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Kerr-resonance-condition-coupled enhancement in magneto-optic media

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

(Received 8 August 2002; accepted 30 September)2002

We derive an expression for cyclotron frequengy, which sets Rge,. e_]=1 in a magneto-optic

(MO) substrate, at any incident photon energy. Thereby, at any desired part of the optical spectrum,
large Kerr effects can be obtained, which are generally known to occur either at the
free-charge-carrier-plasma-resonance frequeagy or at frequencies where active electronic
transitions take place. Under these conditiansjs seen to play a very different role; it is seen that

for any o, the magnitude of the Kerr resonance in a single W&Sb herg substrate increases with
decreasingo, . With the objective of achieving further Kerr enhancement, the effect of coating a
thin film of this w.-coupled InSb layer on a Ag substrate is numerically studied. Further Kerr
enhancement, at the plasma-resonance frequency of Ag, is seen, which is dependent on the thickness
of the MO layer and itsw,. In this configuration, giant resonances appear in the
effective-dielectric-tensor spectra. The spectral locations of these resonances are dependent on the
thickness of the MO layer. We interpret these resonance structures to be the effective cyclotron
resonance. Our results suggest that there exists a strong correlation between the effective-cyclotron
frequency and the plasma-resonance frequency of the noble20G3 American Institute of
Physics. [DOI: 10.1063/1.1523141

I. INTRODUCTION field) in the framework of the Drude model, that satisfies the
“Re[e,,e_]=~1" resonance condition, and thus enables
Other than its use for the read out of magneto-optidarge Kerr rotations to be obtained at any given incident pho-
(MO) digital storage systems, the magneto-optic Kerr effecton energy, which is not necessarily in the vicinity of either
(MOKE), particularly in the polar configuration, is one of the plasma-resonance-frequency or inter/intraband transitions.
prime techniques to probe various magnetic properties, such In the case of MO layers embedded in metallic matrices,
as surface magnetism, multilayer-magnetic interlayer coufurther enhancement of MOKE has been seen. This has been
pling and magnetic anisotropiés® Understanding the be- more widely attributed to the plasma resonance of free car-
havior of an optically active material begins with measure-riers in nonmagnetic noble metdfs;*®and to free electrons
ments that characterize material behavior. The resultardt the Fermi surface in quantum-well mod&is'®Hence, the
measurements can be explained, macroscopically, in terms of/clotron-frequency condition derived here is numerically
the dielectric tensor properties of the material, which arecoupled to a MO thin film, and its effects on the MOKE
related to its band structure. This allows the Kerr effect to bespectrum and the dielectric-tensor spectrum are studied by
used as a method to reveal details about electronic interbandepositing it on a noble metédNM) substrate.
as well as intraband, transitiofts,especially in transition- The MO and NM selected here were InSb and Ag, re-
metal and rare-earth compounds. However, the origin ofpectively. Multiple reflection and interface effects within the
large MOKE still remains under dispétand has been attrib- medium were taken into account by using Fresnel's formu-
uted to numerous factoPs® mostly to active inter/ las. Some preliminary theoretical background for the free-
intraband electronic transitions and to spin-orbit coupling. Itcharge-carrier Drude model and the derivations, are provided
has also been suggested that large resonance-shaped gaext, followed by discussion of the numerical results.
hancements in the Kerr spectrum occur whereeRgé 1,1°

which is mostly in the vicinity of the plasma-resonance fre-
quency of free-charge carriers. In Ref. 11, we numerically!l- MACROSCOPIC THEORY OF POLAR MOKE

studied the MOKE enhancement in a plasma resonance, The gielectric response of a medium can be described by
Re(ex) ~1, coupled MO media in various thin-film configu- \1axell's equations, whereby the propagation of an electro-
rations, where “Regy,) =1" holds true at all incident pho-  \4gnetic wave in a material can be described by the electric
ton energies. However,. we have repently shown that in the 4 magnetic permeability tensargnd . Ignoring nonlin-
event of a Iargg reflection edge split, the resonance-shaped,, «tfects and assuming that1 at optical frequencies, the
enhancements in the Kerr spectrum occur afeRe—1]  complex dielectric tensor can be simplified due to the sym-

~1 (Ref. 12 instead. metry in the configuration of the problem. In general, for

Therefore, in this ar_ticle_ we derive an expression for t_hemost MO media, the dielectric tensor is symmetric in the
cyclotron frequency(which is dependent on the magnetic opsence of a magnetic field. This is particularly true for cubic

crystals, where the dielectric tensor is symmetric about the
dElectronic mail: apuri@uno.edu optic axis and can be treated as a scalar. On the application
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of a magnetic field in the direction, the time reversal sym- tions are added. The changes are largest in the vicinity of the
metry in the dielectric tensor is broken and can be expresseaptical phonon frequencies. Hence, we can express the di-
in terms of its dispersive and absorptive components as electric tensor in the polar-Kerr configuration, where Poyn-
ting vectorsS|B, andEL By as

€xx €&y O 5 2
e=——iey €, 0. (1) cme|1o o, OO ) g
0 0 e, - o(wrw,—iy) (0i—o+ilw)

The real component of the diagonal elements represent thihere, w,=(4mNe?/m* e )* is the plasma frequencyy.
ordinary optical absorption and the imaginary component of=He/m* ¢ is the cyclotron frequency., is the background
the off-diagonal elements represents the MO absorptiongielectric constanty, is the longitudinal phonon frequency,
which is proportional to the difference in absorption betweenw- is the transverse phonon frequenEyand y are phonon
left and right circularly polarized light. Therefore, the eigen- damping constants] is the magnetic fields is the speed of
values of the dielectric function tensor can be expressed itight, eis the charge of an electrom* is the effective mass,
terms of the complex index of refraction as N is the charge concentration, afd is the dielectric con-
stant of the medium.

The dielectric tensor for the two circular modes of
Here, the “+” and “ —" signs, respectively, represent right propagation can be separated into its real and imaginary
circularly polarized (RCP and left circularly polarized parts, respectively, as
(LCP) modes of wave propagation in a longitudinal magnetic
field, n.. are the complex indices of refraction given by Re(e.)= em( 1
=n.—ik., andn. andk.. are the refractive and absorptive -
parts, respectively. In the polar-Kerr configuration, the mag- > 2, 2 o
netization is perpendicular to the surface and parallel to the (o~ o7)(07~0 )) 63)
direction of light propagation. Since the eigenmodes are left (0= )+ (T w)?)’
and right circular polarizations, and therefore the Kerr reso-
nance(KR), expressed as the phase different between the
two circularly polarized mode¥, and the Kerr ellipticity
(KE), expressed in terms of the complex reflection coeffi- P
_ ] . lNow(wf — oY)
cients, are, respectively, given by _ LT _ (6b)

(07— 0’)?+(Tw)

N2 = e *i Exy= €= . (2

wg(wi we)
T of(0*wg)?+ ]

—w,zj(wi ®e)
ol (0t wc)*+ 7%

Im(wi)=ww<

Irel=Ir-|
- m 3) In Ref. 12 we have shown that in the event of a large reflec-
tion edge split, a pronounced enhancement in the MOKE
spectrum is expected in regions where Ref_)~1, and
re not necessarily in the vicinity of the plasma resonance of the
)z —j Iogr—il free-charge carriers. Hence, the first step in obtaining an ex-
r pression forw, [where, Re€, e_)~1 holds true for allw
are the Fresnel's reflection coefficients at normal incidenc@ndw,] would be to obtain an expression for Re(e_). By
and the phase shifts, respectively, for LCP and RCP light. assuming thaiw— w >y, we ignorey? terms in Eqs.(6a)
Assuming that A, —A_) is small and (,—r_)?> and(6b), and obtain
<2r, ,r_, expressions for the complex polar MOKE given

Oc=—3(Ar—AL), &=

Here,

~ k.
ns+ki—1

r.and A.=tan !

4 2
by Egs.(3) and(4) can be approximated % Re(e.e )=€2| 1+ “p 2+ A ey
= = " * 0X(w’—wd)  0*—o:
®k: Hk—isziﬁtﬁ—_l. (4)
A +A(2+A) |, (7)
The Drude model is used here to describe the dielectric
tensor components of a polar semiconductor. The indepeRyhere
dent particle model consists of free-charge carriers in the
host lattice, which also contains an equal number of opposite B (wf_ w%)(a%_ )
charges to maintain charge neutrality. Random thermal mo- N (w$_w2)2+ 202"

tion of the free carriers is altered into cyclotron orbits in a o o

plane perpendicular to the applied magnetic field. The applifhus, by substituting the Re(e_)~1 condition in Eq.(7)
cation of a magnetic field also splits the plasma reflectiofVe obtain an expression fas:

edge into two. The spectral separation between the two re- wt 1+A 12

flectivity minima, increases lineady?*with increasing mag- we=| —=r w? +w?| (8)
netic field, thus changing the complex index of refraction ®*(2A=X) A=0.3X

and inducing magnetic-circular bifrigence, and magneticyhere

circular dichroism. In a polar semiconductor material such as

InSh, the MO effects would be altered when lattice vibra- ~ X=1/e2—1.

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



1122 J. Appl. Phys., Vol. 93, No. 2, 15 January 2003 A. De and A. Puri

—— =t e 2Bt
— Relo] eV + Toptrpe =%

=— —. (10
14 P ] e lmg[mc] eV 4 1+ ro_lr i_*'ze—zjﬁl

-
-

In the polar-Kerr configuration the magnetization is perpen-
dicular to the surface and parallel to the direction of light
propagation. The eigenmodes are left and right circular po-
larizations and thus the Fresnel’s reflection coefficients at
normal incidence of each interface are given by

l—ni ni_n
+ 1 + 1 2
[g1= 7 — andri,=———. 11
01 1+nI 12 nf“'nz ( )

The phase factor is given by

Bi =i di

whered; is the thickness of thé&h layer, and the intensity

FIG. 1. Solution-curves showing real and imaginary parteofor various  reflectance of the layered systemRs = |rf|2.

values ofwy . The KR and KE can, therefore, be obtained from the
resultant reflection coefficients. A figure of me(EOM) is
commonly used to characterize the performance of a

Therefore, if the cyclotron frequendyhich is dependent on  multilayer MO media. It is expressed as

applied magnetic field, magnetization of the sample, and

temperature were made to vary as a function of incident FOM= VaER ' (12)

photon energy according to E(®), then a high KR could be \yhere

obtained at any desired wavelength. Figure 1 shows the real 5 5

and imaginary parts ob, for InSb as a function of», and :|r+|+|r,|

. The optical constants for InSb were obtained from Ref. a 2

17. Upper- and lower-bound limits fas, can be calculated

so as to keepw, real in the spectral window of interest.

These constraining factors can be obtained by equating

=0 in Eq.(8) and solving forw:

is the average reflectivity.

In Fig. 2 various MOKE parameters, for the MO sub-
strate, 01 configuration, were plotted as a function of wave-
length and for various, (0.2 eV, 0.8 eV. The KR as seen

) ws 1+A 5 in Fig. 2@ is significantly higher forw,=0.2 eV. At w,
W = A Tygn | T EVATT6ARAX+L). (9  =0.8 eV, the KR is nearly flat and is aroundl.6° and also

. . . . . has very small KE throughout the optical spectrum. kbgr

The solutions with the *” sign gives the lower-bound limit  _g 2 eV, the KE curve is much higher and also the differ-
and the solution with the +” sign gives the upper-bound ence in the reflectivity for LCP and RCP is much larger than
limit of the imaginary part of the curve in Fig. 1. The plasmaatwpzo_g_ In general, for the 01 configuration, the FOM for
frequency should be selected such that it is either greate, —0.2 eV is relatively higher as compared to thg=0.2
than the highest incident photon energy or lesser than thgy case.
lowest incident photon energy in the spectral window of in-  The effect of depositing a thin film of MO on a noble
terest. We sel_ect the_ Io_wer-bound limit, as this is more phySiSUbstrate(Olz configurationis studied next. The KR is ex-
cal. The maximum limit of plasma frequency for this mate- pected to increase in this configuration, as the plasma reso-
rial was set to be 0.9 eV so as to keep real. nance of free-charge carriers in the nonmagnetic meta|
where optical constants,, andk,y are the lowestwould
alter the effective dielectric constant, which would aid in the
KR enhancement, accompanied by an enhancement in KE.

The numbers 0, 1, and 2 are assigned to air, MO semi-  First we plot a three-dimensional graph for the KR and
conductor materiallnSh), and noble metalAg), respec- average reflectivity, as shown in Fig. 3. This is done at
tively. Dispersive effects are taken into account in the photonw,=0.8 eV to show the simultaneous effect of varyingnd
energy range of 1-5 eV for the refractive index of Z@nd  d; on the KR and average reflectivity. It is seen that higher
the refractive indices of the InSb were calculated from EqKR are seen only at certain incident photon energies. The KR
(5), using the following optical constants,=15.7, w is ~0° at 1 eV for alld;, however, it experiences a sharp rise
=19 meV, wr=17 meV,I'=1.2 meV, andy=0.6 me\? as the incident photon energy is increased. The spectral oc-

For any layered media, the polarized light beam expericurrence of this rise is dependent dp. At the same time
ences multiple reflections and interference effects in the thinnotice that the average reflectivity experiences minima in the
film layer. The resultant reflection coefficient conveys infor-vicinity of the rise in the KR.
mation about the overall amplitude and phase shifts and can The thickness-dependent behavior of the MO layer on
be expressed &5** the Ag substrate is examined in greater detail in the next set

IIl. NUMERICAL ANALYSIS
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(a)
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£ (deg)

FIG. 2. (a) Kerr rotation,(b) Kerr el-
lipicity, (c) reflectivity, and(d) FOM
for the 01 configuration.

o (eV)

of graphs. In Fig. 4, we shown various MOKE parameters athe plasma resonance of Ag 3.8 eV). Similarly, in Fig. 4a)
d;=15 nm. Several interesting features are observed, moshe KR experiences a rise around the plasma resonance of
notably the KE. Notice that in Fig. () a very sharp Ag. However, unlike in the case of the KE spectrum this
resonance-like structure in the KE spectrum is observed %nhanced KR value remains |Oca||y invariant 3.8 eV on-

094

Average Reflectivity

4
©
-

d1 (nm)

(b.) o (eV)

FIG. 3. (a) Kerr rotation andb) average reflectivity as a function af and
d,, for the 012 configuration ab,=0.8 eV.

wards. In Fig. 4c), notice that the reflection spectra for RCP
light closely resembles that of Ag near its plasma edge. The
LCP reflectivity for the differeniw, values is nearly indis-
tinguishable. Overall, lowedw, resulted in higher MOKE.

A further analysis of the 012 configuration is carried out
atd;=40 nm in Fig. 5. In Fig. 8, it is shown that a further
enhancement of KR is observed at3.8 eV. The KR for
w,=0.2 is greater than 3°. The local invariance seen in the
earlier KR figure is not seen any more around 3.8 eV, instead
a sharply rising peak is observed. In Figbpgit is seen that
the KE experiences a sharp resonance and rapidly changes
sign around 3.8 eV. The reflectivity for LCP is nearly invari-
ant with respect tav, and bears very close resemblance to
that of a Ag substrate. The RCP shows a significantly differ-
ent response to different,, and it, too, experiences a mini-
mum at the plasma resonance of Ag. It is important to point
out that under the present.-coupled MO layer conditions,
the magnitude of the Kerr enhancement is dependent on the
plasma resonance of the MO layer, and that lowgresults
in higher MOKE, especially at the plasma resonance of Ag.
Overall, it is seen that whed; =40 nm, the FOM increases
sharply at lowerw. However, it also experiences a sharper
decline at the plasma-resonance frequency of Ag as com-
pared tod;=15 nm.

An interesting phenomenon is seen in the spectra of the
effective €,, and ¢, in Fig. 6, which were calculated from
resultant reflectivityR, . Giant resonance are seen in the
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FIG. 4. (a) Kerr rotation,(b) Kerr el-
lipticity, (c) reflectivty, and(d) FOM

for the 012 configuration atd,;=15
nm, w,=0.8 eV.
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effective-dielectric-tensor spectrum fap,=0.8 eV. The

tions are also noted with respect dg,. We interpret these
spectral locations of these resonance vary with thickdgss resonances as the effective-cyclotron resonance, since the

and occur at longer wavelengths and become sharper wittyclotron-resonance effect is generally seen only in the di-

nances are plotted as a function of thicknegssubtle varia-

increasingd;. In Fig. 7, the spectral locations of these reso-electric tensor spectra because of the functional forna,of

(a)

FOM

o (eV)

ande,y, in the free-carrier Drude mod&l.Hence, under the

b)

3 4 5
o (eV)

FIG. 5. (a) Kerr rotation,(b) Kerr el-
lipticity, (c) reflectivity, and(d) FOM

for the 012 configuration at,;=15
nm, w,=0.8 eV.
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FIG. 6. Effective-dielectric-tensor spectra for the 012 configuratiom at

=0.8 eV.
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upper-bound value, beyond which no such resonances are
observed.

IV. SUMMARY

In this article, we derived an expression for cyclotron
frequencyw., which sets Res, e _]=1 in the MO medium
at any incident photon energy, and thus high KR can be
obtained at any desired wavelength. Therefore, even though
high KR are known to occur at either free-charge-carrier-
plasma resonance frequeney, or at frequencies where ac-
tive electronic transitions take place, we have shown that
under framework of the Drude modéby appropriate cou-
pling of w and w.) enhanced MOKE can be achieve at any
desired part of the optical spectrum, as seen in Fig. 2. Under
these conditions, it is seen that the magnitude of the KR in a
single MO (InSb here substrate has a sensitive dependence
on the choice ofw,, the lower numerical value of which
results in higher KR.

The MOKE study was extended to the MO-layer/noble-
metal configuration, where the surface plasmon of the noble
metal (Ag here is known to enhance the KR at its plasma
resonance frequency. This is seen to be true for this configu-
ration, even under the preseat-coupling conditions. The
magnitude of the KR enhancement at the noble-metal-
plasma-resonance frequency was, however, seen to be depen-
dent on the thickness of the MO layer and dég. In the
effective e, and €,, spectra, giant resonances are seen,
which are MO-layer-thickness dependent. We interpret these
resonance-like structures to be the effective-cyclotron reso-
nance. This conclusion is deduced from the functional form
of dielectric tensor elements, in the free-carrier-Drude
model. Hence, under the present conditions and in the
present configuration, an effective-cyclotron frequency can
be generated, simply by varying the thickness of the MO

present conditions for the 012 configuration an effectivedayer. Our results suggest that in the limit of minimum MO-
cyclotron frequency can be generated simply by varying thdilm thickness, the spectral location of the effective-cyclotron
thickness of the MO layer. Our results suggest that as theesonance approaches the plasma-resonance frequency of
thickness of the MO layer decreases, the spectral limit of thé\g. This conclusion was also verified by considering a ge-
effective-cyclotron frequency is shifted towards the plasmaneric model for noble metals.

resonance frequency of the noble metal as its maximum
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