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CYCLOTRON RESONANCE

p.J. Hiton,! T. Arikawa,? anp J. Kono?

Iyniversity of Alabama, Birmingham, AL, USA
2Rice Universily, Houston, TX, USA

INTRODUCTION

Cyclotron resonance (CR) is a method for measuring the
effective masses of charge carriers in solids. It is by far
the most direct and accurate method for providing such
information. In the simplest description, the principle of
the method can be stated as follows. A particle of effective
mass n" and charge ein a DC magnetic field Bexecutes a
. helical motion around B with the cyclotron frequency
w.=eB/m. If, at the same time, an AC electric field of
frequency w = . is applied to the system, perpendicular
to B, the particle will resonantly absorb energy from the
AC field. Since B and/or w can be continuously swept
through the resonance and known 1o a very high degree
of accuracy, m’ can be directly determined with high
accuracy by m' = eB/w.

In crystalline solids, the dynamics of charge carriers
for Bloch electrons) can be most conveniently described
by the use of the effective mass tensor, defined for simple
* nondegenerate bands as

5 1 2E(IO)\
(m),, = (pﬁ) (1,0 = 1-3) (1)

| vhere E = E(k) is the energy dispersion relation near
the band edge (p = hic is the crystal momentum).
| Hence, the primary purpose of CR in solids is to deter-
| mine the components of the effeclive mass tensor, or the
{ tuvature of the energy surface, at the extrema of
{ theconduction and valence bands (or at the Fermi sur-
| fce in the case of a metal). In the 1950s, the first CR
| studies were carried out in germanium and silicon crys-
{ s Dresselhaus et al., 1953, 1955; Lax et al., 1953),
4 Which, in conjunction with the elfective mass theory
1 leg., Luttinger and Kohn, 1955; Luttinger, 1956), suc-
§ ssfully determined the band-edge parameters [or
¥ Bese materials with unprecedented accuracy. Since
§ 0 CR has been investigated in a large number of
| tementary ang compound materials and their alloys
1 Wd heterostructures.
L Quantum mechanically, the energy of a free eleciron
d Magnetic field is quantized as Ey= (N + 1/2) hwe,
§ T®N=0,1,2, ..., coand ha,is called the cyclotron
b ':’;;8)’ -These equally spaced energy levels, or an infinite
Ki €T, are the well-known Landau levels (see, e.g.,
€l, 1987). At high magneltic fields and low tempera-
(7). where I3 T< hwe (I, is the Boltzmann con-
Sant), this magnetic quantization becomes important,
bethR Mmay then be viewed as a quantum (ransition
. C®n adjacent Landau levels (AN=+1).
firea] solids, Landau levels are generally not equally
cdsince the energy dispersion relation, Eversus I,
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is not generally given by a simple parabolic dispersion
relation E(k) = h?|ic|/2m". The degree of nonparaboli-
city and anisoiropy depends on the material, but, in
general, the effective mass is energy dependent as well
as direction dependent. Landau levels for free carriers
in solids cannot be obtained analytically, but several
useful approximation models exist (e.g., Lutlinger,
1956; Bowers and Yalet, 1959; Pidgeon and Brown,
1966). These calculations could be complex, especially
when one is concerned with degenerate bands such as
the valence bands of group 1V, 11I-V, and II-VI semicon-
ductors. However, a detailed comparison between theory
and experiment on quantum CR can provide a critical
test of the band theory of solids (e.g., Suzuki and Hensel,
1974; Hensel and Suzuki, 1974).

As a secondary purpose, one can also use CR to study
carrier scattering phenomena in solids by examining the
scaltering lifetime 1 (the time between collisions, also
known as the collision time or the transport/momenturn
relaxation time), which can be found from the linewidth
of CR peaks. In the classical regime, where most elec-
trons reside in states with high Landau indices, 1 is
directly relaled 1o the static (or DC) conductivity in the
absence of the magnetic field. The temperature depen-
dence of t then shows markedly different characteristics
for phonon scattering, impurity scattering, and scatter-
ing from various imperfections. However, in the quan-
tum regime, where most electrons are in the first few
Landau levels, the effect of the magnetic field on scat-
tering mechanisms is no longer negligible, and r loses its
direct relationship with the DC mobility (for theory, see,
e.g., Kawabata, 1967).

As the [requency of scattering events (or the density of
scatterers) increases, CRlinewidth increases, and, even-
tually, CR becomes unobservable when scattering
occurs oo frequently. More quantitatively, in order to
observe CR, r must be long enough to allow the electron
to travel at least 1/2r of a revolulion between two scat-
tering events, that is:

or

B
i =%iB=uB>1 2)
m m

MeT =

where T, is the period of cyclotron motion and p = et/ nv
is the DC mobility of the electron. Let us examine this CR
observability condition for arealistic sel of parameters. If
m' =0.1mg (Where mp=9.1 x 1073 kg)and B=1T, then
we=eB/m' ~2 x 10'%s™!, Thus, one needs a microwave
field with a frequency of f,=w./27~3 x 10'! Hz=300
GHz (or a wavelength of /. = ¢/f. = 1 mm). Then, in order
to satisly Equation 2, one needs a minimum mobility of
u=1m?/(Vs)=1x 10* cm?/(Vs). This value of mobility
can be achieved only in a limited number of high-purity
semiconductors at low temperatures, thereby posing a
severe limit on the observations of microwave CR.
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From the resonance condition w=w,, it is obvious
that if a higher magnetic field is available (see GENERATION
AND MEASUREMENT oF MAGNETIC FIELDS), one can use a higher
frequency (or a shorter wavelength), which should
make Equation 2 easier to satisfy. Hence, modern CR
methods almost invariably use far-infrared (FIR) (or
terahertz (THz)) radiation instead of microwaves (Kono
and Miura, 2006). Strong magnetic fields are available
either in pulsed form (up to ~10%T) or in steady form by
superconducting magnets (up to ~20T), water-cooled
magnets (up to ~30T), or hybrid magnets (up to ~45T).
In these cases, even at room temperature, Equation 2
may be fulfilled. Here we are only concerned with the
methods of FIR-CR. The reader particularly interested in
microwave CR is referred to Lax and Mavroides (1960).

Although this article is mainly concerned with the
simplest case of free carrier CR in semiconductors, one
can also study a wide variety of FIR magneto-optical
phenomena with essentially the same techniques as
CR. These phenomena (“derivatives” of CR} include:
(a) spin-flip resonances, thatis, electron spin resonance
and combined resonance, (b) resonances of bound car-
riers, that is, internal transitions of shallow impurities
and excitons, (c) polaronic coupling, that is, resonant
interactions of carriers with phonons and plasmons, and
(d) 1D and 2D magnetoplasmon excitations. It should be
also mentioned that in 2D systems in the magnetic
quantum limit, there are still unresolved issues concern-
ing the effects of disorder and electron-electron interac-
tions on CR (for areview, see, e.g., Petrou and McCombe,
1991; Nicholas, 1994).

It is important to note that all the early CR studies
were carried out on semiconductors, not on metals. This
is because of the high carrier concentrations present in
metals, which preclude direct transmission spectros-
copy except in the case of very thin films when the
thickness is less than the depth of penetration (skin
depth of the electromagnetic fields). In bulk metals,
special geometries are thus required to detect CR, the
most important of which is the Azbel-Kaner geometry
(Azbel and Kaner, 1958). In this geometry, both the DC
magnetic field B and the AC electric field E are applied
parallel to the sample surface, either B//E or B L E.
The electrons then execute a spiral motion along B,
moving in and out of the skin depth, where E is present.
Thus, whenever the eleciron enters the skin depth, it is
accelerated by the AC field, and if the phase of E is the
same every time the electron enters the skin depth, then
the electron can resonantly absorb energy from the AC
field. The condition for resonance here is nw.=w (n=1,
2. 3,...). For more details on CR in metals, see, for
example, Mavroides {1972).

Many techniques can provide information on effective
masses, bul none can rival CR for directness and accu-
racy. Effective masses can be estimated from the tem-
perature dependence of the amplitude of the galvano-
magnetic effects, thatis, the Shubnikov-de Haas and de
Haas-van Alphen effects. Interband magneto-optical
absorption can determine the reduced mass p=(1/me
+1/my) ! of photocreated electrons and holes. Mea-
surements of the infrared Faraday rotation effect due to
free carriers can provide information on the anisotropy of

elliptical equi-energy surfaces. The temperature depey,.
dence of electronic specific heat provides a good measyr,e
of the density of levels at the Fermi level, which in tum
is proportional to the effective mass. Nonresonant free
carrier absorption (see CARRER LIFETIME: FREE Carmy
ABSORPTION, PHOTOCONDUCTIVITY, AND PHOTOLUMINESCENCE) cap
be used to estimate effective masses, but this simply
represents a tail or shoulder of a CR absorption curve,
It is worth pointing out here that several different
definitions of effective masses exist in the literature ang
care must be taken when one discusses masses. The
band-edge mass, defined as in Equation 1 at bapd
extrema (e.g., k = Oinmost semiconductors), is the most
important band parameter to characterize a materia],
The specific heat mass is directly related to the density of
states at the Fermi level and is thus also called the
density-of-states mass. The cyclotron mass is defined
asm; = (h?/2n)dA/0E, where Ais the momentum-space
area enclosed by the cyclotron orbit; this definition fol-
lows naturally from calculation of w. in momentum
space. The spectroscopic mass can be defined for any
resonance peak and is identical to the cyclotron mass
when the resonance is due to free carrier CR (also see
Section “Data Analysis and Initial Interpretation”).
The basic theory and experimental methods of
cyclotron resonance are presented in this article. Basic
theoretical background will first be presented (see Sec-
tion “Principles of the Method"). A detailed description
will then be given of the actual experimentation proce-
dures (see Section “Practical Aspects of the Method”).
Finally, typical data analysis procedures are presented
(see Section “Data Analysis and Initial Interpretation”).

PRINCIPLES OF THE METHOD

As described in Section “Introduction,” the basic physics
of CRis the interaction of electromagnetic (EM) radiation
with charge carriers in a magnetic field. Here, more
quantitative descriptions of this physical phenomenon
will be presented, based on (1) a semiclassical model and
(2) a quantum mechanical model. In analyzing CR data,
appropriate combination, modification, and refinement
of these basic models are necessary, depending on the
experimental conditions and the material under study.
in order to obtain the maximum amount of information
from a given set of data.

The most commonly used method for describing the
motion of charge carriers in solids perturbed by exte
fields is the effective mass approximation (EMA), devel:
oped by many workers in the early history of the quan-
tum theory of solids. The beauty of this method lies i0
the ability to replace the effect of the lattice periodi€
potential on electron motion by a mass tensor, the ele-
ments of which are determined by the unperturbed band
structure. In other words, instead of considering €le¢”
trons in a lattice, we may consider the motion of effective
mass particles, which obey simple equations of motionil
the presence of external fields. Rigorous treatments a1
full justification of the EMA can be found in the €ary
original papers (e.g., Wannier, 1937; Slater, 1949
Luttinger, 1951; Luttinger and Kohn, 1955}.
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iclassical Drude Description of CR 1 i
e P P(w) = 5 Eo[*soRe fwr+ 1

In many cases it is satisfactory to use the semiclassical (iwt+ 1) + w22
prude model (e.g., Aschceroft and Mermin, 1976) to

describe the conductivity tensor of free carriers in a ____1.|E0|260|:
magnetic field (see MAGNETOTRANSPORT IN METALS AND 4

AiLovs). In this model, each electron is assumed to inde-

1
+
(w—we)? 2+ 1 (w+we)*12 +1

(7)

pendently obey the equation of motion This is plotted in Figure 1 for different values of the
parameter wct. It is evident from this figure that an
-+ di -0 . - absorption peak occurs when w=w, and w.r> 1.
m- I +m - P e(E+0Ux B) (3) Note that Equation 7 contains two resonances—one
at w = w, and the other at w = —w,. These two resonances
where M is ihe effective mass tensor (see, e.g., Equa- correspond to the two opposite senses ol circular
tion 1 for nondegenerate bands), ¥ is the drift velocily of polarization. It can be shown (see, e.g., Palik and
the electrons, t is the scattering lifetime (which is Furdyna, 1970) that in the Faraday geometry q||B||Z,
assumed to be a constant), E is the AC electric field, and where ¢ is the wavevector of the EM wave, a 3D magne-
B is the DC magnetic field. The complex conductivity toplasma can support only two propagating EM modes
tensor & is then defined via J = nei = ¢ - E, where J is represented by
the current density and n is the carrier density. Assum- - 1 . ]
ing that the AC field and the drift velocity have the E:= Eoﬁ(exiley)exP[l(QiZ—wt)l (8)

harmonically varying form, that is, E(t) = Eoexp(—iwt)

and (t) = Doexp(—iwt), one can solve Equation 3 in a where &, and &, are the unit vectors in the x and y

straightforward manner. In particular, for cubic materi- directions, respectively. The dispersion relations, g.
| als and for Bl|Z||, o is given by versus w, for the two modes are obtained from
wN.
! ~ Oxx Oxy 0 4x = ci (9a)
| 6 =)oy oy O (4a)
‘ 0 0 02z ( 2 .
| Ni =K+ = K T k) (9b)
iwt+1
Oy = Oyy =00——————5——— 4b i i i 1
e (iwt + 1) + w22 (40) ﬁ Ky = Ki+ — O = K+ ﬂ'—-ﬂ:—— (9c)
wEQ weg (fwt + 1)° + w72
i iog WeT
g @B Ky = —Opy = ———————————— (9d
jou T T (iwt+ 1)% + w212 () \ o Y i (iwt+1)% + w212 :
where N; is the complex refractive index, x; is the
1 relative dielectric constant of the lattice {assumed to be
Gzp = 007 (4d)
iwt+1
{ ne?t
— 4
| 00 = nen’— (4e)

Where 4 is the carrier mobility and o, is the DC
tonductivity,

Once we know the conductivity tensor, we can evaluate
the power Pabsorbed by the carriers from the AC field as

Absorption

*

P=(J(1) E(0) = 3Re(J -E) (5)

{ ::Vhere () represents l_he time average and E is the
°mplex conjugate of E. For an EM wave linearly polar-

din the x direction, that is, E = (E,0,0), Equation 5
Simplifies to

1 12 Figure1. The CRabsorpti : for different valu
P=—Re(J.E )=~ Re(gn 6 igure 1. e CR absorption power versus w for different values
(JxEx) 2 [Eol (o) 6) of wet. The traces are obtained from Equation 7. CR occurs at
w=w, when w.> 1. The absorption is expressed in units of

S o
ubstltutlng Equation‘, 4b into Equation 6, we obtain |Eol?a0/4.
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constant in the FIR), and k. and «y, are components of
the generalized dielectric tensor ¥ =k I +(i/weo)a
where I is the unit tensor and ¢ is the conductivity
tensor (Equations 4a—4e). The positive sign corresponds
to a circularly polarized FIR field, rotating in the same
sense as a negatively charged particle, and is tradition-
ally referred to as cyclotron resonance active (CRA) for
electrons. Similarly, the negative sign represents the
opposite sense of circular polarization, cyclotron reso-
nance inactive (CRI) for electrons. The CRA mode for
electrons is the CRI mode for holes, and vice versa. For
linearly polarized FIRradiation, whichisan equal-weight
mixture of the two modes, both terms in Equation 7
contribute to the absorption curve, as represented
in Figure 1.

Quantum Mechanical Description of CR

According to the EMA, if the unperturbed energy-
momentum relation for the band n, E,(p), is known,
then the allowed energies E of a crystalline system per-
turbed by a uniform DC magnetic field B = Vx A (where

A is the vector potential) are given approximately by
solving the effective Schrédinger equation

HF,(F) = En(~ihV+ eA)Fa(F) = EFa(F) (10

Here, the operator E,(—ihV+eA) means that we first
replace the momentum p in the function E,(p) with the
kinematic (or mechanical) momentum # = p + eA (see,
e.g., Sakurai, 1985) and then transform it into an oper-
ator by j — —ihV, The function Fy(F) is a slowly varying
“envelope” wavefunction; the total wavefunction ¢(F)
is given by a linear combination of the Bloch functions
at p = O (or the cell-periodic function), ¥ ,o(F)

W(F) =D Fa(F)no(F) (11)

For simplicity let us consider a 2D electronina conduc-
tion band with a parabolic and isotropic dispersion
E.(P) = Ip|?/2m’ = (p§+p§)/2m'. The Hamiltonian in
Equation 10 is then simply expressed as

S A
Ho=g <=5 (nx+ny) (12)

These kinematic momentum operators obey the follow-
ing commutation relations:

e, ] = [, ny) = ih (13a)
[, my) = [y, ] = [x, 4] =0 (13b)
[, 1y] = —ih? /€ (13c)

where { = (h/ eB)'/? is the magnetic length, which mea-
sures the spatial extent of electronic (envelope) wave-
functions in magnetic fields—the quantum mechanical
counterpart of the cyclotron radius r.. Note the noncom-

mutability between n,and ny (Equation 13c), in contrast
to pxand p, in the zero magnetic field case.

We now introduce the Landau level raising and low-
ering operators

as = \/—%(nx +iny) (14)
for which we can show that
[@-,a+]=1 (15a)
[Ho, Gs] = £hoca: (15b)
Combining Equations 13-15, we can see that a; connects

the state |N) and the states |[N+1) and that Ho=
hoe(@ s a- +1/2), and, hence, the eigenenergies are

E=(N+%)hwc (N=0,1,..) (16)

These discrete energy levels are well known as Landau
levels.

If we now apply a FIR field with CRA (CRI]
polarization (Equation 8) to the system, then, in the

electric dipole approximation, the Hamiltonian
becomes
- 1 - - ~l 9 1 ~2 e —t
H=——= A ~— — -
5o |P+eAt el ot ERe A
=Ho+H (17)

where, from Equation 8, the vector potential for the FIR
field A . is given by

i

Ep
A.=—
* V2iw

Thus, the perturbation Hamiltonian H' is given by

(Ex % 18,)exp(—iwt) (18)

~t e
H = — (meA' x + nyA'iyy)

B0 (. tiny)exp(~iwt)

V2iwm®

_ _E&hko , i 19)
= iwm‘(lai exp(—iwt) . (
We can immediately see that this perturbation, contain-
ing @, connects the state |N) with the states [N £1),50
that a sharp absorption occurs at w = we.

PRACTICAL ASPECTS OF THE METHOD

CR spectroscopy, or the more general FIR magnet?”
spectroscopy, is performed in three distinct Ways,-lasef
magnetospectroscopy ~ (LMS),  Fourier transfor®
magnetospectroscopy (FTMS), and THz time-domal®



magnetospectroscopy (THz-TDMS). The former is mag-
netic-field-dependent spectroscopy and the latter two
are wavelength-dependent spectroscopy. Generally
speaking, LMS and FTMS are complementary. THz-
TDMS is a recently developed method and has unique
features compared to LMS and FTMS.

Narrow spectiral widths and high output powers are
two of the main advantages of lasers. The former makes
LMS suitable for investigating spectral features that
cannot be resolved by using FTMS, and the latter makes
it suitable for studying absorption features in the pres-
ence of strong background absorption or reflection. It is
also much easier to conduct polarization-dependent
measurements by LMS than by FTMS. Moreover, LMS
can be easily combined with strong pulsed magnels.
Finally, with intense and short-pulse lasers such as the
free electron laser (FEL; see, e.g., Brau, 1990), LMS can
be extended to nonlinear and time-resolved FIR
magnetospectroscopy.

On the other hand, FTMS has some significant advan-
tages with respect to LMS. First, currently available FIR
laser sources {except for FELs) can produce only discrete
wavelengths, whereas FTMS uses light sources that
produce continuous spectra. Second, it is needless 1o
say that LMS can only detect spectral features that are
magnetic field dependent, so that it is unable to generate
zero-field spectra. Third, LMS olten overlooks or distorts
features that have a very weak field dependence, in
which case only FTMS can give unambiguous results,
the 1s — 2p _ transition ol shallow neutral donors being
a good example (e.g., McCombe and Wagner, 1975).
Finally, for studying 2D electron systems, spectroscopy
atfixed filling factors, namely, at fixed magnetic fields, is
sometimes crucial.

THz-TDMS has advantages over the above methods.
First, this is a time-domain measurement in contrast to
the above two, which are {requency-domain methods.
THz-TDMS directly measures eleciric field—not the
intensity—of THz radiation in the time domain, which
makes this method a coherent measurement. Both real
and imaginary parls ol the optical constants of the
sample, such as conductivities and dielectric constants,
Can be determined, while only one (real part of conduc-
livity or imaginary part of dielectric constant) is deter-
mined in LMS and FTMS. Second, ultrashort THz pulses
allow us to study ultrafast phenomena in subpicosecond
time resolution. These are the most prominent features
of THz-TDMS, which cannot be achieved by LMS or
FTMS (Nuss and Orenstein, 1998; Mittleman, 2002;
Sakai, 2005). In addition, THz-TDMS can study a wide
Tange of frequencies from 0.1THz (3mm) to 100THz
Bum) with a well-defined polarization and provide
strong electric fields for nonlinear optical speciroscopy.

In this section, after briefly reviewing FIR sources,
these three modes of operation—LMS, FTMS, and THz-

MS—will be described in detail. In addition, short

€Scriptions of two other unconventional methods—

€ross-modulation (or photoconduclivity), in which the

Sample jtseif is used as a detector, and optically detected

T®Sonance (ODR) spectroscopy, which is a recently

€veloped, highly sensitive method—will be provided.
]
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For the reader interested in a detailed description of FIR
detectors and other FIR techniques, see, for example,
Kimmitt (1970), Stewart (1970}, and Chantry (1971).

Far Infrared Sources

The two “classic” sources of FIR radiation commonly used
in FTMS are the globar and the Hg arc lamp. The globar
consists of arod of silicon carbide usually ~2 cm long and
0.5cm in diameter. It is heated by electrical conduction;
normally S5A is passed through it, which raises ils tem-
perature to ~1500 K. The globar is bright at wavelengths
between 2 and 40um, but beyond 40 um its emissivity
falls slowly, although it is still sufficient for spectroscopy
up to ~100 pm. The mercury lamp has higher emissivity
than the globar at wavelengths longer than 100 pum. It is
normally termed a “high-pressure” arc, although the
actual pressure is only 1-2atm. (Low-pressure gaseous
discharges are not useful here because they emit discrete
line spectra.) It is contained in a fused quartz inner
envelope. Al the shorter wavelengths of the FIR, quariz
is opaque, but it becomes very hot and emits thermal
radiation. At the longer wavelengths, radiation from the
mercury plasma is transmitled by the quariz and
replaces the thermal radiation. Originally used by
Rubens and von Baeyer (1911), the mercury arc lamp
is still the most widely employed source in the FIR.
Four types of laser sources currently available to FIR
speclroscopists are molecular gas lasers, the FEL, the p-
type germanium laser, and the quantum cascade laser.
The most frequently used among these are the hundreds
of laser lines available from a large number of molecular
gases. The low-pressure gas consisling of HCN, H,0,
D50, CH30H, CH4CN, etc., flows through a glass or
melal tube, where population inversion is achieved
either through a high-voltage discharge or by optical
excitation with a CO, laser. Output powers range from
a few microwatls Lo several hundred milliwatls, depend-
ing on the line, gas pressure, pumping power, and
whether continuous or pulsed excitation is used. The
FEL, first operated in 1977, is an unusual laser source
that converts the kinetic energy of free electrons to EM
radiation. It is tunable in a wide range of frequencies,
from millimeter to ultraviolet. An FEL consists of an
electron gun, an accelerator, an oplical cavitly, and a
periodic array of magnets called an undulator or wiggler.
The wavelength of the outpul optical beam is determined
by (1) the kinetic energy of the incident electrons, (2) the
spatial period of the wiggler, and (3) the strength of the
wiggler magnets, all of which are continuously tunable.
With FEL's enormously high peak powers (up to ~1 GW)
and short pulse widths (down to ~200 {s), a new class of
nonequilibrium phenomena is currently being explored
in the FIR. The p-Ge laser is a tunable solid-state FIR
laser (for a review, see Gornik, 1991; Pidgeon, 1994).
Its operation relies on the fact that streaming holes in
the valence band in crossed strong electric and magnetic
fields can result in an inverted hot-carrier distribu-
tion. Two different lasing processes, employing light
hole-light hole and light hole-heavy hole transitions,
respectively, have been identified (the former is the first
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realization of a CR laser). The lasing wavelength is con-
tinuously tunable, by adjusting the electric and mag-
netic fields. Lasing in a wide spectral range (75-500 um)
with powers up to almost 1W has been reported. The
quantum cascade laser (Capasso et al., 2002) was ini-
tially developed for the mid-infrared range, but its wave-
length range has been recently extended to the far infra-
red/THz (Williams, 2007), opening up new possibilities.
Its compactness is ideal for experimental setups for
which space is limited, and its spectral and intensity
stabilities have been shown to be adequate for CR stud-
ies (Larrabee et al., 2004).

The remarkable advances in high-speed optoelec-
tronic and NIR/visible femtosecond laser technology
have enabled generation and detection of ultrashort
pulses of broadband coherent FIR radiation (more fre-
quently referred {o as THz radiation or “T rays” in this
context), which gave birth to THz-TDMS. There are sev-
eral generation methods (Mittleman, 2002; Sakai, 2005)
for T-rays. Hertzian dipole radiation from a transient
photocurrent induced by femtosecond laser pulses in a
photoconductive (PC) antenna is one of the most widely
used methods. Low-temperature-grown GaAs is fre-
quently used as the substrate of the PC antenna due
to its excellent properties. The other common method is
an optical rectification of femtosecond laser pulses using
nonlinear crystals (e.g., ZnTe and GaP). These methods
can typically provide THz radiation pulses containing
frequencies from ~0.1 to ~3THz. Recent advances in
THz air photonics, which uses air (nitrogen) or several
types of gases (e.g., xenon, alkanes, etc.) as emitters and
detectors, provide broader bandwidths up to ~30THz
(Ho et al., 2010). For higher frequencies up to 100 THz,
NIR/visible laser pulse as short as 10fs is used for the
optical rectification in GaSe and LilO3 crystal (Huber
et al., 2008). Owing to the recent breakthroughs in the
development of Cherenkov-type optical rectification in
lithium niobale crystals, strong THz electric fields as
high as 100kV/cm can be generated and used for the
nonlinear THz spectroscopy (Hebling et al., 2010).

Fourier Transform FIR Magnetospectroscopy

A Fourier transform spectrometer is essentially a
Michelson-type two-beam interferometer, the basic
components of which are collimating optics, a fixed
mirror, a beam splitter, and a movable mirror. The basic
operation principle can be stated as follows. IR radiation
emitied from the light source is divided by the beam
splitter into two beams with approximately the same
intensity. One of the beams reaches the fixed mirror,
and the other reaches the movable mirror. The two
beams bounce back from the two mirrors and recombine
at the beam splitter. When the movable mirror is at the
zero-path-difference (ZPD) position, the output of the
light intensity becomes maximum, since the two beams
constructively interface at all wavelengths. When the
path difference, x, measured from the ZPD position is
varied, an interference pattern as a function of x, called
aninterferogram, is obtained, which is the Fourier trans-
form of the spectrum of the, light passing through the

-

interferometer. Hence, by taking the inverse Fourier
transform of the interferogram using a computer, ope
obtains the spectrum.

Two different types of FT spectrometers exist:
(1) “slow-scan” (or step-scan) and (2) “fast-scan” spectro-
meters. In a slow-scan FT spectrometer, a stepping
motor drives the movable mirror. A computer controls
the step size in multiples of the fundamental step size,
the dwell time at each mirror position, and the tota]
number of steps. The product of the step size and the
number of steps determines the total path difference,
and, hence, the spectral resolution. A mechanical chop-
per (see Fig. 2) usually chops the FIRbeam. The AC signa)
at this frequency from the detector is fed into a lock-in
amplifier and the reference signal from the chopper into
the reference input of the lock-in amplifier. The data
acquisition occurs at each movable mirror position, and,
thus, an interferogram is constructed as the magnitude
of the output versus the position of the movable mirror,
Computer Fourier analysis with a fast Fourier transform
{(FFT) algorithm converts the interferogram into an inten-
sity versus frequency distribution—the spectrum.

Rapid-scan FT spectrometers operate quite differ-
ently, although the basic principles are the same. The
movable mirror of a rapid-scan FT machine is driven ata
constant velocity. Instead of using a mechanical chop-
per, the constant velocity of the mirror produces a sinu-
soidal intensity variation with a unique frequency for
each spectral element w. The modulation frequency is
given by 9 = 2Vw, where Vis the velocity of the mirror.
High precision of parallel alignment between the two
mirrors and the constant velocity of the moving mirror
is provided in situ by a dynamic feedback controlling
system. The signal sampling takes place at equally
spaced mirror displacements and is determined by the
fringes of an He-Ne laser reference.

A slow-scan FTMS system for transmission CR stud-
ies is schematically shown in Figure 2. FIR radiation
generated by an Hg arc lamp inside the spectrometer is
coupled out by a Cassegrain output mirror and guided
through a 3/4-in. {“oversized”) brass light pipe to a 45°
mirror. The beam reflected by the mirror is then directed
down and passes through a white polyethylene window
into a sample probe, which consists of a stainless steel
light pipe, a sample holder/heater/temperature sensor
complex, metallic light cones, and a detector. The probe
is sealed by the white polyethylene window and a stain-
less steel vacuum jacket, and inserted into a supercon-
ducting magnet cryostat. The beam is focused by &
condensing cone onto the sample located at the end of
the light cone at the center of the field. A black polyeth-
ylene filter is placed in front of the sample in order to filter
out the high-frequency part (>500 cm ) of the radiatio?
from the light source. The FIR light transmitted thr ough
the sample is further guided by light pipe/light coB€
optics into a detector, which is placed at the bottom ©
the light pipe system, far away from the center of the
magnet. If a cancellation coil is available, the detector 3
placed at the center of the cancellation coil where B=*"
The sample and detector are cooled by helium exchang®
gas contained in the vacuum jacket of the probe-
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Figure 3a and b shows a typical interferogram and
spectrum, respeclively. The spectrum obiained contains
not only the spectral response (transmiltance in this
case) of the sample but also the spectral response of
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Figure2. Schematicdiagram ofan experi-
mental setup for CR studies with a (step-
scan) Fourier transform spectrometer.

combined effects of any absorption, [iltering, and reflec-
tion when the light travels from the source to the detec-
lor, in addition to the output intensity spectrum of
the radiation source. Therefore, in most experimental
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Figure 3. (a) An interferogram obtained with the FTMS setup shown in Figure 2. (b) Spectrum

obtained after Fourier transforming the interferogram in (a). This spectrum contains the output

intensity spectrum of the Hg arc lamp, the spectral response of all the components between the

source and the detector (fillers, light pipes, light cones, ete.), the responsivity spectrum of the

detector (Ge:Ge extrinsic photoconductor), as well as the transmission spectrum of the sample.
3
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situations, spectra such as those obtained in Figure 3b
are ratioed to an appropriate background spectrum
taken under a different condition such as a different
magnetic field, temperature, optical pumping intensity,
or some other parameter that would only change the
transmittance of the sample. In CR studies, spectra are
usually ratioed to a zero magnetic field spectrum. In this
way all the unwanted field-insensitive spectral struc-
tures are canceled out.

Laser FIR Magnetospectroscopy

LMS is generally easier to carry out than FTMS, although
the experimental setup is almost identical to that of
FTMS (the only difference is that the FT spectrometer
is replaced by a laser in Fig. 2). This is partly because of
the high power available from lasers compared with
conventional radiation sources employed in FTMS, and
also because mathematical treatments of the recorded
data are not required. The data acquisition simply con-
sists of monitoring an output signal from the detector
that is proportional to the amount of FIR light transmit-
ted by the sample while the magnetic field is swept. The
signal changes with magnetic field, decreasing reso-
nantly and showing minima at resonant magnetic fields
(see Fig. 4). Only magnetic-field-dependent features can
thus be observed. If the laser output is stable while the
field is being swept, no ratioing is necessary.

A very important feature of LMS is that it can easily
incorporate pulsed magnets, thus allowing observations
of CRat very high magnetic fields (see Miura, 1984; Kono
and Miura, 2006). Pulsed magnetic fields up to 40-60T
with millisecond pulse durations can be routinely pro-
duced at various laboratories. Stronger magnetic fields
in the megagauss (1 MG = 100T) range can be also gen-
erated by special destructive methods (see, e.g., Herlach,
1984) at some institutes. These strong fields have been
used to explore new physics in the ultraquantum limit
(see, e.g., Herlach, 1984; Miura, 1984) as well as to
observe CR in wide-gap, heavy-mass, and low-mobility
materials unmeasurable by other techniques (see, e.g.,
Kono et al., 1993). The cyclotron energy of electrons in
megagauss fields can exceed other characteristic ener-
gies in solids such as binding energies of impurities and
exciton-optical phonon energies, plasma energies, and
even the fundamental bandgap in some materials, caus-
ing strong modifications in CR spectra.

An example of megagauss CR is shown in Figure 4.
Here, the recorded traces of the magnetic field pulse and
the transmitted radiation from an n-type silicon carbide
sample are plotted in Figure 4a. The transmitted signal is
then plotted as a function of magnetic field in Figure 4b.
The 36-um line from a water-cooled H,O vapor pulse
laser and a Ge:Cuimpurity photoconductive detector are
used. The magnetic field is generated by a destructive
single-turn coil method (see, e.g., Herlach, 1984), in
which one shot of large current (~2.5MA) from a fast
capacitor bank (100 kJ, 40kV) is passed through a thin
single-turn copper coil. Although the coil is destroyed
during the shot due to the EM force and the Joule heat,
the sample can survive a number of such shots, so that

(a) 250 LA S (N B I S B BN BN L AL L BN SN L AL A N B e g
200
150}

100}

Magnetic field (T)

501

(b) 120
100

80

Relative transmission (%)

60 | T :

L T 4

- 1 g

w0l W (2) S

20+ 1

0 ......... | TR S ST SR S S} | SR ST S 'Y ettt
0 50 100 150

Magnetic field (T)

Figure 4. Example of CR with a laser in very high puised
magnetic fields. (a) FIR transmission and magnetic field 85
functions of time. (b) Replot of the transmission signal as 2
function of magnetic field where the two traces arise from the
rising and falling portions of the field strength shown in (a). Dat2
obtained for n-type 3C-SiC.

repeated measurements can be made on the same sam-
ple. The resonance absorption is observed twice it one
pulse, in the rising and failing slopes of the magnetic
field, as seen in Figure 4. It should be noted that the
coincidence of the two traces (Fig. 4b) confi™
a sufficiently fast response of the detector system-
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THz Time-domain Magnetospectroscopy

THz-TDMS requires a rather complicated optical system
compared to LMS and FTMS. Figure 5 shows a typical
experimental setup utilizing ZnTe as an emitter and
detector. The NIR/visible femtosecond laser beam is
split into two by a beam splitter (BS). The majority of
the pulse energy is directed into one of these two beams
and is used to generate THz pulses via optical rectifica-
tion. THz pulses are focused to a frequency-independent
beam waist at the sample al the center of the super-
conducting magnet by the first and second parabolic
mirrors (PM1 and PM2), and the transmitted THz pulses
are again focused to a frequency-independent waist at
the ZnTe detector crystal by the third and fourth para-
bolic mirrors (PM3 and PM4).

Direct electric field detection is accomplished using
electro-optic sampling. This technique resolves the
amplitude and phase of the THz field in the time domain
using a portion of the NIR/visible laser pulse. The bire-
fringence of the ZnTe crystal induced by the THz electric
field rotates the linear polarization of the time-delayed
Probe pulse, which is measured using a polarization
analyzer. The rotation angle and the direction of the
Totation correspond (o the THz electric field amplitude
and sign, respectively, al the value of the THz-probe
Pulse delay. By scanning the arrival time of the probe
Pulse using a delay stage, the whole electric field wave-
form s recorded as a function of time. as shown in
Figure 6. In most cases, the laser pulse generaling the
THz pulse is modulated by an optical chopper (low fre-
quency ~1kHz) or an acousto-optic modulator (high
®quency ~50 MHz) for lock-in detection. By Fourier

sforming the time-domain data, the power spectrum
and the phase in the frequency domain can be obtained
(Fig. 7a—¢).

An €xample of time-domain CRin a high-mobility two-

ensional electron gas (2DEG) is shown in Figure 6

ang et aj,, 2007, 2010). Small-amplitude coherent

“Cillations are seen in the waveform in the presence
oa Magnetic field, which become clear by subtracting
€0Twaveform. The oscillations are dueto CR, and the
rEquerlcy maltches the CR frequency. In the frequency

9Main, one can see a clear dip (absorption) and disper-

i

sion at the CR frequency in the amplitude ratio and
phase difference between the waveform data with and
that without a magnetic field, respectively (Fig. 7b and ¢).
Through data analysis (see Section “Data Analysis and
Initial Interpretation”), both real and imaginary parts of
the conductivity can be experimentally determined
(Fig. 7d). Solid curves (theory) in Figure 7d are fitting
by Equation 4b.

Cross-Modulation (or Photoconductivity)

It is well known that the energy transferred from EM
radiation to an electron system due to CR absorption
induces significant heating in the system (free carrier or
Drude heating). This type of heating in turn induces a
changeinthe conductivity tensor (e. g..anincreasein1/z
or m’), which causes (third-order) optical nonlinearity
and modulation at other frequencies, allowing an obser-
vation of CR at a second frequency. Most conveniently,
the DC conductivity o{w= 0) shows a pronounced
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Figure 6. THz waveforms transmitted through a high-mobility
2DEG in GaAs single quantum well at (a) OT and (b) 1.28T at
2 K. The cyclotron oscillations induced by the magnetic field
(c) are isolated by subtracting (a) from (b) (Wang et al., 2007).
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change at a resonant magnetic field. This effect is known
as cross-modulation or CR-induced photoconductivity,
and has been described as a very sensitive technique to
detect CR{Zeigeret al., 1959; Lax and Mavroides, 1960).
The beauty of this method is that the sample acts as its
own detector, so that there is no detector-related noise.
The disadvantage is that the detection mechanism(s) is
not well understood, so that quantitative lineshape
analysis is difficult, uniike direct absorption. Either
a decrease or increase in conductivity is observed,
depending on a number of experimental conditions.
Although many suggestions concerning the underlying
mechanism(s) have been proposed, a complete under-
standing has been elusive.

Contrary to the situation of CR, which is a free carrier
resonance, the mechanism of photoconductivity due to
bound carrier resonances is much more clearly under-
stood (see CARRIER LIFETIME: FREE CARRIER ABSORPTION PHOTO-
CONDUCTIVITY, AND PHOTOLUMINESCENCE). For example, a reso-
nani absorption occurs due to the 1s to 2p hydrogenic
impurity transition in zero magnetic field in GaAs.
Although the 2p state is below the continuum, an electron
in the 2p state can be thermally excited into the conduc-
tion hand, increasing conductivity (photothermal ioniza-
tion). Other p-like excited states also can be studied in this
manner, and these states evolve with increasing magnetic
fields. As a result, one can map out the hydrogenic spec-
trum of the GaAs impurities simply by studying the pho-
toconductivity of the sample. Since thisis a null technique
(i.e., there is photoresponse only at resonances), it is
much more sensitive than transmission studies.

Optically Detected Resonance Spectroscopy

Recently, a great deal of development work has cen-
tered on a new type of detection scheme, ODR spec-

troscopy in the FIR. This novel technique possesses
several significant advantages over conventional CR
methods, stimulating considerable interest among
workers in the community. With this technique, FIR
resonances are detected through the change in the
intensity of photoluminescence (PL; see CARRIER Lire-
TIME: FREE CARRIER ABSORPTION, PHOTOCONDUCTIVITY, AND
ProroLumiNEscENCE) while the magnetic field is swept,
rather than measuring FIR absorption directly. This
technique, originally developed for the microwave
region, was extended to the FIR by Wright et al
(1990) in studies of epitaxial GaAs, and subsequently
by others. Remarkable sensitivity in comparison with
conventional FIR methods has been demonstrated in
studies of CR (e.g., Ahmed et al., 1992), impurity tran-
sitions (Michels et al., 1994; Kono et al., 1995), and
internal transitions in excitons (Cerne et al., 1996
Salib et al., 1996). Since carriers are optically created,
ODR enables detection of CR in “clean” systems withno
intentional doping, with increased scattering time, and
in materials for which doping is difficult. Furthermore,
with ODR it is possible to select a specific PL featurein
the spectrum, among various band-edge features, as
the detection “channel.” It is then possible to use the
specificity of the FIR spectrum to obtain information
aboutrecombination mechanisms and the interactions
that give rise to the various lines.

Figure 8a is a schematic of the experimental appara:
tus used for an ODR study (Kono et al., 1995). The
sample is mounted in the Faraday geometry in an F!
light pipe at the center of a 9-T superconducting magnet
cooled to 4.2 K. PL s excited with the 632.8 nm line of "
He-Ne laser via a 600-um-diameter optical fiber. The
signals are collected with a second 600-um fiber, al
analyzed with 0.25-m single-grating spectrometer/
diode detector combination. A CO,-pumped FIR 1a5¢f



(@)
Laser power
supply
[

O, laser
FIR laser

-~~*| Spectrometer
He-Ne Laserf---»--- |
" Detector|

Reference

Drive

y
¥ o Power
M —m supply
Magnet

()

i —— Sample

Figure 8. (a) Schematic diagram of an experimental setup for
ODR Spectroscopy. (b} Diagram of the FIR light cone, sample,
and optical fiber arrangement used.

1S used to generate FIR radiation. The FIR laser power
SUpply is chopped with the lock-in amplifier referenced
to this chopped signal. A computer is used to simulta-
Neously record the magnetic field values and the
detected changes in the PL, and to step the monochro-
Malor to follow the center of the desired PL peak as it
;}Ems Wlth the magnetic field. Two scans of the change in
; Intensity as a function of magnetic field (ODR signal)
ranFiRlaserlineof 118.8 umare presented in Figure 9.
€ upper trace shows a positive change (i.e., increase)
. € intensity of the free exciton PL from a well-center-
sh(I:\:,d GaAs quantum well, whereas the lower trace
S a negative change (i.e., decrease) in the intensity
€ bound exciton luminescence, demonstrating
T&o:al Specificity. For both scans, four different FIR
o an(fes are clearly seen with an excellent signal-to-
~eratio (the sharp feature near 6T is the electron CR,
the other features pre donor-related features).
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Figure9. Two ODR spectra for a well-center-doped GaAs quan-
tum well at an FIR wavelength of 118.8 ym. The upper trace
shows a positive change in the intensity of the free exciton PL,
whereas the lower trace shows a negative change in the intensity
of the bound exciton luminescence, demonstrating the spectral
specificity of ODR signals.

DATA ANALYSIS AND INITIAL INTERPRETATION

Alter minimizing noise to get as clean a spectrum as
possible, and making sure that the spectrum is free from
any artifacts and multiple-rellection interference effects,
one can analyze resonance “positions” (i.e., magnetic
fields in LMS and frequencies in FTMS or THz-TDMS).
For eachresonance feature, an effective mass nm" in units
of mg (free electron mass in vacuum) can be obtained in
different unit systems as follows:

m’ _ eB 0.1158 B[T] 09337 B[T|
mo mew  hw[meV] | blem-]
(20)
27.99-B[T] _ i
== FioHg - = 9387 BIT - [m|

Note that one can obtain an effective mass (a spectro-
scopic mass) for any resonance. For example, for the
resonances (1) and (2) for SiC in Figure 4b one can obtain
m; =0.247mgand my = 0.406my,, and for the resonances
(a}—(d) for doped GaAs quantum wells in Figure 9 one can
obtain m, =0.023my, my, = 0.044my, my= 0.069mg, and
mg =0.079my, irrespective of their origins. However, the
spectroscopic mass is identical to the cyclotron mass
only when the feature is due to [ree carrier CR; bound
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carrier resonances, such as the donor-related features in
Figure 9, have different spectroscopic masses at differ-
ent frequencies/fields. Hence, one needs to know which
spectroscopic feature(s) arises from free carrier CR. This
can be found by two methods: temperature dependence
and magnetic field {or frequency) dependence.

Examining the temperature dependence of a spectral
feature is the easiest way to check the origin of the
feature. As a rule of thumb, features associated with
bound carriers increase in intensity with decreasing
temperature at the expense of free carrier resonances.
This is because in bulk semiconductors with dopinglevel
below the Mott condition, free carriers freeze out onto
impurities, leaving no electrical conductivity at the low-
est temperature. Thus, free carrier CR grows with
increasing temperature, but it broadens with the result-
ing increase of carrier scattering.

A more stringent test of whether a particular feature
originates from CR is the response of its frequency ver-
sus magnetic field. In the case of LMS, one can take data
only at discrete frequencies, but in the case of FTMS or
THz-TDMS one can generate a continuous relationship
between frequency and magnetic field. This is one of
the advantages of FTMS and THz-TDMS over LMS as
discussed earlier. Therefore, LMSis usually performed to
study, at a fixed wavelength with a higher resolution than
FTMS and with circular polarizers, if necessary, those
spectral features whose magnetic field dependence is
already known by FTMS. The resonance frequency ver-
sus magnetic field thus obtained for CR should show a
straight line passing through the origin, if the nonpar-
abolicity of the material is negligible and there are no
localization effects (e.g., Nicholas, 1994). The slope of
this straight line then provides the spectroscopic mass,
which is constantand identical to the cyclotron mass and
is also equal to the band-edge mass in this idealized
situation. In the case of a nonparabolic band, the cyclo-
tron mass gradually increases with magnetic field.
This means that the slope versus magnetic field for CR
becomes smaller (i.e., the line bends down) with increas-
ing magnetic field.

Impurity-related lines, on the other hand, extrapolate
to finite frequencies at zero magnetic field, correspond-
ing to the zero-field binding energies of impurities. Dif-
ferent transitions have different slopes versus B, but all
transitions originating from the same impurity atoms
converge to an approximately common intersect at zero
field. The most dominant donor-related line, the 1s to 2p
transition, is sometimes called impurity-shifted CR
(ICR). This is because its slope versus B becomes nearly
equal to that of free electron CR in the high-field limit,
that is, hw. 3> R, where R} is the binding energy of the
impurity at zero field (McCombe and Wagner, 1975).

In many cases, multiple CR lines are observed in one
spectrum (see, e.g., Dresselhaus et al.,, 1955; Otsuka,
1991; Petrou and McCombe, 1991; Nicholas, 1994). This
generally indicates the existence of multiple types of
carriers with different masses. Possible origins include:
multivalley splitting in the conduction band, light holes
and heavy holes in the valence band, splitting due to
resonant electron-phonon coupling, nonparabolicity-

5

1
[

induced spin splitting, Landau level splitting (see Theogy
oF MAGNETIC PHasE TransiTIONs), and population of two syh.
bands in a quantum well. Explanation of each of these
phenomena would be beyond the scope of this article,

As discussed in Section “Introduction,” CR linewidty
is a sensitive probe for studying carrier scattering phe-
nomena. In general, the linewidth of a CR line is relateg
to the scattering lifetime, and the integrated absorptioy
intensity of a CR line is related to the density of carrierg
participating in CR. Thus, if the carrier density ig
constant, the product of absorption linewidth ang
depth is constant, even though the width and depth
are not individually constant. More quantitatively, if the
observed lineshape is well fitted by a Lorentzian, in the
small absorption and reflection approximation it may
be compared with

dne?t 1
72

T(w, B) 1
———~=1-A(w,B)=1-=
T(w,0) (w, B) 2 CEOK|1

m' 1+ (0—w)*2
(21)

where T is the intensity transmission coefficient, A is
the corresponding absorption, dis the sample thickness,
c is the speed of light, and the other symbols have been
defined earlier. The half-width at half-maximum
(HWHM) is thus equal to 1 /7. The peak absorption depth
gives an estimate of the carrier density. For a more
detailed and complete description on carrier transport
studies using CR, see Otsuka (1991).

The detected signal in a THz-TDMS experiment is the
electric field of the transmitted waveform as a function of
time and magnetic field, E(t, B). This is different from
both FTMS and LMS, where the detected signal is a
frequency- and field-dependent quantity. Calculating
the frequency spectra, E(w, B), in THz-TDMS is typically
done using FFT algorithms; these are widely availablein
most mathematical packages (e.g.. MATLAB, Maple,
Igor, Mathematica, Microsoft Excel).

The frequency resolution of the acquired transmis-
sion coefficient is determined by the temporal window,
W, of the acquired time-domain waveform. A narrow
spectral feature (as in Equation 21) would result in a
time-domain feature with a temporal lifetime, %
inversely proportional to the frequency linewidth, ov.
If the acquisition window is smaller than the temporal
lifetime (W < 14), the recovered frequency linewidth, v, is
limited by the measurement apparatus and does
not correctly determine the material parameter. The
minimum temporal window should be much longer than
the decay lifetime expected for the sample to ensuré
multiple frequency samples within the spectral feature
of interest.

The frequency window, Av, is likewise determined by
the acquisition of the THz waveform in the time domain:
in this case, the highest frequency is limited by the
inverse of the temporal step size, ét. High frequency
content in the THz waveform will necessarily appear
as rapidly changing features in the time domain. The
Whittaker-Shannon sampling theorem requires 2 min-
imum sampling interval of §t< ! /,Av ! to ensure propef
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recovery of the actual waveform from the sampled daita
(Goodman, 1996).

Phase-sensitive detection is a critical difference
between THz-TDMS and FTIR techniques. In FTIR, the
phase is typically recovered by performing a broadband
measurement of the sample amplitude transmission
coefficient, Tlw, B), and using the well-known Kramers—
Kronig relations (Born and Wolf, 1999) to calculate the
corresponding phase, ¢(w, B). Because the detection
schemes described in the prior section measure the
electric field (both amplitude and phase) of the trans-
mitted THz pulses directly, the calculated FFT of the
waveforms is the full complex frequency spectrum
(amplitude and phase). The amplitude and phase of the
transmission coefficient result directly from the THz
transmission measurement using THz-TDMS, as
described in the prior section (see the discussion in
Section "Practical Aspects of the Method”).

Because the detection scheme is phase sensitive,
elements of the complex magnetoconductivity tensor
of the sample can be directly recovered. If the input
polarization is linearly polarized along the x direction
(as is the case in many ZnTe-based systems), the trans-
mitted THz field is, in general, elliptically polarized. The
component of the transmiited polarization parallel {0 the
input polarization (Er,) is determined by the on-diagonal
element of the conductivity tensor, while the Cross-
polarized component (Ery) is dependent on the off-
diagonal element of the complex magnetoconductivity
tensor. In the thin-film approximation, the complex
field transmission coefficient, tw, B), is given by

E(w,B) 2n
E(»,0) " 2n+ Zya(w, B)

U(w, B) = (22)

Where Z, = 3770, nis the refractive index of the sample,
and o{w, B) is the complex magnetoconductivity tensor
fNuss and Orenstein, 1998). The determination of the
full complex transmission coefficient (both amplitude
and phase) permits the direct recovery of the relevant
complex magnetoconductivily element.

SAMPLE PREPARATION

Cyclotron resonance does not require any complicated
Sample preparation unless it is combined with other
Sperimental techniques. The minimum sample size
'®quired depends on the design of the FIR optics used,
thatis, how tightly the FIR beam can be focused onto the
Sample, Highly absorptive samples and samples with
gh carrier concentrations need to be polished down so
that they are thin enough for transmission studies. In
Sand FTMS, wedging the sample substrates 2-3° js
I‘ecﬂSSary lo avoid multiple-reflection interference
tllects, Choosing the right sample is crucial for the
SUccess ofa CR study. Samples with the highest possible
€r mobility are always preferable, if available. The
Mobility and density (see Conbucrivity MEASUREMENT)

Provide a rough estimate for the CR lineshape
Ccted.
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PROBLEMS

Generally speaking, the FIR (or THz) frequency regime,
where CR is usually observed, is a difficult spectral
range in which to carry out sophisticated spectroscopy.
Thisrangelies in the so-called “"technology gap” existing
between electronics (<100 GHz) and optical (>10THz)
frequencies. The well-developed NIR/visible technol-
ogy does not extend to this range; sources are dimmer
and detectors are less sensitive, In addition, because of
the lack of efficient nonlinear crystals, there exist no
amplitude or phase modulators in the FIR, except for
simple mechanical choppers. Therefore, in many
experiments, one deals with small signals having large
background noise. In steady-state experiments with a
step-scan FT spectrometer, lock-in techniques are
always preferable. Modulating a property of the sample
that only changes the size of the signal of interest—for
example, modulating the carrier density with tunable
gate electrodes—has proven to be a very efficient way o
detect small signals. The cross-modulation (or photo-
conductivity) techniqueisalso frequently used to detect
small signals since it is a very sensilive method, as
discussed earlier.
Aside from this signal-to-noise problem inherent in
the FIR, there are some additional problems that CR
spectroscopists might encounter. A problem particu-
larly important in bulk semiconductors is the carrer
[reeze-out effect mentioned earlier. In most semiconduc-
lors, low-temperature FIR magnetospectra are domi-
nated by impurity transitions, At high temperatures,
free carriers are liberated [rom the impurities, but at the
same time CR often becomes (oo broad to be observed
because of the increased scattering rate. Thus, one has
to be careful in choosing the right lemperature range to
study CR. In very pure semiconductors, the only way to
get any CR signal is by optical pumping. In Si and Ge,
whose carrier lifetimes are very long (approximately
milliseconds in high-quality samples), one can create
a large number of carriers sufficient for steady-state FIR
absorption spectroscopy. In direct-gap semiconductors
such as GaAs, carrier lifetimes are very short (<1 ns), so
that it is nearly impossible to create enough carriers for
steady-state FIR experiments, although short-pulse
NIR-FIR two-color Spectroscopy with an FEL is able 1o
capture transient FIR absorption by photocreated non-
equilibrium carriers. In low-dimensional semiconductor
systems, so-called modulation doping is possible, where
carriers can be spatially separated from their parent
impurities so that they do not freeze out even at the
lowest temperature.

The use of a strong magnet introduces a new class of
problems. As we have seen above, inall CRstudies, in the
form of FTMS, THz-TDMS, or LMS, the transmission
through the sample at finite magnetic field is compared
with the transmission at zero magnetic field. The success
of this ratioing relies on the assumption that it is only the
sample that changes transmissivity with magnelic field.
If anything else in the system changes some property
with magnetic field, this method fails. Therefore, great
care must be taken in order to make sure that no optical
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components have magnetic-field-dependent character-
istics, that the FIR source and detector are not affected
by the magnetic field, and that no component moves with
magnetic field.
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This seminal article is still a useful reference not only for CR
spectroscopists but also for students beginning to study
semiconductor physics. Both experimental and theoretical
aspects of CR in solids as well as the band structure of these
two fundamental semiconductors (Si and Ge) are described in
great detail.
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on magneto-optical and magnetotransport phenomena in
bulle semiconductors and low-dimensional semiconductor
quantum structures.

Lax and Mavroides, 1960. See above.

This review article provides a thorough overview on early, pri-
marily microwave, CR sludies in the 1950s. A historical
discussion is given also of CR of electrons and ions in ionized
gases, which had been extensively investigated before CR in
solids was first observed.

McCombe and Wagner, 1975. See above.

Describes a wide variety of far infrared magneto-optical phe-
nomena observed in bulk semiconductors in the 1960s and
1970s. Detailed descriptions are given to basic theoretical
Jormulations and experimental techniques as well as exten-
sive coverage of experimental results.
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INTRODUCTION

Mossbauer spectrometry is based on the quantum
mechanical “Mossbauer effect,” which provides a non-
intuitive link between nuclear and solid-state physics.
Méssbauer spectrometery measures the spectrum of
energies al which specific nuclei absorb y rays. Curi-
ously, for one nucleus to emit a 7 ray and a second
nucleus lo absorb it with efficiency, the atoms contain-
ing the two nuclei must be bonded chemically in solids. A
young Rudolf Méssbauer observed this efficient ;-ray
emission and absorption process in '°!Ir, and explained
why the nuclei must be embedded in solids. Méssbauer
spectrometry is now performed primarily with the nuclei




