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Large plasma-edge broadened magneto-optic-polar-Kerr-effect-based
broadband incoherent detection of terahertz spectral frequencies

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

(Received 3 November 2004; accepted 20 December 2004; published online 23 February 2005

A magneto-optic Kerr effectMOKE)-based spectroscopic technique is proposed in the terahertz
regime. This method relies on very large reflection edge splitting effects, which occur when the
cyclotron frequencyCF) is of the same order of magnitude or greater than the plasma frequency.
In the event of a very large reflection edge split, the Kerr rotafkR) no longer occurs at the
plasma edge, but instead occurs af{dRe_) = 1, within the macroscopic framework of the Drude
model. This implies that one can control the spectral occurrence of the MOKE resonance, simply by
tuning the magnetic field strength. This phenomenon is unheard of for much shorter wavelengths,
due to practical limitations on required magnetic field strengths and hence, can only be realized in
the THz regime. A 3 T magnet can easily cover the proposed 0.5-5 THz spectral range for an InSb
substrate. Our calculations show that in order to achieve good spectral resolution, the InSb substrate
needs to be cooled to 77 K. The Kerr rotation obtained at 77 K for a CF of 1 THz is about 6.28°,
which can be increased to about 18.35° by coating a thin low refractive index material on the InSb
substrate. A well established ellipsometric technique, which uses four incoherent detectors, is
proposed, for fast-simultaneous measurement of KR, Kerr ellipticity and reflectivitgO@b
American Institute of PhysicDOI: 10.1063/1.1865345

Generation, detection, and applications based on thparticularly useful for spectroscopic measurements due to
terahertz(THz) part of the electromagnetic spectrum haverelatively low spectral resolution.
experienced unprecedented growth in recent years. Among Here, we propose a conceptually different magneto-optic
various applications, high resolution THz spectroscopy is dMO) spectroscopic technique, realizable only in the THz
prime investigative tool in areas such as molecular asregime, that exploits large reflection-edgg plasma-edge
tronomy, chemical spectroscopy, bio-photonics and solidsplitting effects caused when the cyclotron resonance fre-
state device physics. quency(CF) is much larger than the plasma frequerB¥),
Roughly, THz spectral detection techniques can be clasn the polar Kerr configuration. For much higher optical fre-
sified into ones based on time-gated anterinéme-gated quencies the spectral occurrence of MOKE depends on ma-
electro-optic methods which employ a Fourier transform terial parameters and not on the strength of the magnetic
technique and incoherent detection techniques, such as du@ld. However, we show that this is no longer the case at
source interferometér’ Incoherent bolometric or photocon- THz frequencies. Our analytical approach is based on recog-
ductive detection mechanisms also have the advantage oizing the key fact that macroscopically, the(Et@_)zlg
being relatively less noisy than electro-optic methods whiclresonance condition and not the Fiel and Hasg&Re= 110
use a sampling detector. condition can be used for a qualitative unified description of
In this letter we propose an incoherent InSh basedhe Kerr rotation spectra, irrespective of the relative strength
reflection-type THz spectral detection technique based on thef the cyclotron resonance. Practical restrictions on high
magneto-optic polar Kerr effedMOKE). It is analytically = magnetic fields required for maintaining large CF to PF ra-
shown that a spectrometer built on principles proposed heréos makes such a technique realizable only in the THz part
would have broadband characteristics, ranging from 0.5 to ®f the electromagnetic spectrum.
THz, and high temperature tunable resolution. Furthermore, Large signal amplitude and spectral resolution are key
the incident radiation need not be phase coherent either. features to any spectroscopic technique. The signal intensity
MOKE spectroscopy has been used for some time télepends on the strength of the MOKE signal and hence the
determine various optical and physical const&rtsthe THz ~ magnitude of the spin-orbit split, whereas the spectral reso-
regime, recently, a reflection-type MOKE based THz polar-lution depends on the electron mobility. These requirements
ization technique was used by Shimaetaal. to measure the make InSb an ideal candidate for such a MOKE-based spec-
diagonal and off-diagonal dielectric-tensor eleménitem-  tral detection technique.
perature dependent magneto-optic THz spectrometer based For polar semiconductor materials such as InSb, the di-
on quantum cascade lasers was more recently proposed BIECtric tensor is symmetric about the optic axis in the ab-
Larrabeeet al® Cyclotron resonance experiments are typi-Sence of a magnetic field and hence can be treated as a scalar.
cally used to determine effective electron mass and are ndp case of the polar Kerr effect, the application of a magnetic
field in thez direction breaks the time reversal symmetry in
the dielectric tensor. The tensor elements can then be ex-
pressed in terms of its dispersive and absorptive components.

a)Currently with the Department of Physics, University of lowa, lowa City,

lowa 52245. .
®Author to whom correspondence should be addressed; electronic maill N€ real component Qf the d|a99na| tensor .elem.ems repre-
apuri@uno.edu sents the ordinary optical absorption and the imaginary com-
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FIG. 1. Proposed THz MOKE-spectroscopic setup using four noncoherent

linear detectors. —

complex Kerr effect,6—i&=ey,/[(1 &4 Ve, cannot be

) used to calculate the MOKE spectra if the reflection edge
ponent of the off-diagonal elements represents the MO abgyjitting effect is large.
sorption, which is proportional to the difference in " | Ref. 12 we derived the following expression for the
absorption between left and right circularly polarized light. cF satisfies the “Re.,s_)~1” resonance condition for any

Therefore the eigenvalues of the dielectric function tensobiven optical frequency and other material parameters:
can be expressed in terms of the complex index of refraction

asTZ=extie,=e,. The “+” and “—” signs, respectively, 0 :( wp 2051+ N w2> vz P
represent right circularly polarized and left circularly polar- © \w¥20-e2-1) 2¢-¢e2-1 '
ized modes of wave propagation. Since the magnetization is
perpendicular to the surface and parallel to the direction ofvhere
light propagation, the Kerr rotatioiKR) can be expressed as (wf - w%)(w% - w?
the phase difference between the two circularly polarized (=~ % 55 5 5 -
eigen modes! ,=—(A,~A_)/2, The phasel,, is related to (07 - )"+ Mo
the complex Fresnel's reflection coefficients, via €+ Equation(2) forms the basis of our magneto-optic spectro-
=r,/|r|. For a semi-infinite substrate=(1-T,)/(1+n,). scopic technique. Notice that whep < w (or if w,<aw”"),
Nonzero components of the dielectric tensor can be dethen
scribed using the free particle Drude model, where random _
thermal motion of the free carriers is altered into cyclotron W= @ )
orbits in a plane perpendicular to the applied magnetic field.  This implies that large Kerr rotation effect will be ob-
Thus, the application of a magnetic field also splits theserved when the incident optical frequency matches the cy-
plasma reflection edge into two, the spectral separation beslotron resonance frequency. Practically, to determine the
tween which increases Iineaﬁylzwith increasing magnetic wavelength of an unknown incident THz beam one would
field. In a polar semiconductor material such as InSb, théxave to merely sweep the strength of the magnetic field and
MO effects would be altered when lattice vibrational modesnote the field strength that induces the maximum Kerr rota-
are added. The changes are largest in the vicinity of the opion.
tical phonon frequencies. The dielectric tensor in the polar-  The PR CF condition can be implemented by dropping
Kerr configuration is given by the sample temperatures down and thereby reducing the
number of free charge carriers. This also increases the mo-
2 2 2 bility, which increases the spectral resolution and also aids in
w w, — w . .
gi:8w<1— B L1 ) (1)  enhancing the Kerr rotation.
olwtw.=iy) (07— +ilw) The temperature dependent carrier concentrations were
calculated usingN=AN/2+AN?+NZ cm™3 where, AN is
the difference in extrinsic donor and acceptor carrier concen-

where, w,=(4mN€*/ mgeo)t? is the plasma frequencyy,
=He/mgqC is the cyclotron frequency., is the background S 3 .
dielectric constanty, is the longitudinal phonon frequency, trat|o4n |n_3cm ; For our palculgﬂons we ha\_/e u;ekN

w7 is the transverse phonon frequendy,is the phonon :1dﬂ- N; is the intrinic C:;’:ll’rlel’ concentration given by
damping constant is the magnetic fieldc is the speed of Ni= VNcNvexp(—E¢/2KgT) cm™, where, Kg is the Boltz-
light, e is the charge of an electrom is the effective mass, Mann constantl is the temperatures, is the band gap en-

N is the charge concentratiog=1/7 is the optical damping €rgy;Nv andNc are valence band and conduction band elec-

constant, andr is the carrier relaxation time. The carrier tron concentg‘/alztion?é respectively. For |35]sz Ygeighave used
relaxation time is related to the electron mobiligy, via r  Nc=8X 10"7%2 cn® and Ny =1.4x 10'°T%2 cm>.™ These

= -Mggl €. values yield an intrinsic carrier concentration-e2 X 10 at
It is widely accepted that, macroscopically, MOKE oc- 300 K. -
curs at the plasma edge or in the vicinity of (Rg)=1.° The temperature dependent electron mobility for InSb

However, in Ref. 9, we have shown that this is not so in theVas calculqtg?zd using . the empirical formula.=7.7
event of a large reflection edge splithich occurs when CF~ % 104(_T/300 cn?/Vs and the temperature dependent
and PF have similar orders of magnitidénstead a more effective mass can be determined using Kane’s formula
general condition is proposed where a pronounced enhance- 1 1 2p2/ 2 1

ment in the MOKE spectrum is expected in regions where — = m + %(E_ + E+A) (4)
Ree,e_)=1, and not necessarily in the vicinity of plasma Meft g 9
resonance of free charge carrie(k. must also be empha- where,m is the free electron mass. The momentum matrix

sized that the commonly used approximate expression for thelement,P?, and the spin orbit splitting energy are taken to
Downloaded 15 Jun 2011 to 137.30.164.165. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



091103-3 A. De and A. Puri Appl. Phys. Lett. 86, 091103 (2005)

T=300K, ® =24 THz T=200K,0 =0.45THz T=77 Ko =0.18 TH 0.5
P 5 % 4 % ‘ =1 TH (a) (b.)
~ cosiinz oas| | @=1THz
g :
K3
ok w=2THz" ot
40 w=3THz
Jk¢ |
FIG. 3. Further plasma-edge broadening due to lowering of temperatures
3 4 5 5

shown in Kerr rotation and Kerr ellipticity spectra @ T=300 K, (b) T
=200 K, (¢) T=77 K at w,=2 THz. Note the sharp positive-edge MOKE o, (THz)
resonance at=77 K.

FIG. 4. (a) Kerr rotation,(b) reflectivity shown as a function ab, (propor-
. . . tional to magnetic fieldfor w=1, 2, and 3 THz alT=77 K.
be temperature independent. Their chosen respective values

are 20 and 1 eV for InSh. The above calculations require the
temperature dependent band gap energy, which for InSb ihiese resonances are observable and can be exploited up until
given by E;=0.24~(6X 107* T?)/(500+T) eV. the vicinity of phonon frequencigs-5 THz for InSh. Note

The proposed spectroscopic technique has the configurghat by coating a thin low refractive index film on the MO
tion of any standard Kerr rotation measurement experimentedial® the Kerr rotation can be further enhanced. This is
as shown in Fig. 1. The incoming unknown, incoherent THzachieved by reducing the polarization component of the di-
radiation is incident on a wire-grid polarizer, which is then rectly reflected light without influencing the component in-
incident on the InSb substrate placed in a polar configuratiogluced by the KR. At 1 THz it is seen that the KR increases
between pole faces of the magnet. The easiest and quickegbm 6.28° to 18.35° by coating the InSb substrate with a
way to simultaneously detect the Kerr rotation and ellipticity thin film of refractive index =1.5 and film thickness »f2.
is to use a four detector polarimetric technique proposed b owever, this is accompanied by a proportional decrease in
Azzam!* The four required detectors should be linear andthe reflectivity(from 0.303 to 0.048 at 1 THz
could either be bolometers or photoconductive devices. Four  |n summary, based on macroscopic effects, we have ana-
proportional electric signals that depend on the incident lightytically and numerically demonstrated the principle for a
intensity and the &4 instrument matriX' are produced. type of a MO THz spectroscopic technique. This method
This enables one to simultaneously measure all four compgequires that the incoming optical frequency be of the same
nents of Stokes vectdwhich is the most complete descrip- order of magnitude as the Qfence realizable only in the
tion of polarized light. Apart from being fast and extremely THz regime and that the CF be much greater than the PF.
accurate in making polarimetric measurements, this methogyhen the above two conditions are simultaneously fulfilled,
eliminates the need for additional analyzer optics such ag one-to-one correspondence can be established between the
polarizers, quarter-wave retarders, electro-optic modulator§y0|0tron resonance frequency and the MOKE THz spectra,
(the technology for which is currently not fully mature in the which we propose to exploit for THz spectroscopy. Further-
THz regimg. However, this method does require the incidentmore, sharp MOKE resonances at low temperatures can pro-
radiation to be collimated; in order to reduce measuremenfige good spectral resolution. Apart from THz spectroscopy,
errors, this can be achieved for a broad range of frequencigscperimental verification of this phenomenon could have

using parabolic reflectors. o other important technological implications.
We next numerically demonstrate the principle of opera-
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