of an electrom* the effective

mass,N the doping concentration, ared the dielectric con- _ (wf_ w%)(w$—w2) 12
stant of the medium. (05— 0?)?+T%w? (12

In a polar semiconductor material such as InSb, the MO
effects would be altered when lattice vibrations are addedAccording to Ref. 7, a pronounced enhancement of the com-
The changes will be largest in the vicinity of the optical plex MOKE is expected in the vicinity of plasma resonance
phonon frequencies. Hence we may express the dielectrief free charge carriers which is in regions where &2g(
tensor as ~1. Thus by substituting this condition in E{.1) we obtain
an expression fow,

C02 2 2

(UL_(.UT 2
+= €x 1- P f + . 3 9 _ Ewwp
cel i g e e @ e o AT a3

where w, is the longitudinal phonon frequencyy is the ~ and by setting Reg,)=1, Eq.(7) can simply be rewritten as

transverse phonon frequency, ahdndy are phonon damp- llOWS:
ing constants. 1 / "
An expression for the diagonal part of the dielectric ten- - Exy Sy
. . k + : (14)
sor (ey,) can easily be obtained from Eq&) and (9) 2\J1-p8> B
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FIG. 3. (Colon) Kerr rotation as a function ob andd; at w,=0.8 eV.

Expression(13) suggests if the cyclotron frequengyhich is  trum of interest. We set a maximum upperbound limit for the
dependent on applied magnetic field and temperatweze  plasma frequency in order to allow, to have only real
made to vary as a function of incident photon energy andralues. This constraining factor can be obtained from Eg.
properties of the material such as plasma frequdmdyich  (13) and can be written as

depends on doping concentratidhen a high and possibly

flat KR could be obtained across the optical frequency spec-  ((1+A)—1le.) 0*= w3, (15

5 0

FIG. 4. (Color) Average reflectivity as a function af; andw at w,=0.8 eV.
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FIG. 5. (a) Kerr rotation(b) Kerr ellipticity, (c) reflectivity, and(d) FOM for 013 withd;=4.5 nm.

Figure 1 shows the real and imaginary parts of the cyclotron . 2n;*

frequency for InSb for various values of plasma frequency. tj;+;

The optical constants for InSb were obtained from Ref. 17.

As can be quite clearly seen from Fig. 1, the maximum value€The phase factor is given kg = (27/\)n;"d;, whered; is

of plasma frequency for this material has to be around 0.9 eVhe thickness of théth layer.

SO as to keep,. real. The complex reflection coefficient of the multilayer system
can be obtained from the resultant characteristic transfer ma-
trix

(17)

=
Ny +Ni;q

lll. 2X2 CHARACTERISTIC MATRIX FORMULATION

In order to analyze the spectra of the complex MO Kerr P :S_Zl (18)
spectra of a multilayer system, ax2 MO characteristic ' 3 '

L i . 11
matrix is employed. The characteristic transfer matrix Nor o
number of parallel, homogeneous, isotropic layers can bdhe reflectivity is given by

given by R.=|r;|2. (19

Sh S| N1 [esE 0 KR can also be expressed as the phase difference between
L =11 o g+ left and right circularly polarized light
Sh Sl Tl 0 emm .
Oc=—32(A,—A_), (20)
% 1 rivi+1l_ (16) where the phase difference is given by
Tiirn 1 —2k.
In the polar Kerr configuration the magnetization is perpen- A-=tan n2++k2+—1>
dicular to the surface and parallel to the direction of light L
propagation. The eigenmodes are left and right circular po- — il I 21)
larizations and thus the Fresnel’s reflection and transmission J 9|rr:| '

coefficients at normal incidence of each interface is given b)kE can simply be expressed in terms of reflection coeff

+

n©—n, cients as
S
Ny +Ni;q Ire|=[r_|

&=

+

Fii+1™

(22

and IE Ak
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FIG. 6. (Color) Kerr rotation as a function of; andd, at w=3.1 eV andw,=0.8 eV.
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FIG. 7. (Color) Average reflectivity as a function af; andd, at w=3.1 eV andw,=0.8 eV.
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FIG. 8. (Color) Color contours of constant Kerr rotation as a functiordefandd, at w=3.1 eV andw,=0.8 eV.
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FIG. 9. (a) Kerr rotation,(b) Kerr ellipticity, (c) reflectivity, and(d) FOM for 0213 bilayer stack witld,=5 nm andd,=56 nm.
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TABLE |. Comparison of MOKE parameters for various configurations at In Fig. 2 we plot various MOKE parameters for bulk
w=3.1eVando,=0.8eV. MO media (01 configuration as a function of optical fre-
guency and for various, values. The reflection coefficients
d; d; Ok &k p

Configuration (nm) (nm) (deg (deg R, R_ Ry, FOM are calculated using Egél5) and(16). The KR as seen from
Fig. 2 is in general higher for the higher, value. At v,

01 — — 0.269 —0.625 0.994 0.349 0.672 0.200 . e .
013 45 _ _0743 0053 0184 0.159 0171 0128 —0-8eV, the KR has a quadratic variation with respect to
0213 5 56 1563 0.274 0.087 0.152 0.119 0.544 the optical frequencies, it is 0.355° at 1 eV and then gradu-

ally flattens out to 0.266° at 5 eV. The higher KR value of

0.355° at 1 eV is due to the close proximity of the plasma

A FOM may be used to characterize the performance of Fesonance edge. The KE also exhibits a quadratic behavior
multilayer MO media.* While evaluating several MO mate- and is—0.662° at 1 eV and goes down t60.621° at 5 eV.

rial systems, the FOM can be used as a basis for quantitativigyith w,=0.2 eV, the MOKE parameters vary more linearly

comparison. It can be expressed as since the plasma resonance edge would be further away from
FOM= /—ﬁﬁ'Ra, 23) the spectral region under observation, as compared to the

w,=0.8 eV case. KR is about 0.2635° throughout; KE varies

where R, is the average reflectivity and is given W,  from —0.608° to—0.533°.
=|r2|+|r2. The effect of depositing a thin film of InSb on a SiO
substratg013 configurationis studied next. A three dimen-
sional(3D) graph showing the effect of varying andd; on
the KR can be seen in Fig. 3, where at higher optical fre-

The numbers 0, 1, 2, 3 are assigned to air, MO semicongquencies the KR peaks for a film thickness of abduyt
ductor materialInSb), low refractive index DE material, and =4.5nm. It is worth noting that the value of; at which
substrate, respectively. The low refractive index DE materiamaximum KR occurs increases rapidly as we move to lower
chosen was LiF and SiQvas chosen to be the substrate. Weoptical frequencies. The corresponding average reflectivity is
are justified in choosing a low refractive index material as ashown in Fig. 4. We can observe from the figures that the
substrate. It has been showthat if the nonmagnetic reflec- highest average reflectivity corresponds to the lowest KR
tor has a low refractive index then an enhancement of KR iwvalue, however the converse is not necessarily true.
achieved. Material dispersions were taken into account and In Fig. 5 by setting the film thickness to the optimized
the refractive indices for LiF and Sidn the 1-5 eV regions value of 4.5 nm we plot various MOKE parameters for dif-
were obtained from Ref. 17. In the optical frequency range oferent values ofw,. The resulting reflectivity and FOM are
1-5 eV, the refractive indices of the InSb were calculatedjuite low in this case. The peak KR was 0.743° at about 3.1
using Egs.(5), (9), and(13). The optical constants for InSb eV and forw,=0.8 eV. The corresponding KE was 0.042
arel’ €,=15.7, o, =19 meV, o;=17meV,'=1.2meV, andR, andR are 19.32%, and 16.7% respectively. The KR
and y=0.6 meV. for w,=0.8 eV displays impressive broadband characteris-

IV. NUMERICAL RESULTS AND DISCUSSION

150

100

d, (nm)

50

8 2 4 6 ‘@ 10 12 14 16 18 20
d; (nm)

FIG. 10. (Color) Color contours of constant Kerr rotation as a functiordgfandd, at w=2 eV andw,=0.8 eV.
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FIG. 11. (@) Kerr rotation,(b) Kerr ellipticity, (c) reflectivity, and(d) FOM for 0(21)'3 as a function oh at w=3.1 eV, w,=0.8 eV, andd; =4 nm.

tics and is greater than 0.7° between 2.15 and 4.67 eV. The A 3D profile view of KR and reflectivity as a function of
KR for most part of the spectrum is higher fa,=0.8 eV  thickness and fow=3.1 eV (400 nm and w,=0.8 eV can
than for w,=0.2 eV. However, at 1.836 eV they are both be seen in Figs. 6 and 7, respectively. The highest reflectivity
equal and below 1.836 e),=0.2 eV yields a higher KR.  corresponds to the lowest KR, however, and as stated earlier

A further improvement in the KR is seen in the 0213 the converse is not necessarily true. A color contour plot of
configuration where a thin film of a low refractive material the KR was plotted and is shown in Fig. 8. This was done in
(LiF) is deposited on the input side. The KR is expected taorder to determine thé; andd, values that yield the highest
increase and is also usually accompanied by an enhanceméfiR. The dark red and the blue regions correspond to the
in KE. This is due to the fact that the polarized light beamhighest and lowest KR values, respectively. This figure leads
would experience multiple reflections and interference efus to a choice ofl;=5 nm ord,=56 nm to optimize KR.
fects in the DE layer. A low refractive index DE would re- Note the KR and the average reflectivity are periodic with
duce the polarization component of the directly reflectedrespect to layer thickness and that there exist multiple solu-
light without influencing the component induced by the KR.tions of d; and d, that would yield identical results. We
This would thus aid in the enhancement of KR. select the lowest possible valuesdyf andd,.

TABLE 1l. MOKE related parameters obtained after optimizing FOM for TABLE lll. MOKE related parameters obtained after optimizing FOM for
0(21)'3 layers atw=3.1 eV andw,=0.8 eV. 0(21)"3 layers atw=3.1 eV andw,=2.4 eV.

dl d2 0K gK dl d2 0K §K
(nm)  (nm) (deg (deg R, R_ Rag FOM (nm)  (nm) (deg (deg R, R_ Rag FOM

=}
=}

1 5 56 1.563 0.274 0.087 0.152 0.119 0.544 1 100 671 1497 —0.043 0.220 0.123 0.172 0.620
2 109 617 1570 —-0.378 0.735 0.619 0.677 1.329 2 169 605 1571 -0.409 0.767 0.587 0.677 1.336
3 123 635 1566 —0.448 0.886 0.843 0.865 1.515 3 190 618 1568 —0.473 0.920 0.823 0.872 1.529
4 127 628 1571 -0.466 0929 0915 0.922 1573 4 196 614 1569 —-0.490 0.966 0.911 0.939 1.593
5 129 622 1571 -0.472 0.944 0.945 0.944 1.594 5 199 632 1570 —-0.486 0.971 0.968 0.969 1.619
6 13.0 621 1571 —-0.472 0.948 0.964 0.956 1.604 6 200 609 1571 -0.497 0.989 0.971 0.980 1.631
7 13.0 629 1571 -0.467 0.945 0.983 0.964 1.609 7 201 60.3 1570 —0.497 0.992 0.979 0.985 1.635
8 131 62.0 1569 —-0.471 0.951 0.983 0.967 1.611 8 201 608 1570 —0.496 0.992 0.989 0.990 1.639
9 181 622 1570 —0.469 0.950 0.989 0.969 1.614 9 201 611 1571 —-0.495 0.992 0.994 0.993 1.641
10 131 623 1570 —0.469 0.950 0.993 0.971 1.615 10 201 61.3 1571 —0.495 0.992 0.996 0.994 1.642

Downloaded 20 Jun 2011 to 137.30.164.196. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



9786 J. Appl. Phys., Vol. 91, No. 12, 15 June 2002 A. De and A. Puri

14 " - " 0.6
: : ’ 0.4
12 ........ ORI EEEERREE TN
: . : 02} - 3‘
_ 1 k. —
0.8 W02
-0.4
06 ............ TN
-0.6
04 -0.8
0
Number of bi-layers (n)
(a) (b.)
- . 1 .
2
2
k3]
=
2 3
(V] [
o
]
o
>
<
0 : : : 0 : : :
0 2 4 6 8 10 0 2 4 6 8 10
Number of bi-layers (n) Number of bi-layers (n)

(c.) (d.)

FIG. 12. (a) Kerr rotation,(b) Kerr ellipticity, (c) reflectivity, and(d) FOM for 0(21)'3 as a function oh at w=3.1 eV, d;=4 nm, andd,=12 nm.

Using thed; andd, values obtained from above we plot plotted as a function of for givend, andd, values, which
various MOKE parameters for the 0213 configuration in Fig.were arbitrarily chosen to emphasize the following charac-
9. We see that the KR at 1.71 eV is the same for both valueteristics. We setl;=4 nm andd,=12, 9, 6 nm. Note that the
of w,. Above the 1.71 eV mark, howeves,=0.8 eV yields KR and reflectivity are nonlinear and have a complex oscil-
a higher KR and is at least 1.4° over a relatively broad rangéatory behavior with respect to. We have only shown the
of optical frequencies between 2.45 and 4.32 eV. The peafirst oscillation for our present discussion. Also note that the
KR is 1.563° and the corresponding KR is 0.274° at 3.1 eVFOM is nearly indistinguishable and insensitive to changes
The reflectivity forR, andR_ is 8.7% and 15.18%, respec- in d, up ton=4, beyond which it is seen that the higrbr
tively. R, remains below 20% below the 4 eV mark fef,  value yields a higher FOM. In addition this is achieved for
=0.8 eV. However, its increase is more rapid for the lowerfewer repetitions of the bilayer. The value wfover which
o, value of 0.2 eV. The KR and KE for this particular con- the FOM remains indistinguishable depends on the choice of
figuration has certainly been enhanced over the 013 case. Al and is inversely proportional to it. This was concluded by
an illustration, a comparison among the 01, 013, and 021®oking at various cases with differedj values.
configuration MOKE parameters ab=3.1eV and o, In Table Il we provide the optimized, andd, thickness
=0.8 eV has been shown in Table I. Notice an enhancememnalues for a givem, which yields maximum FOMat w,
of nearly 100% as we go from the 013 to the 0213 configu=0.8 eV andw= 3.1 eV). Betweem=1 andn=2, there is a
ration. significant jump in the reflectivity and hence FOM. At

In Fig. 10 we setw=2 eV and look ford; andd, to =4, the average reflectivity is more than 90% and FOM is
yield optimum KR. After comparing this against Fig. 8 and 1.573 and from there on, for even higher valuesnpthe
by looking at a number of other cases with differentalues  increase in the FOM is quite small. Also note tkatandd,
we conclude that higher thickness for bathandd, is re-  do not vary much and beyond=4 and they too tend to
quired in order to optimize KR at lower optical frequenciessaturate with increasing. Similar trends are observed in
and vice versa. Table lIl, which is calculated atw, =2.4eV and o

One obvious drawback of the simple bilayer structure is=3.1 eV. No improvements in KR and only minor improve-
its low average reflectivity and hence low FOM. By repeat-ments in FOM were noted. Also the thicknessdefrequired
ing the LiF and InSb bilayers a number of times, i.e., ato optimize the FOM was higher in the case of the higher
(21)"3 configuration, the FOM can be significantly im- plasma frequency, however th requirements remained
proved. essentially the same at about 60 nm. We conclude that due to

We would like to briefly discuss some general behavioralthe w. condition set by Eq(13), the proximity to the plasma
aspects of this. In Fig. 11, various MO parameters have beesdge would not yield much in terms of Kerr rotation once the
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thickness of the individual layers has been optimized. Thuslielectric-tensor properties. For several applications such as

under the present set conditions any error in the doping levalesign of MO storage media, high KR alone is not sufficient.

may be compensated by changing the MO layer thicknes€One needs to improve the reflectivity. We have shown this to

Notice that there is an enhancement of about 200% in thbe achievable at 3.1 eV by making several repetitions of the

FOM as we go froom=2 ton=4. MO/DE bilayer. The most economical choice if one desires
Figure 12 gives the MOKE parameters at 3.1 eV foraverage reflectivity greater than 90% along with high KR is

various values ofw, by settingd;=4 nm andd,=12nm.  the 0(21}]'3 design withn=4 as shown in Table I. As a

These were chosen to demonstrate some MOKE behaviorélrther extension of the present work, the role of interplay

trends, at arbitrary layer thickness, as the material's dopingpetweenw, and w, (in addition to the plasma resonance

concentration is changed. The initial indistinguishable fea-condition in a Kerr enhancement mechanism is currently

tures of Fig. 11 are not there. It is seen thatdgy=0.8 and  being investigated.

1.6 eV, a FOM of about 0.42 is achieved for=2 whereas
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and at h|gher values Of, the proximiw of the p|asma reso- and their ApplicationsLa Habbna, Cuba 19910P, Berkshire, 1992
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