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Terahertz time domain magneto-optical ellipsometry in reflection geometry
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We propose and examine a method to reveal the diagonal and off-diagonal components of a dielectric tensor
from THz magneto-optical Kerr effe@OKE) measurements. The proposed method, which is based on
time-domain THz measurement, does not involve any assumption on the magnitude of the magneto-optical
constant. We apply this method to determine the dielectric tensoitygde InAs in the spectral range from 0.5
to 2.5 THz and compare the results with those obtained in the framework of the conventional small magneto-
optical response approximatio(SMRA). It is shown that when the probe frequency is lower than the fre-
quency of longitudinal electromagnetic modes in the medieng., below magnetoplasma or longitudinal
phonon resonang¢he SMRA-based analysis should be replaced with the method we developed even for small
magneto-optical signals.
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[. INTRODUCTION of three polarization-dependent reflection coefficiéfts?
However, in the THz frequency region we have even more
The incorporation of the spin degree of freedom intoopportunities. Specifically, THz measurements are performed
semiconductor technology has resulted in the formation of @ the time domain, so that information on the temporal evo-
new discipline, spintronics, which deals with injection, trans-lution of the electric field on the THz wave is obtained. This
port, control and detection of spin-polarized charge cartiers.information allows us to obtain both the amplitude and phase
The development and implementation of spintronic devicesf the THz wavei*'%and can be used to obtain the diagonal
will require detailed information on the kinetic, relaxation, and off-diagonal components of the dielectric tensor from
and transport properties of spin subsystems that cannot xperimental data acquired with a conventional MOKE
obtained by conventional magnetization measurements. Thg&cheme without using SMRA.
combination of magneto-optical measurements and advanced In this paper, we develop a method for evaluating the
optical probing techniques enables us to probe such magnetittagonal and off-diagonal components of the complex di-
properties. With recent advances in ultrafast laser technolklectric tensor in the THz frequency range from MOKE mea-
ogy, both the temporal and spatial evolutions of the spirsurements. The method does not rely on any assumptions
orientation and the coherence can be probed by using timexbout the magnitude @ and can be employed for materials
resolved magneto-optical measurements. For example, thigith a pronounced magneto-optical response. In the devel-
technique has been employed to extract surfac@ped method, by measuring the amplitude and phase of the
magnetizatioh and to probe ultrafast dynamics of bulk reflected THz wave simultaneously, we obtained the real and
magnetizatioh* in magnetic materials. imaginary parts of complex reflection coefficients, which al-
Magneto-optical Kerr effectMOKE) measurements in a lows us to calculate the real and imaginary parts of the diag-
reflection configuration enable us to investigate material®nal and off-diagonal components of the dielectric tensor.
that are opaque in the frequency region of intérésty ana-  This method is referred to as the time-domain THz ellipsom-
lyzing the polarization azimuth rotatiogp and ellipticity  ery. By using the results of our THz MOKE measurements in
angle 5 of the reflected light wave. Usually, MOKE data are n-type InAs which revealed a large MOKE signal beyond the
analyzed using the small magneto-optical response approxiange of applicability of SMRA at oblique incidené&we
mation(SMRA). In the SMRA framework, one assumes that demonstrate that the developed method allows us to deter-
(i) the off-diagonal component of the dielectric ten&gy, is ~ mine the complex dielectric tensor of the media with strong
small compared to the diagonal componég, (i.e., |Q| magneto-optical response. We also discuss the validity of the
<1, whereQ=i€,,/€,, is the magneto-optical constagpand ~ SMRA in the interpretation of the MOKE data by comparing
(i) the change of the diagonal component induced by th&MRA predictions with results with the method we devel-
magnetic field is negligible. Since in this approximatign oped.
and » are proportional tGe,,, one can obtain the real and
imaginary part ofe,, directly from ¢ and 5 using complex
refractive index measured with no magnetic field. If the me-
dium has a large magneto-optical response, we need addi- In this section, we introduce a method that enables us to
tional measurements to determine the components of the diletermine real and imaginary partsQf and,, from com-
electric tensor. This can be done, for example, using th@lex reflection coefficients, which are obtained in MOKE
general ellipsometry technique that involves measurementseasurements.
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muth and ellipticity angle in terms of the Cartesian compo-

h ; By using conventional formulas for the polarization azi-
|Lv nents of the electric fiele,’
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FIG. 1. Schematic illustration of the polar Kerr geometry. The 2 'Fpp+ iTSp '
magnetic field is antiparallel to theaxis of the laboratory Cartesian
frame. The angles between optical axes of the polarizer and ana- IT —iF p| _ |—|7 +iT p‘
lyzer andx axis are labeled aB and A, respectively. n= tam | =22 _f bp WS . (4)
Fop = iTsd + [Fop+ Tsp
A. The MOKE signal at oblique incidence In Sec. Il C, we will outline the procedure based on E@$.
The geometry of the experiment is shown in Fig. 1. In thisand (4) for evaluation ofé, and'é from ellipsometric ex-

geometry, thep-polarized wave is incident to the sample periments.

surface at the incidence anglg while the external magnetic
field is applied along the surface normal. The polarization of
the incident and reflected waves are controlled by the polar- Before considering in detail the time-domain THz ellip-
izer and analyzer, respectively. One can recall from Fig. Jsometry, we revisit here a conventional MOKE technique at
that such a geometry of the magneto-optical experiment isptical frequencies based on the light intensity measure-
often referred to as the polar Kerr geometry. Correspondments. In the MOKE intensity-based measurement tech-
ingly, in this paper, we will refer to the measured spectrum asique, the polarization azimuth angfeand ellipticity angle
the “magneto-optical Kerr effect spectrum.” However, it is z of the reflected electromagnetic wave under the magnetic
necessary to note that since the incidence angle is finite, thieeld are obtained® Since ¢ and » depend only on the ratio
Voigt or Cotton-Mouton effect also contributes to the mea-t,/T,, [see Eq.(4)], both the real and imaginary parts of
sured signal. Tsp/Tpp Can be determined from the MOKE experiment.
Since the fourfold symmetry axis is oriented along the When the SMRA conditions are fulfilled.e., when the
surface norma(z axis of the Cartesian coordinate fraynthe  magneto-optical response is smaf)| <1 and dependence
complex dielectric tensor can be presented in the followingof¢,, on magnetic field is negligib)e ¢ and » do not exceed

B. Analysis based on the intensity measurement

form: a few degrees. In such a case E@.and (4) are reduced
down to the following SMRA equatiofi:
~ =~ 0 -
ixx fxy ¢\ (Re NoExy cosf,
€=|—&y €& 0 |. (1) “\im n o ©)
Y (€xx— o) Véxx coq 6y + 0)

0 0 %,

To determine the components of the dielectric tensor, w&/Nereno is the index of refraction of the air, anélis the
need to relate them to the measurable complex reflectioffOMPIeX refraction angle that is defined by Snell's law. In
coefficientsf,, andTs, where subscripts label polarization Eq. (5) variablese,, and ¢, are separated; therefore if we
components of the reflected and incident wave. The length{]’€aSures, independentlysay, from the reflectivity at zero
but straightforward calculations shown in the Appendix al-magnetic field, we can directly determine the real and

low us to obtairif,, and¥,, as functions[detailed in Eqs. Mmaginary part oféy, from the measured and . ,
(A13) and(A14)] of &y, €y, ande,, If the magneto-optical response is not small, SMRA is not

applicable. In such a case the diagonal component of the
dielectric tensor may not be negligible and we need to per-
form additional measurements to determiggand’e,, even
in the case of normal incidence. In particular, this can be
Top=TepEoo Exyi €20 (2)  done using the general ellipsometry techni¢ftré® In this
technique, one measuré,=T,,/Tss, Ry;=Tsp/Tss and Ryg
SinceT,, andTj, are functions of three complex variables, =F,4/Tss by rotating the analyzer with a finite angular
we can calculat&,, and’,, from the obtained complex re- frequency;* while ¢, &, ande,, are obtained by fitting the
flection coefficients as long &s, is known. measured reflection coefficiehtsising exact equatiors.

Top=Tpp(Exx Exyi €22
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C. Analysis based on the time-domain THz ellipsometry

In this paper we propose a method to deternépeand
:exy from experimentally obtained,, andT, providing that
¢,, was obtained from independent measurements. Thksp
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FIG. 2. The spectra ofa) T,
and (b) €,, €,, is calculated from
measured value df,.

Fig. 2. Second, by using the experimental procedure de-
scribed in Ref. 16 with an angle of incidence of 45°, we
measurd ,,/T, andT /T, which allows us to obtain,, and
(see Fig. 3.

method is based on time-domain THz spectroscopy tech. FTom the above complex reflection coefficieiity and

nique and referred to as the time-domain THz ellipsometry!sp
The THz spectroscopy technique enables us to reveal t
temporal evolution of the THz electric figfi:>and to obtain

we can construct the polarization plane azimuth argle
Hand ellipticity angle of the reflected wavei.e., MOKE
signa), as shown in Fig. 4% In this system, the dielectric

the phase and amplitude of the reflected THz wave, and thgSPONSe in the THz frequency region originates from the

complex reflection coefficient. The technique reported in
Ref. 16 gives both the real and imaginary part§ gft, and

Tso/Tp WhereT, is a reflection coefficient which is deter-
mined from giveri¢,, This procedure allows us to arrive a

real and imaginary parts @f, andTy, therefore, to obtairp
and n [see Eqs(4)]. The next step includes rewriting E@)
to obtain’e,, and’e,, in terms off,, andTg, as follows:

Aéxx = zxx(Fppv?sp;zz) '

Exy :%Xy(FppaTSp;%ZZ) .

(6)

Finally we can calculate,, ande,, directly from the mea-

suredr,

pp:

IIl. EXAMPLE OF THE ANALYSIS

Tsp and givere,, One can notice that the phase
information provided by the time-domain THz spectroscopy.
technique allows us to determiigg, and’e,, from the mea-
surable complex reflection coefficients without any restric-
tion of the magnitude of the magneto-optical cons@nt

€, =
¥ (WP +iel)?-w g

€77= eb[

where € IS t_he background dielectric constanty,
=V4nN€e/ e,m* is the plasma frequency\ andm* are the
carrier density and effective madsjs the damping constant,

and w.=¢e|H|/m* ¢ is the cyclotron frequency. Solid lines in

’EXX: Eb|:1 -

intraband motion of conduction electrons. Therefore we can
use the Drude model to describe the THz response. In the
Drude model framework, the components of the dielectric

¢ tensor in presence of the magnetic field are the following:

wg(w2 +iwl)

P2
| wpEpwwe

(0?+iwl)? - wzwg} 7

2.2 ()

l__wp_

2
o’ +iol |’

Fig. 4 represent this Drude model fit, which were obtained
using Egs(2) and(4) at =1.8 THz(the corresponding carrier

density

2.1x 106 cmi3),

I''27=0.75 THz,w /27

In this section, we demonstrate how the developed proce=0.46 THz,e,=16.3, andn* =0.026m,. One can observe a
dure can be employed to obtain the complex dielectric tensqsronounced resonance feature in the vicinity of plasma fre-

using the results of the THz MOKE measurements in amuency wheré,,~0. This effect is often referred to as the
n-type InAs. The first step is to measure the complex reflecmagnetoplasma resonanée.

tivity coefficientT, in the absence of the magnetic field.

By using the measured complex reflection coefficiggts

Since the crystal symmetry does not permit any current parandf, and alsce,, which was obtained in the first step, we
allel to the magnetic field, it is natural to assume that thecan now reconstruct the diagonal and off-diagonal compo-
field alongz axis (see Fig. 1 does not change the longitudi- nent by inversely solving Eq2). We employed the Newton-

nal component of the dielectric tensor, i.@,{H)="¢,(H
=0). Within this approximation,, can be calculated from
Tp-141°The measured THz spectraigfande,, are shown in

155101-3

Raphson method for this procedure.
Figure 5 shows the spectra of the obtained complex di-
electric tensor. For comparison purposes we also show the
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complex dielectric tensor calculated with the Drude modelparticular mechanism of the MOKE, correspond to the ones
the parameters of which are obtained above. One can obserealculated using the Drude model with parameters obtained
from Fig. 5 thate,, and’s,,, which are directly calculated from the measured MOKE signal. We believe that a slightly

from the complex reflection coefficients and do not rely onbigger (in comparison with other componeptgiscrepancy
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FIG. 4. The measured spectra ¢f(circley
and 7 (dots calculated from measurég,/T, and
Tsp/Tp. Solid curves show the result of Drude
model fitting, using Eq(2).
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Finally we compare the conventional analysis based on

between the calculated [&, and its MOKE fit is due to the
magnitude of In¥,,, which is considerably smaller than the SMRA with the results obtained above. Specifically, Fig. 6
shows the frequency dependence of the off-diagonal compo-

other components.
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angle(b) calculated from the experimentally de-
termined dielectric tensor using SMR@otted
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nent of the dielectric tenscé,,, obtained from the measured which is a quantitive measure of the SMRA imposed error.
<~z>, and’,, by using SMRA(i.e., assuming thaQ|<1 and Note that here we use the dielectric tensor calculated using
&x~€,,) and by using the developed method. the Drude model with parameters obtained from the MOKE

One can observe from Fig. 6 that the obtained off-signal fits described above. From this tensor we calculate the
diagonal component of the dielectric ten&f, shows better MOKE signal ¢+i7, and calculatéfyRA from ¢+in using
correspondence with the Drude fitting of measured MOKESMRA. Figure 8a) shows the frequency dependence &Hf
signals thark,,, which was calculated in the SMRA frame- and|Q|=[¢,,/€, in the frequency range from 0.5 to 2.5 THz.
work. Results of our THz experiméfitare apparently be- In Fig. 8b), we plot & versus|¢+i7| using frequency as a
yond the range of applicability of SMRAQ~0.5 and|¢  parameter, where the dotted line and bold line correspond to
+i7|~10"1) and require a more rigorous treatment. the frequency regions above and belay

Figure 7 shows the spectra of the polarization rotatfon One can observe that ai> w,, § increases monotoni-
[Fig. (@] and ellipticity anglez [Fig. 7(b)], calculated from cally as |¢+i#| increases, indicating that the higher fre-
the measured off-diagonal component of the dielectric tensaguency of the incident wave from the plasma frequency, the
Eﬁ; using SMRA, calculated from the exact formulas devel-smaller difference between the SMRA and exact analysis. At
oped above, and measured in the experiment. The correspotire same time, ab< w,, J is not reduced monotonically as
dence of the measured values and those calculated using ex+i»| is reduced. From Figs.(8 and §b) one can notice
act expression shows the consistency of the analysis. Oribat small MOKE signal does not always correspond to a
can observe from Fig. 7 that SMRA results in a nonnegli-small (i.e., |Q|<1). In other words, the SMRA may fail
gible departure of the polarization rotation and ellipticity even wher¢+iz| is relatively small. Note that in metals, for
angle from the measuretiand » in particular, in the vicinity ~ which the magneto-optical response is conventionally stud-
of the plasma resonancey,/2w=1.8 THz, when a large ied by using the MOKE techniqu¢Q)| is the order of 10,
MOKE signal is observed. and SMRA is usually valid. However, a more careful analy-

In order to describe the difference between the developesdis is necessary when the frequency of the incident wave is

method and SMRA, we introduces=[é,~¢y" |/[é,),  resonant to the intrinsic longitudinal electromagnetic modes
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of the medium, such as plasmons, optical phonons, longitu-
dinal excitons, etc.

IV. CONCLUSION

We presented a procedure that enables us to obtain simul-
taneously the diagonal and off-diagonal components of the
dielectric tensor by using the phase information given by
time-domain THz measurements. The developed method can
be applied for materials with a large magneto-optical con-
stantQ=ri€,,/ €. By using results of the time-domain THz
measurement im-type undoped InAs, we demonstrate that
this technique allows us to obtain bo#y and’e,, directly
from a MOKE experiment. FIG. 9. The schematic configuration of the reflection problem in

By comparing our results with those obtained from thethe plane of incidence. The definitions of the Cartesian coordinate
SMRA we show that the SMRA may lead to a considerableSystem{xyz and{xy'z';.
error in the calculated components of the dielectric tensor
when the probe frequency is lower than the frequency of the@etized medium can be presented in the following form:
longitudinal electromagnetic modes even when the MOKE - _ ~ L~
signal is small. Exx €xy COSY ~ €ySING

€=| —%,c080 Eu+Asitd Asinfcosd |, (A2)

—
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0. .
wheren is the refractive index and the subscripts enumerate
Cartesian axes, y’, and z’. Equation(A3) has nontrivial

APPENDIX: COMPLEX AMPLITUDE REFLECTION X
solutions when

COEFFICIENTS FOR THE MAGNETIZED MEDIUM

i «irl O\ ~ y 2

In this appendix, we present the detailed description for ~ (€22COS 0+ &, S O)i* - [€,&,41 + cos 6) + (&,
the analysis of the plane wave reflection from an interface ~2 i 2Tien ~

between isotropic medium with index refractiog (medium * €>2<y)s'n2 O + & 4E+ €>2<y) =0. (Ad)

0) and isotropic medium under the magnetic figldedium  1hig equation along with the Snell's Ia\Tv,sin~0:n0 sin 6,

1). In the case of a thin film, this problem has been solved iny o5 us to arrive at two eigenvalues of the refractive index
the method based on transfer matrix formalfive cannot . ~ .
and the relevant refraction angte Correspondingly, the

apply the method to media that are thicker than the penetra[1 itted liaht b ted in the follow
tion depth of the electromagnetic wave. In this appendix, w ran;ml ed light wave can be presented in the following
derive the equations which is directly applicable for an opti- orm:
cally thick sample. E-=E,ei(@ohn? 4 E_gilwlciig? A5

We assume that the interface coincides with plar® A B ' (AS)
and permanent magnetic fieH is along the z direction Here subscripté andB label the modes, i.e., the solutions of
while the wave vector of the incident light wave is at angleEd- (A4). The magneto-optical response of the medium re-
8, with the interface normalFig. 9). In the Cartesian coor- sults also in a nonzero longitudinal component of the trans-
dinate systerixyz, the dielectric tensor of the magnetized mitted light wave, i.e.Exg have nonzero projection on the
isotropic medium can be presented in the following form: propagation axig’'. Therefore we obtain the amplitudes of
both p andz’ components of the transmitted wagsee Fig.

Ex &y O 9) in terms of itss component ag =& Es and E = GE

€=| -y €&x 0 |. (A1)  Here subscripk labels eigenmodes and B, while coeffi-
0 0 &, cientsEk andzk can be obtained from EqéA2) and(A3) as
In order to obtain the reflection coefficients and the polariza—the following: ~ N _
tion state of transmittgd and reflected waves, it i; convenient . ~ T2 —fox—?iy Sir? G /& + A co 6,
to introduce a Cartesian systdmy’z’'} with thez’ axis along &= = _ =~ .= = = =
the wave vector of the transmitted waggee Fig. 9. In this € COS G+ & A SIMT 6 COSG/Ec+ A COS 6
Cartesian coordinate system, the dielectric tensor of the mag- (AB)

155101-7
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~ B HFAM-E ~ _ E 2n,(Tig COS Bz — ip COS O
g St 2 g, (A7) Fop===—— oM €095~ 030 ,
€225y Ep  (Maa+ Noxa/COSb) 75 — (Rgép + Noxe/COS bp) 7a
We will restrict ourselves to the polarization effects with (A14)

the p-polarized incident light wave; however, the magneto-

optical response ensures the existence of the bothnd  \yhere

p-polarized components in the reflected and transmitted

waves(see Fig. 9. In the Cartesian framgxyz, in which the _ ~

vacuum-medium interface coincides with the plam®, the 7ic = N COS G + N COS b. (A15)

eIectric(E) and magnetic(ﬁ) fields of the incidentlabeled

by subscriptl) and reflectedR) waves can be presented in !t Should be noted here that Eg13) and (A14) are valid
the following form: for an oblique incidence and any magnitude of the magneto-

optical response.
= _nF = In the following we compare these equations with the
E, =(0,E,, coséy,E,, sin 6y), . :
1 =(0.Eyp coS 6, Eyp sin ) SMRA. The difference between modeandB is reduced to
0 the difference of the sign of magneto-optical response; there-
H =(- E,p,O,O)—O, (A8) folre we use + and - for sy_bscnpts mEt(iadAoand B. Sub-
c stituting the SMRA condition, i.e.|Q|=|i&,|/[é. <1 and
A=0 in Eqg.(A4), one obtains
ER = (ERS_ ERp COSBO,ERP sin 00),

~ ~ ~ ~ n 5
Hr= (- Erp — ErsCOS b, EgsSin HO)EO. (A9) 2
As we have shown in EGA5), the transmitted wave con- ino (e
sists of two eigenmodes; the complex amplitude in the Car- Sin 6, = w<1 -~ ﬂ) (A16)
tesian{xyz frame and relevant magnetic fields are the fol- 2

lowing:
~ o .« 5 ~ ~ . ~ . .
-~ o~ o~ ~ e = e~ ~ where @=\n3 sir? 6y/€,,~ 1. =\, is the index of refrac-
E = (Eso Epk COS 6 = Ei SN 6, Epy SN 6 + E5 COS 6, tion of the medium 1 without magnetic field. With these
values we can reduce the quantitigs £, and’, as follows:

T

~ o~ ~ ~ _~TM
K= (_ Epkl ESk Ccos 0k, - Esk Sin 0k)_k, (A].O) - - - -
¢ ~ _Fa-iQsir® 0+i(a’Q/2)tart 9
wherek=A,B. The continuity of the tangential components KT cosd '
of the electric and magnetic field a£0 implies

ERS= ESA+ EsBa Zk = Ié Sln’b,
E|p Ccos 00 - ERp 00300 :}AESA-’- }BESBY _ ~ -~ o~
Y= F a-2iQ sir? 6.

~ By = NoErp= ~ TiAéAE <A~ TinéaEss, L .
0Eip = MoBrp = ~ NabaBsa~ NataEse Substituting these values into Eq#\13) and (Al14), one

- e -~ - obtains
— NgERsCOS Oy = Ny\Esp COSOp + NgEgg COS G5,
(A1) _ _Ticosfy—nycosd
where rpp_ﬁ COS0y+ N cOSO
X« :Ek cosT?k —Zk sin79k. (A12)
Solution of the set of EqgA11) gives the following ex- o= i(~2n0'ﬁ cosfby

pressions for the amplitude reflection coefficients: P (fi coS A+ Ny COSB) (A COS By + Ny COS ) cosd

17

¥ o= %p _ (Fiaéa— NoXa/COS 80) 75 — (g ~ NoXa/COS o) 7

= T~ ~ - ,

Eip  (Mada+ Noxa/COSOo) 75 ~ (Mads + NoXe/COSB)TA  These are completely the same as E431) of Ref. 9. By
(A13) these quantities on obtain the MOKE signal as ).
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