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ABSTRACT

Optical Control of Nuclear Resonant Absorption:

Theory and Experiment. (May 2004)

Roman L. Kolesov, B.S., Nizhny Novgorod State University, Russia;

M.S., Nizhny Novgorod State University, Russia

Chair of Advisory Committee: Dr. Olga Kocharovskaya

Modification of nuclear resonant absorption by means of laser radiation is ana-

lyzed both theoretically and experimentally. Theoretical analysis is done on the basis

of four-level model of atom. This model includes both electronic and nuclear excita-

tions. It is predicted that under coherent laser driving nuclear resonant Mössbauer

absorption can be significantly modified, e.g. new Mössbauer resonances can appear,

some of the existing resonances can vanish, both can be Rabi-split, broadened by

laser action. In addition, it is predicted that Mössbauer absorption can be com-

pletely suppressed due to coherent population trapping. Experimental observation of

laser-induced transformations of Mössbauer spectra of 57Fe2+ : MgO is accomplished.

New Mössbauer lines appear with laser driving while the existing are broadened. Pos-

sible explanations of the observed changes in 57Fe2+ : MgO Mössbauer spectra are

population of higher-lying electronic states of iron ion and significant modification of

electronic relaxation processes due to modified Jahn-Teller interaction.
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CHAPTER I

INTRODUCTION

In recent years very much attention has been paid to studying interference optical

effects caused by coherent interaction of laser radiation with multi-level (mostly, three-

and four-level) media. It turns out that atomic coherence leads to many interesting

and unexpected phenomena such as lasing without population inversion [1] (LWI),

electromagnetically induced transparency [2] (EIT), and enhanced index of refraction

without absorption [3]. Typically, optical interference effects occur in multi-level

media (more than two levels) under additional coherent driving by strong coupling

laser field. Proof-of-principle experimental demonstrations of inversionless gain [4],

large index of refraction without absorption [5], and the first lasers without inversion

[6] have stimulated further investigations in this field. The researchers’ interest in

studying atomic interference phenomena can be explained by wide range of potential

applications of the effects mentioned above. Let us consider some of them.

We start with LWI. It is well known that in order to obtain laser action at higher

frequencies (ultraviolet, x-rays, γ-rays) one should overcome many difficulties. One

of them is that with increasing the frequency ω of operating atomic laser transition

the pump power required to produce population inversion (if it is ever possible) scales

as ω3 according to radiative spontaneous decay time drop. Consequently, it becomes

harder and harder to produce population inversion as the desired laser wavelength

decreases. However, LWI offers one a possibility to make the condition of population

inversion at operating transition unnecessary for laser generation. Thus, LWI would

significantly reduce requirements for pumping intensity.

The journal model is Physical Review A.
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Another interesting optical interference phenomenon - EIT - attracts much at-

tention because of extensive works on the problem of quantum computer. As it was

demonstrated recently, EIT-related effects can be used for quantum information stor-

age [7]. EIT is accompanied by another interesting phenomenon - reduction of the

group velocity of light [8]. The term ”slow light” is already widely known. This effect

can be used in optical delay lines in communication networks.

Implementations of EIT- and CPT-related effects are not restricted by possible

applications in quantum computers. Rather recently, a technique for producing ultra-

short optical pulses based on atomic-coherence-related effects was proposed in works

[9]. It was successfully demonstrated, both theoretically and experimentally, that by

use of atomic coherence one can generate wide coherent optical spectra and compress

the output multi-colored signal into a sequence of ultrashort pulses. However, the

repetition rate of the generated pulse sequence is very high (tens of THz). To lower

the repetition rate, it was proposed to use Zeeman or hyperfine coherence in solids

for broadband optical generation [10]. If realized experimentally, the improved tech-

nique of ultrashort pulse generation, proposed by us, would allow one to obtain pulse

durations ∼ 1 fs at GHz repetition rates.

Another possible application of EIT/CPT-related effects would be sensitive mag-

netic diagnostics of plasmas. Currently, existing methods of measuring magnetic field

inside plasma either invasive, i.e. disturbing plasma parameters, or non-local. In [11]

we proposed to detect both the magnitude and the direction of the magnetic field by

measuring CPT resonances in laser-induced fluorescence. Proof-of-principle experi-

ments were done in neon glow discharge. This method of magnetic field measurements

is local, non-invasive, and highly-sensitive (compared to existing plasma diagnostics).

It is worth to note, that previously non-linear Faraday rotation, accompanying EIT,

was already proposed for high-resolution magnetometry [12].
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Effects, similar to EIT and LWI, could be seen in the gamma-ray range if it

were possible to observe resonant nuclear absorption and to drive nuclear transitions

coherently. The first requirement is fulfilled due to existence of the Mössbauer effect

[13].

Mössbauer effect manifests itself in recoilless and unbroadened γ-ray emission

and absorption at nuclear transitions if corresponding nuclei are embedded in a solid

host. For a free atom nuclear emission and absorption bands are broadened due to

Doppler effect. In addition, they are shifted with respect to each other by the value

twice the recoil energy of γ-ray photon emission/absorption. This energy is equal to

Erec = h̄2ω2/2Mc2, where ω is the γ-ray photon frequency and M is the mass of an

atom. It is easy to explain, because for the photon to be absorbed by a nucleus its

energy should be enough to excite nuclear transition and, simultaneously, make the

atom move. Thus, nuclear absorption is blue-shifted with respect to nuclear transition

energy. Vice versa, the emitted γ-ray photon is red-shifted with respect to nuclear

excitation energy.

Doppler broadening of nuclear emission and absorption transitions is caused by

thermal motion of emitting/absorbing atoms. The value of this broadening is vT ω/c,

where vT is the thermal velocity of atoms. Below, estimates for recoil energy and

Doppler broadening of nuclear γ-ray transitions will be given.

The natural linewidths of nuclear transitions can vary in a very broad range:

from a few attoseconds (light elements, high-energy transitions) to several years (one

of the examples is an isomer state of 178Hf which lives ∼ 31 years). However, for

not very high nuclear excitations up to ∼ 100 keV radiative lifetimes are typically in

the microsecond through picosecond range. For example, for a well-known 14.4 keV

excitation in 57Fe the lifetime is 100 ns. This means that the Q-factor of a typical

nuclear transition is very high. For the above example of 57Fe it is 2× 1011. Thus, it
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would be very attractive to use nuclear transitions for sensitive spectroscopy. How-

ever, for free atoms thermal Doppler broadening is huge. For example, for the same

14.4keV transition of 57Fe it can be estimated as ∼ 104 natural linewidths at room

temperature. Moreover, Doppler width behaves as
√

T , where T is the temperature.

Thus, to make the width of nuclear absorption or emission resonance comparable to

the natural one, it is necessary to cool atoms down to microkelvin temperatures.

The estimates for the energy difference for nuclear emission and absorption for

the above example give the value ∼ 105 natural linewidths. Thus, the emission and

absorption spectra of 57Fe nucleus do not overlap.

However, the situation changes drastically if the emitting/absorbing nucleus is

embedded into a solid host. In this case there is a finite probability for the nucleus to

emit or absorb γ-ray photon almost without recoil. The word ”almost” means that

the recoil momentum is transferred to the host rather than to a single atom. The

recoil energy for this process is decreased by the ratio M/Mcrystal, where M is, again,

the mass of one atom and Mcrystal is the macroscopic mass of the host. It is easy to see,

that this ratio is extremely small (10−15÷10−20). Thus, the energy difference between

nuclear emission and absorption energies becomes negligible. Moreover, recoilless

emission/absorption eliminates thermal Doppler broadening because γ-ray photon

energy is affected by the motion of the whole macroscopic sample rather than by

the motion of a single atom. As a result, the spectral width of the emission and

absorption nuclear resonances becomes close to the natural one. Thus, it becomes

possible to observe extremely narrow nuclear resonances experimentally.

A powerful spectroscopic technique on the basis of the described phenomenon of

nuclear recoilless emission and absorption exists. It is called Mössbauer spectroscopy

[14]. It is widely used in nuclear and solid-state physics, in geology, biology, chemistry,

material science, etc. In order to make any kind of spectroscopy, one has to have an
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emitter and an absorber. In Mössbauer spectroscopy recoilless γ-decay of excited

nuclear transitions serves as a source of narrow-band γ-radiation. At the same time,

ground-state nuclei of the same type serve as an absorber. By measuring the change

in the number of γ-ray photons penetrating through the absorber as a function of

relative velocity of the absorber and the source, one can study the nuclear absorption

spectra of different solids. Since the linewidth of Mössbauer transition is very narrow,

one can study parameters of hyperfine interactions of the absorbing nucleus with its

surrounding. In turn, from these parameters one can deduce many characteristics of

solids, such as local strains, magnetic fields, electrical field gradients, electron density

at the nucleus, etc.

Due to extremely high Q-factor of nuclear transitions, they are very sensitive

to any changes in nuclear environment. Thus, it is easy to affect resonant nuclear

spectra by external radiation in incoherent or coherent manner. This can be done

by affecting nuclear transitions directly or through surrounding electrons. On this

basis, a new spectroscopic technique was proposed recently in [15]. It deals with

modification of the Mössbauer spectra under the action of an optical laser radiation.

These modifications can be manifested as one or more of the following: suppression of

gamma-ray absorption, appearance of additional or vanishing of the existing lines in

the Mossbauer spectrum, changes in the line widths and line positions, and additional

splitting of the lines. Experimental realization of coherent effects in γ-ray optics would

help much in resolving a long-standing problem of γ-ray laser [16]. Unfortunately, up

to now these theoretical predictions are not verified experimentally.

In the present work a possibility of laser modification, manipulation, and control

of nuclear resonant absorption is considered both theoretically and experimentally.

Dissertation is organized in the following way.

In Chapter II different ways of coherent driving of nuclear resonant transitions are
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reviewed. There will be discussed vibrational modulation of Mössbauer spectra, radio-

frequency driving of nuclear hyperfine transitions, and incoherent optical pumping

of long-lived molecular configurational states in sodium nitroprusside and related

compounds.

In Chapter III a possibility to drive nuclei coherently by means of laser radiation

will be considered theoretically. The chapter starts with review of types of hyperfine

interactions. After that, a simplified model of Mössbauer absorber as a four-level

medium interacting simultaneously with laser driving and γ-ray probe fields will be

introduced. It will be shown that in the absence of hyperfine interaction between

the nucleus and its electronic surrounding there is no effect of laser field on nuclear

resonant absorption. However, if there is a hyperfine interaction between the nucleus

and the electronic shell of a corresponding ion, one would expect very strong modi-

fications of Mössbauer spectra. Two cases are considered: 1) isomer shift of atomic

levels in the four-level system and 2) hyperfine splitting of the ground state. Possible

transformations of Mössbauer spectra are predicted for both.

Finally, in Chapter IV a laser-Mössbauer experiment done with 57Fe2+ : MgO

crystal is described. The section starts with general consideration of the requirements

for Mössbauer absorber that should be fulfilled to do laser-Mössbauer experiments.

Not all elements possess Mössbauer transitions. The reason for that is that for very

high nuclear excitations the rigidity of the solid host is not sufficient to make the prob-

ability of recoilless emission and absorption high enough. Thus, only those nuclei,

which have transitions within the range 5 ÷ 100 keV can be Mössbauer-active. The

solid host should be transparent for optical radiation. In addition to that, Mössbauer-

active ions incorporated into a transparent host should exhibit narrow electronic reso-

nances in the optical range in order to be efficiently driven by laser radiation. Classes

of materials suitable for experimental purposes are identified. These are transition-
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metal doped and rare-earth doped optical crystals. The two Mössbauer elements are

of particular interest: iron-57 and europium-151. Several candidate crystals doped

with these elements are chosen. Estimates of laser intensity required to observe

light-induced changes in Mössbauer spectra are presented. Among them the crystal

of MgO doped with 57Fe2+ was chosen for the laser-Mössbauer experiment. The

sample preparation procedure and the experimental setup are described. Significant

changes in the Mössbauer spectrum of the sample under study are observed under

laser action. Even though no satisfactory explanation of the observed laser-induced

changes is found so far, several possible versions are presented. Among them is laser

excitation of metastable electronic or configurational states of 57Fe2+ : MgO.
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CHAPTER II

OVERVIEW OF MODIFICATIONS OF MÖSSBAUER SPECTRA BY MEANS

OF EXTERNAL DRIVING

In this chapter an overview of possible modifications of Mössbauer absorption spectra

by means of external coherent driving is given. As was discussed in the Introduction,

Mössbauer transitions are extremely sensitive to the nuclear surrounding. Thus,

nuclear resonant absorption spectra can be rather easily altered by changing electronic

and/or vibrational states of the crystal, its temperature, by applying magnetic field,

etc.

A. Vibrational Modulation of Mössbauer Spectra

We start with periodic modulation of Mössbauer γ-ray quanta by mechanical motion

of either Mössbauer source or absorber. In fact, Mössbauer spectroscopy itself relies

on a possibility to change the energy of the emitted γ-ray quanta by changing the

velocity of the emitting nucleus. However, the time-scale of the velocity change in a

typical Mössbauer setup is much longer than the nuclear lifetime. Indeed, if the time-

scale of the motion is comparable or even shorter than the inverse nuclear linewidth,

many interesting effects can be observed.

One of the first experimental works in this area was done by Heiman et al. in

1968 [17]. In this work a number of additional acoustic sidebands in the Mössbauer

absorption spectrum of metallic iron was observed. An ultrasound wave was generated

via magnetostriction due to applied radio-frequency (≈ 13 MHz) magnetic field.

Magnetostriction manifests itself as contraction of the crystal sample placed in a

sufficiently strong magnetic field. Periodical modulation of the magnetic field excites

sound waves of corresponding frequency (twice the frequency of modulation, because



9

the crystal contraction does not depend on the magnetic field direction) in the crystal.

In turn, the acoustic wave produces Doppler shift of the nuclear transition energy.

Finally, periodically modulated Doppler shift causes the appearance of acoustically

excited sidebands in the absorption spectrum.

The work cited above and the related one [18] have started a new branch of

research in the Mössbauer spectroscopy, namely, study of transient effects in the nu-

clear resonant absorption. Later, coherent transient effects due to phase modulation

of γ-rays were extensively studied by finish group of Katila [19]. In their works a

narrow-linewidth Mössbauer isotope 67Zn was used. In these works counting rate

of γ-quanta emitted by a vibrating source and passing through a resonant absorber

was studied as a function of the vibration phase. It was shown both theoretically

and experimentally that counting rate is modulated due to interference of the inci-

dent γ-quanta and the polarization excited by them in the Mössbauer absorber. In

one of our recent works we proposed an extension of the work done by finish group

[20]. Namely, if one uses far detuned resonant Mössbauer absorber, it is possible to

compress vibrationally modulated γ-rays into a train of short pulses. The duration

of these pulses can be made much smaller than the lifetime of the excited state of the

Mössbauer transition.

One more branch of transient Mössbauer studies deals with so called gamma-

echo [21]. It is known that resonant γ-quanta passing through an optically thick

Mössbauer absorber decay much faster than the lifetime of the excited Mössbauer

state due to saturation of absorption [22]. However, if the absorber is suddenly

moved by half-wavelendth within the lifetime of the source excited nucleus after its

formation, gamma-radiation can be regenerated. This happens due to interference

of the source radiation and nuclear polarization excited in the absorber by the same

radiation and phase-shifted by π. Experiments in this field have been done rather
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extensively in a various configurations and with both conventional and synchrotron

Mössbauer sources [23].

B. Radio-Frequency Driving and Rabi-Splitting of Mössbauer Lines

Another possible way to affect resonant nuclear transitions is a direct driving of

nuclear hyperfine transitions with external radio-frequency (RF) or microwave elec-

tromagnetic field. In this case it is possible to observe Rabi-splitting of Mössbauer

lines by the value of driving field Raby-frequency. This was successfully demonstrated

by Vagiziov [24]. However, such an experiment requires lots of experimental efforts.

First of all, Rabi frequency of the applied RF field should exceed nuclear linewidth.

Thus, very high RF power is required. Consequently, special precautions should be

taken in order not to burn the Mössbauer absorber. Lastly, as we have seen in the

previous section, strong magnetic fields of varing amplitude would lead to magne-

tostriction and, thus, to appearance of vibrational Mössbauer satellites. However, if

circularly polarized RF field is applied, the absolute value of the magnetic field will

always be the same. This would allow one to get rid of magnetostriction effects.

C. Mössbauer Spectra of Optically-Pumped Metastable States in Sodium Nitroprus-

side and Related Compounds

As was already mentioned above, the shape of Mössbauer spectrum strongly depends

on nuclear electronic surrounding. Thus, if crystal is subject to some photochemical

reactions, nuclear surrounding can be altered by either coherent (laser) or incoherent

light. This was demonstrated in 1977 by Hauser et al. in the Mössbauer study of

optically illuminated sodium nitroprusside [25].

In these experiments samples of sodium nitroprusside (Na2 [Fe (CN)5 NO] ·
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2H2O) were illuminated with blue-green light (typically, argon laser with a wave-

length either 514.5 nm or 488 nm) and the Mössbauer absorption spectrum was col-

lected after illumination. It came out, that there is some optically induced metastable

state whose lifetime at temperatures below 160 K is almost infinite (T ≫ 107 s at

100 K). Its Mössbauer spectrum has larger quadrupole splitting and different isomer

shift than the ground state. In the works cited above it was shown that almost 45%

of all molecules can be excited into this metastable state. It was also pointed out that

population of metastable state occurs only for certain polarization of incident light.

Later on, the second optically excited metastable state of sodium nitroprusside

was discovered. It can be excited from the first metastable state by illuminating the

sample with infrared or red light. Moreover, other iron-containing compounds were

discovered to possess similar properties [26].

Despite the fact that long time passed since the discovery of optically excited

metastable states in sodium nitroprusside and related compounds, no final conclusion

is made so far about the origin of these states. It is, however, established that the

excitation of these states has to do with optical reorientation of N−O bond in nitrosyl

anion (see, for example, [27]).

However, the effect of populating metastable electronic state on Mössbauer ab-

sorption is rather obvious, even though it gives much spectroscopic information about

the sample under study. It would be interesting to study the dynamic effects of coher-

ent/incoherent optical radiation on nuclear resonant absorption. Theoretical consid-

eration of this problem would require suitable model which would include dynamics

of both nuclear and electronic subsystems. This is done in the next chapter.
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CHAPTER III

INTERACTION OF COMBINED ELECTRON-NUCLEAR SYSTEM WITH

RADIATION

In order do describe quantitatively how nuclear resonant spectra can be affected by

optical radiation, a model of how electronic excitation is transferred to the nucleus

should be developed. This transfer can be accomplished by hyperfine coupling of elec-

tronic and nuclear subsystems. Even though this coupling is very weak (typical values

of hyperfine interactions are in MHz − GHz frequency range), it can substantially

affect nuclear resonant spectrum since typical linewidths of Mössbauer transitions are

even lower. Let us consider different types of hyperfine interactions.

A. Hyperfine Interactions

Hyperfine interactions arise from two facts: 1) charge is distributed inside the nu-

cleus and 2) most nuclei have non-zero magnetic moment. Consequently, spherically

symmetric or non-symmetric nuclear charge distribution leads to different types of

electrostatic interaction with electric field produced by electrons while non-zero nu-

clear magnetic moment can interact with magnetic field at nuclear site.

1. Isomer Shift

This type of hyperfine interaction is the most common one. The physical origin

of isomer shift is finite radius of the nucleus. It can be described by using a very

simple model of a hydrogen-like atom possessing one s-electron (see Fig.1). If nuclear

radius was zero, its electrostatic potential would have been a simple 1/r Coulomb

potential, where r is the distance from the center of nucleus (curve 1/r on Fig.1).

However, in reality nuclear radius is finite. This leads to the removal of singularity
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Fig. 1. Shift of s-electron energy as nuclear radius is changed. Here Ugr(r) and Uex(r)

are the electrostatic potentials for the ground-state and for the excited-state

nucleus, Rgr and Rex are corresponding nuclear radii, E1/r, Egr, and Eex rep-

resent electron energies for the potentials 1/r, Ugr(r), and Uex(r) respectively.

in nuclear potential at the origin (curve Ugr(r) on Fig.1). Thus, the energy of the

electron moving in the electrostatic potential of the nucleus is shifted up with respect

to the case of zero nuclear radius. The value of this shift depends on both nuclear

radius and the electronic density at nuclear site. Mostly, s-electrons are affected by

the electrostatic interaction with nuclear charge distribution because only s-electrons

have non-zero density at nuclear site. In turn, if the radius is changed due to nuclear

excitation, the form of the nuclear electrostatic potential is also changed. This would

lead to energy shift of the electronic state. This shift is called isomer shift.

Isomer shift of Mössbauer transition is a very important quantity in the Mössbauer

spectroscopy. The shift of nuclear transition energies can be observed for different

chemical compositions of the absorber. In this case it is called chemical isomer shift.

It contains lots of information about nucleus itself, about variation of electronic charge



14

density at the nucleus as the chemical composition is altered, about absorber tem-

perature, etc. The value of chemical isomer shift is given by the formula:

δIsomer =
4π

5
e2ZR2 ∆R

R

[

|Ψ(0)|2a − |Ψ(0)|2s
]

. (3.1)

Here Z is the nuclear charge, R is its radius, ∆R is the change of radius due to nuclear

excitation, and |Ψ(0)|2s,a are the electron densities at nuclear site for the source and

absorber respectively. In the conventional Mössbauer spectroscopy the change in

electron density at the nucleus is caused by different chemical environment. However,

it can be altered by other ways, for example, by exciting electronic shell of the ion.

It is worth to note, that isomer shift is closely related to isotope shift of electronic

transitions for different isotopes of the same element. In both cases the difference in

energies of electronic states originates from different nuclear radii. In the case of

isotope shift the difference in radii comes from different number of neutrons inside

the nucleus while in the case of isomer shift nuclear excitation is responsible for the

change. It is also worth to say, that isomer shift of electronic transitions was already

successfully observed in some gaseous media [28].

2. Quadrupole Interaction

Quadrupole hyperfine interaction is a different kind of electrostatic interaction of the

nucleus with its surrounding. It occurs if nuclear charge distribution is not spherically

symmetric. In this case nucleus possesses quadrupole electric moment. If, in turn,

crystal field at the nucleus has rather low symmetry, it produces electric field gradient.

The interaction of nuclear quadrupole moment with gradient of the electric crystal

field can be described by a classical Hamiltonian:

H
(class)
Q =

∑

ij

Qij
∂Ei

∂xj
, (3.2)
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where Qij denotes nuclear quadrupole tensor, Ei is the i-th component of the electric

field, and xj is the j-th Cartesian coordinate. Nucleus is situated in the local minimum

of the electrostatic potential of the crystal V (xj). Thus, ∂V/∂xj = 0 since nucleus

is at the equilibrium position. However, the second spatial derivatives are non-zero

in general (∂2V/∂xi∂xj 6= 0). These derivatives form electric field gradient tensor.

By appropriate choice of coordinates, this tensor can be written in the diagonal

form with Vxx, Vyy, and Vzz being the only non-zero components (all three positive).

Conventionally, the largest value is chosen to be Vzz. Quantum Hamiltonian for

nuclear quadrupole interaction can be written in the following form:

H
(quant)
Q = Q

(

3I2
z − I(I + 1) +

η

2

(

I2
+ + I2

−

)

)

. (3.3)

Here Q represents the strength of quadrupole interaction including the value of nuclear

quadrupole moment and the value of electric field gradient, I is nuclear spin, Iz is

the spin projection onto the quantization axis, I± are usual raising and lowering

spin operators, and η is asymmetry parameter. The asymmetry parameter represents

possible difference of Vxx and Vyy. It is equal to unity for axially-symmetric crystal

field and less than unity otherwise.

Equation (3.3) clearly shows that quadrupole interaction can occur only for nu-

clear states with I ≥ 1. Furthermore, high symmetry of the crystal field removes

quadrupole interaction. This happens, for example, in cubic and octahedral sites.

This situation was observed in the Mössbauer spectrum of 57Fe2+-doped III-V semi-

conductors [29]. However, cubic symmetry can be lowered by lattice vibrations (Jahn-

Teller effect). In this case quadrupole splitting can occur even in octahedral or cubic

sites of Mössbauer ions.
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3. Magnetic Hyperfine Interaction

The third type of hyperfine interactions arises due to coupling of nuclear magnetic

moment to the magnetic field present in the crystal at nuclear site. The origin of the

magnetic field is not essential for appearance of magnetic hyperfine structure. It can

be external, can originate from magnetic properties of the material (ferromagnetism

or anti-ferromagnetism), or it can be of paramagnetic origin. In all three cases the

interaction Hamiltonian can be written in the form:

HM = µnB · I, (3.4)

where B is the magnetic field vector, I is nuclear spin, and µn is the value of nuclear

magnetic moment.

Magnetic hyperfine interaction occurs only for nuclei with non-zero spin. Typ-

ically, observation of magnetic hyperfine structure by means of Mössbauer spec-

troscopy allows one to obtain information about the anti-/ferromagnetic field inside

the crystal, its direction, temperature dependence for studying magnetic phase tran-

sitions, parameters of electron exchange interaction, etc.

B. Simplified Four-Level Model of an Atom

In order to describe quantitatively which parameters of nuclear hyperfine interactions

can be affected by optical radiation being in resonance with some electronic transition,

the following simplified model of the combined electron-nuclear system can be devel-

oped [15]. Both electronic and nuclear degrees of freedom can be viewed as two level

systems. Of course, in reality the situation is more complicated, since both electronic

and nuclear subsystems have very many energy states. The combined structure of

energy levels is shown in Fig.2. The lowest energy state 1 corresponds to the ground
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Fig. 2. Simplified 4-level scheme of the combined nuclear-electronic system. Three

cases are indicated: a) no hyperfine coupling, b) isomer shift of levels, and c)

hyperfine splitting of the ground-state level. Bold two-headed arrows show op-

tical electronic transitions while thin two-headed arrows indicate γ-ray nuclear

transitions.

state of both electronic shell and nucleus. The first excited state 2 corresponds to

optical excitation of the electronic shell while nucleus still stays in the ground state.

Vice versa, the second excited level 3 represents the atom with ground-state electronic

subsystem and excited nucleus. Finally, the third excited state 4 corresponds to ex-

citation of both nucleus and electronic shell. Consequently, there are two electronic

optical transitions, 1 ↔ 2 and 3 ↔ 4, corresponding to the ground- and excited-state

nucleus respectively. Vice versa, there are two nuclear γ-ray transitions, 1 ↔ 3 and

2 ↔ 4, corresponding to the ground and excited states of the electronic shell. We

assume that combined transitions, in which states of both electronic shell and nucleus

are changed, are forbidden.

If there is no coupling between electronic and nuclear degrees of freedom, nuclear

transitions in both ground and excited electronic states have the same characteristics
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(see Fig.2a). Same holds true for electronic transitions for the ground and excited

states of the nucleus. However, if one includes hyperfine coupling into consideration,

the situation changes. Let us consider first the simplest case of different Mössbauer

isomer shifts for the ground and excited states of the electronic shell. In this case

the frequency differences ω31 − ω42 = ω21 − ω43 are equal to the isomer shift value δ

(see Fig.2b). Furthermore, one or more states of the combined system can be split

by either electric quadrupole and/or magnetic interactions (see Fig.2c). In general,

these splittings are different for all four energy levels. The symmetry of the initial

four level system is now removed by hyperfine interactions.

In the next section we will discuss which differences in the Mössbauer absorption

spectra can be observed under the action of control optical field if hyperfine parame-

ters of the four energy states of the combined electron-nuclear system are distinct.

C. Possible Modifications of Nuclear Resonant Absorption due to Optical Driving

for Different Hyperfine Interactions

Let us consider theoretically possible changes in the Mössbauer absorption spectra

by means of either coherent or incoherent optical driving. The analysis will be done

on the basis of semi-classical density matrix approach when both optical driving and

γ-ray probe fields are considered classically while ions are considered as a combination

of two quantum subsystems: electronic and nuclear.

1. Isomer Shift

We start with the simplest case of isomer shift of atomic levels with no other hyperfine

interactions present. In order to describe the interaction of the 4-level medium with

radiation (both γ-rays and control laser field, resonant with electronic transition),
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the following assumptions are used. First, of all we consider both optical and γ-ray

fields to be classical ones. This approximation is certainly valid for the strong optical

field, but its validity is questionable for γ-rays since in most Mössbauer experiments

only one γ-quantum can be present in the medium instantaneously. In other words,

γ-quanta are counted one by one, so that each time the medium interacts with only

one γ-quantum. However, the approach, in which γ-radiation is treated classically,

works rather well in explaining most Mössbauer data.

Secondly, both γ-rays and optical radiation are considered being monochromatic

plain waves propagating along z-direction:

Eopt,γ =
1

2

(

Ed,pe
−iωd,pt+ikd,pz + c.c.

)

. (3.5)

Here Eopt,γ are the electric fields of driving optical and probe gamma fields, Ed,p are

corresponding slow varying envelopes, and ωd,p and kd,p are corresponding frequencies

and wavenumbers.

As for the medium (combined electron-nuclear system), the following assump-

tions are used:

• Electronic transitions in both ground and excited states of the nucleus have the

same parameters (transition dipole moments, population relaxation rates, etc.)

except for the frequency. The frequencies differ by the value of isomer shift δ.

Same is true for the nuclear transitions in the ground and excited states of the

electronic shell.

• Nuclear transitions are assumed to be of natural linewidth, i.e. the width of

Mössbaue transitions is determined by nuclear lifetime. However, electronic

transitions can be broadened both homogeneously and inhomogeneously. This

situation is rather typical in solids. In good-quality crystals Mössbauer tran-
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sitions of rather short-lived nuclear isotopes are not significantly broadened,

while even a very good crystals optical transitions are several orders of magni-

tude broader than their natural linewidth.

• All relaxation processes lower the energy of the electron-nuclear system. This

means that the temperature of the medium is lower than the energy of elec-

tronic transitions. As a result, at electronic transitions population can decay

via transitions 2 → 1 and 4 → 3, but not via 1 → 2 and 3 → 4. Thus, in the

absence of both driving and probe fields only state 1 is populated.

• It is assumed that there is no feedback effect of the medium on the driving field.

This assumption is valid if driving laser field is strong enough.

Let us right down the equations governing absorption of probe field at transitions

1 → 3 and 2 → 4. In doing this we assume that probe field does not affect the state of

the system in a sense that no population redistribution and no affect on coherences at

optical transitions is caused by the probe field. This allows one to use a perturbation

theory to treat the problem quantitatively. The zeroth order equations of motion

for the density matrix elements describe populations of the two lower states of the

medium and the optical coherence at the transition 1 ↔ 2:

dρ11

dt
+ i (Ωdσ12 − Ω∗

dσ21) = w21ρ22, (3.6)

dσ21

dt
+ i (ω21 − ωd) σ21 + iΩd (ρ22 − ρ11) = −γ21σ21, (3.7)

ρ11 + ρ22 = 1. (3.8)

Here the followng notations are introduced: 1) ρmm is the population of m-th level;

2) σmn is the coherence amplitude at the transition m ↔ n averaged over ωp for γ-ray

transitions and over ωd for optical transitions; in the particular case (3.7) σ21 is the
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complex amplitude of the coherence at 1 ↔ 2 transition, ρ21 = σ21 exp (−iωdt + ikdz);

3) w21 is the population decay rate at optical transition 2 → 1; 4) γ21 is the deco-

herence rate at optical transition 1 ↔ 2, γ21 = w21/2 + γdeph, where γdeph represents

decoherence processes not related to population decay; 5) Ωd,p represents Rabi fre-

quency of the corresponding field, driving or probe, Ωd,p = Ed,pµd,p/2h̄, µd,p is the

corresponding transition dipole moment. All other coherences and populations are

equal to zero in the zeroth order approximation.

The first order approximation takes into account excitation of coherences at

nuclear transitions due to interaction of the medium with the probe field. In this

approximation populations of the upper states 3 and 4 are still zeroes, so that the

optical coherence σ43 = 0. However, σ31, σ42, σ41, and σ32 become non-zero since they

are proportional to the first order of the probe field amplitude. At the same time, ρ33,

ρ44, and σ43 are proportional to the probe field intensity (square of the amplitude)

and can be neglected. The set of first order equations can be written in the following

way:

dσ31

dt
+i (ω31 − ωp) σ31+iΩp (ρ33 − ρ11)−iΩ∗

dσ41+iΩdσ32 = −γ31σ31+γcrossσ42, (3.9)

dσ42

dt
+ i (ω42 − ωp) σ42 + iΩp (ρ44 − ρ22) + iΩ∗

dσ41 − iΩdσ32 = −γ42σ42, (3.10)

dσ41

dt
+ i (ω41 − ωd − ωp) σ41 − i (Ωdσ31 + Ωpσ21 − Ωdσ42) = −γ41σ41, (3.11)

dσ32

dt
+ i (ω32 − ωp + ωd) σ32 − i (Ωpσ12 + Ω∗

dσ42 − Ω∗

dσ31) = −γ32σ32. (3.12)

All the notations have already been introduced previously except for γcross which is

the cross-relaxation rate at nuclear transitions. It occurs due to the fact that nuclear

coherence does not decay if electronic state is changed. In fact, γcross = w21. This can

be checked by setting isomer shift δ equal to zero. In this case electronic excitations

should not affect nuclear absorption since there is no hyperfine coupling between
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nuclear and electronic degrees of freedom. In this case the sum of the equations (3.9)

and (3.10) yields:

d (σ31 + σ42)

dt
+ i (ω31 − ωp) (σ31 + σ42) + iΩp (ρ33 + ρ44 − ρ11 − ρ22) =

−W

2
(σ31 + σ42) − wσ42 + γcrossσ42. (3.13)

Here we used the fact that dephasing at nuclear transitions occurs only due to popu-

lation decay (no inhomogeneous or homogeneous broadening of nuclear transitions),

thus γ31 = W/2, γ42 = (W + w21 + w43) /2 = W/2 + w, where W is the population

decay rate at nuclear transitions (same for 3 → 1 and 4 → 2) and w is the population

decay at electronic transitions (same for 2 → 1 and 4 → 3, formerly w21). If we set

γcross = w, we get that the sum σ31 + σ42 behaves as if no optical driving is applied

to the medium. In turn, the latter sum determines polarization excited by the probe

field in nuclei. Thus, no affect of the optical field on nuclear absorptive and dispersion

properties can occur, as it was expected.

Indeed, if isomer shift of levels is present, so that δ 6= 0, the situation changes

drastically. In order to describe possible effects of optical driving on nuclear resonant

absorption, it is convenient to use dressed state picture of atomic levels. Let us

neglect all relaxation processes and the presence of the probe field for a moment.

In this case we are dealing with two independent two-level subsystems, namely, the

transitions 2 ↔ 1 and 4 ↔ 3, interacting with strong optical field. The general form

of interaction Hamiltonian between a two-level system with states |a > and |b > and

electromagnetic field can be written as:

H2−level = h̄









∆ab Ω

Ω∗ 0









. (3.14)

Here, as usually, Ω represents Rabi frequency of the field while ∆ab is the detuning
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of the field from exact resonance with the transition |a >↔ |b >. Diagonalizing

this Hamiltonian we obtain dressed states |± > in terms of |a > and |b > and the

corresponding energies E±:

|±〉 =
1

√

1 + h̄2Ω2

E2

±

(

|a〉 +
h̄Ω

E±

|b〉
)

, (3.15)

E± = h̄





∆ab

2
±
√

Ω2 +
∆2

ab

4



 . (3.16)

Let us apply this description to the 4-level electron-nuclear system. We denote dressed

electronic states for the ground-state or excited nucleus as |g± > or |e± > respectively.

If the driving field is in exact resonance with the electronic transition 2 ↔ 1, the

energies of the dressed states are:

Eg± = ±h̄Ωd Ee± = h̄ω31 + h̄





δ

2
±
√

Ω2
d +

δ2

4



 , (3.17)

while the corresponding states are:

|g±〉 =
1√
2

(|1〉 ± |2〉) , (3.18)

|e±〉 =
1

√

1 +
h̄2Ω2

d

(Ee±−h̄ω31)2

(

|3〉 +
h̄Ωd

Ee± − h̄ω31

|4〉
)

. (3.19)

Let us analyze these formulae. The energies of dressed states are depicted in

Fig.3. We study two limiting cases: 1) low driving field intensity, Ωd ≪ δ, and 2)

high driving field intensity, Ω ≫ δ. In the first case the energy difference of the

dressed states for the ground-state nucleus is h̄Ωd while for the excited nucleus this

difference is ≈ h̄δ. Thus, the Mössbauer absorption spectrum will consist of two pairs

of resonances corresponding to the transitions |g±〉 → |e−〉 and |g±〉 → |e+〉. If Rabi

frequency of the driving field Ωd is lower than the width of the transition between the

dressed states, each pair will be seen as a single line. Since the population of state
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a) 

b) c) 

Fig. 3. Dressed state representation of the combined electron-nuclear system: a) en-

ergy state representation, b) dressed states for the case of weak driving field,

and c) dressed states for strong driving field.

2 is lower than that of state 1, one pair of resonances will be weaker than the other

one. In the opposite case of strong driving field the energies of dressed states for the

excited nucleus are Ee± = h̄ (ω31 + δ/2 ± Ωd). Thus, we see that the energies of the

transitions |e+〉 ↔ |g+〉 and |e−〉 ↔ |g−〉 become equal. These two transitions give

rise to the same line in the Mössbauer absorption. As for the other two transitions

between the dressed states, their dipole moments approach zero as the intensity of

the driving field is increased. It can be easily checked since the dressed states for the

excited nucleus become |e±〉 = (|3〉 ± |4〉) /
√

2 and the transitions between pairs of

states 1 and 4 and 2 and 3 are forbidden. Thus, optical driving effectively decouples

electronic and nuclear degrees of freedom by removing hyperfine interaction.

The complete evolution of Mössbauer spectra as the driving intensity increases

is shown in Fig.4. In these calculations all relaxation processes have been taken

into account. The parameters used in this calculation are given in the figure caption.

However, in this calculation dephasing at optical transition was not taken into account
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Fig. 4. Changes in the Mössbauer absorption spectrum caused by optical driving for

the case of isomer shift of levels. It is assumed that δ ≫ γ21, γ31. The following

situations are depicted: a) Ωd = 0 - no driving, b) Ω2
d < γ21w21 - no saturation

at optical transition, c) δ > Ωd >
√

γ21w21 - saturated optical transition, but

no cancellation of hyperfine coupling; Rabi splitting occurs, d) driving field

intensity is further increased: one can see that the very left and the very right

peaks go apart and drop in amplitude, while the two central peaks tend to

stick together, e) Ωd > δ - hyperfine coupling is effectively switched off by laser

driving.
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Fig. 5. Changes in the Mössbauer absorption spectrum in case of homogeneous

broadening of the optical line. The following situations are depicted: a)

Ωd = 0 - no driving, b) Ω2
d < γ21w21 - no saturation at optical transition,

c) δ > Ωd >
√

γ21w21 - saturated optical transition, but no cancellation of

hyperfine coupling; Rabi splitting occurs, d) Ωd > δ - hyperfine coupling is

effectively switched off by laser driving.

so that γdeph = 0. In reality this never occurs. Indeed, most optical transitions in

solids are severely broadened, both homogeneously and inhomogeneously. Let us see

what happens if one takes into account this broadening.

If broadening is inhomogeneous, one can affect only a small portion of all ions

by means of laser driving. This portion can be calculated as γhom/γinhom, where

γhom,inhom are the homogeneous and inhomogeneous linewidths of optical transition

respectively. This fraction gives one the portion of ions whose Mössbauer spectrum

can be affected by laser. To see significant changes in the Mössbauer absorption one

has to make this fraction as high as possible. The ideal situation is when all ions that

give contribution to nuclear absorption are affected by optical driving field. Thus, it

is preferable to work with homogeneously broadened optical lines rather than with

inhomogeneously broadened ones. Let us consider how this broadening changes the

evolution of Mössbauer spectra with increasing laser intensity.
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If optical transition broadening is less than the isomer shift δ, the Mössbauer

spectra change in exactly the same way as is depicted in Fig.4. However, in the

opposite case, i.e. if γ21 ≫ δ, the situation changes (see Fig.5). Rabi splitting can no

longer be observed since power broadening of nuclear transitions due to laser action

becomes greater than isomer shift. The hyperfine structure is washed out by this

broadening. However, all other stages of Mössbauer spectra evolution remain the

same.

2. Hyperfine Splitting of the Ground State: Incoherent Driving

Let us now consider the case of splitting of the ground state of the electron-nuclear

system. In this case some new effects can be expected. We start with the simplest

ones related to population redistribution among hyperfine nuclear sublevels due to

optical pumping, either coherent or incoherent.

First of all, we examine the question why ground state of the combined electron-

nuclear system is so special. It is clear that either one of the four levels (see Fig.2)

can be split due to hyperfine coupling, thus, giving rise to a number of Mössbauer

resonances. The hyperfine structures of levels 1 and 3 can be observed without any

optical driving while for observing those of levels 2 and 4 one has to optically excite a

significant fraction of all ions. These effects are trivial from theoretical point of view

(not from the experimental one). The only requirement for the driving field is that it

should maintain sufficient population of level 2 (say, 10÷20%). However, the ground

state of the system is of special interest since it does not decay. Consequently, if one

manages to change population distribution among ground-state hyperfine sublevels

by, say, optical means or to excite coherence between them, these changes will stay

in the crystal for much longer times than for optically excited states. For example, in

some rare-earth doped compounds population decay time in between the ground-state
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Fig. 6. Nuclear pumping via electronic excitation. Level 1′ is depopulated and the

population is stored in level 1.

sublevels can be as long as several minutes at low temperature [30].

We start considering the case of hyperfine splitting of the ground state with

a possibility of redistributing ground-state population with optical radiation. Such

redistribution would lead to changes in the Mössbauer spectrum of the medium. Our

consideration will not involve any coherent properties of the driving optical field.

Is well known that by polarizing electrons by means of optical radiation it is

possible to transfer this polarization to nuclei. This was first demonstrated both the-

oretically and experimentally in CaF2 crystals doped with Tm2+ ions [31]. However,

the degree of nuclear polarization was measured indirectly. Mössbauer experiments

would allow one to check nuclear polarization in a direct manner. It was already

demonstrated that nuclei can be polarized by optical means in the gaseous phase

[32]. Various applications of the technique of polarizing 3He nuclei already exist.

Among them is in vita diagnostics of blood flow. In the following consideration we

will refer to population redistribution of nuclear hyperfine sublevels as to optical

pumping.
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Fig. 7. Due to optical pumping of hyperfine levels 1′ → 3 absorption is suppressed

while 1 → 3 one is enhanced.

In order to optically pump nuclei one would have to produce spin polarization of

the surrounding electrons and transfer this polarization to the nucleus by hyperfine

coupling. To study this possibility we develop the following model of the combined

electron-nuclear system (see Fig.6). We assume that the ground state of the system is

split into two sublevels by hyperfine interaction, either magnetic or quadrupole. Than,

we assume that the optical driving field can interact with only one electronic transition

for the ground-state nucleus, either 1 ↔ 2 or 1′ ↔ 2. This can be accomplished by

either tuning the optical field in resonance with only one transition or by choosing

right polarization of the optical field, as was done in works by Jeffries et al. [31]. As

was mentioned above, typical widths of optical transitions in solids are much greater

than hyperfine splittings of levels. Thus, usage of polarized light to optically pump

nuclei seems more favorable.

Since the hyperfine splitting never exceeds several GHz frequencies, both ground-

state hyperfine sublevels are equally populated even at low temperatures (liquid ni-

trogen or liquid helium). Thus, if we assume that both nuclear transitions 1 → 3

and 1′ → 3 have the same strength, the unperturbed Mössbauer spectrum should

look like it is shown in Fig.7, curve a. However, if the population distribution among
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the sublevels is changed so that all the population is stored in level 1, one of the

absorption peaks disappears while the other one gets twice as strong as without opti-

cal pumping. The disappeared absorption peak corresponds to the transition 1′ → 3

while the other one is due to 1 → 3 transition.

The equations describing population redistribution among the ground-state hy-

perfine sublevels can be written as follows:

ρ1′1′

dt
+ i (Ωdσ1′2 − Ω∗

dσ21′) = wρ22 + whf (ρ11 − ρ1′1′) , (3.20)

ρ11

dt
= wρ22 + whf (ρ1′1′ − ρ11) , (3.21)

σ21′

dt
+ iΩd (ρ22 − ρ1′1′) = −γ21′σ21′ . (3.22)

Here whf is the population decay rate between the hyperfine sublevels. The transitions

1 → 1′ and 1′ → 1 are equally probable. This reflects the fact that without optical

driving both hyperfine sublevels are equally populated. Steady-state solution of the

above set of equations has the following form:

ρ1′1′ =
whf (Ω2

d + γ21′w)

Z
, ρ11 =

wΩ2
d + whf (Ω2

d + γ21′w)

Z
, ρ22 =

whfΩ
2
d

Z
, (3.23)

Z = 2γ21′wwhf + Ω2
d (3whf + w) .

Here the driving field Rabi frequency was assumed real. As Ω2
d → ∞, the solution

becomes simpler:

ρ1′1′ =
whf

w + 3whf

, ρ11 =
w + whf

w + 3whf

, ρ22 = ρ1′1′. (3.24)

This result can be clearly understood. The driven transition becomes saturated,

thus its upper and lower levels are equally populated. However, most population is

stored in level 1 under the condition of slow population decay between the hyperfine

sublevels (whf ≪ w). As one can see from the solution (3.23), efficient redistribution
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of hyperfine sublevels occurs if Ω2
d exceeds whfγ21′ . This intensity is much lower than

the one required to saturate optical transition.

A possibility of population redistribution of ground-state hyperfine sublevels and

its detection in the Mössbauer spectrum of 231Pa4+ : Cs2ZrCl6 was discussed in our

work [33]. In this work it was proposed to use circularly polarized light to pump

nuclear hyperfine sublevels via interaction of optical radiation with zero-phonon line

of 5f 1 ↔ 6d1 transition of Pa4+ ion. It was shown that in octahedral crystal field

the selection rules for the interaction of light with atomic transitions resemble those

for free atoms. In turn, optical population redistribution of hyperfine sublevels in

atomic vapors is well established experimentally. The estimates of the required laser

intensity give the value of W/cm2. Such intensities are easily achievable by modern

lasers.

3. Hyperfine Splitting of the Ground State: Coherent Population Trapping

Now, let us consider the case when optical field can interact with both 1 ↔ 2 and

1′ ↔ 2 electronic transitions. Suppose that this interaction is equally strong for both

transitions and that population decay rates w21 and w21′ are also equal: w21 = w21′ =

w. No population redistribution can be expected in this situation. However, a new

effect of the optical field on nuclear resonant absorption can occur. It is related to

so called coherent population trapping (CPT), when population of the system can

be optically pumped into a coherent superposition of states non-interacting with the

driving field [34]. We have to take into accout the coherence excitation between the

hyperfine sublevels in a degenerate Λ-system.

Let us consider how coherence between the hyperfine sublevels can be excited and

how it affects nuclear absorption. For simplicity, we choose the driving field frequency

to be half the sum of the two optical transitions frequencies: ωd = (ω1 + ω1′)/2. The
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set of equations describing the behaviour of the system in the ground state of the

nucleus reads as follows:

dρ11

dt
+ iΩd (σ12 − σ21) = wρ22 + whf (ρ1′1′ − ρ11) , (3.25)

dρ1′1′

dt
+ iΩd (σ1′2 − σ21′) = wρ22 + whf (ρ11 − ρ1′1′) , (3.26)

dσ21

dt
+ i

δ

2
σ21 + iΩd (ρ22 − ρ11) − iΩdσ1′1 = −γσ21, (3.27)

dσ21′

dt
− i

δ

2
σ21′ + iΩd (ρ22 − ρ1′1′) − iΩdσ11′ = −γσ21′ , (3.28)

dσ11′

dt
− iδσ11′ + iΩd (σ12 − σ21′) = −γhfσ11′ . (3.29)

Here Ωd, Rabi frequency of the driving field, is chosen equal for both optical transitions

and real, γ is the optical transition linewidth (again, equal for both 2 ↔ 1 and 2 ↔ 1′),

δ is the hyperfine splitting, and γhf is the linewidth of the hyperfine transition. As in

the case of optical pumping, we are looking for a steady-state solution of the above set

of equations. According to the assumptions, both optical transitions are completely

symmetric, thus it is natural to seek for the solution in a symmetric form: ρ11 = ρ1′1′

and σ21 = −σ1′2. The following expressions can be obtained for populations and

hyperfine coherence:

ρ22 =
4Ω2

d

(

2γhfΩ
2
d + γ

(

δ2 + γ2
hf

))

Z
, ρ11 = ρ1′1′ =

1 − ρ22

2
, (3.30)

σ11′ = −2Ω2
dw (4Ω2

d − (δ − 2iγ) (δ − iγhf))

Z
, (3.31)

where

Z = 12Ω2
d

(

2γhfΩ
2
d + γ

(

δ2 + γ2
hf

))

+

w
(

δ4 + δ2
(

4γ2 + γ2
hf − 8Ω2

d

)

+ 4
(

2Ω2
d + γγhf

)2
)

. (3.32)
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This solution has very clear meaning as Ωd → ∞. Under this condition it becomes

ρ22 =
γhf

3γhf + 2w
, σ11′ = − w

3γhf + 2w
. (3.33)

If the condition of efficient CPT is fulfilled, i.e. if w ≫ γhf , most of the population

is pumped into a coherent superposition of ground-state hyperfine sublevels. This

superposition does not interact with the driving field. Consequently, the absorption

of the driving field is reduced and the coherence amplitude is close to maximum value

1/2.

Let us study how strong the driving field should be in order for efficient CPT to

occur. Typically, γhf ≪ δ. We also assume that γhf ≪ w since this is the condition

of efficient CPT. By comparing different terms in the expression for Z, we obtain that

CPT is efficient if

Ω2
d ≫ δ2, δγ, δ2γ/w. (3.34)

Now, we should consider the effect of the excited hyperfine coherence on nuclear

absorption. In order to simplify our consideration, we assume that nuclear transi-

tions 1 → 3 and 1′ → 3 have the same absolute value of the dipole moment. Now,

everything depends on the relative phase of these two moments. We consider to lim-

iting cases: 0 relative phase and π relative phase. In the first case, dark state for

the optical transitions is also a dark state for nuclear ones. Thus, the total nuclear

absorption can be sufficiently reduced (see Fig.8, curve a). However, if nuclear dipole

moments have opposite signs, dark state for the driving field is a bright state for

γ-rays. Consequently, the absorption is enhanced rather than decreased (Fig.8, curve

b). In this case the system behaves as the hyperfine interaction is removed by optical

driving.

In the next chapter we discuss a possibility of observing the predicted effects
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Fig. 8. Coherent population trapping due to optical driving can result in either com-

plete suppression of nuclear absorption or in vanishing of hyperfine interaction.

in real laser-Mössbauer experiment. We discuss requirements for the medium to be

satisfied in order to see changes in the Mössbauer spectrum caused by coherent optical

driving. Several materials will be listed as potential candidates for the experiment.
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CHAPTER IV

EXPERIMENTAL OBSERVATION OF MODIFICATIONS OF MÖSSBAUER

SPECTRA BY MEANS OF OPTICAL PUMPING

In the present chapter we will discuss a possibility of experimental observation of

the effects predicted above. As is clear, in order to observe modifications of nuclear

resonant absorption due to resonant optical pumping, the sample under study should

possess both Mössbauer-active nuclei and well-resolved electronic transitions. This

places a significant restrictions on the medium to be used in the experiment. Let us

start with selecting potentially suitable candidates.

A. Suitable Candidates for Experiment

Among all the elements Mössbauer effect have been detected only in 46. The most

common Mössbauer isotopes are 57Fe with 57Co as a source and 119Sn (source ei-

ther 119Sb or 119mSn). Approximately 90% of all Mössbauer works are related to

iron. Among other Mössbauer-active nuclei are all rare-earths except for cerium (no

Mössbauer transitions) and promethium (does not exist in nature), some actinides

(uranium, neptunium, protactinium), many transition metals (nickel, zinc, gold, etc.),

and some elements from main groups of the Periodic Table (krypton, potassium, ger-

manium). One has to chose those of these elements possessing good optical properties

(rather strong and narrow optical electronic transitions) while embedded into suitable

crystalline host. It is worth to note that the host should be transparent for the optical

radiation.

The elements from the main groups of the Periodic Table do not possess optically-

active electrons in the outer shell, thus, they do not seem to be promising candidates

for the experiment. However, all rare-earths exhibit highly-structured electronic ab-
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sorption if incorporated into an optical crystal [35]. The wavelengths of the corre-

sponding electronic transitions cover the whole optical spectral range from infrared

to ultraviolet. The linewidths of these transitions depend on their origin. In the

case of intraconfigurational 4fn ↔ 4fn transitions typical widths lie in the range

1 ÷ 100 GHz and can be efficiently driven by modern lasers. However, these transi-

tions are parity-forbidden and, therefore, are rather weak (typical oscillator strengths

∼ 10−6÷10−8). Driving of these electronic transitions would require rather high laser

power. Interconfigurational 4fn ↔ 4fn−15d transitions are much broader (at least,

at room temperature) and much stronger (oscillator strengths can vary from 10−4 for

spin-forbidden to 0.1 for spin-allowed transitions). They also can be efficiently driven

by laser radiation. Thus, we see that optical crystals doped with rare-earth elements

are potentially useful candidates for the experiment. The most common Mössbauer

isotope among rare-earths is 151Eu with either 151Sm or 151Gd source.

Actinides show similar optical properties [36] and, thus, can also be used for

the Mössbauer-optical experiments. However, all of them are radioactive them-

selves. This would complicate the experiment a lot since intrinsic radioactivity of

the Mössbauer absorber would give rise to huge background noise.

Transition metal ions in optical crystals also give rise to electronic optical transi-

tions [37]. Even though in some cases they are not so well pronounced as in the case

of intraconfigurational transitions in rare-earths, typically, they form a resolved band

structure in the optical absorption at room temperature and show zero-phonon lines

(ZPLs, pure electronic transitions) and structured phonon wings in low-temperature

absorption and fluorescence. Thus, transition metal ions in optical crystals, such as

iron and nickel, can be also considered as candidates for the laser-Mössbauer experi-

ment.

In the following subsections we will consider several particular compounds in
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more detail. The focus will be made on iron- and europium-doped optical crystals.

1. Iron-Doped Compounds

Many optical crystals containing iron ions can exhibit electronic absorption and flu-

orescence. The two most common valence states of iron in crystalline hosts are Fe2+

and Fe3+ even though in some compounds iron can be found in monovalent, tetrava-

lent, and hexavalent states. We will mostly concentrate on Fe2,3+.

Let us start with some examples of optical emission and absorption in Fe3+-

doped compounds. One of the most famous is tron-doped LiAl5O8 [38]. It has a

spin-forbidden iron-related electronic transition in red corresponding to 658.2 nm

wavelength. This transition can be efficiently excited by blue 430 ÷ 470 nm or

near ultraviolet 385 ÷ 395 nm light. It also exhibits strong red luminescence at

660 ÷ 800 nm. The fluorescence lifetime is approximately 8 ms, so that it is not

hard to populate this excited state of iron ion significantly. The related compounds,

namely, Fe3+ : LiGa5O8 [39] and Fe3+ : LiAlO2 [40], show similar optical properties.

All of them exhibit broad optical absorption and emission in near infrared at room

temperature. At lower temperatures narrow zero-phonon lines and phonon structure

appear in both emission and absorption. So, these crystals, if doped with enriched

57Fe, would be nice candidates for the laser-Mössbauer experiment.

There are some more examples of Fe3+-doped crystals possessing rather good op-

tical properties. These are iron-doped gallium spinel MgGa2O4 emitting in red while

excited in the ultraviolet [41], Fe3+-doped forsterite Mg2SiO5 possessing electronic

transition at 813 nm and having very long lifetime (≈ 15 ms) of the excited state

[42], and some others. We intentionally consider only compounds consisting of rather

light elements. Heavier constituents would give rise to huge off-resonant absorption

of Mössbauer γ-quanta which, in turn, would complicate the prospective experiment
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a lot.

Now, let us consider some compounds doped with divalent iron. The most famous

Fe2+-doped compounds are III-V semiconductors, such as GaAs, GaP , and InP (see

[29] and references therein). In these materials the lowest 5D2 term of Fe2+ ion is

split into a number of electronic states by the combined action of crystal field and

spin-orbit coupling. This results in a number of absorption and emission transitions in

near-infrared (2÷ 3 µm). These transitions are spin-allowed, therefore their lifetimes

are much shorter than for the case of trivalent iron. At the same time, much larger

oscillator strength of spin-allowed transitions makes excitation of upper electronic

states easier. Thus, III-V semiconductors doped with Fe2+ can be also considered as

potential candidates for the experiment.

In addition, it is worth to mention two other materials which iron enters in a

divalent state. These are magnesium oxide MgO : Fe2+ and KMgF3 : Fe2+. The

former one will be considered in much greater detail in section B where the experiment

on laser modification of its Mössbauer spectrum will be analyzed. Here I will discuss

only optical properties KMgF3 : Fe2+ material. Under red excitation (kypton laser)

this material emits in near-infrared 700 ÷ 770 nm giving rise to a number of sharp

ZPLs and broad phonon wing [43]. This emission originates from 4T1 excited state

of iron ion. This material is promising for the laser-Mössbauer experiment because

the host material consists of light elements and iron-related optical transitions can be

easily driven by either tunable dye or Ti:Sapphire laser.

In addition to Fe2+- and Fe3+-doped compounds, it is worth to mention that

K2SO4 crystal doped with hexavalent iron (laser crystal for near-infrared range) also

meets the required optical criteria. It would be extremely interesting to study the

Mössbauer absorption spectrum of a lasing crystal.
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2. Europium-Doped Compounds

Europium enters crystals in either divalent or trivalent state. Thus, its electronic

configuration can be either 4f 6 for Eu3+ or 4f 7 for Eu2+. Let us consider these two

cases separately.

We start with trivalent europium ion. Its 4f 6 electronic shell is screened from

the crystalline environment by outer 5s2 and 5p6 shells as in most rare-earth ions.

This fact explains why it exhibits very narrow emission and absorption lines in all

optical crystals in the visible due to parity-forbidden 4f 6 ↔ 4f 6 transitions. The

typical widths of these electronic transitions are ∼ 1 ÷ 10 GHz in ordered crystals

and 100 GHz ÷ 10 THz in glasses [44], but in some exceptional cases the width can

be as narrow as 150 MHz [45]. Eu3+ electronic transitions have very low oscillator

strengths (f ∼ 10−7 ÷ 10−9). The ground-state level is spherically-symmetric 7F0

singlet state. 7FJ states with J = 0, 6 extend up to 5000 cm−1 energies. The first

excited term consists of 5DJ states with J = 0, 4 and extends from ≈ 17000 cm−1 up

to ≈ 27000 cm−1. For the purpose of the laser-Mössbauer experiment the 5D0 state is

of the most interest for two reasons. First of all, it decays very slowly (typical lifetimes

are 0.1 ÷ 10 ms) and, secondly, it can be efficiently populated via higher-lying 5DJ

states.

Some examples of Eu3+-containing crystals suitable for laser-Mössbauer investi-

gation are Eu3+ : CaF2 with very long lifetime of 5D0 state of 10÷13 ms even at room

temperature [46], europium phosphate EuPO4 [47] and pentaphosphate EuP5O14

[48], europium nitrate and chloride hexahydrates (EuCl3·6H2O and Eu(NO3)3·6H2O,

[49]), and some others. Again, the choice of these materials was made by taking into

account the fact that they should not contain heavy elements (except for europium

itself) in order to avoid strong background absorption of γ-rays. All the above ma-



40

terials possess similar optical and Mössbauer properties. The example of optical and

Mössbauer absorption spectra as well as optical emission spectrum under resonant

excitation for EuCl3 · 6H2O single crystal are shown in Fig.9. In addition, Fig.10

shows calculated change in the Mössbauer spectrum if certain amount of ground-

state population is placed into the excited 5D0 state.

Theoretical calculation of the Mössbauer spectrum of the 151Eu3+ 5D0 state was

carried out in the following way. First of all, one has to derive the positions of all

hyperfine components of all 4 levels in Fig.2. For the ground-state nucleus hyperfine

splittings are known for both 7F0 and 5D0 electronic states from optical measurements

[45]. They originate from quadrupole interaction of the nucleus with the electronic

shell. Assuming that parameters of electronic quadrupole tensor are the same for the

excited nucleus and knowing the quadrupole moment for the excited-state nucleus

[50], it is rather easy to evaluate hyperfine splittings for the excited nuclear states.

The result of these calculations is shown in Fig.11. Secondly, one has to find relative

strengths of the transitions between hyperfine components of nuclear ground and

excited states for both 7F0 and 5D0 electronic configurations. Again, this can be

easily done by calculating Clebsch-Gordan coefficients for corresponding transitions.

The situation with divalent europium-doped compounds is a little more compli-

cated. The ground term of Eu2+ is 8S7/2 (4f 7 electronic configuration). It contains 8

degenerate electronic states. In crystals this degeneracy is slightly lifted (see, for ex-

ample, [51]), so that the energy splitting of the ground-term sublevels is of the order of

several GHz. However, even at low temperature all these levels are equally populated,

thus, all the states contribute to the Mössbauer spectrum. The nature of the first

excited state depends on the crystal field strength. If the crystal field is sufficiently

strong, so that the splitting of the 4f 65d terms is large, the lowest excited electronic

state appears to be 4f 65d. This happens in, for example, Eu2+ : CaF2, MgS, CaS
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Fig. 9. Room-temperature optical and Mössbauer absorption and optical emission

spectra of EuCl3 · 6H2O. Optical absorption was measured in the vicinity

of 7F0 →5 D0 transition. Absorption due to thermally-populated 7F1,2 levels

is detected. Fluorescence was excited by a dye laser resonant to 7F0 →5 D0

transition (579.2 nm). Multiple peaks correspond to transitions to various 7FJ

levels.
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Fig. 10. Calculated Mössbauer spectra of 7F0 (solid line) and 5D0 (dashed line) states

of EuCl3 · 6H2O.
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Fig. 11. Hyperfine structures of all four energy levels of 151Eu3+ ion in EuCl3 ·6H2O.
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[51, 52]. The transition from the ground to the first excited state is parity allowed

in this case, thus, it has very large oscillator strength (f ∼ 0.1) and the first excited

state decays very fast (lifetime is tens of nanoseconds). Using this transition one

can efficiently redistribute the populations of the ground-state sublevels by polarized

laser radiation (see Sec.2). However, in the opposite case of rather weak crystal field

the lowest excited state of Eu2+ belongs to 6P7/2(4f
7) term. This situation occurs,

for example, in Eu2+ : KMgF3 material [53]. The lifetime of 6P7/2 level of Eu2+

in KMgF3 is of the order of several milliseconds. This is a very favorable situation

for efficient pumping of 6P7/2 metastable state via strong 4f → 5d transition. Thus,

Eu2+ : KMgF3 is a very attractive material for laser-Mössbauer study.

3. Other Possible Candidates

Among the other Mössbauer-active elements the most attractive are 149Sm and 169Tm.

As all rare-earths, these two elements exhibit rather good optical properties. They

both can be stabilized in either divalent or trivalent state in crystals.

Let us start with samarium. It has rather good Mössbauer properties, namely,

high natural abundance of 149Sm (7.38% compared to 2.12% of 57Fe), rather long-

lived Mössbauer source 149Eu (half-life time 93.1 days), and high probability of pop-

ulating the excited Mössbauer state of 149Sm nucleus (64%, [50]). The 149Eu source

can be produced by 150Sm(p, 2n)149Eu reaction [54].

Trivalent samarium can be studied in many host materials. The examples of

optical properties of Sm3+ ion incorporated into CaF2 and of Sm2O3 are given in

Refs.[55] and [56]. Excitation of electronic states can be accomplished by dye laser

at ≈ 570 nm.

Divalent samarium has the same ground-state electronic configuration as Eu3+,

namely, 4f 6. However, the distinction between these two ions comes from the fact
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that the lowest 4f 55d term of samarium lies either in the visible or in the near UV.

Consequently, two different situations can occur. First of all, the lowest 5d level can lie

below metastable 5D0 state. This happens in CaF2 doped with Sm2+ [57]. However,

in some materials, for example, in SrF2, the lowest 5d state lies above metastable

5D0. This would allow one to efficiently pump 5D0 level via higher-lying 4f 55d levels.

The situation is similar to the case of Eu2+ : KMgF3 considered in Sect.2.

Now, let us turn to thulium-doped compounds. The advantages of this element

are 1) 100% natural abundance of Mössbauer isotope 169Tm and 2) low energy of

Mössbauer transition (8.41 keV ). However, shortcomings are more extensive. First

of all, 169Tm has very broad Mössbauer linewidth corresponding to the excited state

lifetime ≈ 4 ns. Secondly, radioactive Mössbauer sources are very short-lived (9.4

days for 169Er and 32 days for 169Y b), thus, making conventional Mössbauer ex-

periment very complicated. The best choice for 169Tm-doped compounds would be

laser-Mössbauer experiment at synchrotron Mössbauer source [58]. The most ad-

vantageous material to be used in this experiment is Tm2+ : CaF2 because of its

electronic-level structure. Tm2+ in CaF2 exhibits absorption in the visible due to

parity-allowed 4f 13 ↔ 4f 125d transition. From 5d-state population decays very effi-

ciently to the metastable 4f state situating 8966.2 cm−1 above the ground-state level

[59]. Again, as in the case of Eu2+ : KMgF3 metastable state can be efficiently popu-

lated and its hyperfine structure can be studied by means of Mössbauer spectroscopy.

Furthermore, Tm2+ : CaF2 is laser material (see [60]), thus, it is possible to observe

Mössbauer spectrum of a lasing crystal.

Laser-Mössbauer experiment can be also performed with some other elements,

such as, for example, nickel and dysprosium. However, additional search of literature

is needed to conclude about feasibility of such an experiment.
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4. Estimates for Required Laser Intensities

Let us now estimate the laser intensity required to observe the effects discussed in

Chapter III. We start with a simple energetical consideration based on how much

laser power is required to populate the upper electronic state.

Typical optical transitions in solids are within the wavelength range 100÷1000 nm.

The corresponding energy of a photon is of the order of a few eV . Let us take 2 eV

for electronic excitation. This means that in order to excite one ions just once, about

3×10−19 J of energy is needed. In order to collect good-quality Mössbauer spectrum,

nuclear resonant absorption should be of the order of 10%. This is enough to observe

pronounced nuclear resonances without thickness broadening. Nuclear resonant cross-

section for 57Fe is 2.5 × 10−18 cm2, for europium-151 it is a bit less. Thus, in order

to see 10% of nuclear absorption, 4× 1016 ions/cm2 is required. Consequently, if one

expects to see 20% of change in the Mössbauer spectrum due to optical excitation,

about 1016 ions/cm2 should be excited by a laser. For the conventional Mössbauer

spectroscopy the required aperture is ∼ 0.1 ÷ 1 cm2. Thus, we need ∼ 1015 ÷ 1016

ions in the excited state in order to observe significant changes in nuclear absorption.

This means, that in order to produce significant population of the excited electronic

state, one needs Eex ∼ 0.3 ÷ 3 mJ of energy.

The above estimate does not seem something unachievable. However, one needs

to remember that typical Mössbauer experiments last for several hours and even days.

Thus, it is required to maintain the population of the upper electronic state for a time

much longer than its lifetime. The required power can be estimated simply as Eex/τ

with τ being the lifetime of the excited electronic state. The typical lifetimes for elec-

tronic transitions in transition-metal ions are in the range from several microseconds

(for spin-allowed transitions) to several milliseconds (for spin-forbidden transitions).
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Thus, the power required to maintain the population of the excited electronic state is

within the range from several hundred milliwatts to several watts for spin-forbidden

electronic transitions and much higher for spin-allowed ones. Thus, in order to see

changes in nuclear absorption related just to population of the excited electronic

state, rather powerful laser is required. Such a big power would heat the Mössbauer

absorber a lot and one has to take special precautions to avoid sample overheating

and destruction of the Mössbauer effect conditions.

For 151Eu the situation is even worse than it is for iron. It is the experimental fact

that one needs at least 1019 ions/cm2 to collect a good-quality Mössbauer spectra

of europium. The lifetime of the metastable 5D0 state of Eu3+ is typically in the

millisecond range. Thus, in order to maintain the population of the excited 5D0

level, the laser power should be very high - hundreds watts or even kilowatts. Such

a huge power will definitely destroy the crystal. For instance, for the above example

of EuCl3 · 6H2O the laser power required to excite several tens per cent of Eu3+ ions

is roughly 1 kW/cm2. This result should have been expected since typical saturation

powers for 4f ↔ 4f transitions in rare-earth-doped crystals are of the same order.

It is clear, that in order to observe coherent effects in nuclear absorption, much

higher powers are needed. Thus, we see that only incoherent effects related to the

excitation of rather metastable (with lifetimes of several milliseconds) states can pos-

sibly be observed in a conventional Mössbauer experiment. The question arises: what

can be done to improve the situation and to make the observation of the predicted

laser-induced effects possible? There are at least two ways to do it.

The first way is to try to reduce the aperture required for Mössbauer measure-

ments. For the conventional Mössbauer spectroscopy this means simultaneous de-

crease in γ-quanta counting rate. There is a trade-off between the laser power and

the time required to collect the spectrum. If, for example, the Mössbauer aperture
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is reduced ten times, we need ten times less laser power, but, simultaneously, we

need to collect the Mössbauer spectrum ten times longer. However, there is a way

to avoid this trade-off by using a synchrotron Mössbauer source [61]. The advantage

of working with synchrotron Mössbauer source is that synchrotron radiation is very

well collimated. Its divergence can be as low as µrad. Furthermore, it can be focused

down to a 5 µm-diameter spot [62]. With this tight focusing the requirements for

laser power drop dramatically. For example, in case of EuCl3 · 6H2O crystal instead

of kilowatt laser powers one would need only several milliwatts focused to ∼ 10 µm

spot to produce substantial population of 5D0 state.

Synchrotron Mössbauer sources exist for several Mössbauer element: Tm− 169,

Eu − 151, Dy − 161, Fe − 57, Sm − 149, etc. Thus, the crystals doped with these

elements can be considered as good candidates for laser-synchrotron experiments.

Another way to avoid difficulties related to laser-power requirements is related

to synchronization of the laser action with the emission of a γ-photon. Previously we

considered the case in which the system prepared in some electronic state or in co-

herent superposition of states waits for the γ-photon to come. This is required since

γ-photons are emitted randomly by the Mössbauer source. Let us consider what

happens if we know exactly when the excited state of the source is formed. Than,

we should expect the Mössbauer photon to come to the detector within the nuclear

lifetime. Consequently, we can illuminate the sample for a rather short period of

time (100 ns in case of 57Fe) with a pulsed laser and we do not need to continue

illumination after this period of time. This opens a possibility to do laser-Mössbauer

experiments with short-lived electronic states (with lifetimes comparable to the nu-

clear one or longer). Furthermore, peak intensities of laser pulses are high enough to

observe coherent effects, such as Rabi-splitting of Mössbauer lines.

How do we know when the excited nuclear state of the source nucleus is formed?
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For 57Fe the time of the excited nuclear state formation can be determined in the

following way. 14.4 keV nuclear state is not populated directly from 57Co β-decay,

but through an intermediate 136 keV state of 57Fe. The population of 14.4 keV

state is accompanied by the emission of 122 keV photon. Thus, if at some instant of

time we detect this photon, we immediately know that the source will emit 14.4 keV

Mössbauer photon within the next 100 ns. This time is enough to make the laser

generate a pulse of optical radiation. This method is called coincidence technique. It

is widely used in nuclear physics. Unfortunately, it is not that simple to implement

coincidence technique for other Mössbauer isotopes.

B. Modification of Mössbauer Spectrum of 57Fe2+ : MgO

In this section experimental observation of laser-induced changes in the Mössbauer

absorption of 57Fe2+ : MgO will be discussed [63].

1. Literature Overview

Magnesium oxide crystal doped with divalent iron has been studied a lot. Both

Mössbauer and optical investigations have been carried out by different groups of

scientists. Let us start with review of optical properties of this crystal.

Undoped magnesium oxide has octahedral crystal structure similar to that of

NaCl. Iron can enter this crystal in magnesium sites in either divalent state or in

trivalent state with charge compensation. It is rather easy to switch between diva-

lent and trivalent iron by firing the crystal sample in either reducing or oxidizing

atmosphere respectively. The site of divalent iron ion incorporated into MgO has oc-

tahedral symmetry. Thus, the crystal field cannot remove the degeneracy of electronic

levels completely. The first works in which electronic states of 3d6 ions in octahedral
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symmetry were studied both theoretically and experimentally were Refs.[64]. In these

works it was shown that the ground-state 5D2 term of such ions is split by the crystal

field into T (lower one) and E (upper one) manifolds. The T manifold contains 15

electronic states while the remaining 10 electronic states of 5D2 configuration belong

to E manifold. The consequent spin-orbit splitting of these two manifolds lifts the

degeneracy further. However, the degeneracy is not removed completely because of

high symmetry of octahedral crystal field. Further removal of electronic degeneracy

can be accomplished by adding distortions of lower symmetry to the crystal field due

to imperfections of the crystal or due to electron-phonon coupling (Jahn-Teller effect).

The overall structure of electronic levels is similar to that of Fe2+ in III-V semicon-

ductor compounds [29]. All the distinctions are of quantitative character because

of different crystal field coupling (different 10Dq) and different spin-orbit coupling

parameter λ.

Low temperature optical absorption spectra of MgO : Fe2+ have been studied

by many authors [65]. It is well-known that the optical absorption spectrum of

MgO : Fe2+ consists of a sharp zero-phonon line corresponding to the electronic

transition to the 5Eg state located at ≈ 9350 cm−1 and a wide phonon sideband

spreading up to 14000 cm−1.

Mössbauer studies of MgO :57 Fe2+ were primarily focused on Jahn-Teller ef-

fect present in this crystal at low temperatures. It is known, that cubic symmetry

of Fe2+ site in MgO is distorted by random strains at nuclear site [66] giving rise

to quadrupole splitting of 57Fe Mössbauer transition. However, fast relaxation pro-

cesses between ground-state electronic sublevels remove this splitting at temperatures

higher than 14 K. Relaxation rates strongly depend on the positions of electronic

levels. In turn, the positions of all levels are dependent on dymanic Jahn-Teller effect.

Theoretical description of relaxation effect on quadrupole splitting in the Mössbauer
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spectra was developed by Ham [67].

2. Sample Preparation

The sample of 57Fe2+ : MgO for the laser-Mössbauer experiment was prepared in

the following way. A MgO substrate was purchased with MTI Corp. It was covered

with a thin layer of 57Fe2O3 (95% enrichment, purchased with Matech) and fired in

air for a week at ≈ 750oC. The resulting crystal contained small amount of divalent

iron in cubic symmetry. However, much greater amount of iron formed ferrites. This

fact was checked by observing broadened sextets in the room-temperature Mössbauer

absorption (see Fig.12a). To reduce ferrite content, the sample was annealed for ≈ 20

hours at 1100oC in hydrogen atmosphere. The hydrogen was obtained by electrolysis

of NaCl solution and purified by passing it through a copper tube immersed in liquid

nitrogen. After annealing dark-green-blue sample was obtained. The geometrical

dimensions were 10 × 10 × 0.5 mm3. The resulting crystalline sample contained no

ferrite showing only the presence of divalent iron in cubic symmetry (see Fig.12b).

However, Fe2+ surrounding was distorted. This resulted in rather broad Mössbauer

line and in splitting of a cubic singlet into two lines due to random strains.

3. Experimental Arrangement

The experimental setup diagram is shown in Fig.13. The sample of MgO :57 Fe2+ is

placed in between the moving Mössbauer source and γ-photon counter. The Mössauer

source used in the experiment was 57Co : Rh, the Mössbauer spectrometer was from

Wissel Instruments, and the detector was a simple proportional counter. The initial

source activity was ≈ 50 mCi, however, by the time when the experiments were per-

formed it dropped to 10÷15 mCi. The Mössbauer counting rates in the experiments

varied in the kilohertz range.
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Fig. 12. Room-temperature Mössbauer spectra of 57Fe : MgO after the diffusion and

after consequent reducing in H2 atmosphere. Non-reduced sample showed rich

ferrite structure of 57Fe3+ while the reduced sample contains only Fe2+.
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Fig. 13. Setup for laser-Mössbauer experiment.
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Two different lasers were used to illuminate the absorber. One of them, Nd :

Y AG laser was an old ESI3570 manufactured in ≈ 1985. It was capable to deliver

up to 30 W of CW power at 1064 nm. It also could be Q-switched. The Q-switch

rates could vary from a single pulse up to 20 kHz in steps of 100 Hz. The pulse

duration could be either 35 ns or 70 ns depending on the laser cavity length. The

average power in a Q-switch mode dropped by approximately a factor of 3. The laser

beam was directed onto the sample by passing it through a KTP doubling crystal to

visualize a beam. Only a small fraction of laser power was converted into 532 nm

second harmonic.

The second laser used in the experiments was GM30 Nd : Y LF laser from

Photonics Industries. This laser was capable of delivering of ≈ 1 W of green power

(527 nm) in CW regime, while in the Q-switch mode the average power could be made

as high as 30 W . The repetition rates could be varied in the range 600 Hz ÷ 3 kHz.

The pulse duration was dependent on the repetition rate and pump power. Typical

pulse widths lied in the range 150 ns for high pump power through 1 µs for low pump

power.

The laser beam was focused onto the sample to a spot ≈ 3 ÷ 4 mm in diameter

corresponding to the apperture used in the Mössbauer experiment. To avoid over-

heating of the sample, it was placed on a massive copper holder. To improve thermal

contact of the sample with the holder, thermo-conducting greeze was used.

For low-temperature measurements the sample was placed into a cryostat (ST-

100, Janis Research). Fluorite (CaF2) windows were used for passing the laser

beam while γ-rays were passed through mylar Mössbauer windows. The sample was

mounted on a ”cold finger”.

As was mentioned above, Mössbauer spectra are very sensitive to the absorber

temperature. In particular, isomer shift of the Mössbauer lines and quadrupole split-
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Fig. 14. Mössbauer data collection procedure.

ting depend very strongly on the temperature: they decrease as the sample is heated

up. Significant changes of isomer shift and quadrupole splitting can be detected if

the sample temperature is changed by ∼ 10 K. However, laser radiation can heat

the sample by several tens or even hundreds K. To avoid misleading results caused

by laser heating, one has to accumulate the Mössbauer spectra with laser on and off

at the same sample temperature. Thus, the Mössbauer spectra were collected in the

following way. The period of time between the two subsequent laser pulses was split

into two parts. γ-quanta detected during each part of the period formed different

Mössbauer spectra. Thus, two spectra were obtained simultaneously. The spectrum

collected during the first part of the period between pulses was called ”with laser”

while the spectrum corresponding to the second part of the period was called ”without

laser” (see Fig.14). In fact, words ”with laser” and ”without laser” do not reflect the

real situation because both spectra were taken with no laser light on. ”With laser”

means right after the laser pulse and ”without laser” means right before the next

laser pulse. If laser causes some excitation (for example, some electronic excitation)

inside the crystal whose lifetime is of the order of laser repetition period, the two

Mössbauer spectra taken ”with” and ”without laser” should be different (of course, if
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this excitation affects nuclear hyperfine properties). So, one has to accumulate these

two spectra and compare them.

Let us estimate the maximum temperature increase that might be caused by a

laser pulse. This is necessary in order to check the expected thermal effects. The

laser pulse energy in the experiments with 57Fe : MgO did not exceed 1 − 3 mJ .

Let us assume that all this energy goes into heat. We also assume that all this heat

is dissipated during the ”with laser” part of the laser period. This will give us the

upper estimate of the sample temperature difference between ”with” and ”without

laser” periods of time. We also assume that only the illuminated area is heated up.

Thus, the heated volume in the case of our 57Fe : MgO sample is 3 × 3 × 0.5 mm3.

The density of MgO is 3.6 g/cm3 while its specific heat capacity is 0.94 J/(g · K).

Taking into account all these data, we obtain 0.2 K utmost temperature difference

for the two parts of laser period. Such small temperature difference cannot cause any

measurable changes in the Mössbauer absorption of the sample.

4. Experimental Results

Before discussing the changes in the Mössbauer spectrum by laser radiation, it is

necessary to present both Mössbauer and optical spectra of the sample under study.

The room temperature optical absorption of our blue-green sample is shown in Fig.15.

It shows several broad bands in the visible and infrared parts of the spectrum. These

bands are peaking at ∼ 8000 cm−1, 16000 cm−1, and 18000 cm−1. There is also

strong absorption in the violet.

The results of Mössbauer studies of the sample are shown in Fig.16. Mössbauer

spectra were taken at different temperatures, from liquid nitrogen up to room temper-

ature. Divalent iron occupies octahedral sites in MgO, thus high-symmetry crystal

field cannot lead to quadrupole splitting of nuclear levels. Consequently, Mössbauer
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Fig. 15. Optical absorption of the two samples of 57Fe2+ : MgO. The one in which

laser-induced effect is observed has pronounced absorption peaks at ≈ 530 nm

and ≈ 600 nm. Peak at 632 nm is due to He − Ne calibration laser.

spectrum should consist of one line. However, random strains inside the crystal

lower the site symmetry. Fig.16 shows that Mössbauer absorption of our sample is

not a single line but rather a quadrupole doublet. As the temperature is increased,

quadrupole splitting decreases and the absorption line becomes sharper. This indi-

cates the fact that relaxation processes are involved in forming the Mössbauer line

shape. The relaxation effects in the Mössbauer spectrum of the sample under study

will be discussed in the next subsection.

In laser-Mössbauer experiments two types of lasers were used: fundamental and

second harmonics of Nd : Y AG (1064 nm and 532 nm respectively) and second

harmonic of Nd : Y LF (527 nm). Let us start with 1064 nm pumping experiments.

The typical difference between ”with” and ”without laser” spectra is shown in

Fig.17. This figure also shows the way in which the change in the Mössbauer spectra

is measured. Namely, the sum of areas of positive and negative parts of difference
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Fig. 16. Temperature dependence of 57Fe2+ : MgO Mössbauer spectra. The depen-

dences of absorption area and isomer shift on T allows one to estimate the

Debye temperature (ΘD ≈ 420 K). Relaxation effects lead to narrowing of

the Mössbauer line as the temperature is increased.
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Fig. 17. Measure of laser-induced effect as a sum of areas of positive and negative

parts of spectral difference.

between ”with”- and ”without laser”-spectra was chosen as a measure of ”laser effect”.

Its dependence on the acquisition time T1 is indicated in Fig.18. Even though there

are only four points in this graph, it is possible to determine the order of magnitude

of ”laser effect” lifetime: ∼ 100 µs. The maximum amplitude in the Mössbauer

absorption difference observed in the experiments with Nd : Y AG laser was ≈ 2%.

Much better results are obtained with 527 nm pumping. With the same optical

power it is possible to affect Mössbauer absorption three times more efficiently. The

typical spectra of 57Fe2+ : MgO under laser action are shown in Fig.19. In that ex-

periment the pulse repetition rate was 2.9 kHz and ”with/without laser” parts of the

repetition period were equal. As in the case of Nd : Y AG pumping, the dependence

of ”laser effect” was studied as a function of acquisition time T1 (see Fig.20). This

time the difference in maxima of ”with/without laser” Mössbauer absorption was

chosen as a measure of ”laser effect”. The parameters of laser radiation used in this

series of experiments are the following: power 3.25 W , pulse repetition rate 2.5 kHz,

and pulse duration 650 ns. The experimental points were fitted in the following way.



59

 

40 60 80 100 120 140 160
10

12

14

16

18

20

Laser pum ping, 1064nm
f=3.1kHz, P=4.2W , T=78K

S
=

S
-+

S
+
, 

a
.u

.

Acquisition tim e, µµ sec

Fig. 18. Acquisition time dependence of laser-induced effect in case of Nd : Y AG

pumping.

Let us assume, that the change produced by a laser pulse inside the crystal decays

exponentially. Thus, the parameter describing this change behaves as

f(t) = ae−t/τ , (4.1)

where a is the initial amplitude of change right after the pulse and τ is its lifetime.

What is observed in the experiment is the difference between values of f(t) averaged

over ”with” and ”without laser” parts of the period:

∆f(t) =
1

T1

∫ T1

0
f(t)dt − 1

T − T1

∫ T

T1

f(t)dt, (4.2)

where T is the pulse repetition period. Evaluating this expression we obtain the

following formula for the difference in Mössbauer amplitude for ”with/without laser”

parts of the repetition period:

∆A = X
[

T

T1

(

1 − e−
T1

T
T
τ

)

− T

T − T1

(

e−
T1

T
T
τ − e−

T
τ

)]

. (4.3)

This expression contains only three parameters: X is the amplitude, T1/T is the
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Fig. 19. Room-temperature laser-induced effect in 57Fe2+ : MgO with ≈ 4.5 W

pumping at 527 nm (Nd : Y LF , second harmonic) and the repetition rate

2.9 kHz: a) spectra “with/without laser” (“laser on/off”), b) the difference

of the two spectra.
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Fig. 20. Acquisition time dependence of laser-induced effect amplitude. Fitting gives

the lifetime ≈ 40 µs.

fraction of ”with laser” part, and τ/T . By fitting the experimental points with this

curve it is possible to determine the lifetime of laser-induced changes: τ = 40 µs.

This is of the same order as our previous estimate ∼ 100 µs done for Nd : Y AG

experiments.

In addition to substantial change in the amplitude (for T1 less than 40 ns the

amplitude dropped more than twice) and broadening of the Mössbauer line, additional

Mössbauer absorption resonances were observed for acquisition time T1 less than

40 ns (see Fig.21). They might originate from the hyperfine structures of the excited

electronic states of 57Fe2+ ion.

In order to check weither the observed changes in the Mössbauer spectrum are

really related to laser action, several experiments with other samples were done. These

samples were Al2O3 :57 Fe3+ and MgAl2O4 :57 Fe3+. They were prepared by iron

diffusion into the host material at high temperatures: 900oC for Al2O3 and 1200oC
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 Fig. 21. Room-temperature laser-induced effect in 57Fe2+ : MgO with ≈ 3.25 W

pumping at 527 nm (Nd : Y LF , second harmonic) at the repetition rate

2.5 kHz and acquisition time T1 = 20 µs. Additional Mössbauer resonances

are indicated by arrows.

for spinel. The geometrical dimensions of the latter two samples were identical to

those of blue-green MgO : Fe. In Fig.22 a comparison of laser-induced effect for the

same laser parameters is shown. No effect can be seen for corundum and spinel while

it is very pronounced for magnesium oxide.

In order to check that the produced sample of MgO :57 Fe2+ is not unique and

that the procedure of its preparation is repeatable, one more sample of MgO :57

Fe2+ was produced following the procedure described above. However, this time

the hydrogen was not purified in liquid nitrogen. This resulted in more pronounced

quadrupole splitting (see Fig.23). Probably, this was caused by lowering iron site

symmetry due to impurities. The produced sample was much more transparent than

the first one. No changes in the Mössbauer spectrum under laser irradiation were

observed.

The third sample of MgO :57 Fe2+ was reduced in a purified hydrogen at 900oC.

It appeared to be more transparent as the first one (no blue-green coloration). In
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Fig. 23. Mössbauer spectrum of 57Fe2+ : MgO sample reduced in impure hydrogen.

No laser-induced effect is detected.

addition, it contained substantional amount of ferrite. Even though it looked com-

pletely different from the first dark green-blue sample, its Mössbauer spectrum was

affected by laser radiation (see Fig.24). Thus, the conclusion is that the procedure

of producing MgO :57 Fe2+ crystals, whose Mössbauer spectrum can be affected by

527 nm radiation, exists and repeatable.

5. Possible Explanations of Observed Changes

Even though no satisfactory explanation of the observed modifications of Mössbauer

spectrum exists so far, one can speculate about possible origin of these modifications.

Let us discuss possible explanations of the observed effect. The two facts have to

be explained: appearance of new Mössbauer resonances and broadening of the initial

line.

In section 3 of the present chapter possible thermal effects were already esti-

mated. Possible change in temperature by 0.2 K could not lead to such a strong
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transformation of the Mössbauer spectrum. The first explanation which comes to

mind is the excitation of sound inside the sample by pulsed laser radiation. The

possible mechanism of this excitation is local heating of the sample and subsequent

thermal expansion of the heated part. Consequently, the Mössbauer resonances are

affected in the same way as was discussed previously in Chapter II, section A. Let us

examine this possibility more carefully.

The observed modifications of the Mössbauer spectrum would require the fre-

quency of the sound to be of the order of change in the Mössbauer linewidth, i.e.

several megahertz. Furthermore, the long lifetime of the observed changes compared

to the sound period implies high Q-factor of the sound inside the crystal. This means

that the crystal should serve as a cavity for the sound wave. Taking into account

sound velocity in MgO (9150 m/s for the longitudinal sound and 6620 m/s for the

transverse sound) and crystal dimensions (10× 10× 0.5 mm3) we find that the crys-

tal can accommodate sound of 4.5 MHz and higher frequencies for the longitudinal

mode and 3.3 MHz and higher for the transverse mode. Excitation of ultrasound of

these resonant frequencies could possibly explain broadening of the Mössbauer line.

However, the appearance of new resonances cannot be explained by ultrasound for

the following reasons. First of all, new lines appear far away from the initial one

(1 ÷ 2 mm/s). This would require 10 ÷ 20 MHz ultrasound. It is very unlikely

that such a high-frequency ultrasound could be excited by laser pulses whose power

spectrum is much narrower. Secondly, if the observed Mössbauer changes were due to

ultrasound effects, sound satellittes should have appeared symmetrically with respect

to the original line. However, in Fig.21 we see that the additional lines are distributed

non-symmetrically.

In order to test ultrasound explanation of the original line broadening, the fol-

lowing experiment was performed. Since one expects excitation of resonant sound,
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it does not matter in which part of the sample it was initially excited. After a very

short (compared to 40 µs) time sound vibration will be distributed uniformly all over

the sample. Thus, the illumination of one part of the sample with a laser and simul-

taneous observation of Mössbauer modification in the other part would lead to the

same difference in the ”laser On/Off” spectra. In the experiment the illuminated area

was shifted from the Mössbauer aperture so that they do not overlap. The result is

that no difference in ”laser On/Off” spectra was observed in this experiment. This

fact provides rather convincing evidence that changes in nuclear absorption observed

previously were not due to the sound effects.

As was previously mentioned, new Mössbauer lines can be explained by popu-

lation of some excited electronic states of Fe2+-ion whose lifetime is 40 µs. This

explanation is very likely since the corresponding lifetime lies within the range of

population decay times of 3d ↔ 3d transitions of transition-metal ions. If this is the

case, the new lines in the Mössbauer absorption correspond to nuclear transitions in

the excited electronic state or states (more than one metastable states can be pop-

ulated by laser pumping). However, the nature of this state(s) is still unclear now.

Furthermore, this does not explain broadening of the original line.

Another possible explanation can be given on the basis of the fact that 57Fe2+MgO

is Jahn-Teller crystal and that its Mössbauer spectra are strongly affected by elec-

tronic Orbach relaxation.

Orbach relaxation processes occur via higher-lying electronic states [68]. The

electronic structure of Fe2+ in octahedral crystal field is shown in Fig.25. It originates

from 5D term of a free Fe2+ ion in the following way [64]. 5D has spin S = 2 according

to Hund’s rule. Thus, there are 25 electronic states in total. They correspond to

different orientations of spin and angular momentum. If placed in an octahedral

crystal field, 5D splits into two crystal levels 5Eg and 5T2g the latter being the lowest
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one. Each of these levels is further split into a number of sublevels due to spin-orbit

interaction. The first order spin-orbit coupling remains 5Eg level unsplit while 5T2g

splits into three states, Γ5g, Γ4g,3g, and Γ1g,4g,5g in the order of energy increase. Second

order spin-orbit coupling lifts the degeneracy further: Γ5g remains unsplit, Γ4g,3g and

Γ1g,4g,5g split into 2 and 3 sublevels respectively, while 5Eg state is split into five.

The ground state of the system is Γ5g triplet state. The magnitudes of the splittings

discussed above are as follows: ∆E5E↔5T = 10Dq ≈ 104 cm−1, ∆EΓ5g↔Γ4g,3g
=

2λ ≈ 200 cm−1, ∆EΓ4g,3g↔Γ1g,4g,5g
= 3λ ≈ 300 cm−1, and second order spin-orbit

contribution is of the order ∼ 10 cm−1. The ground-state triplet is split further by

random strains inside the crystal. The magnitude of this splitting is ∼ 10−2 cm−1

[67].

In addition to octahedral crystal field, Jahn-Teller interaction occurs [69]. Its

origin is related to the fact that octahedral symmetry of the site is not energetically

favorable, i.e. if octahedral symmetry is slightly broken, the system energy goes

down. There are several configurational states in which system energy is lower than

in pure octahedral field. Moreover, the energy of all these configurations is the same,

so that it is very easy to flip from one configuration to another. This is so called

dynamic Jahn-Teller effect. There also exists another type of Jahn-Teller interaction

when there is only one energetically preferable configuration with lower symmetry.

This is called static Jahn-Teller effect. In some sense, the experiments with sodium

nitroprusside described above (see Chapter II, section C) dealt with excitation of a

very long-lived configurational state. This can be viewed as static Jahn-Teller effect.

Dynamic Jahn-Teller effect leads to significant changes in the energies of elec-

tronic states and the corresponding g-factors. In case of Fe2+ : MgO Jahn-Teller

interaction leads to significant decrease in energies of Γ4g and Γ3g levels (approxi-

mately, by a factor of 2). This makes Orbach relaxation between the ground-state
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strain-split sublevels via intermediate Γ4g,3g states more efficient since Orbach relax-

ation rate is proportional to exp (−∆/kT ).

Each of the three ground-state sublevels give rise to quadrupole splitting of nu-

clear sublevels. Since these states originate from the same triplet level, the magni-

tudes of all three quadrupole splittings are the same. However, Orbach relaxation

efficiently reduces the quadrupole interaction amplitude. In work [70] it was shown

that the shape of the Mössbauer line in case of relaxation effects can be described by

the following formula:

P (ω) =
2

Γ

ω2(3W + Γ) +
(

3W + Γ
2

) (

Q2 − ω2 + 3
2
WΓ + 1

4
Γ2
)

ω2(3W + Γ)2 +
(

Q2 − ω2 + 3
2
WΓ + 1

4
Γ2
)2 . (4.4)

Here Γ is the natural nuclear linewidth, W is the rate of flips between the three states

of the ground-state triplet, Q is the quadrupole splitting, and ω is the frequency of

the incident γ-radiation. It is easy to see that this shape approaches single line as

W → ∞ and it approaches quadrupole doublet as W → 0.

Taking into account the above information about Jahn-Teller effect and Orbach

relaxation, it is rather reasonable to assume that laser excites some hypothetical

metastable configurational state and shifts Γ4g,3g levels to higher energies. Conse-

quently, Orbach relaxation rate reduces and the Mössbauer line becomes broader.

This is consistent with the behavior of unperturbed Mössbauer spectra at different

temperatures in such a sense that spectra become broader at lower temperatures and,

correspondingly, at lower relaxation rates W . Observation of metastable long-lived

optically-excited configurational states in sodium nitroprusside supports the possi-

bility of existence of such a state in iron-doped magnesium oxide. Thus, excitation

of metastable configurational state together with optical population of metastable

electronic state(s) could explain the observed transformations of the Mössbauer spec-
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tra. However, to clarify the origin of the observed changes, further investigation is

required. It can include possible studies of the sample by X-ray or neutron diffraction

under laser excitation, far-infrared spectroscopy, etc.
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CHAPTER V

CONCLUSION

In the present work a possibility of manipulating Mössbauer absorption spectra have

been analyzed both theoretically and experimentally. The theoretical results can be

summarized as follows:

• A theoretical model describing a possibility of optical modification of nuclear

resonant spectra via electronic degrees of freedom is developed. It is shown

that in the simplest situation one comes to a four-level model for the combined

electron-nuclear system in the case of isomer shift of atomic levels, but it might

be more complicated if hyperfine splittings are present in the system. The model

describes how electronic excitation caused by optical field can be transferred to

the nucleus via hyperfine interaction.

• Different types of hyperfine interactions are analyzed in view of optical driving

of nuclear transitions. In the case of isomer shift of atomic levels, the predicted

effects are the appearance of a new line in the Mössbauer absorption, power

broadening of nuclear transitions caused by laser radiation, their Rabi splitting,

and vanishing of hyperfine interaction if the optical driving becomes strong.

Two additional effects could be observed if the ground state of the medium is

hyperfine split. These are optical pumping of nuclear hyperfine sublevels and

coherent population trapping effects. In the former case, optical pumping would

lead to redistribution of absorption strength among Mössbauer lines while in

the latter case complete cancellation of nuclear absorption can be expected.

As for the experimental part of the work, the following results have been obtained:
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• Suitable Mössbauer-active media for the first proof-of-principle experiment have

been found. Among them are some optical crystals doped with divalent or triva-

lent iron and crystals doped with rare-earths, primarily europium and samar-

ium.

• Various crystal samples containing 57Fe and 151Eu were prepared and analyzed

by means of optical and Mössbauer spectroscopic techniques. 57Fe2+ : MgO

appeared to be the most suitable for laser-Mössbauer experiment.

• Mössbauer and optical spectra were obtained for the sample of 57Fe2+ : MgO

under study. Thermal behavior of Mössbauer absorption of the sample sug-

gested importance of relaxation processes.

• Laser Mössbauer experiment was performed. The spectra modified by laser

action were analyzed and laser effect on the Mössbauer absorption was estab-

lished. Under laser action the existing Mössbauer resonances drop in amplitude

and become broader and new absorption lines appear.

• The observed changes in the Mössbauer spectra can be attributed to excitation

of metastable electronic or configurational states. However, further investigation

is needed to clarify the origin of the observed effects.
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Materials, Magnetism, and Gamma-Optics, Kazan, Russia.

2000 - The best student work at the Texas Section APS Meeting, College Station,
Texas A&M University.

2001 - Award for Outstanding Graduate Performance in Pre-Dissertation Physics
Research/Academics at Texas A&M University.

Publications:

1. O. Kocharovskaya, R. Kolesov, and Y. Rostovtsev, Phys. Rev. Lett., 82, 3593
(1999).

2. O. Kocharovskaya, R. Kolesov, and Y. Rostovtsev, Laser Physics, 9, 745 (1999).

3. R. Kolesov, Y. Rostovtsev, and O. Kocharovskaya, Opt. Commun., 179, 537
(2000).

4. R. Kolesov, Phys. Rev. A, 64, art. no. 063819 (2001).

5. R. Kolesov and E. Kuznetsova, Phys. Rev. B, 63, art. no. 184107 (2001).

6. Y. Rostovtsev, R. Kolesov, and O. Kocharovskaya, Hyperfine Interactions, 143,
121 (2002).

7. E. Kuznetsova, R. Kolesov, and O. Kocharovskaya, Phys. Rev. A, 68, art. no.
043825 (2003).

8. P.M. Anisimov, R.A. Akhmedzhanov, I.V. Zelenskii, R.L. Kolesov, and E.A.
Kuznetsova, JETP, 96, 801 (2003).

9. R. Kolesov and O. Kocharovskaya, Phys. Rev. A, 67, art. no. 023810 (2003).

10. R. Akhmedzhanov, I. Zelensky, R. Kolesov, and E. Kuznetsova, Phys. Rev. E, ,
69, art. no. 036409 (2004).

The typist for this thesis was Roman L. Kolesov.


