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Abstract

This thesis is devoted to the optical characterization of Cd(Mn)Te single crystals. I 

present the studies of free-carrier dynamics and generation and detection of coherent 

acoustic phonons (CAPs) using time-resolved femtosecond pump-probe spectroscopy. 

The giant Faraday effect and ultrafast responsivity of Cd(Mn)Te to sub-picosecond 

electromagnetic transients are also demonstrated and discussed in detail. 

The first, few-picosecond-long electronic process after the initial optical excitation 

exhibits very distinct characteristic dependence on the excitation condition, and in 

case of Cd(Mn)Te, it has been attributed to the collective effects of band filling, band 

renormalization, and two-photon absorption. A closed-form, analytic expression for 

the differential reflectivity induced by the CAPs is derived based on the propagating-

strain-pulse model and it accounts very well for our experimental observations. The 

accurate values of the Mn concentration and longitudinal sound velocity vs in 

Cd(Mn)Te were obtained by fitting the data of the refractive index dependence on the 

probe wavelength to the Schubert model. In Cd0.91Mn0.09Te, vs was found to be 

3.6 103 m/s. Our comparison studies from the one-color and two-color experiments 

reveal that the intrinsic phonon lifetime in Cd(Mn)Te was at least on the order of 

nanoseconds, and the observed exponential damping of the CAP oscillations was due 

to the finite absorption depth of the probe light. Optically-induced electronic stress 

has been demonstrated to be the main generation mechanism of CAPs. 

We also present the giant Faraday effect in the Cd(Mn)Te and the spectra of the 

Verdet constant, which is mainly due to the exchange interaction between the Mn 
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ions and band electrons. The spectral characteristics of the Verdet constant in 

Cd(Mn)Te exhibit very unique features compared to that in pure semiconductors. In 

our time-resolved sampling experiments at the room temperature, the response of the 

Cd(Mn)Te, particularly with low Mn concentrations, to the sub-picosecond 

electromagnetic pulses has been demonstrated for the first time and studied in detail. 

The physical origin of the ultrafast responsivity is shown to be the electro-optic 

(Pockels) effect, simultaneously excluding the magneto-optical (Faraday) effect due 

to the Mn-ion spin dynamics. The discrepancy between the absence of the low-

frequency Pockels effect and the ultrafast sampling results, suggests that in 

Cd(Mn)Te crystals at low frequencies, the electric field component of the external 

electromagnetic transients is screened by the free carriers (holes). At very high (THz) 

frequencies, tested by our sampling experiment, Mn spins are too slow to respond and 

we observe the very large Pockels effect in Cd(Mn)Te crystals.  
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Chapter One

Introduction and background 

1.1. Motivation 

Diluted magnetic semiconductors (DMSs), also known as semimagnetic 

semiconductors, are a wide class of materials, in which a fraction of the original 

semiconductor atoms are substituted by magnetic atoms. Extensive experimental and 

theoretical investigations have been devoted to these compounds, because they are 

natural materials-of-choice for spintronics and other spin-related ultrafast magneto-

optic applications. The presence of magnetic ions in DMSs, combined with their 

ordinary semiconductor properties, lead to many striking new effects, such as the 

giant Faraday effect [1, 2], formation of magnetic polarons [3, 4], or magnetic-field-

induced metal-insulator transitions [5]. The ternary nature of DMSs makes it possible 

to alter their material parameters, such as the bandgap and/or the lattice constant by 

varying the composition, i.e., the content of magnetic atoms. This ability to fine-tune 

lattice parameters of the DMS crystals has allowed researchers to grow quantum 

wells and superlattices in order to investigate new magnetic effects related to low-

dimensional phenomena [6-8].  

 The most extensively studied DMSs are II-VI semiconductors and transition-

metal alloys, particularly those containing manganese. In recent years, there have also 

been intensive studies of DMSs containing other transition-medals, such as iron [9, 10] 



2

and cobalt [10, 11]. Moreover, a relatively new field, e.g., III-V ferromagnetic DMSs, 

has attracted enormous interests and enjoyed rapid progress in the past ten years [12, 

13] because of the ferromagnetic nature of GaMnAs and GaMnN at 110 K and 

possible at room temperature [14], respectively. A complete and up-to-date review of 

all DMSs is beyond the scope of this thesis. Thus, here we shall focus our attention 

only on the AIIMnBVI alloys and review some of their general properties. 

and cobalt [10, 11]. Moreover, a relatively new field, e.g., III-V ferromagnetic DMSs, 

has attracted enormous interests and enjoyed rapid progress in the past ten years [12, 

13] because of the ferromagnetic nature of GaMnAs and GaMnN at 110 K and 

possible at room temperature [14], respectively. A complete and up-to-date review of 

all DMSs is beyond the scope of this thesis. Thus, here we shall focus our attention 

only on the AIIMnBVI alloys and review some of their general properties. 

  

1.2. General properties of diluted magnetic semiconductors1.2. General properties of diluted magnetic semiconductorsVI
x

II
x BMnA1

VI
x

II
x BMnA1

1.2.1. Crystal structure 1.2.1. Crystal structure 

Table 1.1. Crystal structure and range of composition of AIIMnBIV

Matericals Matericals Crystal Structure Crystal Structure Range of composition Range of composition 

Zn1-xMnxS zinc blende 0  x  0.10 
wurtzite 0.10  x  0.45 

Zn1-xMnxSe zinc blende 0  x  0.30 
wurtzite 0.30  x  0.57 

Zn1-xMnxTe zinc blende 0  x  0.86 
Cd1-xMnxS wurtzite 0  x  0.45 
Cd1-xMnxSe wurtzite 0  x  0.50 
Cd1-xMnxTe zinc blende 0  x  0.77 
Hg1-xMnxS zinc blende 0  x  0.37 
Hg1-xMnxSe zinc blende 0  x  0.38 
Hg1-xMnxTe zinc blende 0  x  0.75 

The crystal structure of the entire family of ternary AIIMnBVI and the related 

range of compositions are listed in Table 1.1 [15]. The parent II-VI semiconductors 

exhibit either a cubic zinc-blende or hexagonal wurtzite structure. The lattice of 

manganese chalcogenides, however, often differs from such a tetrahedral structure. In 

The crystal structure of the entire family of ternary AIIMnBVI and the related 

range of compositions are listed in Table 1.1 [15]. The parent II-VI semiconductors 

exhibit either a cubic zinc-blende or hexagonal wurtzite structure. The lattice of 

manganese chalcogenides, however, often differs from such a tetrahedral structure. In 
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the case of MnTe, for example, the crystal is of the NiAs type. It is very surprising 

that AIIMnBVI single crystals can maintain their parent structure for very high molar 

fractions of Mn (x). For instance, Cd1-xMnxTe retains its zinc-blende structure with x

up to 0.77, and for Zn1-xMnxTe, x can be as high as 0.86. The possibility to vary the 

Mn concentration over such a wide range in a semi-continuous fashion is one of the 

primary reasons that AIIMnBVI acquired such large interest.

 The physical origin of forming such stable crystal structures in AIIMnBVI is 

that the electron configuration of Mn atoms is [Ar]3d54s2. Zinc-blende and wurtzite 

structures both form tetrahedral (s-p3) bonding, involving two valence s electrons and 

six valence p electrons. By the Hund’s rule, the 3d orbit of the Mn atom is exactly 

half-filled, so all five 3d electron spins are parallel. It would require considerable 

energy (~3.5 eV) to add an electron of the opposite spin to or remove one of the 

existing from the Mn atom. Thus, the Mn atom acts like the group-II element and 

contributes its two 4s electrons to form a tetrahedral bonding, replacing the group-II 

elements in AIIBVI semiconductors. Therefore, Mn is the best substitutional candidate, 

as compared to other transition-metals to form a stable tetrahedral structure. For 

example, Cd1-xFexTe exhibits the zinc-blende structure only for x < 0.03.

The lattice parameter of AIIMnBVI alloys obeys the Vegard’s law very closely, 

which is expressed by , where a(1 ) AB MnBa x a xa AB and aMnB are the lattice 

constants of the parent II-VI semiconductor, and the manganese chalcogenide, 

respectively.  Figure 1.1 shows the lattice constant a vs. x for three AIIMnBVI alloys 
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(Cd1-xMnxTe, Hg1-xMnxTe and Zn1-xMnxTe) [15]. It is remarkable that all three can be 

extrapolated to a single value for 1x , indicating the same lattice constant for MnTe. 

 Standard X-ray diffraction data have confirmed such a consistent adherence of 

AIIMnBVI lattice constants to the Vegard’s law. One might readily assume that the 

zince-blende or wurtzite crystals of DMSs consist of two interpenetrating and 

geometrically perfect face-centered-cubic (fcc) and hexagonal-close-packed (hcp) 

sublattice of cations and anions, whose lattices scale with x. Studies of the extended 

X-ray absorption fine structures (EXAFS) provide the detailed information on the 

spatial distributions of the atoms showing that, in the entire region of the alloys, 

cation-anion bond length preserves its characteristic value of the parent 

semiconductor. Thus, for all x, the Mn-anion bond length is approximately the same 

as in the pure MnBVI, as demonstrated in Fig. 1.2 for Zn1-xMnxSe [15].

Fig. 1.1. Lattice constants as a function of Mn molar fraction of three DMSs; Ref [15].
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Fig. 1.2. Actual bond length of MnSe and ZnSe as a function of x, determined by EXAFS. The 
space-averaged bond (extracted from X-ray diffraction) is also shown. Ref [15]. 

It should be stressed, however, that the EXAFS results do not contradict 

studies based on the standard X-ray diffraction, which are not sensitive to the 

topological surrounding of individual atoms. The standard X-ray measures the 

average lattice parameter over a wide range of atoms, and it is the average value that 

scales with x. Therefore, EXAFS suggest that in AIIMnBVI, the cations and anions 

sublattice are locally distorted, which maintains the constancy of the bond length, and 

at the same time, very closely follows Vegard’s law. The existence of local 

distortions of the crystal lattice has very important implications. The selection rules 

imposed on various optical transitions due to the ideal symmetry of the parent lattice 

are relaxed in DMS alloys. Therefore, a number of new physical phenomena could be 

realized and investigated in DMSs, such as the 6A1 -> 4T1 transition of Mn2+ in 

AIIMnBVI alloys. 



6

1.2.2. Band structure in the absence of magnetic field 

Band structures of AIIMnBVI alloys closely resemble their II-VI parent 

semiconductors, i.e., they are direct-bandgap materials with the minimum of the 

conduction band and maximum of the valence band occurring at the center of the 

Brillouin zone,  point. In Cd1-xMnxTe, the ground state of Mn2+ 3d electrons is 

approximately 3.5 eV below the valence band edge, and the excited state that 

corresponds to addition of an electron to the 3d orbit is about 3.5 eV above the top of 

the valence band, as it was demonstrated in reverse photoemission experiments [16]. 

It is worth pointing out that the above 

states are relatively far from the band 

edges. However, the positions of these 

two states are very important in 

determining the exchange interaction 

constants via the hybridization 

mechanism of the p-d type, which will 

be discussed in the section on magnetic 

properties of DMSs.  

Fig. 1.3. Energy gap dependence of manganese 
molar fraction x in Cd1-xMnxTe crystal at several 

temperatures; Ref [17].

The dependence of the 

fundamental energy bandgap on x in 

can be described by the 

virtual crystal approximation approach:

VI
x

II
x BMnA1

( ) (1 ) (0) (1) (0) ,g g g gE x x E xE E x Eg      (1-1) 
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where Eg(0) and Eg(1) are the energy gaps of AIIBVI and MnBVI respectively. Figure 

1.3 shows Eg(x) of Cd1-xMnxTe as a function of x at three temperatures [17]. By 

extrapolating the lines in Fig. 1.3 to x = 1, one can obtain Eg(1) of pure MnTe at 

various temperatures. If the virtual crystal approximation holds true, the same 

extrapolated value of MnTe should be expected for various AIIMnTe alloys. 

Available data for Cd1-xMnxTe, Zn1-xMnxTe and Hg1-xMnxTe have confirmed such 

conclusion and yielded a common value of Eg(1) to be about 3.2 eV at 4.2 K.

Fig. 1.4. Transmission spectrum (a) and the energy gap, derived at 50% of transmission, dependence 
(b) on x in our Cd1-xMnxTe crystals measured by transmission spectroscopy. The saturation of energy 

gap occurs at x  0.45.

 We have conducted our own spectroscopic transmission measurements of Cd1-

xMnxTe crystals for various x at room temperature (see Fig. 1.4) using Lambda 900 

UV/Visible/NIR spectrophotometer. The discrepancies between Fig. 1.3 and Fig. 1.4 

(b) are due to the fact that our crystals were about 0.5 – 0.7 mm thick, which resulted 

in the shifting of the position of 50% transmission toward the longer wavelengths, i.e., 
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a red shift of the measured bandgap.  Noticeably in both figures, there is a saturation 

of Eg, corresponding to 2.2 eV (~2.1 eV for our sample) for the concentration of Mn 

greater than 0.45 at room temperature. This phenomenon has been attributed to the 

6A1 -> 4T1 transition of Mn2+, involving the spin flip of 3d electrons. For free Mn 

atoms, the ground state is an orbit singlet denoted by 6S (S = 5/2, L = 0), and the 

lowest excited state of flipping one of 3d electron spins is 4G (S = 3/2, L = 4). In the 

presence of a crystal field, the ground state of Mn2+ does not split and is traditionally 

labeled as 6A1. On the other hand, the 4G state splits into 4 degenerate energy levels, 

with the lowest denoted as 4T1. The transition between 6S and 4G is principle-

forbidden due to S = 0 and the parity selection rules. In the AIIMnBVI, however, the 

selection rules are relaxed because of the spin-orbit interaction and the absence of the 

inversion symmetry. Furthermore, the lattice distortion can also contribute to the 

relaxation of the selection rules. Therefore, the optical transition of 6A1 -> 4T1 is 

allowed in Cd1-xMnxTe and, in fact, accounts for the red color of crystals with x

exceeding 0.45, i.e., the corresponding bandgap saturation occurs at 2.2 eV.  

1.2.3. Magnetic properties of diluted magnetic semiconductors 

The presence of magnetic elements, e.g., Mn, in DMSs results in richness of 

additional magnetic properties, underlying which are the sp-d exchange interactions 

and the d-p-d super-exchange interactions. The sp-d exchange describes the spin-spin 

interactions between the s- and p-band electrons and the magnetically-aligned 

impurity electrons, for example, the 3d5 electrons of Mn2+ ions in Cd(Mn)Te. The 
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spin-spin interaction profoundly affects the material's physical phenomena, leading to 

the Zeeman splitting of the band extrema. The giant Faraday rotation is a direct 

outcome of such interaction. In the d-p-d super-exchange interaction, two Mn2+ ions 

interact with each other through the mediation of anions. A complex magnetic phase-

diagram of DMS is generally associated with these interactions. Contrary to other 

Mn-substituted semiconductors (e.g., Mn-doped GaAs), Mn spins in Cd(Mn)Te do 

not have a long-range ferromagnetic order, but they quickly align with an external 

magnetic field, forming a ferromagnetic lattice. The “soft” magnetic nature of the II-

VI DMSs is an advantage by itself since the magnetization process does not involve a 

slow domain rotation and the removal of the magnetic field restores the old order on a 

picosecond time scale. 

1.2.3.1. Mn2+ - Mn2+ exchange interactions 

It has been theoretically [18] and experimentally [1, 19] demonstrated that 

exchange interactions of the Mn2+-Mn2+ type between the nearest neighbors (JNN) and 

between the next-nearest neighbors (JNNN) are both antiferromagnetic. In wide-gap 

DMS materials, the exchange interactions mainly consist of the two-hole process 

(super-exchange interaction), about 5% contribution from the Bloembergen-Rowland 

interaction via virtual excitation of one electron and a hole, and negligible 

contribution from the two-electron processes. Several techniques have been used to 

measure the exchange integral, such as the low field magnetic susceptibility, high-

field magnetization step, inelastic neutron scattering, and Raman scattering. 
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The first method to yield reliable 

values of the Mn2+-Mn2+ exchange integrals 

was demonstrated by Spalek [20], by 

observing the behavior of Cd(Mn)Te’s 

magnetic susceptibility  at high 

temperatures and low magnetic fields, as 

shown in Fig. 1.5. At high temperatures, 

obeys the Curie-Weiss law. 

( ) /[ ( )],C x T x       (1-2) 

2
0( ) ( ) ( 1) / 3 ,B BC x xN g S S k (1-3)

Fig. 1.5. Temperature dependence of magnetic 
susceptibility in Cd1-xMnxTe; Ref [20].

where C(x) is the Curie constant, x the Mn 

molar fraction, No is the number of cation 

sites per unit volume, and S is the spin of magnetic ions. The Curie-Weiss 

temperature (x) depends on the exchange integral and can be expressed as 

2( ) ( 1) ,
3 n n

n

x xS S z J       (1-4) 

where zn denotes the number of n-th neighbors and Jn is the corresponding exchange 

integral. If one assumes that the exchange interaction is of short range and only takes 

the nearest neighbors into account, a linear fit to the data shown in Fig. 1.5 yields the 

values of the exchange integral of nearest neighbors. For Cd1-xMnxTe, J1 was 

measured to be about -7 K.  
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The magnetization steps (see Fig. 1.6) observed in DMS at very high magnetic 

fields [1] were also made use of for determining the exchange integral of Mn2+ pairs. 

The energy levels of Mn2+ pairs are given by 

The magnetization steps (see Fig. 1.6) observed in DMS at very high magnetic 

fields [1] were also made use of for determining the exchange integral of Mn2+ pairs. 

The energy levels of Mn2+ pairs are given by 

[ ( 1) 35 / 2] ,T T BE J S S g mH[ ( 1) 35 / 2] ,T T BE J S S g mH     (1-5) 

where ST denotes the total spin for the Mn2+

pair, which takes the integer value from 0 to 

5, and m takes the value of -ST, -ST+1,…, ST.

As is shown in Fig. 1.6(a), as long as the 

magnetic field is smaller than 2|J|/g B, the 

singlet state (S

Fig. 1.6. (a) Schematic of energy level scheme 
for a Mn2+ pair as a function of magnetic field. 

(b) Magnetization steps due to Mn2+ - Mn2+

exchange interaction; Ref [1].

B

T = 0, m = 0) remains as the 

ground state. In such case, Mn  pairs do not 

contribute to the total magnetization. 

However, when the magnetic field is 

sufficiently strong (H  2|J|/g

2+

BB), the triplet 

state (ST = 1, m = -1) has energy lower than 

the singlet state, and becomes the new 

ground state for the Mn2+ pair. Consequently, 

the Mn2+ pairs start to contribute magnetization and a sudden step-like increase of 

magnetization occurs. The values of the magnetic field at which the magnetization 

step occurs can be used to estimate the value of the exchange integral J, following Eq. 

1-6. By this method, the value -6.3 K of J was obtained in Cd1-xMnxTe [21]. 

(b)

(a)
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 Inelastic neutron scattering is the third method to precisely determine the 

exchange integrals. In experiments, intensity peaks were observed due to the energy 

loss of neutrons by the amount of the energy difference between two adjacent levels 

of the Mn2+ pair. The latter provided a direct and accurate measurement of J.

However, as previously suggested, the nearest neighbor exchange integral is about -7 

K, equivalent to about 1.2 meV. One must remember that the phonon vibration 

energy is of the same magnitude, as will be demonstrated in Chap. 3 of this thesis, 

where we investigate CAPs in Cd(Mn)Te. Thus, care must be taken to interpret the 

neutron scattering experimental results.  

1.2.3.2. sp-d exchange interactions 

The major mechanism responsible for the Mn2+ pair super-exchange 

interaction is the two-hole process, mediating the p-d exchange interaction between 

the holes and 3d electrons of Mn ions. In addition, there is also the s-d exchange 

interaction between s-electrons and d-electrons. The sp-d exchange interaction in 

AIIMnBVI DMSs exhibits many fascinating magneto-optical properties qualitatively 

different from their parent semiconductors, e.g., exchange splitting of the exciton 

transitions, the giant Faraday rotation in wide-gap DMSs, magnetic-field-induced, 

metal-insulator transition, optically induced magnetization, etc. We shall review the 

physical origin of the sp-d exchange interaction and some experimental observations.  

Bhattacharjee et al. [22] pointed out that there are two independent 

mechanisms responsible for the sp-d exchange interaction. The first one is the 
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“direct” or “potential” exchange interaction due to the Coulomb interaction between 

the band electrons and localized 3d electrons. This Coulomb interaction, in 

conjunction with the Pauli exclusion principle, tends to align the spins of the band 

electrons with the spins of 3d electrons of Mn, thus, it is ferromagnetic in nature. 

Since the Coulomb interaction scales inversely with the distance between the band 

electrons and 3d Mn electrons, one might expect that the exchange constant, due to s-

d interaction, is larger than that due to p-d interaction. However, experimental values 

of the exchange constants contradict such expectation. The p-d exchange constant 

(generally denoted as ) has been found to be considerably larger than the s-d

exchange constant (generally denoted as ), and,  and  are opposite in sign. The 

latter indicates that the p-d exchange is in fact antiferromagnetic and there should be a 

mechanism responsible for the p-d exchange interaction other than the Coulomb 

interaction. Bhattacharjee and Dietl [22] attributed the p-d exchange interaction to p-d

hybridization, which leads to an antiferromagnetic interaction. We pointed out that in 

the absence of the magnetic field the band structure of DMSs resembled qualitatively 

that of their nonmagnetic parent semiconductors. However, in the presence of a 

magnetic field, the effects of the sp-d exchange interaction must be taken into account 

and as many experiments revealed, very interesting and striking magneto-optical 

properties of DMSs occur.  

In the magnetic field, the total Hamiltonian HT can be written as 

0 ,TH H Hex        (1-6) 
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where H0 represents the total Hamiltonian except the part due to the exchange 

interaction (Hex). H0 accounts for splitting of the band electrons into Landau levels, as 

well as splitting of the Landau level into sub-levels due to the two electron spin 

orientation.  The exchange interaction Hex is of the Kondo-like form: 

( )sp d
exH J r

i

i
R

,iR s S       (1-7) 

where the summation is over all lattice sites occupied by Mn ions. s and Si are the 

spin operators of the band and 3d electrons, respectively. Two approximations are 

typically made to simplify the calculation. The first one, similar to the molecular field 

approximation, is that Si can be replaced by the thermal average <S>. Due to the 

spatial extent of the band-electron wave function, electrons “see” a large number of 

localized magnetic moments and experience an average influence from them. The 

second approximation is to replace the sum over the Mn2+ sites by the sum over all 

cation sites, weighted by the concentration of Mn. This approach is substantiated by 

the same argument as the first approximation. Thus, the summation in Eq. 1-7 can be 

rewritten as 

( ) (sp d sp dJ r x J r
i

i
R R

).R R      (1-8) 

If the magnetic field is applied along the z direction, for a paramagnetic material, the 

exchange interaction Hamiltonian can be expressed as 

 ( ),sp d
ex z zH s S x J r

R
R      (1-9) 
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where Jsp-d is the exchange constant, i.e., it is equal to  for the s-like electrons, and 

for the p-like electrons. For the sake of simplicity, we consider the s-like conduction 

band electrons with a parabolic dispersion relation E(k). The eigenvalues of the total 

Hamiltonian can then be calculated as [23] 

   (1-10) *( , ) ( 1/ 2) ( ),c BE l l g H x Sz

B

where c is the cyclotron frequency, l is the Landau quantum number, g* is the Lande 

factor of conduction band electrons without the contribution from the s-d exchange 

interaction, and = 1/2 is the z component of electron spins. Eq. 1-10 can be 

rewritten as 

( , ) ( 1/ 2) ,c effE l l g H

.

     (1-11) 

by introducing the effective Lande factor 

      (1-12) * /eff z Bg g x S H

Now, we can see that the s-d exchange interaction in fact modifies the spin splitting 

of the conduction band electrons in terms of the effective Lande factor. 

The sp-d exchange interaction profoundly affects the properties of both the 

narrow-band and wide-band DMSs, but the effects are quite different due to the 

unique characteristics of both types of materials. The narrow bandgap DMSs, e.g., 

Hg1-xMnxTe, are characterized by the small effective mass but large, negative . The 

s-d exchange constant is positive and contributes to reduction of the total Lande 

factor of electrons. In extreme case, g

*g

eff may change sign and become positive. On the 

contrary, the p-d exchange constant  is negative, which enhances the total Lande 
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factor. Sign change of spin splitting has been observed in Hg1-xMnxTe with x > 0.07, 

which is the direct consequence of the reduction of the g factor due to the s-d

exchange interaction. Another striking phenomenon is the magnetic-field-induced 

overlap of the conduction and valence bands of the original zero-gap material, e.g., 

Hg1-xMnxSe with x < 0.05 and Hg1-xMnxTe with x < 0.07. The effect is in contrast to 

the nonmagnetic properties of HgSe and HgTe semiconductors. Normally, application 

of the magnetic field removes the energy gap degeneracy at the  point and “opens” 

the gap by shifting the lowest Landau level of the conduction band to higher energy, 

while the highest Landau level of the valence band to lower energy. In DMSs, 

however, the contribution from the p-d exchange interaction to the spin splitting of 

the hole is considerably larger, and should be taken into account when determining 

the energy level of holes. In some cases, the spin splitting of holes is larger than the 

energy difference between the lowest Landau level of electrons and the highest 

Landau level of holes, which obviously results in the overlap of the conduction and 

valence bands.  

In fact, the cyclotron splitting and normal spin splitting of band electrons are 

small in comparison with the contribution from the spin splitting due to the sp-d 

exchange interaction. Thus, it is usually justified and convenient to neglect the 

Landau splitting ( c term) and the normal spin splitting (g* term). The conduction 

band is now split into two sublevels solely due to the exchange interaction. The 

splitting of the valence band is a little more complicated due to its four-fold 

degeneracy. However, in the simple case, when the wave vector k is parallel to the 
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magnetization vector, the valence band splits rigidly into four components with 

energies of 

magnetization vector, the valence band splits rigidly into four components with 

energies of 

andand

2 2

*

2 2

*

1
2 2

1 ,
2 6

hh

lh

hh z

lh z

kE x
m

kE x
m

S

S

                          (1-13) 

where mhh and mlh denote the effective masses of the heavy and light holes, 

respectively. The corresponding energy levels at the center of the Brillouin zone in 

the presence of the magnetic field are shown in Fig. 1.7.  It also shows that the 

electric-dipole-allowed transitions for various polarizations of light with respect to the 

magnetization axis. Two circularly polarized rotations ( +, -) are observed in the 

Faraday geometry (with out-of-plane magnetic field) and linear polarization is 

associated with the Voigt geometry (with in-plane magnetic field). 

Fig. 1.7. Zeeman splitting of the conduction and valence band edge in a wide-gap AIIMnBVI DMS 
with allowed optical transitions.
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Although the spin splitting of band electrons in wide-gap DMSs qualitatively 

resembles that of its host semiconductor, one must note a considerable increase of the 

splitting magnitude. In fact, the energy splitting due to the exchange interaction is so 

large that at moderate magnetic field, it is easy to resolve by studying the positions of 

free exciton lines. The experimental magnetic-field dependence of various 1s exciton 

transition energies in Zn1-xMnxTe with x = 0.05 is shown in Fig. 1.8, where curves a, 

b, c, and d represent the same transitions as shown in Fig. 1.7 [24].  One must note 

that in order to achieve spin splitting on the order of 100 meV in a nonmagnetic 

semiconductor, the applied magnetic field would need to be as large as 100 T. Since 

splitting of the energy is directly related to magnetization within the material, it was 

used to probe magnetization steps occurring within the DMSs in high magnetic fields 

and resulted in the accurate measurement of the Mn2+ pair interaction constants, as 

discussed previously.

Fig. 1.8. Magnetic-field dependence of the transition energy of the 1s exciton in Zn1-xMnxTe (x = 
0.05), observed at 1.4 K in magnetoreflectance in Faraday configuration; Ref [24].
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The giant spin splitting of the band electrons also accounts for the different 

refractive indexes of two opposite circular polarizations, especially in the vicinity of 

the absorption edge. In the Faraday geometry, this introduces the phase retardation 

between the right- and left-circular components and results in rotation of polarization 

of the linearly polarized light. Because of its exceedingly large magnitude, this effect 

is usually referred to as the “giant Faraday rotation”. 

 The sp-d exchange interaction is also responsible for many other striking 

phenomena in DMSs, such as formation of bound magnetic polarons (BMPs). A large 

number of magnetic impurities (e.g., Mn) are enclosed within the hydrogen-like orbit 

of a donor electron, with which the magnetic impurities interact through the sp-d

exchange interaction, and their spins are polarized. This leads to a finite 

magnetization around the orbit of the donor, formation of the BMP. Optically induced 

magnetization is of the same physical origin as formation of BMPs. The carriers 

generated by circularly-polarized pump photons, introduce a net spin polarization,

whose mean field influences the polarization of magnetic moments via the sp-d

exchange interaction and results in a finite local magnetization in the material.  

   

1.3. Thesis outline 

This thesis is focused on the optical characterization of the Cd(Mn)Te diluted 

magnetic semiconductors by means of time-resolved femtosecond optical 

spectroscopy. The thesis consists of introduction (Chap. 1) and four main chapters. 
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Chapter Two is devoted to the description of experimental techniques and 

procedures. First, we review the operation principles of the self-mode-locked 

Ti:sapphire laser, and its crucial role in the optical sampling system. Then, two types 

of sampling systems – optical pump-probe spectroscopy and magneto-/electro-optical

sampling are presented in detail. Finally, we briefly describe fabrication process of 

Cd(Mn)Te crystals. 

Our pump-probe spectroscopy experiments and results on Cd(Mn)Te are 

presented in Chap. Three. Next, the theoretical treatment of generation and detection 

of the coherent acoustic phonon (CAP) is introduced. Then, we discuss the ultrafast 

carrier dynamics in Cd(Mn)Te that manifests itself in the first-few-ps of the R/R

signal. We also present our experimental results on the CAP generation and detection, 

and CAP’s characteristics, including two mechanisms of CAP generation. 

Chapter Four concentrates on the giant Faraday effect in Cd(Mn)Te crystals. 

The physics of the Faraday effect is reviewed, followed by our measurements and 

discussion of the Verdet constant spectra in Cd(Mn)Te crystals.  

In Chap. Five, we present the sampling experiments and the ultrafast 

responsivity of Cd(Mn)Te crystals to the external electromagnetic field. The electro-

optic (EO) origin of the effect is demonstrated. Possible mechanisms are proposed to 

account for the discrepancy between the low-frequency EO and the sampling results. 

Finally, in Chap. Six, we summarize our accomplishments and suggest some 

further investigations. 
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Chapter Two

Experimental techniques and sample fabrication 

Essentially all our experimental results presented in Chaps. 3, 4, and 5 were 

obtained by using time-resolved pump-probe and magneto/electro-optical sampling 

spectroscopies. Thus, in order to better understand our experimental technique, we 

start with a brief introduction of femtosecond laser systems and related time-resolved 

sampling techniques. We will also give an overview of the Cd(Mn)Te single crystal 

growth.

2.1. Femtosecond laser system 

Presently the most popular commercially-available femtosecond lasers are 

self-mode-locked systems that use the titanium-doped aluminum oxide (Ti:Al2O3) as 

a gain medium [1]. The Ti3+ ion, whose ionic radius is 26% larger than that of Al3+,

substitutes for the Al3+ in the sapphire structure. This induces a strong local distortion 

and a local electrical field in the crystal, which in turn, results in splitting of the 

energy states. The 2Tg ground state and the 2Eg excited state of the Ti ions are strongly 

coupled to vibration modes of the sapphire matrix, inducing the strong homogeneous 

broadening of the absorption and emission bands, as shown in Fig. 2.1. 
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Fig. 2.1. Schematic diagram of absorption and emission spectra of Ti3+ as impurities in a sapphire.  

The emission band of Ti:sapphire is shifted towards lower energies (~800 nm) 

and is ~200 nm in width.  The broad wavelength tunability is one of the main reasons 

that Ti:sapphire is the first-choice as the gain medium for solid-state, ultrafast pulsed 

lasers. It needs to be pointed out that synthetic sapphire has the thermal conductivity 

comparable to metals [2], which makes it a perfect candidate to receive very high, 

CW optical pumping powers (~20 W).  

In a Fabry-Perot laser cavity, the modes allowed must satisfy the relation 

n L, or = nc/2L where L is the cavity length, c is the light speed, and n is an 

integer number. Under normal conditions, the phase of each cavity mode is random 

with respect to each other, so the output consists of a random sequence of light pulses 

with fluctuating intensities. The duration of random light pulses is roughly 1/ L,
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where L is the spectrum width of the gain medium. The period of the output 

waveform is L/2c [see Fig. 2.2 (a)] [1].  However, if the modes have a constant phase 

difference, i.e., when the phases of modes are “locked”, the laser output is a periodic 

succession of single pulses with the duration of 1/ L and the repetitive period of 

L/2c [see Fig. 2.2 (b)]. By comparing Figs. 2.2(a) and (b), we see that if a constructive 

interference occurs at a specific instant and point in the cavity, then, at the same 

instant, there are destructive interferences at all other points.  

where L is the spectrum width of the gain medium. The period of the output 

waveform is L/2c [see Fig. 2.2 (a)] [1].  However, if the modes have a constant phase 

difference, i.e., when the phases of modes are “locked”, the laser output is a periodic 

succession of single pulses with the duration of 1/ L and the repetitive period of 

L/2c [see Fig. 2.2 (b)]. By comparing Figs. 2.2(a) and (b), we see that if a constructive 

interference occurs at a specific instant and point in the cavity, then, at the same 

instant, there are destructive interferences at all other points.  

Fig. 2.2. a) Ti me behavior 
ed phases. 

(a)

(b)

 ( me behavior of total intensity of 51 cavity modes with random phases.  (b) Ti
of the total intensity of cavity modes with locked phases. 
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The techniques to achieve the mode-locking in laser systems include active, 

passive, and self-locking or Kerr-lens methods. The idea behinds these techniques is 

that selecting a single intensity maximum in the time domain is equivalent to 

establishing a phase relation between the longitudinal modes in the frequency domain. 

In the active mode-locking, an external modulation of either the cavity loss or the 

medium gain is introduced at frequency , where /2 is very close to c/2L, the 

frequency separation between two consecutive cavity modes. This modulation 

introduces frequency side bands, which compete with the longitudinal cavity modes 

inside the amplifying medium for the maximum gain. Eventually, the modes are 

coupled to the side bands, and their phases are locked onto each other, leading to the 

mode-locking.

The principle of passive mode-locking is easier to understand in the time 

domain. An absorber that is inserted into the cavity exhibits a saturable absorption 

with the increased light intensity, i.e., at one point, the transmission is independent of 

the intensity.  As the light pulses travel back and forth through the absorber and the 

gain medium, the strongest intensity maxima will grow faster in the competition for 

the maximum gain due to the nonlinear properties of the amplifying medium. If the 

latter condition is favorable, the intensity maximum ends up being the only one in the 

cavity and containing all the energy.

The self-locking of the modes was first observed accidently by Keller et al.

[3]. A Ti:sapphire crystal pumped by an Ar+ laser acted as the gain medium in a laser 
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Fig. 2.3. Schematic diagram of Kerr lens mode-locking by introducing a slit into the cavity.

without a saturable absorber or external modulation. This laser, in principle, should 

operate in a continuous wave regime only. Surprisingly, Keller and co-workers [3] 

noticed that the laser went into a pulsed regime when they jerked the laser housing. 

The phenomenon was later interpreted as the Kerr lens mode-locking (KLM).   

The nonlinearity of the gain medium indicates that its refractive index n is a 

function of light intensity I (Kerr effect): n = n0+n2I. Therefore, the laser pulses with 

a Gaussian intensity distribution experience an inhomogeneous n as they pass through 

the gain medium. For Ti:sapphire, n2 is positive, so the center of the medium exhibits 

a higher n, i.e., a higher focusing power.  As a result, the center strong intensity 

maxima of the laser are more strongly focused than the weak side ones, as is shown in 

Fig. 2.3. A slit is placed in the cavity to increase the difference between the losses 

undergone by the weak intensity and the intensity maxima, helping the self-locking 

process.
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Another important aspect related to a generation of femtosecond laser pulses 

is the group velocity dispersion (GVD). In a cavity, different spectral modes travel at 

different group velocities, giving rise to the broadening of the pulse duration. Normal 

optics components, e.g., the gain medium and in-cavity optics, introduce a positive 

GVD. Therefore, a negative GVD component must be added to compensate the 

dispersion and achieve ultrashort laser pulses. Typical GVD compensation techniques 

include a pair of prisms [4], a pair of parallel gratings [5], or, more-recently-invented, 

chirped mirrors [6]. 

2.2. Optical sampling 

The most common instrument to measure a time-resolved electrical signal is 

an oscilloscope. A conventional oscilloscope typically consists of deflection plates of 

a cathode ray tube (CRT). The vertical plates move the position of an electron beam 

hitting phosphors in the CRT. The deviation of the beam position from the center is 

proportional to the amplitude of input signal. The signal also travels to a real-time 

trigger system which starts the horizontal sweep and provides the time base. The 

speed of the trigger system, i.e., the bandwidth of the oscilloscope, limits the time 

resolution of measurement. To overcome this limitation, the repetitive sampling 

oscilloscopes, which use the so-called equivalent-time sampling, are introduced to 

accurately measure signals with frequencies far beyond the triggering bandwidth.  

Figure 2.4 illustrates the difference between the real-time sampling and equivalent-

time sampling.
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Fig. 2.4. Schematic illustration of the difference between the (a) real-time and (b) equivalent-time sampling.

The main requirement of the sampling technique is that a tested waveform 

must be repetitive and a stable trigger event must be available, so that the waveform 

can be measured over many acquisition cycles.  In the 1st acquisition cycle, when the 

trigger event occurs, a probe pulse with a finite time duration t is generated to 

sample (measure) the unknown waveform. In the next acquisition cycle, a new probe 

pulse, which has the same t, but is delayed by time  with respect to the previous 

probe pulse, is generated to sample another section of the same waveform [see Fig. 

2.4(b)]. By repeating acquisition cycles in above manner, all sample points with the 

time separation of are measured and, as a result the waveform can be faithfully 

constructed through linear interpolation. For example, Tektronix DSA8200, a modern 

digital sampling oscilloscope with the bandwidth of above 70 GHz uses a sampling 

rate of 200 kilosamples/s. If the real-time sampling technique were used, the required 

triggering bandwidth should need to be well above 140 GHz. Clearly, the accuracy of 

(a) (b)
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the measurement depends on t, and the timing jitter of trigger events between 

the acquisition cycles. The smaller t and are, the more points are sampled within 

a given waveform, which in turn, results in a more accurate reconstruction of the 

unknown signal. Unfortunately, capabilities of the modern electrical circuits are 

limited by how short electrical pulses can be generated. An alternative solution is to 

utilize an optical sampling pulse instead of the electrical one, which is the working 

principle of optical sampling oscilloscopes. The advantage is that the full width at 

half maximum (FWHM) of an optical pulse in the optical sampling oscilloscope can 

be as short as 600 fs (Agilent 86119A), which results in the ultra-high bandwidth of 

700 GHz.

In order to investigate sub-picosecond physical phenomena in solids, such as 

nonequilibrium carrier and/or spin dynamics, carrier-phonon interactions, and spin-

phonon interactions, measurement techniques with femtosecond time resolution are 

needed. Thanks to the invention of femtosecond lasers, as discussed previously, 

laboratory optical sampling systems have achieved up to sub-10 fs time resolution [7, 

8]. Another advantage of optical sampling is that there is no jitter between the 

triggering events. The pump-probe and magneto/electro-optical sampling are two 

specific examples of the optical sampling system, and will be reviewed in the 

following sections. 
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2.3. Pump-probe spectroscopy 

 Pump-probe spectroscopy is a well-known optical sampling technique that 

allows time-resolved characterization of femtosecond transient phenomena. In an all-

optical pump-probe system, absorption of pump photons changes optical properties of 

a tested material by one or several optically-induced effects, including band-filling, 

electron-hole recombination, phonon or thermal relaxation, electron-phonon 

interaction, Cooper-pair breaking in superconductors, etc. Next, a second beam 

(probe beam), much weaker intensity and time-delayed with respect to the pump, is 

incident on the material. The reflected and/or transmitted probe signal is collected 

with a photodetector and the corresponding, time-dependent differential reflectivity 

( R/R) and/or transmissivity ( T/T) change are a measure of the dynamics of the 

electron and phonon subsystems in the studied material.  The pump and probe pulses 

that are used for initializing and detecting the photon-induced effects are split from 

the same laser pulse by a beamsplitter to achieve jitter-free sampling measurements. 

The values of R/R or  are usually on the order of 10-4 – 10-6, therefore, in order 

to increase the signal-to-noise ratio (SNR), the pump intensity is often modulated by 

an acoustic-optical modulator or mechanical chopper and the signal is measured by a 

lock-in amplifier at the modulation frequency. 
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Fig. 2.5. Schematic diagram of one-color pump-probe experiments. 

Figure 2.5 shows the schematics of our experimental setup for one-color 

measurements of the transient R/R photoresponse. 100-fs-wide optical pulses, with 

the wavelength ranging from 745 nm to 780 nm, and the repetition rate of 75 MHz, 

generated by a commercial tunable Ti:Sapphire laser (Coherent Mira-900), are split 

into the pump and probe beams. The photons from the pump beam excite the sample 

and induce change of the optical properties of the material within the illuminated area 

(typically 100 m in diameter). The probe beam travels through an adjustable optical 

stage (Aerotech), is focused onto the same illuminated area as the pump, and its 

optical reflectivity change R is measured as a function of the time delay between the 

pump and probe pulses. The pump beam is additionally intensity-modulated using an 

acousto-optic modulator (Intraaction AOM-40) to enable detection by a lock-in 

amplifier (EG&G 7260).  
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The signal from the photodetector is also fed to a nanovoltage meter (Kethley 

2182) for R measurements. Since both the pump and probe beams are of the same 

wavelength, the polarization of the pump is rotated by 90° using a half-wave plate. 

The polarizer in front of the photodetector (New Focus 1801) rejects the scattered 

pump light, transmitting only the reflected probe signal. Thus, the background noise 

of the pump light is eliminated, which results in a much improved SNR. A CCD 

camera is used to monitor the beam overlapping on the sample, and finally, a 

computer program written in LabView is utilized to automate the whole experiment, 

including the linear stage control, and data acquisition and storage. 

The setup of two-color pump-probe experiments is very similar to that presented 

in Fig. 2.5. The laser wavelength is tuned from 810 nm to 870 nm. The only 

difference is that a BBO crystal is placed in the pump beam path and used for 

frequency doubling of the pump light to enable the above-bandgap excitation. The 

analyzer in front of the photodetector is replaced by a color filter to eliminate the 

pump light scattering.  

2.4. Magneto/electro-optical sampling system 

Magneto/electro-optical sampling system is another example of optical sampling 

system that is the indispensable tool to characterize and map out the temporal 

distribution of ultrafast electromagnetic transients. Thanks to their non-invasive 

nature, the techniques have gained popularity in testing of high speed ICs and 
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packaged electronic devices [9], as well as in very-high frequency characterization of 

various transmission lines [10, 11].

In some materials, the change in n depends linearly on the externally applied 

electric field. This effect is known as linear electro-optical (EO), or Pockels effect, 

named after the German physicist, Friedrich C. A. Pockels. The constitutive relation 

between the electric field E and the electric flux density D can be expressed in terms 

of the impermeability tensor ij as i ij
j

E jD , where . The general 

expression of an index ellipsoid is given by [12] 

21/ 1/ij ij ijn

2 2 2
1 2 3 4 5 62 2 2 2 2 2

1 1 1 1 1 1( ) ( ) ( ) 2( ) 2( ) 2( ) 1x y z yz xz xy
n n n n n n

,

where

1 11 2 22 3 332 2 2

4 23 32 5 13 31 6 12 212 2 2

1 1 1( ) ( ) , ( ) ,

1 1 1( ) , ( ) , ( )

n n n

n n n
.
  (2-1) 

If ij can be expressed as a power series in E strength and the linear coefficient is 

dominant, we have 

         (2-2) 0 ,ij ij ijk k
k

r E

where rijk is the tensor that describes the linear EO effect, and usually is called the EO 

tensor and its elements the EO coefficients. Therefore, modification of the optical 

constants due to the electric field can be written as 



35

2
1 11 12 13

2
2 21 22 23

2
3 31 32 33

2
41 42 434

2
51 52 535

2 61 62 636

(1/ )

(1/ )

(1/ )
.

(1/ )

(1/ )

(1/ )

x

y

z

n r r r
n r r r

E
n r r r

E
r r rn

E
r r rn
r r rn

     (2-3) 

 The LiTaO3 crystals used in our experiments possess 3m point group 

symmetry and its EO tensor (for 3m) is 

22 13

22 13

33

42

42

22

0

0 0
.

0 0
0 0
0 0

r r
r r

r
r

r
r

(2-4)

For LiTaO3 operating at 633 nm, r13 = 8.4 pm/V, r33 = 30.5 pm/V, r42 = 20 

pm/V, and r22 = -0.2 pm/V [12]. If we assume that E is along the z axis, then the 

modification of the optical constants for LiTaO3 is given by 

1 13 z 2 13 z 3 33 z2 2 2

4 5 62 2 2

1 1 1( ) ( ) , ( ) ,

1 1 1( ) ( ) ( ) 0.

r r
n n n

n n n

r
(2-5)

It can be seen from the above equation that the principle axes do not change in the 

electric field, but the values of the refractive index are modified.  For a given 
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experimental arrangement, as shown in Fig. 2.6, the phase retardation  between the 

ordinary and extraordinary light component (o-light and e-light) is given by 

3 3
1 33 13 2

3 3 2
1 33 13

2 ( ) ( )

2 ( ) ( )

e o e o z

e o e o static induced

n n L n r n r E L

L
n n L n r n r V

d
,
  (2-6) 

where L1, and L2 are the lengths of the crystal and the electric field coupled into 

crystal, respectively, and d is the distance between two electrodes. static represents 

the static phase retardation due to the birefringence of the crystal, and induced is the 

induced phase retardation resulting from the applied electric field.  

Analyzer 

Coplanar transmission line 
on a substrate 

Polarizer
LiTaO3 overlaying the 
transmission line 

Fig. 2.6. An x-cut LiTaO3 crystal in the transverse geometry. The incident light polarization is 
45o with respect to the z-axis.

Figure 2.6 schematically shows an EO LiTaO3 optical transducer used in our 

sampling experiments. A polarizer with direction perpendicular to the polarization of 
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incident beam (crossed-polarization) is inserted into the optical path to convert the 

phase retardation into intensity modulation. From Eq. 2-6, one can readily calculate 

the intensity of light after passing through the crystal, from which a direct 

measurement of the electrical field can be extracted.  Fig. 2.7 shows a complete 

experimental setup of our EO sampling (EOS) system.  

The setup of magneto-optical sampling (MOS) is the same as shown in Fig. 

2.7, except that the LiTaO3 crystal is replaced by a magneto-optical (MO) sensor.  In 

Chap. 1, we have discussed the microscopic mechanism of the giant Faraday (MO) 

effect observed in DMSs. From the macroscopic point view, it results from the 

difference between the refractive indexes of right- and left-hand circularly polarized 

light in a magnetized medium. The MO effect manifests itself as a rotation of the 

polarization plane of linearly polarized light and its theoretical foundations will be 

presented in Chap. 4.

Freeman [13] was the first one to propose the MOS technique by using a 

picosecond magnetic field transient to investigate the ultrafast magnetic phenomena 

in a broad variety of systems. InP photoconductive device with a carrier lifetime close 

to 1 ns was used to generate such magnetic transients. Results of spin dynamics of 

europium chalcogenide (EuS) films at low temperatures were presented. A continuum 

of behavior from a paramagnetic relaxation to ferromagnetic resonance was observed, 

and spin-lattice relaxation rates, of order (100 ps) 1 were measured. MOS with a fully 

operational EuS-based magnetic sensor was developed for direct time-resolved 
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screening measurements of normal and superconducting metal films. Similar MOS 

studies were performed using Bi-substituted yttrium-iron-garnet (Bi-YIG) films [14], 

terbium-gallium-garnets (TGG), and SF-59 amorphous glass [15] as MO sensors. The 

time resolution in these experiments was limited by the spin dynamics in the used 

magnetic sensors. Recently, Rey-de-Castro et al. reported a sub-picosecond spin-spin 

interaction in Cd0.38Mn0.62Te at low temperatures [16] and successfully resolved 

picosecond magnetic transients generated by a novel low-temperature-grown GaAs 

(LT-GaAs) photoconductive switch [17]. 

EO/MO crystal 

Fig. 2.7. Schematic diagram of EO/MO sampling system. 

2.5. Cd(Mn)Te single crystal fabrication 

Our Cd(Mn)Te single crystals were grown in the laboratory of Professor 

Andrzej Mycielski at the Institute of Physics of the Polish Academy of Science, 
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Warsaw, Poland, using a modified vertical Bridgman method, shown in Fig. 2.8. A 

seed crystal with desired orientation was placed at the bottom of ampoule, which was 

kept inside a furnace at 600oC. Next, the melt of the CdTe + (x mol%) MnTe mix was 

put on top of the seed crystal and kept at 1250oC in the high-temperature section of 

the furnace. Then, as the ampoule moved down at 1.5 mm/h, the solid solution 

crystallized into Cd1-xMnxTe in the zinc-blende structure for x up to 0.714. After the 

growth, the crystals were mechanically cleaved and polished for experiments. The as-

grown crystals are naturally a p-type material due to the Cd vacancies. The original 

hole concentration could be dramatically reduced to 5  1015 by annealing the crystals 

in the Cd vapor, and even further lowed to 1012 ~ 1013 level by doping Cd(Mn)Te 

with vanadium.  

Fig. 2.8. Schematic diagram of fabrication of Cd(Mn)Te single crystals by the vertical Bridgman method. 

The first experiments to characterize the temperature and Mn concentration 

dependence of Cd(Mn)Te crystal structure were carried out in 1980’s [18]. The 
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complete phase diagram of the CdTe-MnTe was mapped out by I. N. Odin et. al. in 

2003 [19] (see Fig. 2.9). It can be seen that the MnTe undergoes four consecutive 

phase transitions as the temperature increases form 1100 K to 1500 K: NiAs type ( ), 

zinc-blende ( ), wurtzite ( ), and NaCl type ( ). To be more specific, the -

transition occurs between 1228 K and 1236 K and MnTe remains in the zinc-blende 

structure until temperature reaches 1285 K, where the crystal undergoes the phase 

transition to the wurtzite structure. The transition - takes place between 1313 K and 

1318 K. At low Mn concentration (e.g., x < 0.7), if CdTe-MnTe melt is kept at a 

temperature between 1236 K and 1285 K (e.g., 1250 K in the Warsaw fabrication 

process), -MnTe naturally blends with the zinc-blende CdTe forming a uniform 

structure. As the melt is cooled down, the MnTe is already be “locked” in the zinc-

blende structure by blending with CdTe, and - transition does not occur. However, 

if the Mn concentration is high enough, it is possible to force MnTe to undergo the -

transition, as is illustrated as the + region in Fig. 2.9.

Fig. 2.9. The complete temperature and Mn concentration dependence of the Cd(Mn)Te crystal structure. 
Open dots represent zinc-blende phase; half-filled dots are the mixture of zinc-blende and NiAs structure; 

the solid dots are the combinations of other complex structures; Ref [18].
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Chapter Three  

Pump-probe spectroscopy studies in Cd(Mn)Te 

In this chapter, we present time-resolved femtosecond pump-probe spectroscopy 

studies on carrier and coherent acoustic phonon (CAP) dynamics in Cd(Mn)Te single 

crystals. In Sec. 3.1, we will introduce the theoretical model of the propagating strain 

pulses first proposed by Thomsen et al. [1]. Then in Secs. 3.2 and 3.3, we review our 

experimental results obtained from one-color and two-color measurements, and 

demonstrate that the Thomsen model accounts very well for the experimental 

observations, such as the dispersion relation and the amplitude dependence of CAPs. 

The values of the longitudinal sound velocity and phonon lifetime in Cd(Mn)Te are 

also extracted. We conclude that the electronic stress is dominant in generating the 

strain pulses in Cd(Mn)Te single crystals.  

3.1. Coherent acoustic phonon generation and detection 

DMS materials are well-known as strongly correlated electronic systems in 

which the carrier, spin, and phonon dynamics are inherently interacting with each 

other. A lot of experiments have been devoted to investigating the carrier and spin 

dynamics in such materials. However, very few studies have been performed to 

unravel the phonon dynamics. A very recent paper reported pronounced CAP 
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oscillations observed in InxMn1-xAs/GaSb heterostructures [2]. The ultrafast optical 

spectroscopy has proved to be an indispensable tool to directly resolve the phonon 

dynamics in the time domain [3, 4]. CAPs, which are directly generated by 

femtosecond pump laser pulses, modulate the optical constants of the studied 

materials and, subsequently, result in the change of the intensity of reflected and/or 

transmitted probe light. CAP oscillations have been observed in thin films [5-7], bulk 

materials [1, 8, 9], semiconductor superlattices [10], quantum dots [11], as well as in 

quantum wells [12, 13].  

In propagating strain pulses model [1], thermal and/or electronic stresses 

induced by femtosecond laser excitation initiated the strain pulses. The observed 

oscillations were due to the self-interference of the reflected probe beam from the 

crystal surface and the interface defined by the propagating strain pulses. The period 

of oscillations was determined by either the thickness of the film or the probe 

wavelength. In semiconductor superlattices, the Brillouin zone (BZ) is folded into a 

smaller mini-BZ due to the long period along the growth direction. As a result, new 

acoustic branches appear, enabling observation of the zone-folded acoustic phonon 

oscillations, whose frequency depended on the periodicity of the superlattice. 

Acoustic phonon oscillation can also be generated through piezoelectric effects. In 

multiple quantum wells (MQW), the piezoelectric field is screened by periodically 

distributed photocarriers, and the displacive CAP oscillations are generated. Their 

frequency is determined by the MQW period width.  
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In our work, we have focused on the Thomsen model, which successfully 

accounts for all-optical generation and detection of CAPs in thin films and bulk 

materials, such as Cd(Mn)Te single crystals. 

From the thermal stress point of view, optical generation of CAPs is achieved 

by depositing laser energy onto the sample, subsequently generating hot electrons. 

Hot electrons transfer their excessive energy to the lattice through electron-phonon 

interactions, which induce an instantaneous temperature rise in the sample within a 

very short time period.  The temperature rise results in an elastic stress and generates 

an acoustic pulse, which propagates into the sample, altering its optical properties. 

Our start point is that a short laser pulse of energy Q is incident on the free 

surface of a sample with illumination area A, and our theoretical modeling is based on 

two assumptions: the absorption length  of the pump light is much smaller than the 

sample thickness; and A is much larger than , so that the lateral gradient of the 

induced stress is negligible compared to the longitudinal one. These two assumptions 

are always valid in our experiments, because the photon energy of the pump light is 

greater than (or very close to) the bandgap of the tested material, and A is generally 

on the order of 100 m in diameter, while our Cd(Mn)Te crystals are typically 0.5-

mm thick. Therefore, the total energy per unit volume deposited into the sample at a 

distance z (along the laser incident direction) gives a temperature rise: 

/( ) (1 ) /( ) ,zW z R Q AT z e
C C

     (3-1) 
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where W(z) denotes the total deposited energy, R is the reflectivity, and C is the 

specific heat per unit volume. The resulting isotropic thermal stress is given 

by 3 ( ),B T z where B and  are the bulk modulus and linear expansion coefficient, 

respectively. Since the induced stress is a function of z only, the problem reduces to a 

one-dimensional case, and the equation of elasticity can be expressed as 

2 2
233 33

2 2

( , ) ( , ) 3 (s
u z t u z t Bv

t z z
) ,T z    (3-2)  

2 13
1s ,Bv         (3-3)  

where u33 is the lattice displacement in the z direction, vs is the longitudinal sound 

velocity,  is Poisson’s ratio, and  is the mass density of the sample. In a more 

general situation, T(z) in Eqs. 3-1 and 3-2 should be replaced by T(z,t), which 

includes the heat diffusion after the light pulse is absorbed. However, in our 

experiments, the optical energy deposition process occurs on the order of 100 fs (the 

time duration of the pump pulses), thus, it is much shorter than the heat flow process. 

Therefore, for the sake of simplicity, the diffusion process is neglected and T is time 

independent.

Next, we define two quantities: 33 ( , )z t , the only nonzero component of the 

elastic strain tensor, 33
33

u
z

; and 33( , )z t , the associated component of the stress 

tensor, . Then, Eq. 3-2 can be rewritten as 2
33 33( , ) ( , ) 3 ( )sz t v z t B T z

2 2 2
233 33

2 2 2

( , ) ( , ) 3 (s
z t z t Bv

t z z
) .T z    (3-4) 
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The above equation can be solved analytically using the initial condition: at t = 0, the 

strain tensor is zero, i.e., 33(z,0) = 0; In addition, at the free surface, the stress must 

also be zero, so 33(0,t) = 0. The solution of Eq. 3-4 is 

/ | |//
33

1 1 1( , ) (1 ) (1 ) sgn( ) ,
1 2 2

s sv t z v tz
s

Qz t R e e e z v t
A C

 (3-5) 

where sgn is the sign function. Figure 3.1 shows the spatial dependence of the elastic 

strain at different time delays after the absorption of pump pulses, following Eq. 3-5.  

Distance z from the surface

t = 6 vst = 4 vs
t = 2 vs

Fig. 3.1. Spatial dependence of the strain pulse at different time after the pump pulse was absorbed.

It can be seen in Fig. 3.1, in the region near z = 0, the strain is time-

independent. Therefore, the 33 stress component is zero by definition, which is 

consistent with the initial conditions. The other important part of the strain behavior is 

the pulse propagating away from the free surface and into the sample with velocity vs.
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It is this propagating strain pulse that alters the optical constants of the sample and 

gives rise to the reflectivity change of the time-delayed probe light.  

So far, our theoretical modeling of the optical generation of CAPs has been 

limited to the thermal stress. One must note that CAPs can also be generated through 

the electronic stress. The electronic stress arises from generation of excited electrons 

and holes when the laser photon energy is greater than the material’s bandgap. The 

valance-band electrons generally bind to the lattice more effectively than the 

conduction-band ones, resulting in the change of the equilibrium lattice spacing and 

inducing the electronic stress. This coupling between the excited carriers and the 

stress is governed by the deformation potential, which links the applied strain to the 

change in band energies, or conversely, describes the stress in the lattice induced by 

the excited electron-hole pairs. The electronic stress is expressed as (for conduction 

band electrons) 

g gele
ij e ij e

ij

E dE
n B

dP
n       (3-6) 

 where Eg/ ij is the hydrostatic deformation potential [13] for the conduction band, 

P denotes the pressure, and ne is the electron density. In general, the electronic stress 

of Eq. 3-6 should be included in the expression of 33 and the diffusion process of ne

should also be considered. However, one must note that in the case that diffusion is 

negligible, the contribution of ne to the 33 is time-independent, and follows 

/ze dependence, the same as in the case of thermal stress. Therefore, the solution to 
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a generalized electronic-stress-inducing Eq. 3-4 exhibits the same form as Eq. 3-5, 

with the only modification of the amplitude pre-factor. 

 In the absence of strain pulses, a probe light at normal incidence with the 

electric field 0(
0

i k z ti
xE E e ) (assume E is along x) is partially reflected and 

transmitted at the interface between the air and crystal, which are given by 

0(
0 0

i k z tr
xE r E e )  and     (3-7) ( )

0 0 ,t i kz
xE t E e t

where r0, t0 are the reflection and transmission coefficients and k0, k are the wave 

vectors in air and in the sample, which are related by 

0
0

0

1
1

k k n ir
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      (3-8) 

and       
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0
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1

k
t

k k n i
      (3-9) 

where n and are the real and imagnery parts of the complex refractive index, and 

. In the presence of strain, optical constants of the sample are altered 

and given by 

0( )k n i k

33
33

( , ) ( , )nn z t z t       (3-10) 

and      

33
33

( , ) ( , ),z t z t       (3-11) 

where 33/n  and  are related to the photoelastic constants of the tested 

material. The transmitted light in the sample is partially reflected at the discontinuity 

33/
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where the change of the optical constants occurs. Part of the reflected wave then 

crosses the interface between air and the sample free surface, and interferes with the 

wave originally reflected from that interface. To calculate the change in total 

reflectivity, one needs to solve Maxwell’s equation: 

2 2

2 2

( , ) ( ) ( , )x
x

E z t
E z t

z c
0,

)

     (3-12) 

where 2(n i is the dielectric constant of the crystal in the absence of strain and 

is the change of due to the strain. From the definition of and Eqs. 3-10 and 3-

11, we have 

33
33 33

( , ) 2( )( )

2( ) ( , ).

z t n i n i

nn i i z t
    (3-13) 

Equation 3-12 is the inhomogeneous Helmholtz equation, and can be solved using 

Green’s function theory. For an arbitrary (z’,t), the total change of reflection 

coefficient is expressed as 

2
2 '0

0 0 0
' ( ', )

2
ikzik

r t t dz z t e
k

,      (3-14) 

where is the transmission coefficient from the sample to air and it is equal to 0t

0
0

2 2( .
1

k n it
k k n i

)       (3-15)  

Therefore, to the first order approximation, R of the probe light in the presence of 

strain is equal to 

2 2
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The function f(z’) is the so-called sensitivity function, which determines how the 

strain at different depths below the sample interface contributes to R. The detailed 

derivation of Eq. 3-16 is presented in Appendix A of this chapter. One must note that 

the values of n and  are those of the probe light, and therefore, the sensitivity 

function depends on the wavelength of the probe light only, as does the phase . On 

the other hand, 33 is a function of the wavelength and intensity of the pump light. In 

order to obtain an analytic formula of R, one must take the general expression of 33

and perform the integration.

In general, R function dependence is very complicated, but close inspection 

reveals some of its characteristic behavior (see Appendix B of this chapter). R1 and

R2 clearly contribute a constant DC offset and an exponential decay term, which is 

associated with the penetration depth of the pump light. On the other hand, in the 

expressions for R3 and R4, in addition to such exponential decays associated with 

the pump light, we observe a damped sinusoidal oscillation term related to the 

penetration depth of the probe light. Finally, R5 and R6 only contribute these 
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probe-beam-related damped oscillatory features to the total R. By careful data 

processing, such as subtraction of the DC and exponential background in the 

experimental R results, it is possible to obtain the signal representing only the 

damped sinusoidal oscillations, and in such case R can be expressed by 

/
0( ) cos(2 ) ,sv t

sR t A nk v t e      (3-17) 

where the amplitude A and the phase depend on the specific experimental settings, 

such as the pump wavelength, pump intensity, illumination area, and the probe 

wavelength. However, in some special cases, their dependencies can be greatly 

simplified. For example, in the two-color experiment, where the pump photon energy 

is far above the bandgap, while the probe light photons exhibit energies far below the 

bandgap, n and of the probe light are wavelength-independent and is a constant. 

Simultaneously, f0 and coefficients 33/n and 33/  are constants with respect to 

the probe wavelength, and consequently, the amplitude of the oscillation is solely 

dependent on the strength of 33 , associated with the pump light only [14]. 

3.2. Experimental results of pump-probe measurements 

 In the following section, we present results obtained from both time-resolved 

one-color and two-color pump-probe experiments performed on Cd(Mn)Te with 

different Mn concentrations, and relate them to the theoretical model introduced in 

Sec. 3.1. We accurately extract the longitudinal sound velocity and Mn concentration 

x in our Cd(Mn)Te samples, which agrees very well with the experimental condition. 
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From the dispersion relation of n, we can directly determine the bandgap of the 

material, consistent with the literature results. Finally, the CAPs in Cd(Mn)Te have 

been observed to be long-lived, with life time at least in the ns range. 

(a) (b)

Fig. 3.2. (a) Time-resolved R/R transients measured using the pump/probe wavelengths/energies varying 
from 770 nm/1.61 eV to 745 nm/1.664 eV and different, labeled above each curve, pump/probe power 
ratios. (b) The same R/R signals on an expended time-scale to clearly illustrate the GHz-frequency, 

coherent phonon oscillations.

Figure 3.2 represents the typical R/R signals, obtained from our time-

resolved one-color pump-probe spectroscopy studies on Cd(Mn)Te with 9% Mn. The 

studied crystal was annealed in Cd vapor after its growth, and its residual 
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concentration of holes was ~1015 cm-3. The one-color setup used in our experiments 

was described in Chap. 2. Although the CAP oscillations which dominate the signal 

in long delay time are the main topic of this chapter, interesting features shown in the 

first several picoseconds of the signal are worthy of discussion. 

Fig. 3.3. R/R signals presented in the 
few-ps-long time window in one-color 
pump-probe measurements 

Figure 3.3 shows a family of normalized 

R/R signals, presented on a much shorter, as 

compared to Fig. 3.2, time scale to reveal the 

dynamic processes during the first several 

picoseconds after the pump excitation. It can be 

seen in Fig. 3.3 that for the longest wavelength 

(770 nm), R/R exhibits a rapid, negative spike, 

followed by a sign change and a slow relaxation 

process on the order of hundreds of picoseconds. 

As we move to the shorter wavelengths, the 

amplitude of the negative spike becomes smaller 

and a positive contribution starts to dominate the 

R/R signal. Finally, when the laser wavelength 

is shorter than 760 nm, the negative component 

of R/R is no longer present, but a rapid positive 

spike appears and, eventually, becomes 

dominant at the shortest wavelengths. We attribute the observed phenomena to the 

interplay of the band-filling, free-carrier absorption, and band renormalization effects.  
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R/R (electronic part) photoresponse is due to the change of the refractive 

index n and absorption coefficient  in the presence of optical excitation. The 

absorption coefficient in a semiconductor material is specified by [15] 

( ) [1 ( ) ( )] ( ),g e hE K E E f E f E C E    (3-18) 

 where Eg is the bandgap energy, C is the Coulomb enhancement factor, K is a 

constant, and fe and fh are the electron and hole occupation functions. For light with 

photon energy greater than Eg (e.g., 745 nm, 750 nm, and 755 nm in our experiments), 

is then proportional to the changes of fe and fh functions: 

( ) [ ( ) ( )].e hE f E f E       (3-19)  

n is directly related to  through the Kramers-Kronig integral.  

2 20

( ')( ) '.
'

En E dE
E E

      (3-20) 

Thus, the R/R temporal behavior provides a means to directly probe the time 

evolution of the microscopic density distributions of electrons and holes.

The carrier dynamics presented in Fig. 3.3 can be readily understood by the 

aim of Fig. 3.4. As shown in Fig. 3.4(a), carriers are generated in the crystal upon 

absorption of the pump photons with the energy of 1.664 eV. This carrier injection 

process is almost instantaneous, i.e., of the same order of the pump pulse duration. 

Next, the photogenerated carriers start to populate all the available states, which 

reduces the possibility of the absorption of the probe photons with the same energy. 

Therefore, the reflectivity of the probe light increases. Alternatively, it can be 
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understood by examining Eq. 3-19. Pump photons induce a sudden (within hundreds 

of femtoseconds) increase of the electron and hole population (positive fe(E) and

fh(E)), which results in a rapid positive change (increase) of the reflectivity of probe 

light. This process is usually called the band-filling effect.

Fig. 3.4. Schematic diagram of the electron excitation and relaxation processes under the 
illumination of the femtosecond pump pulse for (a) 745 nm, (b) 760 nm and (c) 770 nm.

Next, the hot electrons relax to the bottom of the conduction band through 

electron-electron interactions with the assist of optical phonons. This process depletes 

the population of electrons at the excited states, so the possibility of absorption of the 

probe photons increases, which in turn results in the decrease of reflectivity. The 

intra-band relaxation is on the order of hundreds of fs. This results in the fast decay 

observed in 745-nm transient shown in Fig. 3.3. Moreover, close inspection of the 

data in Fig. 3.2 (b) shows a negative “overshot” in the relaxation process present only 

at wavelengths of 745 nm and 750 nm. The latter is attributed to the bandgap 
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renormalization (BGR). Experiments [16, 17] as well as many-body theories [18] 

have given a universal dependence of the bandgap renormalization on the plasma 

density. Here, we shall not discuss the details of the theory, but rather phenomenally 

interpret our experimental observations. The BGR effect is characterized by a broad 

and pronounced red shift of the bandgap edge, i.e., shrinkage of Eg in the presence of 

electron-hole plasma. Prior to the photoexcitation, the absorption of the probe is 

determined by the density of state (DOS) of electrons. Because of the instantaneous 

generation of high-density photogenerated electron-hole pairs, the energy gap shrinks 

and leads to the larger DOS in the conduction band.  Hence, the absorption of the 

probe light is enhanced and causes a decrease of the reflectivity, i.e., a negative R/R

signal. The higher the carrier density is, the more pronounced the BGR effect will be. 

At 745 nm and 750 nm wavelengths, because of the shorter light penetration depth, 

the photo-generated electron-hole density is large enough to induce noticeable BGR, 

which is absent at 755-nm R/R waveform.  

In the case of 755 nm and 760 nm, the photon energy is very close to Eg [see 

Fig. 3.4 (b)]. Therefore, most of photogenerated carriers occupy the electronic states 

at the bottom of the conduction band, and consequently, the intra-band relaxation 

process is suppressed and contributes little to the R/R signal. This is clearly 

demonstrated by the absence of the fast decay in the relaxation process shown in Fig. 

3.3 for those wavelengths. 

As we move the excitation wavelength into the band-tail region, below 1.63 

eV, e.g., to 765-nm and 770-nm wavelength, the distinct transient responses are 



57

observed. Similar R/R to those shown in Fig. 3.3 were reported by Sun [19] and 

were attributed to two-photon absorption (one pump photon and one probe photon are 

involved). This also can be understood in the picture of the free-carrier absorption 

[see Fig. 3.4 (c)]. The absorbed pump photons excite the band-tail states, resulting in 

generation of free carriers. The probe photon is likely to be absorbed by those free 

carriers through the assistance of impurities or phonons. This process increases the 

absorption of the probe light and results in the negative R/R, as is shown in Fig. 3.3.

It should be stressed that the overall temporal shape of the R/R at each 

wavelength is a collective result of the band-filling, free-carrier absorption and band 

gap renormalization effects, and depends greatly on the actual experimental 

environment, such as the photon energy, pump pulse intensity, laser focusing, sample 

surface quality, etc.

3.3. Characteristics of coherent acoustic phonons in Cd(Mn)Te 

Having discussed the electronic component of the R/R signal in the 

Cd0.91Mn0.09Te crystal, we now focus on the oscillatory features that dominate R/R

in the relaxation process of long decay times (Fig. 3.2) and ignore the ps-long 

electronic response. Figure 3.2(b) clearly shows the oscillatory feature of the R/R

signals for the Cd0.91Mn0.09Te crystal that appear on top of the slow decay. The 

oscillations are in the tens of GHz range and are getting more pronounced (longer 

lived) as the photon excitation energy decreases towards Eg. Both the oscillation 
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Fig. 3.5. CAP oscillations extracted from R/R at 755 nm. In order to obtain accurate fitting result, 
the full curve was truncated at t = 50 ps, and the exponential decay background was subtracted. Solid 

line shows a damped sinusoid fit. Inset shows the FFT of the oscillations. 

frequency and the appearance on the R/R waveform are clear indication that the 

observed phenomenon is related to generation and propagation of CAPs in our 

Cd(Mn)Te single crystals. 

 In Fig. 3.5, we show the time-resolved R/R for one-color pump-probe 

measurement at the laser wavelength of 755 nm (1.64 eV). The transient is the same 

curve as shown in Fig. 3.3. But now, in order to get a clear view of the oscillations, 

the R/R data was truncated to get rid off the initial electronic response, and the slow 

relaxation background was removed by subtraction of an exponential decay fitting.

Following the propagating strain pulses model, the stress induced by the pump 

pulse at the Cd0.91Mn0.09Te crystal surface generated strain pulses, which propagated 

into the sample and altered the optical properties of the crystal. In another words, 
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dielectric constant discontinuities were induced in the sample. The probe light 

transmitted into the sample was partially reflected from these discontinuities and 

interfered with the reflected probe light from the crystal surface. The resulting self-

interference of the probe light can be found by solving Eq. 3-17. One must, however, 

note that Eq. 3-17 assumed that the probe beam is of the normal incidence to the 

sample surface and phonons experience an infinite lifetime in the sample. In real 

situation, these two assumptions are not necessarily valid. Therefore, a modified 

equation must be derived. In our experiment, the probe light is incident at a 45o angle 

with respect to the normal of the crystal surface. Secondly, the observed damping of 

the CAP oscillation originates from two factors: CAP decay time or its intrinsic 

lifetime phonon; and the absorption depth of the probe light within the crystal, as it 

was derived in Sec. 3.1.  Therefore, in a more general form, Eq. 3-17 should be 

expressed as 

/( ) cos(2 ) ,dtR t ft e         (3-21) 

where

probe
cos ,sn

f k
v          (3-22) 

is the refractive angle of the probe light in the crystal, and    

1 1 1 1 1 ,
d abs phonon phonon

sv

       (3-23) 

where d is the experimental dephasing time of the oscillations, which includes the 

contributions from the finite probe penetration depth and phonon.
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 The solid line in Fig. 3.5 was fitted using Eqs. 3-21 and 3.22 and shows a 

simple damped sinusoidal oscillation, which yields f = 27.47 ± 0.04 GHz and d =

165.8 ± 6.3 ps. As discussed previously, d results from at least two factors. In order 

to determine which one is predominant and estimate the intrinsic lifetime of CAPs in 

Cd(Mn)Te, we performed comparison studies using a two-color pump-probe 

experimental setup described in Chap. 2. The results are shown in Fig. 3.6 for the 

probe wavelengths ranging from 810 nm to 870 nm. The frequency-doubled pump-

photon energy was always far above Eg. Again, the oscillatory nature of the R/R

signal for long time delays is clearly visible. 

Fig. 3.6. Temporal differential reflectivity of Cd(Mn)Te at room temperature measured by means 
of the two-color pump-probe spectroscopy.

As in case of the analysis of the one-color data, we applied the same data 

processing technique and removed the electronic background in R/R. The results for 
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the 810-nm R/R signal are shown in Fig. 3.7. We note that the oscillations show no 

clear sign of damping and d is found to be at least of 2 ns, limited by our 

experimental setup (e.g., the optical delay line). By comparing the data obtained from 

the one-color and two-color experiments, we conclude that the lifetime of CAPs in 

Cd0.91Mn0.09Te must be at least in nanosecond range and the damping of oscillations 

in the one-color measurement was clearly limited by  of the probe light. Therefore, 

phonon’s contribution to the d in Eq. 3-23 can be neglected, within the resolution of 

our experiments. 
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 In Fig. 3.8, we show the dispersion relation of the CAP oscillation for all 

tested probe wavelengths (one-color and two-color experiments). The solid line is a 

through-origin linear fit to the data measured for probe photons with below-bandgap 

energies, while the dashed line corresponds to the above-bandgap case. We note that 

in the latter case, we observe a slightly larger slope and we attribute this discrepancy 
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Fig. 3.7. CAP oscillations extracted from R/R at the probe wavelength of 810 nm. The solid line 
shows a damped sinusoid fit. Inset shows the FFT of the oscillations. 
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to the n dependence on the light wavelength. For above-bandgap wavelengths, the 

“average” n is larger in Cd(Mn)Te, which yields a greater slope, following Eq. 3-22.
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Fig. 3.8. Dispersion relation of CAPs for all probe wavelengths. The solid line is a linear fit to the data 
measured at below-bandgap wavelengths. The dashed line fits the data for above-bandgap wavelengths.

The wavelength dependence of n in Cd(Mn)Te with various Mn 

concentrations was studied in great detail and the analytic expression for n(x,E) is 

given by the Schubert model [20]: 

2
2

2 .
1 ( / )

BEn A
E C

       (3-24) 

For Mn concentration from with x ranging 0 to 0.7, the following relationships for the 

parameters A, B and C are deduced: 

2 3( ) 7.40 6.652 10.851 6.553 ,A x x x x 20.12 ( ) ,B eV

2 3( ) 1.655 1.411 0.118 1.824 .C x x x x eV    (3-25) 
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It is feasible to extract the real n( ) from our data, assuming a constant vs in the 

crystal, then Eq. 3-22 can be rearranged as 

probe2 / coss

fn
v

      (3-26) 

Two parameters x (Eq. 3-25) and vs (Eq. 3-26) were varied to obtain the best fit for all 

our data points presented in Fig. 3.8. This approach also provided the best way to 

accurately determine the numerical value of vs. Figure 3.9 presents our experimental 

data and the fit based on the Schubert model. The fitting yielded the values of x and vs

to be 0.09 and 3.6 103 m/s, respectively. We stress that x shows the full consistency 

between the “fabrication” value of x provided by Prof. Mycielski. In general, we note 

the excellent agreement between the Schubert model and our data, with the exception 

of the shortest wavelengths (< 760 nm), where the energy of the probe photons is 

larger than Eg and the model becomes invalid. This inflection point allowed us to 

directly determine Eg = 1.63 eV for our crystal [21], in excellent agreement with the 

published data [22]. 

740 760 780 800 820 840 860 880
2.70

2.75

2.80

2.85

2.90

2.95

3.00

3.05

3.10

R
ef

ra
ct

iv
e 

in
de

x 
n

Probe Wavelength (nm)

Fig. 3.9. n( ) dependence with the solid line representing the theoretical, nonlinear Schubert model. 
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Unfortunately, the lack of literature data for vs in the Cd(Mn)Te made the 

direct comparison of our results with the existing values impossible. As an alternative, 

we made a numerical estimation of vs based on a calculated value derived in [1]: 

13
1s .Bv        (3-27) 

Taking the elastic constant value for Cd0.94Mn0.06Te from literature [23], where B is 

found to be 42 GPa and is 5.817 g/cm3, and assuming  = 0.41, the same for CdTe, 

the estimated vs is 3010 m/s. The value is very close to what we extracted from the 

experiment considering the uncertainty of parameters used for the estimation. 

According to Eq. 2-23, and ignoring the phonon contribution, of the probe 

light can be calculated as s dv . The dependence on the probe photon energy, 

collected in our one-color experiments, is shown in Fig. 3.10. For direct-gap 

semiconductors, 
1 22 2 ,gE E  where E is the probe–photon energy; thus, we 

should expect a sharp increase of  at 1.63 eV, as is indicated by the solid curve in 

Fig. 3.10. In fact, however, we observe a gradual increase, extending well into sub-

bandgap energies, which we associate with extended band-tail states present in our 

crystals, apparently, due to impurities and/or defects [24]. The density of those states 

is large enough that in one-color experiments we can efficiently generate CAPs by 

sub-bandgap photoexcitation and simultaneously detect them due to the relatively 

large  at sub-bandgap wavelengths. One must note that in Sec. 3.2, the initial 

electronic ps-wide response also exhibited a distinct transition at around 760 nm.  
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Fig. 3.11. Phase of CAP oscillations dependence on the probe wavelength obtained from one-
color pump-probe experiments. 

Fig. 3.10. Penetration depth of the probe light versus its energy, obtained from one-color measurements. 
The onset of the increased penetration depth occurs at Eg = 1.63 eV (solid line). 
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Figure 3.11 shows the strong wavelength dependence of the CAP oscillation 

phase  obtained from one-color experiments. As previously discussed in Sec. 3.1 

(see also Appendix B),  has a complicated form and is a function of 33/n ,

, n and which are all dependent on the laser (both pump and probe) 

wavelength in the one-color experiments. On the other hand, in the two color 

measurements, these parameters are only weakly dependent on the probe wavelength, 

since the photon energy of the probe is far below E

33/

g. Moreover, the frequency-

doubled pump photons have energies far above Eg, so the difference of initial 

excitation due to the pump photons is negligible (except for the pump intensity). Thus, 

we should expect a constant phase of CAP oscillations in our two-color 

measurements, as is shown in Fig. 3.12. In order to make a direct comparison, the 

scales in Figs. 3.11 and 3.12 are set to the same. We should also stress that the 

wavelength range in Fig. 3.12 is about 60 nm, twice larger than that in Fig. 3.11. 
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Fig. 3.12. Phase of CAP oscillations dependence on the probe wavelength obtained from two-color 
experiments. 
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Amplitude of CAP oscillations is gA n E E  and depends on the 

change of the complex n induced by propagating strained pulses. The strength of 

these pulses is determined by the initial optical (pump-light) excitation and 

characterized by Eg. Figure 3.13 shows A as a function of the pump–photon energy, 

normalized to the peak value of R/R, so that the Eg contribution to A is balanced. In 

the vicinity of Eg, the dielectric function of Cd(Mn)Te experiences a rapid change, as 

the energy of pump photons passes through the absorption edge (1.63 eV), and, 

consequently, n/ E exhibits a maximum. In our case, however, this maximum is 

clearly shifted into the near-below-bandgap region, confirming once again that our 

crystal possesses extensive band-tail states. 
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Fig. 3.13. The normalized oscillation amplitude dependence on the pump/probe photon energy 
in the one-color measurements. 
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3.4. Comparison of thermal and electronic stresses 

In the Thomsen model, CAP generation was only treated in terms of the 

thermal heating and resulting thermal stress. However, in a more general approach, 

the electronic stress, induced by femtosecond optical illumination has to be taken into 

account as well. Upon photoexcitation by the above-Eg pump photons (E > Eg),

electron-hole pairs with the excess kinetic energy (E - Eg) are generated in the 

conduction and valence bands in our Cd(Mn)Te crystals. This excitation process 

changes the equilibrium lattice spacing, introducing the deformation potential 

(electronic stress), because the valence-band electrons, in general, bind the lattice 

more effectively than the conduction-band ones.

It is interesting to determine which factor, the electronic or thermal stress, is 

the dominant factor in generating CAP oscillations in the Cd(Mn)Te crystal. 

Following the Thomsen model, for each pump photon energy E, which is absorbed, 

thermal phonons of the total energy E - Eg are produced. Thus, their contribution to 

the stress is proportional to E - Eg , and in the case of the thermal stress, is given by 

3 ( )thm
ij g ij e

B E E n
C

,       (3-28) 

One would expect that, if the thermal stress is the dominant mechanism responsible 

for CAP generation, the oscillations should disappear when the energy of pump 

photons approaches Eg. As is shown in Fig. 3.2, however, pronounced oscillations are 

observed at 760 nm, which indicates that in our experiments, the electronic stress 

must be the main mechanism. Inspection of the relative amplitudes of the electronic 
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and thermal stresses shows that this conclusion is reasonable.  The electronic stress is 

associated with the deformation potential and is given by 

,g gele
ij ij e ij e

ij

E dE
n B n

dP
     (3-29) 

By combining Eqs. 3-28 and 3-29, the ratio of the electronic-to-thermal stress can be 

calculated as  

33

33

1 .
3

ele
g

thm
g
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dP E E

      (3-30) 

We can take C and for Cd0.91Mn0.09Te to be 1.23 Jcm-3K-1 and 5.9×10-6 K-1

respectively – the same as those for CdTe. The pressure coefficient of the absorption 

edge dEg/dP of Cd0.9Mn0.1Te was measured as 7.7 × 10-3 eV/kbar [25]. Substituting 

these values into Eq. 3-30, we find that the ratio is about 71 for near-bandgap pump E

= 1.664 eV ( = 745 nm) and is about 3.6 for the far-above-bandgap excitation E = 

3.06 eV ( = 405 nm).  

We have also made an experimental comparison study by performing 

measurements with the fixed probe-beam wavelength, e.g., at = 750 nm and 

switching the pump from 750 nm to 375 nm by frequency doubling the pump beam. 

In this way, the sensitivity function (see Sec. 3.1) remained as a constant and any 

difference of amplitudes of CAP oscillations should be only the function of the pump 

excitation. In fact, we found that the absolute amplitude of the CAP oscillation 

excited by the 3.31-eV photons ( = 375 nm) was only about 2.6 times larger than 

that measured at the 750-nm wavelength (E = 1.655 eV). The results, clearly, could 
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not be accounted for by the dramatic difference of the E - Eg factor, characteristic of 

the thermal stress. 

3.5. Summary 

 We have reported in this chapter our theoretical and experimental studies on 

CAPs generation and detection in DMS Cd(Mn)Te single crystals by using the 

femtosecond pump-probe spectroscopy. The propagating-strain-pulse model accounts 

very well for the observed frequency and damping of CAP oscillation dependences on 

the probe wavelength. From the dispersion relation of the oscillation frequency, we 

determined the longitudinal speed of sound and the Mn concentration in our 

Cd(Mn)Te single crystals. The experimental value of vs = 3.6 103 m/s was very close 

to the numerical estimation and the fitted x value was almost identical with the 

fabrication data. Pronounced CAP oscillations were observed in the sub- and near-

bandgap pump-probe measurements, showing that the electronic stress is the 

predominant generation mechanism in the system. We have found that the lifetime of 

CAPs in Cd0.91Mn0.09Te single crystals was at least in the nanosecond range as the 

experimental dephasing time of CAP oscillations was limited by the finite penetration 

depth of the probe light. We have also measured the CAP oscillations in Cd(Mn)Te 

with various Mn concentrations, e.g., 1% and 5% and using the Schubert model, we 

have accurately characterized the phonon dynamics and extracted vs values. The 

preliminary results on the dependence of CAP dynamics on the Mn concentration are 

shown in Chap. 6. 
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Appendix A 

To the first order approximation, we can write R as 

2 2
0 0 0 02Re( ) Re( ) 2 Im( ) Im( ),R r r r r r r r   (A-1) 
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Combining Eqs. A-2 and A-3, we have the expression for r as 
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For the sake of simplicity, we define the complex quantity M, as following 
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then Eq. A-4 is rewritten as 
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Therefore, we have 
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From Eq. A-1, R can be derived as 
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Calculations of 0 0Re( ) Re( ) Im( ) Im( )r M r M  and 0 0Im( ) Re( ) Re( ) Im( )r M r M  are 

very tedious, but they can be easily done using the Mathematica program and yield: 

0 0
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The above formula can be simplified by defining two quantities as followed: 
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Then,

0 0 0 0Re( ) Re( ) Im( ) Im( ) sin(2 ' ),r M r M f nk z

0 0 0 0Im( ) Re( ) Re( ) Im( ) cos(2 ' ).r M r M f nk z    (A-11) 

So, now we can obtain the general formula for R:
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Appendix B 

We show here a general form of R combining Eqs. 3-5 and 3-16. For simplicity, we 

rewrite 33 ( , )z t as

0 0 0(2 ) (2 ) | |(2 )
33

1 1( , ) (1 ) sgn( ) ,
2 2

p s p s pz k v t k z v t k
sz t A e e e z v t  (B-1) 

where is the absorption coefficient of the pump light, that is, 02 pk 1
02 p pk .

As discussed in Chap. 3, the pump and probe photons contribute to different parts of 

the integration of R. Therefore, in two-color pump-probe experiments, the complex 

n takes a different value and should be explicitly distinguished. So we have: 
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We consider the above integration term by term. The first one takes the following 

form: 
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Similarly, 
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where sgn in Eq. B-1 is the sign function, which is not a continuous function.

Therefore, the integration has to be done separately for ' sz v t  and for ' sz v t . We 

have:
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and
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The last two terms can be calculated as 
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Chapter Four 

Low-frequency giant Faraday effect in Cd(Mn)Te 

In Chap. 1, we have reviewed the static properties of DMSs with Mn atoms 

acting as magnetic impurities, such as the giant Faraday effect [1], where Zeeman 

splitting due to the exchange interaction substantially exceeds normal energy splitting 

of band electrons and leads to the large polarization rotation of the transmitted light. 

Here, we present our experimental studies on the Faraday effect and the spectral 

characteristics of the Verdet constant in Cd(Mn)Te crystals with various Mn 

concentrations.

4.1. Faraday effect in Cd(Mn)Te

From a phenomenological point of view, the Faraday effect (or MO effect) is 

due to the fact that refractive indexes n of the left- and right-hand circularly polarized 

light change when the medium is placed in a magnetic field. As shown in Fig. 4.1, 

application of the magnetic field induces an absorption difference between two 

circular polarization components, which, in turn, results in the n difference given by 

the Kramers-Kronig relation. Linearly polarized light with a given plane of 

polarization can be represented as a superposition of the left-hand and right-hand 
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Fig. 4.1. Schematic of Zeeman splitting in a two-level system, which introduces the absorption 
difference  between the left- and right-hand circular polarizations.

circularly polarized waves with a definite phase difference. Because of the different 

refractive indexes, the two circular components travel in the crystal at different 

speeds, which introduces an additional phase difference and leads to the rotation of 

polarization. Therefore, the Faraday effect is also called the magnetic circular 

dichroism (MCD).  

The left-hand (e-) and right-hand (e+) circular polarizations can be expressed by 

the Jones matrix as 

11
2

e
i

and

11 .
2

e
i

        (4-1) 

We consider that the light with the linear polarization along the x-axis is propagating 

in the z direction, which coincides with the magnetic filed. In a magnetic material, the 
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electromagnetic wave is of amplitude E0 at z = 0. From the boundary conditions, Ex =

E0, and Ey = 0, we have 

0
1( 0) ( )
2

E z E e e .       (4-2) 

As the incident light propagates through the crystal, the additional phase retardation is 

introduced to two circular polarization components, which are given by 

( / )11
2

i n z c te e
i

and

( / )11 ,
2

i n z c te e
i

      (4-3) 

where n+ and n- are the refractive indexes for the right-hand and left-hand circular 

polarizations. The total electrical field is 

( / ) ( / )
0

1 11( ) .
2

i n z c t i n z c tE z E e e
i i

/ 2

   (4-4) 

Now we define two quantities n0 and n

 and 0 ( )n n n ( ) / 2,n n n     (4-5) 

and rewrite Eq. 4-4 as 

     (4-6) 0( / )
0

cos( / )
( ) .

sin( / )
i n z c tnz c

E z E e
nz c

If n is real, it can be seen from Eq. 4-6 that the linear polarization is maintained 

while the angle of polarization is rotated by F which is equal to 

/ .F nz c         (4-7) 
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An analytic expression of n, and the corresponding Faraday rotation angle F in 

Cd(Mn)Te was derived by Hugonnard-Bruyere et. al [2] and Eq. 4-7 can be rewritten 

as

,F VBz         (4-7) 

where V is the so-called Verdet constant whose energy dependence is given by 

1/ 2 1/ 2 3/ 2 3/ 2

1 1 1 1( ) 2 2 ,
1 ( / ) 1 ( / ) 1 ( / ) 1 ( / )g g g g

V E A B
E E E E E E E E

(4-8)

where A and B are constants. The first term in Eq. 4-8 is due to the pure Zeeman 

splitting of band electrons, while the second one comes from the contribution of the 

exchange interaction. We note the opposite sign of these two effects, which will 

manifest itself when we study the Verdet constant spectra in Cd(Mn)Te and compare 

them to those of pure CdTe crystals. 

In order to measure the Verdet constant spectrum, we have modified the time-

resolved experiment setup designed for the EO/MO sampling studies presented in Fig. 

2.7. The new setup is shown in Fig. 4.2. Only the probe beam is directed to the 

Cd(Mn)Te sample placed on top of the coplanar transmission line. A low-frequency 

(200 KHz) sinusoidal signal with 20 mA (1.12 V) amplitude is applied to one end of 

the transmission line, while the other end is shorted to enforce the current propagation 

(no electrical field between two lines). Next, the angle rotation of polarization of the 

transmitted probe beam, induced by the AC current signal, equivalent to an external 

magnetic field, is measured by a photodetector, by converting the polarization 
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modulation into the intensity modulation with the aim of an analyzer. Similarly to 

time-resolved measurements, the lock-in amplifier was implemented in our detecting 

scheme in order to improve the measurement SNR.  

Fig. 4.2. Experimental setup for the measurement of Verdet constant spectrum in Cd(Mn)Te.

Prior to application of the AC current, the intensity I1 of the transmitted probe 

light after the analyzer is given by 

21

0

sin ( ),I
I

        (4-9) 

where I0 is the total intensity of the probe light before the analyzer,  is the analyzer 

angle with respect to the cross-polarization. When the low-frequency AC current is 

applied, I1 now is changed to I2, which is 

22

0

sin ( ),I
I

       (4-10) 

where  is the additional rotation of polarization due to the application of the AC 
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current (magnetic field). The lock-in amplifier actually detects the signal that varies at 

the same frequency as the applied current, thus, it measures the value of 2 1I I I .

We assume a small-signal approximation, i.e.  is much smaller than , which is 

generally valid, since in typical experiments,  is on the order of 10-5 and  is 

usually set to be /4. So I can be simplified as 

2 2

0

sin ( ) sin ( ) sin(2 ).I
I

    (4-11)

We’ve measured the lock-in amplifier readings (proportional to I) vs. ,

while keeping the amplitude of the AC current unchanged (equivalent to keeping 

as a constant). The result as well as I1( ) are shown in Fig. 4.3. The plots of the 

absolute value of sin(2 ) and sin2( ) dependence are also presented. It can be clearly 

seen that as predicted in Eq. 4-9, I1( ) follows the sin2( ) function, while I (always 

set to positive values) has the same angle dependence as |sin(2 )|, which substantiates 

Eq. 4-11. 

-60 -40 -20 0 20 40 60 80

A
rb

itu
ar

y 
U

ni
t

Angle 

 sin2( )
 |sin(2 )|
 I1
 Lock-in reading ( I)

Fig. 4.3. Lock-in amplifier reading ( I) and I1 dependences on the analyzer angle. 
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We note that the data presented in Fig. 4.3 directly confirm the magnetic 

origin (AC current induced) of the polarization rotation effect in Cd(Mn)Te. In 

addition, we checked that when the end-of-the-line switch was open and the crystal 

was subject of the AC voltage (electric field) signal, no measurable light modulation 

was observed, excluding any significant EO effect in our materials.  

Finally, a compensator (half-wave plate) was used to vary the polarization of 

the incident beam with respect to the Cd(Mn)Te crystal orientation. The rotation 

angle (nonzero only when the transmission line was shortened) was found to be 

independent of the initial polarization, excluding again the EO effect, which is known 

to be critically dependent on the polarization of the incident light with respect to the 

electric field and the crystal orientation.  

4.2. Verdet constant spectra in Cd(Mn)Te

The above tests presented in Sec. 4.1 confirm that the rotation of the 

polarization observed in our low-frequency measurements in Cd(Mn)Te crystals has 

the MO origin, and eliminated any parasitic EO effects. Combining Eqs. 4-7 and 4-11 

( F = ), we can obtain the spectrum of the Verdet constant of the Cd(Mn)Te crystal 

by varying the wavelength of the probe beam. Unfortunately, the magnetic field 

distribution generated by the AC current in a coplanar transmission line is highly non-

uniform and its exact value at the point of the probe beam transmission is difficult to 

obtain. Therefore, we have made the following assumptions to estimate the strength 

of the magnetic field: the magnetic distribution in the coplanar transmission line was 
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approximated by that generated using a simple, single-wire model; and only the 

longitudinal component (along the direction of light propagation) of the magnetic 

field was relevant. In such case, the product of B and z in Eq. 4-7 can be replaced by 

an one-dimensional integration. 

The measured spectra of Verdet constants of Cd0.88Mn0.12Te and 

Cd0.91Mn0.09Te are shown in Figs. 4.4 and 4.5, respectively. In both cases, we observe 

a dramatic enhancement of V (negative values) as the photon energy of the probe 

beam approaches the crystal’s Eg, per Eq. 4-8. This feature is very consistent with the 

results reported in literature [2, 3]. Two fitting results presented in both Figs. 4.4 and 

4.5 are based on Eq. 4.8 with either A = 0 or B = 0. As previously discussed, A = 0 is 

equivalent to consider the contribution from the exchange interaction only. On the 

contrary, for B = 0, only the pure Zeeman splitting is taken into account. It can clearly 

be seen from both figures that our experimental data yield the conclusion that for 

Cd(Mn)Te crystals, the exchange interaction contribution to the Verdet constant is 

always dominant.  
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Fig. 4.4. Spectrum of the Verdet constant of Cd(Mn)Te with 12% Mn concentration. The solid 
line shows the fit using Eq. 4-8 with A = 0, while the dash line corresponds to B = 0.
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Fig. 4.5. Spectrum of the Verdet constant of Cd(Mn)Te with 9% Mn concentration. The solid  
line shows the fit using Eq. 4-8 with A = 0, while the dash line corresponds to B = 0.

4.3. Summary

We have presented our studies on the low-frequency Faraday (MO) effect in 

Cd(Mn)Te crystals. The spectra of the Verdet constant are measured by using the 

setup shown in Fig. 4.2 and tuning the wavelength of the probe light. The spectral 

characteristics of the Verdet constants exhibit strong wavelength dependence, i.e., a 

dramatic enhancement as the photon energy of the probe light approaches the material 

bandgap. It has been demonstrated that Verdet constant in Cd(Mn)Te crystals is 

predominantly due to the contribution of the exchange interaction, rather than the 

pure Zeeman splitting of the band electrons. Consequently, the Verdet constant of 

Cd(Mn)Te exhibits a unique dependence on wavelength and is of the opposite sign as 

compared to that of the parent semiconductor. 
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Chapter Five 

Sub-picosecond sampling experiments in Cd(Mn)Te 

We have demonstrated the giant Faraday effect and its spectral characteristics 

at low frequencies in Cd(Mn)Te crystals in Chap. 4. However, the dynamic magnetic 

properties bear directly on the practical applications of DMSs. Thus, the spin 

dynamics, at the picosecond or sub-picosecond range, in Cd(Mn)Te, is of the primary 

importance to the future progress of a newly emerging field – spintronics [1, 2]. In the 

1980s, most of information about the dynamics of spin systems came from the 

electron paramagnetic resonance (EPR) [3, 4]. With the advanced development of 

time-resolved MO sampling techniques, spin dynamics can be investigated beyond 

the microwave range [5-7]. In the magnetic pumping experiments, the spin system is 

not disturbed by the optical beam, but, instead, by a transient magnetic field usually 

generated by a photoconductive switch. Because of the spatial separation between the 

pump and probe beams, carrier dynamics and coherent effects are readily excluded. 

Dietl et al. [8] showed that spin diffusion contributed little to formation of magnetic 

polarons in Cd(Mn)Te, and it was spin-spin interaction  that set the relevant time 

scale ( ss) for spin organization and relaxation. The above argument agrees very well 

with our group’s previous experiments on high-Mn concentration samples, i.e., 

Cd0.35Mn0.65Te at 10 K [9], which demonstrated ss ~1 ps and agreed very well with 



90

the literature [8]. On the other hand, from a practical application point of view, it is of 

the greatest interest to study the responsivity of Cd(Mn)Te crystals with relatively 

low-Mn concentrations (high Verdet constant), subject to ultrafast electromagnetic 

transients at room temperature.  

5.1.Time-resolved sub-picosecond sampling experiments in CdMnTe

In this section, we show that thanks to extremely short carrier lifetime (~200 fs) 

in low-temperature grown GaAs (LT-GaAs) photoconductive switches [10, 11] sub-

picosecond electromagnetic transients can be generated and coupled into transmission 

lines for the time-resolved investigations of the response of Cd(Mn)Te crystals. 

Our femtosecond time-resolved experimental setup was shown in Fig. 2.8 in 

Chap. 2. The 100-fs-wide excitation (pump) and sampling (probe) beams with a 75-

MHz repetition rate and a power ratio of 9:1 were generated by a commercial 

Ti:Sapphire laser, whose wavelength was tunable from 720 nm to 900 nm. The high-

power, excitation beam was directed to a free-standing LT-GaAs switch (see inset in 

Fig. 2.8), which was biased by a DC voltage source. Sub-picosecond electromagnetic 

pulses, generated by the LT-GaAs switch, were subsequently propagated along a 30-

 coplanar Ti/Au transmission line fabricated on a transparent MgO substrate. The 

Cd(Mn)Te crystal was placed on top of the transmission line, about 100 m away 

from the LT-GaAs switch. The probe beam was linearly polarized and passed through 

the Cd(Mn)Te crystal and the spacing between the coplanar metal lines. An analyzer 

was used to convert the polarization rotation of transmitted probe light into intensity 
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modulation. It also served to minimize the background noise from the scattered pump 

light. The time-resolved sampling signals were measured as a function of the 

computer-controlled time delay between the probe and pump pulses. All experiments 

were performed at room temperature. 
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Fig. 5.1. Transient signals generated by the LT-GaAs switch and measured by the time-resolved 
sampling with the Cd0.88Mn0.12Te crystal.

In the time-resolved experiments using Cd0.88Mn0.12Te crystals at the laser 

wavelength of 760 nm, the LT-GaAs switch bias varied from 9 V to 45 V. Figure 5.1 

shows approximately 1-ps-wide FWHM transient signals obtained under various 

biasing conditions. As expected and shown in Fig. 5.2, the amplitude of the measured 

signal was linearly dependent on the switch bias voltages. The saturation regime of 

our LT-GaAs switch is expected to be about 100 V, well above the maximum voltage 

used in our experiments. The amplitudes of the transient signals presented in Fig. 5.1 
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(vertical axis) were obtained by calibrating the value in time-resolved measurement 

with respect to the lock-in amplifier readings corresponding to the Verdet constant 

measured at the low frequency. This, however, might not be a valid calibration, as we 

shall discuss and reveal the physical origin of the ultrafast response of Cd(Mn)Te 

crystals in the next section.

Fig. 5.2. Linear dependence of transient signal amplitudes on bias voltage extracted from Fig. 5.1.

In order to compare the temporal shape of the measured pulses, the signals’ 

amplitudes were normalized and the results are shown in Fig. 5.3 (only 45-V and 18-

V signals are shown for comparison). We note that their FWHM values are the same 

and equal to 0.97 ps. The slower relaxation process observed in the 45-V transient as 

compared to that of 18-V is a well-known feature of LT-GaAs devices – the response 

time of the LT-GaAs material increases when it is biased by a large electric field. The 

latter effect was attributed in the literature to the high-field phenomena, such as the 
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thermal effect due to the high photocurrent density [12], the impact ionization [13], or 

electron heating and Coulomb-barrier lowering of the donor states inside the LT-

GaAs material [14]. 

Fig. 5.3. Normalized transients measured under 45-V and 18-V bias. The FWHM is found to be 
independent within the voltage range of the DC bias, but the high-voltage signal exhibits a slower tail.

We have also performed the same set of experiments on Cd0.91Mn0.09Te

crystals using the probe light at the wavelength of 780 nm. The results are shown in 

Figs. 5.4, 5.5, and 5.6, and are essentially the same as obtained for the Cd0.88Mn0.12Te 

crystals. Thus, our experimental data clearly demonstrate that our Cd(Mn)Te samples, 

acting as ultrafast field sensors, accurately reproduce the transient electromagnetic 

field generated by the LT-GaAs photoconductive switch. In this respect, our room 

temperature experiments are in agreement with the earlier low-temperature MO 



94

studies performed on Cd(Mn)Te samples with the large (x = 0.62) Mn concentration. 

However, we must note that the physical origin responsible for the observed signals 

in two cases is not the same, as will be discussed and demonstrated in the next section. 
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Fig. 5.4. Transient signals generated by the LT-GaAs switch and measured by the time-resolved 
sampling with the Cd0.91Mn0.09Te crystal. 

Fig. 5.5. Linear dependence of the transient signal amplitude on the bias voltage extracted from Fig.5.4.

0 10 20 30 40 50 60 70 80 90
0

500

1000

1500

2000

2500

3000

Si
gn

al
 a

m
pl

itu
de

 (m
V)

Bias voltage (V)



95

-4 0 4 8

0.0

0.4

0.8

1.2

 10 V
 50 V
 82 V

 N
or

m
al

iz
ed

 re
sp

on
se

Time delay (ps)

Fig. 5.6. Normalized transients measured under 10-V, 50-V and 82-V bias. The ~1 ps FWHM is 
found to be constant under low-bias condition and increased at the 82-V bias due to the high-field 

effect in LT-GaaAs..

We must point out that our experiment is non-group-velocity-matching type, 

since the propagation direction of the electromagnetic transient is perpendicular to the 

incident probe light. Therefore, the overall temporal shape of the signal is a 

convolution of the electromagnetic pulse width, the optical pulse width, and the 

transition time of the optical pulse passing through the electromagnetic field in the 

crystal (i.e., the field distribution within the crystal). Moreover, the dispersion of 

electromagnetic pulses due to propagation along the transmission line from the LT-

GaAs switch to the position of the probe beam should also be taken into account 

when it is desirable to determine the actual temporal shape of the photogenerated 

electromagnetic pulses and the intrinsic response time of our Cd(Mn)Te crystals. 

In order to estimate the above parasitic effect, we have performed parallel EO 

measurements using the same sample configuration but replacing the LiTaO3 crystal 
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for Cd(Mn)Te. The EO sampling technique has been known for years to be the 

method-of-choice for time-resolved characterization of ultrafast electronic transients 

and it is readily available in our laboratory. In the experimental setup shown in Fig. 

2.8, we substituted the Cd0.88Mn0.12Te crystal for the EO LiTaO3 crystal, while we 

kept all other experimental conditions the same (e.g., room temperature, wavelength, 

power, distance between switch and probe position, etc), and performed the standard 

EO sampling measurements. 

Fig. 5.7. The electromagnetic transient generated by the LT-GaAs photoswitch biased at 45 V, 
measured using the (a) Cd0.88Mn0.12Te and (b) EO LiTaO3 crystals, respectively. 

Figure 5.7 shows such a direct comparison of the transients measured by using 

the two different crystals.  Each trace consists of 5 averages, taken with the same 

lock-in amplifier time constant. For purpose of comparison, the signal amplitudes 

were normalized. We note that both pulses exhibit the same FWHM (below 1-ps) and 

the 200-fs rise time. In both cases, we maintained the same spatial separation between 
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the LT-GaAs switch and the probe beam spot, so that the propagation dispersion 

effects would not affect the temporal shape of the recorded signal. The transient 

measured with Cd0.88Mn0.12Te crystal [Fig. 5.7 (a)] exhibits the excellent SNR and 

nicely resolves the LT-GaAs-photoswitch-generated pulse. In the case of EO 

sampling with LiTaO3, the electromagnetic transient is also accurately resolved, but 

its falling edge is obscured by the oscillatory feature, known as the dielectric loading 

of the EO LiTaO3 transducer due to its large dielectric constant [15]. Given that the 

EO response time from LiTaO3 is ~150 fs [10], we can conclude that the response 

time of Cd1-xMnxTe (x = 0.09 and 0.12) to the external electromagnetic field must be 

on the order of a few hundreds of femtoseconds, considering the LiTaO3 crystal used 

in the experiment was thicker (~0.4 mm) as opposed to ~0.2 mm, and  of LiTaO3 is 

~40, much larger than  ~10 of the Cd(Mn)Te crystal.

5.2. Signal polarity dependence on crystal orientation

It has been concluded in Chap. 4 that at low frequencies Cd(Mn)Te exhibits 

the large MO effect, i.e., the Faraday effect. At the same time, there was no detectable 

EO effect, i.e., the Pockels effect under the similar experimental environment.  

However, we must stress that our results for Cd(Mn)Te with low Mn concentrations 

presented in the previous section contradict the time-scale of the spin-spin interaction 

that was reported in the literature [8].  

Thus, two sets of additional experiments have been implemented to determine 

the physical origin of the ultrafast phenomenon in Cd(Mn)Te at room temperature. 
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Fig. 5.8. Cd0.91Mn0.09Te crystal arrangements in the first set of experiments. The Cd(Mn)Te sample was 
placed on both sides of the LT-GaAs photoconductive switch in two separate experiments A and B.

The sample arrangement of the first set experiments is shown in Fig. 5.8 with the rest 

of the setup the same as shown in Fig. 2.8. A Cd0.91Mn0.09Te crystal was placed on 

one side (e.g., A side) of the LT-GaAs switch and the polarity of the sampling signal 

was recorded. Next, under the same experimental conditions, such as the initial 

polarization of the probe, DC bias voltage, and polarization direction of the analyzer, 

the crystal was moved to the other side (B side) of the switch, while its crystal 

orientation with respect to the DC bias voltage remained the same as in case of the A 

side.

Since the polarity of the electric field generated by the photoconductive 

switch is determined by its DC bias condition, obviously, the electrical fields at A and 

B sides of switch are of the same direction. On the other hand, the magnetic field 

components must have the opposite polarities on two sides, since the electromagnetic 

transients propagate in opposite directions, as illustrated in Fig. 5.8. The experimental 

results are shown in Fig. 5.9 and demonstrate that the transient fields measured at the 
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Fig. 5.9. The ultrafast transient signals measured in two experimental configurations. The labels A and B are 
the same as shown in Fig. 5.8. For the sake of comparison, the amplitudes of the signals were normalized.  

two sides of the switch were the same in terms of the signal polarity, clearly, 

confirming that our Cd(Mn)Te crystal must be sensitive to the electric field and NOT 

magnetic field.  

The second set of experiments was performed by rotating the crystal 180 

degree in the plane of transmission line surface. The crystal was placed on the same 

side of the switch and two subsequent measurements were performed. Figure 5.10 

shows the corresponding experimental configurations. The rest of the experimental 

conditions were maintained the same as the first set and the results are shown in Fig. 

5.11, showing that the transients’ polarity changed upon the crystal rotation. 
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Fig. 5.10. Cd0.91Mn0.09Te  crystal is rotated by 180 degree compared to Fig. 5.8. Two independent 
experiments with crystals on the same side of the switch were performed and labeled as C and D.

Configuration C was using the same sample arrangement as A in Fig. 5.8.

Fig. 5.11. The ultrafast transient signals obtained from the second set of experiments. The labels C and 
D refer to the two configurations shown in Fig. 5.10. 

By comparing the results obtained from the two sets of experiments, we can 

conclude that given by the fact that the EO and MO effects are directly related to 

the E , B directions, respectively, the same signal polarity in experiments A and B

shows that they are due to the EO effect. In experiments C and D, the crystal (optical 

axis) was rotated by 180 degree in the plane of electric field, therefore, one would 
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expect a sign change of the EO signal, and the unchanged signal polarity in MO 

effect. Thus, experimental results demonstrate that what we observed in the ultrafast 

sampling measurements with Cd(Mn)Te is the very pronounced EO effect, rather than 

the MO effect. This, however, is very surprising since in our low-frequency tests, the 

MO effect dominated in Cd(Mn)Te crystals, while the EO effect was negligible. 

5.3. Wavelength dependence of sampling signals in Cd(Mn)Te

In order to further investigate the ultrafast Cd(Mn)Te response, we performed 

the parallel low-frequency MO and EO, and ultrafast sampling experiments and 

recorded the signal amplitude dependences on the wavelength of the probe light. At 

each probe wavelength, the sampling signal was recorded directly from the lock-in 

amplifier without any calibration with respect to the low-frequency value. In the low-

frequency MO measurements, one end of the transmission line was shorted to enforce 

the current propagation, while in the low-frequency EO experiment the end of the 

transmission line was open to allow the voltage-bias condition. In the ultrafast 

sampling measurements, the DC bias was maintained at 25 V, and the pump power 

was kept around 2.5 mW. In order to account for the amplitude variation of the signal 

generated by the LT-GaAs switch under different experimental conditions, such as 

the laser wavelength and alignment repeatability, an independent calibration method 

with the aid of the LiTaO3-based sampling was implemented.  
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Fig. 5.12. Schematic setup of the calibration system using a LiTaO3 crystal.

The setup for the calibration procedure is shown in Fig. 5.12. In our 

experiments, at each wavelength, the signal generated by the pump exciting the LT-

GaAs switch was measured directly by the lock-in amplifier through the BiasT with 

no probe beam involved. Without disturbing the transient generation path, the probe 

was introduced and the standard EO sampling with the help of the LiTaO3 crystal was 

performed. We found that the signal amplitudes extracted from the EOS and simply 

using the BiasT exhibited the same characteristics with respect to the experimental 

conditions (e.g., the bias voltage and optical pump power). Because of its 

straightforward electrical connection and setup, the BiasT approach was used to 

calibrate the amplitude of the signal generated by the LT-GaAs switch in the 

sampling measurements. 
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Fig. 5.13. Low frequency EO and MO and sampling measurements with Cd0.91Mn0.09Te. The AC signal 
applied in the low-frequency EO experiment was approximately 10 times of that used in the MO experiment.

As was shown in Chap. 4, in the low-frequency measurements with 

Cd0.91Mn0.09Te, under the same condition (1.12 V AC signal at 240 KHz), the MO 

effect dominated, while EO effect was negligible (practically at the noise level). In an 

attempt to actually detect the low-frequency EO effect and resolve its wavelength 

dependence, the AC signal is increased to 10 V. Figure 5.13 shows the results of the 

low-frequency MO, low-frequency EO, and ultrafast sampling studies with 

Cd0.91Mn0.09Te. The signal through the BiasT was always maintained constant, 

therefore, the presented amplitude dependence on the wavelength was solely due to 

the Cd(Mn)Te crystal’s properties, rather than the wavelength sensitivity of the LT-

GaAs switch.
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Figure 5.13 presents the absolute values of the signals and indicates that the 

sampling signal follows the same trend as the low-frequency MO signal, while the 

low-frequency EO signal is practically independent of the probe beam wavelength. 

The results are surprising, as we have already pointed out that, based on the results of 

sampling measurements presented in Secs. 5.2.1 and 5.2.2 that the sampling signal is 

the result of the Pockels effect in the Cd(Mn)Te crystal. The spin-spin interaction 

responsible for the MO effect in Cd(Mn)Te is too slow to resolve the sub-picosecond 

magnetic transient generated by the LT-GaAs switch. Nevertheless, when the probe-

beam photon energy approaches the Cd(Mn)Te bandgap, we observe a dramatic 

enhancement of ultrafast sampling signal, actually, following the low-frequency MO 

behavior, while the low-frequency EO measurement remains practically independent 

on the probe wavelength and is approximately two orders of magnitude smaller. The 

observed discrepancy between the low-frequency EO effect and sampling 

measurements seems to indicate the low-frequency EO measurement does not reflect 

the real EO effect in Cd(Mn)Te.

One possible explanation of the above discrepancy is the screening of the 

electrical field by free holes in our p-type crystals. Cd(Mn)Te is a naturally p-type 

material due to Cd vacancies occurring during the growth process. When the low-

frequency AC voltage is applied to the transmission line, the carriers in the crystal 

can rearrange themselves so that the external electrical field is screened inside the 

crystal. The effective electrical field is zero and, therefore, no EO effect can be 

measured. Whereas, when the sub-picosecond electrical field is applied, the carriers, 
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due to their limited mobility, cannot rearrange, so Cd(Mn)Te behaves as a good 

dielectric at the very high frequencies, and we observe the actual EO effect in the 

sampling measurements. A numeric estimation is given in the next chapter. The 

strength of this screening effect at the low frequencies depends on the free-carrier 

concentrations (or material conductivity). Thus, systematic measurements with 

samples with different p concentrations (differently annealed) should be helpful to 

verify the free-carrier screening description.

The enhancement of EO effect in the sampling experiments when the photon 

energy of the probe light approaches Eg of the material can be explained 

phenomenally by inspecting Eq. 2-6. induced is the phase retardation resulting from 

the applied electrical filed and is a function of ne and no, the refractive indexes of the 

two orthogonal polarizations. The ne and no are strongly dependent on the light 

wavelength, and as was shown in Chap. 3, quickly diverge when the photon energy of 

the light is close to Eg of the material. This, in turn, could result in the increase of the 

field-induced phase retardation and the large EO effect near Eg.

Another possible scenario is that the EO effect in the Cd(Mn)Te crystals is too 

small to be measurable and spectrally-resolved at low frequencies, however, it is 

amplified in the ultrafast regime. In this respect, Mn impurities should play an 

important role, since the spectral characteristics of the sampling results follow the 

low-frequency MO effect. Further investigations are needed to test the validity of this 

argument, which will be presented as the future plan in Chap. 6. 
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5.4. Summary

We have presented our studies of the ultrafast response of Cd(Mn)Te single 

crystals exposed to an external picosecond electromagnetic transient. We 

demonstrated that in the electromagnetic “pumping” (or sampling) experiments, the 

Cd(Mn)Te faithfully responses to and detects sub-ps electromagnetic transients. 

Based on the crystal orientation dependence of the sampling signal polarity, we 

concluded the physical origin of such an ultrafast process at room temperature is the 

Pockels effect, instead of the MO effect observed in our low-frequency studies (see 

Chap. 4). We also observed an enhancement of the sampling signal as the probe 

wavelength approached the material’s bandgap. We attributed it to the strong 

wavelength dependence of ne and no, which introduces a larger amount of field-

induced phase retardation at the near-bandgap wavelengths. The screening of the 

external electric field at low frequencies by the free holes in Cd(Mn)Te was 

suggested to be responsible for the negligible low-frequency EO effect. Further 

investigations are needed to validate some of the presented conclusions and explore 

other possible mechanisms, such as the amplification of the EO effect in ultrafast 

regime due to Mn impurities. Nevertheless, high SNR and the clean response (no 

post-pulse oscillations), as well as the femtosecond temporal resolution of the 

Cd(Mn)Te crystals make them excellent candidates for the characterization of THz 

signals, as is demonstrated in Fig. 5.7. 
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Chapter Six 

Conclusions and future work 

6.1. Thesis summary 

 In this thesis, I have presented the time-resolved femtosecond characterization of 

Cd(Mn)Te crystals with various Mn concentrations. Femtosecond optical pum-probe 

spectroscopy was used to study the ultrafast carrier and CAP dynamics in the material. 

We demonstrated that the first few-ps process after the optical excitation was a 

combination of several effects, including the band-filling, two-photon absorption, and 

band renormalization effects. The relative strength of each of those effects depended 

on the initial optical excitation condition, most importantly, on the wavelength, 

because the excitation intensity was maintained unchanged in our experiments. At 

shorter wavelengths (above Eg), the ultrafast carrier dynamics was dominated by the 

band-filling and band renormalization effects, which induce an instantaneous increase 

of the reflectivity of the probe light and the negative relaxation “overshoot”, 

respectively. At longer wavelengths (below Eg), the band-tail states are involved in 

the carrier dynamics and the two-photon (one pump photon and one probe photon) 

absorption process gives rise to the instantaneous decrease of the reflectivity of the 

probe light.  
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The studies of CAPs were realized through the same optical pump-probe 

spectroscopy technique with supplemental two-color experiments. Our theoretical 

treatment of CAP generation and detection is based on the Thomsen model and the 

exact analytical formulas are presented. It has been shown that the time dependence 

of R/R results from two major contributions, an exponential decay related to the 

pump light absorption, and damped sinusoidal oscillations associated with the 

self-interference and absorption of the probe light. By fitting our experimentally 

extracted n( ) dependence to the Schubert model, both the Mn concentration of the 

crystal and the longitudinal sound velocity vs were accurately determined. In 

Cd0.91Mn0.09Te, vs was found to be 3590 m/s. The robustness of this technique has 

allowed us to measure the actual Mn concentrations and sound velocities in several 

different Cd(Mn)Te crystals, which will be presented in Sec. 6.2. By comparing the 

results obtained from the one-color and two-color experiments, we concluded that the 

damping of CAP oscillations was due to the limited penetration depth of the probe 

light, rather than the intrinsic phonon lifetime, which was estimated to be at least in 

the nanosecond range. The penetration depth of the probe light vs. the wavelength 

dependence also revealed the existence of the band-tail states in our Cd(Mn)Te 

crystals. The phases of the CAP oscillations in one-color experiments were found to 

be dependent on the wavelength, while those in two-color experiments were 
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independent. Finally, the efficient generation of CAPs by the photo-excitation of 

band-tail states led us to the conclusion that the electronic stress rather than the 

thermal stress was the dominant mechanism of CAP generation in Cd(Mn)Te. 

 We have also studied the giant Faraday effect in Cd(Mn)Te, the unique property 

of the DMSs. The spectra of Verdet constants of two crystals, Cd0.88Mn0.12Te and 

Cd0.91Mn0.09Te, were measured. The spectral characteristics of the Verdet constant in 

Cd(Mn)Te, which is due to the exchange interaction between the Mn and band 

electrons, was found be very different from the normal Zeeman splitting due to the 

band electrons. Our electromagnetic “pumping” (sampling) experiments were 

performed at room temperature on the Cd(Mn)Te crystals with low Mn concentrations 

(12% and 9%). A hundreds-of-femtosecond responsivity of the crystals to a 

sub-picosecond electromagnetic transient was demonstrated. The results of the signal 

polarity dependence on the direction of electric and magnetic transient fields 

demonstrated that the ultrafast responsivity of the Cd(Mn)Te crystal was due to the 

Pockels effect. In the wavelength dependence experiments, we found the significant 

discrepancy between the low-frequency EO effect and the sampling results. We 

attributed it to the low-frequency screening of the external electric field by free 

carriers (holes). Further investigations, however, are needed to substantiate this 

conclusion or explore other mechanisms, e.g., amplification of EO effect by Mn ions.  
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6.2. Future work 

We presented the studies of CAPs in the Cd0.91Mn0.09Te crystal in Chap. 3, where 

we determined the Mn concentration x and longitudinal sound velocity vs by fitting 

the data to the Schubert model. Similar results could also be obtained for other 

Cd(Mn)Te crystals with various Mn concentrations. 

 Figure 6.1 shows the dispersion relationships of the CAPs in three Cd(Mn)Te 

crystals, with x = 0.01, 0.05, and 0.09. The solid lines are the fits to the data with only 

two free parameters: x and vs. From this limited preliminary results, we observed an x

dependence of vs in Cd(Mn)Te. This phenomenon is of great interest since the value 

of vs is directly related to the structure and elastic properties of the crystals, as 

indicated in Eq. 3-27 [1]. It is also of valuable information to perform the pump-probe 

spectroscopy studies under cryogenic conditions, particularly in the vicinity of the 

temperature where the spin-phase transition occurs [2].  

vs=3.4 103 m/s vs=3.5 103 m/s vs=3.6 103 m/s 

Fig. 6.1. Dispersion relationship of CAPs in three Cd(Mn)Te crystals. The solid line is a theoretical 
fitting to the Schubert model with x and vs two parameters.
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In the Chap. 5, we discussed and proposed that the screening effect of free 

carriers was responsible for the disagreement between the low-frequency EO effect 

and sampling results. As the frequency of the applied AC signal increases, such 

screening effect should be suppressed. Based on the parallel plate capacitor 

approximation, we have 

.AC
d

              (6-1) 

In our experiments, the separation between two transmission lines containing the 

LT-GaAs was about 20 m, and width of crystal was about 2 mm. Therefore A = 20 

m x 2 mm, and d = 20 m. If we take the dielectric constant of the crystal to be 10, 

the effective capacity is 1.6 x 10-13 F. Since the bias voltage is 1 V across the 

transmission line, the charges are 1.6 x 10-13 Coulomb. The total number of charges 

required to effectively screen the external field is 106. If we assume that the low 

frequency field will penetrate into the crystal by 0.1 mm, then the total volume is 20 

m x 2 mm x 0.1 mm. The minimum required carrier density is about 1012 cm-3,

much smaller than the hole concentration of our sample, indicating the effective 

free-carrier screening. The mobility of holes in CdTe at room temperature is about 70 

cm2v-1s-1 [3]. At 1 V bias (separated by 20 m), the drift velocity of the hole is about 

3.5 x 104 cm/s. A simple calculation shows that the frequency of the AC signal must 

be greater than 200 MHz in order to suppress the screening effect. Unfortunately, 
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lock-in amplifiers typically operate at 200 KHz to 2 MHz range, and the setup shown 

in Fig. 4.2 cannot be directly applied. To address this issue, we propose a modified 

double-modulation technique [4], which is shown in Fig. 6.2. Compared to the setup 

in Fig. 4.2, where the signal is oscillating (or modulated) at the frequency  of the 

AC voltage, the probe light is now also modulated at an audio frequency , usually 

by a mechanical chopper. Thus, the signal detected by the photodetector is modulated 

simultaneously at and frequencies. After passing through the high pass 

filter, which eliminates the low-frequency noise, the signal is then mixed with 

down to , using an rf double-balanced electronic mixer. The downconverted 

signal modulated at  is measured using a standard lock-in amplifier. This method 

removes the frequency limitation of the lock-in amplifier, and can be as high as a 

few hundred MHz or even reach a few GHz. 

Fig. 6.2. Schematic setup of the double modulation.  is in rf range, and is in af range. 
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Fig. 6.3. Verdet constant spectrum of CdTe. The signal is measurable only when the amplitude of the 
AC signal is 10 V and analyzer is nearly cross-polarized to the direction of the probe polarization. 

Wavelength (nm)

Finally, it is of great interest to perform the comparison the low-frequency EO, 

MO effect, and sampling experiments on pure CdTe, as well as in Cd(Mn)Te with 

higher Mn concentrations (e.g., 20%) to pinpoint the role of Mn ions. The preliminary 

results shown in Fig. 6.3 indicate that the sign of the Verdet constant in CdTe is 

opposite to that in Cd(Mn)Te (see Chap. 4), and the value is significantly smaller. We 

note, however, that measurable signals were obtained only when the amplitude of the 

AC signal was increased to 10 V and the analyzer was set to near-crossed-polarized to 

the direction of the probe polarization. The latter limits how close to the CdTe 

bandgap we can choose the wavelength of the laser, which is likely the reason why 

there is no strong wavelength dependence of the Verdet constant and the data is so 

scattered.
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