
Abstract. Major applications of the novel and extremely pro-
mising technology of isotope engineering are reviewed which,
along with basic research, also include Ð by no means exhaus-
tively Ð optical fibers, optoelectronics, tunable solid-state
lasers, neutron transmutation doping, and information storage.

1. Introduction

Most chemical elements have more than one stable isotope
(e.g. see Ref. [1]). According to modern ideas of nuclear
physics, isotopes (the concept of an isotope was introduced
nearly a century ago by F Soddy [2]) are the atomic nuclei of
the same chemical element with different numbers of
neutrons. Thus, the isotopes of a chemical element differ
only in the mass of the nucleus and, hence, in the frequency
of the ultimate optical and zero-point oscillations, which in
turn leads to marked transformations of the energy spectrum
of electronic excitations [3 ± 5]. Among these transforma-
tions, of primary importance is the well-known variation of
the interband transition energy Eg on isotopic substitution.
While in Ge the value of Eg changes by roughly 1 meV on
isotopic substitution, in diamond and in LiHxD1ÿx crystals
this change amounts to 13 and 104 meV, respectively. In the
latter case, the values are rather large, which means they can
easily be measured using modern techniques of experimental
physics. It must also be noted that in the case of LiHxD1ÿx
crystals subjected to isotopic substitution, the exciton
binding energy varies nonlinearly by 20% (from
EB � 40 meV for pure LiH to 50 meV for pure LiD [5]).
Quantitative studies of the concentration dependence of EB

have made it possible to extract entirely new information
about the exciton ± phonon coupling constant in the case of
the FroÈ hlich mechanism of scattering of free excitons by LO
phonons, the exciton translational mass, the mass of current
carriers, etc. (for more details see Ref. [5]). The isotope
effects in lattice dynamics are thoroughly discussed in
Ref. [6].

When speaking of lattice dynamics, one should first be
concerned with the effect of isotopic substitution on the
elastic, thermal, and vibrational properties of the crystal
lattice. While the variation of the lattice constant Da=a is
roughly 10ÿ3ÿ10ÿ4, the variation of the elastic constants,
dcik, amounts to several percent. Isotopic substitution also
gives rise to highly distinctive and general effects in the
phonon spectrum, especially in the LO-phonon spectral
region. The shift of LO lines in diamond does not exceed
50 cmÿ1, while in LiHxD1ÿx crystals it exceeds 200 cmÿ1. Such
a profound effect in the case of LiHxD1ÿx crystals is due
primarily to the strong scattering potential which is caused by
the substantial change in mass in the process of isotopic
substitution.

The coherent potential model provides a quantitative
description of the small shifts of the lines and the line
broadening in the spectrum of light scattered in semiconduct-
ing crystals (Ge and C) (see also Ref. [3]). The presence of
local vibrations in the spectrum of light scattered in
LiHxD1ÿx crystals, as well as the two-mode nature of LO
phonons at high isotope concentrations, make it impossible
to use the linear approximation of the coherent potential
method in describing the lattice dynamics of these crystals.
We mention in passing that in the event of isotopic
substitution the peak thermal conductivity in enriched 70Ge
(99.99%) is km � 10:5 kWmÿ1 Kÿ1, or ten times greater than
in natural germanium (the same is true of C and Si). Despite
these large effects being present in the various characteristics
of a solid on isotopic substitution, so far very few attempts
have been made to utilize structures with an ordered (or
disordered) distribution of the different isotopes of one
chemical element in practical applications. Probably the
only important exception here is the employment of isotope
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engineering in transmutation transformations which are
considered in greater detail in Section 5.

The present paper is a brief review of the potential and real
applications of isotope engineering to insulators and semi-
conductors, which is by no means untimely problem from the
standpoint of the practical aspect of fundamental research.
The second (no less important) reason for this review is to
focus the attention of researchers, including applied physi-
cists, on a new and promising area of science.

2. Isotopic confinement of light and phonons

The first (and most important) application of the isotope
technology is optoelectronics with isotope-varied elements
and, in particular, optical fiber. As is known, for a typical
solid of different isotope composition the lattice constant
varies within the following limits [6, 7]:

Da
a
� 10ÿ3ÿ10ÿ4 : �1�

For instance, modern precise experimental data yield a value
of Da=a � 1:5� 10ÿ4 for diamond crystals of different
isotopic composition, while for LiHxD1ÿx crystals it is
0.0037 for the limiting values of x (for more details see Ref.
[6]).

Let us assume that the optical fiber is manufactured from
a single chemical element of different isotopic composition:
the core region is made of one isotope and the cladding, of
another isotope of the same chemical element. The boundary
between the core and the cladding forms the isotope interface.
The difference in the values of the refractive index on the two
sides of the isotope interface gives rise to total internal
reflection and, hence, may ensure an alternative path which
leads to light confinement. For a quantitative estimate we
examine the interface between isotopically different composi-
tions of SiO2, where the materials of the core and cladding
have the same chemical composition and structure but
different isotopic composition, for example, 28Si16O2 and
30Si18O2, respectively (Fig. 1). As a first approximation we
assume that the refractive index is proportional to the number
of scatterers in a unit volume. Using the Clausius ±Mossotti
equation (e.g. see Ref. [8]) for the refractive index, we arrive at
the following relationship (true for Dn5 n):

Dn
n
� 3c

Da
a
; �2�

where c is a dimensionless adjustable parameter of order unity
(see also Ref. [7]). Substituting (1) into (2), we obtain

Dn
n
� 3� �10ÿ3ÿ10ÿ4� : �3�

Applying the Snell law of light refraction, we arrive at the
following expression for the angle of refraction F when
monochromatic light travels through a refractive boundary:

F � arcsin

�
n1
n2
�sin a�

�
; �4�

where a is the angle of incidence. (For a grazing ray a � 90�.
This condition ensures the confinement of light to the fiber.)
Combining Eqns (3) and (4) yields the following estimate for
the angle of refraction:

F � 0:2ÿ4:5� : �5�

Thus, the use of an isotopic fiber in which the core and
cladding are manufactured from different isotopes of the
same chemical element is sure to guarantee an angle of
refraction F needed for total internal reflection [9]. Compar-
ison of the lattice constants (e.g. see Ref. [6] and the material
above) shows that their difference amounts to about one-
thousandth and, hence, results in insignificant internal
stresses between the core and cladding. This leads to the
important conclusion that an isotopic medium constitutes a
promising material for optoelectronics (the production of
various integrated circuits) and, in particular, for manufac-
turing optical fiber.

Another no less important application of isotope engi-
neering are isotope superlattices, the idea of which was
proposed by Haller [4] in 1990. The main reason for studying
superlattices is their one-dimensional nature, which makes
localization of phonons (electrons) possible despite the small
difference in the masses of the isotopes employed. For
instance, the presence of a thin layer of the isotope 70Ge
placed inside the bulk of a material manufactured from the
isotope 74Ge always results in the appearance of a local
vibrational mode whose frequency is higher than the
ultimate vibrational frequency of the 74Ge isotope. The first
experimental studies of the Raman spectra of germanium
superlattices with periods 24 n4 32 were carried out by
Spitzer et al. [10]. In that paper the researchers also compared
the experimental Raman spectra with the theoretical spectra
(Fig. 2). Adequate agreement between the two sets of data is
clearly visible. Notice that the theoretical model incorporated
the mixing of two monolayers forming the interface. The
number of peaks observed in the Raman spectra was found to
correspond to the various `confined' modes that preferably
emerge in layers of the 70Ge or 74Ge isotopes. The results of
Spitzer et al. [10] showed that isotopic samples of superlattices
are an ideal model system for studying the confinement of
optical phonons in superlattices, as also shown in Haller's
review [4].

We also note in passing another important application of
an isotopically pure semiconducting germanium crystal. As is
well known, just this material can serve as a detector of
radiation with a broad sensitivity region that encompasses a
range extending from infrared radiation to g radiation. Noise
(what is known as `spikes') and the signal background are
often due to the capture of cosmic radiation by the nuclei of
the crystal-forming particles (neutrons, protons), which is

y
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30Si18O
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Figure 1. Isotopic fiber in which the core and cladding are manufactured

from pure SiO2 of different isotopic composition [7].
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followed by b decay. Clearly, the corresponding response will
depend on the number of neutrons, in other words, on the
type of nucleus, i.e. on the isotopic composition [11, 12]. It is
also known that in the case of germanium these processes are
strongest for the 70Ge isotope [11]. By way of example Fig. 3
depicts, for the 10 ± 250-keV range, the signal background of
the response of detectors manufactured from natural germa-
nium and from the 70Ge isotope [12], i.e. what can be called
the `dark' signal. Clearly, the background level is much lower
in the case of a detector manufactured from the 70Ge isotope
than in the case of a detector manufactured from natural
germanium. It is the use of a detector manufactured from
isotopically pure germanium that substantially increases the
detector's sensitivity (for more details see Refs [11, 12]).

3. Generation of light in isotopically mixed
media

In recent decades the area of application of isotopically mixed
media based on lithium hydride has broadened substantially.
In addition to the traditional employment of this material in
nuclear engineering [13, 14], lately a number of other very
promising applications have emerged. The most important
one, which has been actively discussed in the scientific
literature [15 ± 17], has to do with the possibility of manufac-
turing, at fairly low pressures, an insulator ±metal junction
based on lithium hydride, with the metallic conduction band
being `genetically' linked to hydrogen (see also Refs [19, 20]).

The use of LiH (LiD) in initiating a thermonuclear reaction
was quite unique. A medium based on lithium hydride is
thought to be a promising medium acting as a target in laser-
induced fusion [18].

Another application that will be discussed here in greater
detail is related to the possibility of using an isotopically
mixed medium (e.g. LiHxD1ÿx or 12Cx

13C1ÿx) as an oscillator
of coherent radiation in the ultraviolet spectral range [21, 22].
To achieve this, the use of indirect electron transitions
involving, say, longitudinal optical phonons was planned.
Using indirect electron transitions involving phonons to
degenerate coherent radiation in semiconductors was origin-
ally proposed by Basov et al. [23]. Kulewsky and Prokhorov
[24] were the first to observe stimulated radiation using
emission lines of LO phonon repetitions in CdS on two-
photon excitation (see also Ref. [25]).

In allowing for the potential profile in mixed crystals one
cannot completely exclude the possibility of lasing involving a
phononless line of exciton luminescence [26]. The observation
of emission lines of LO phonon repetitions in wide-gap
insulators (see Refs [5, 21]) has made it possible to pose the
problem of lasing in the ultraviolet spectral region via
intrinsic electron transitions, where practically no solid lasers
can be found. It is the high quantum yield of intrinsic (e.g.
exciton) luminescence of pure crystals (LiHxD1ÿx and
12Cx

13C1ÿx) that ensures high energy extraction per unit
volume of lasing material. Figure 4 depicts, as an example,
the exciton luminescence spectrum of pure (LiH andLiD) and
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Figure 2.Measured (a) and calculated (b) Raman spectra of a series of isotopic 70Gen74Gen superlattices. The spectra exhibit confined vibrational modes

in layers manufactured from 70Ge and 74Ge isotopes [10].
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mixed (LiHxD1ÿx) crystals at a low temperature. A common
feature of all three spectra is a phononless emission line of free
excitons and its 1LO and 2LO phonon repetitions. An
increase in the density of the exciting light causes a burst of
the radiation energy in the long-wave wing of the emission
lines of the 1LO and 2LO repetitions (Fig. 5) at a rate that is
higher for the 1LO repetition line [21]. A detailed dependence
of the luminescence intensity and the shape of the 2LO
repetition line is presented in Fig. 6.

The above results suggest that, as the excitation density
increases, there emerges firstly a slight narrowing followed by
a splash of a fine (and probably mode) structure Ð a
phenomenon observed many times in semiconducting crys-
tals [25]. Such a nonlinear and probably threshold depen-
dence of the luminescence intensity on the excitation density
with an observed fine structure suggests that there occurs
lasing in these crystals. And since, for variations of the
concentration of the isotopes (H or D), the frequency of the
observed radiation `follows' these changes in the isotope
concentration, in this manner it is easy to achieve a
conversion of the observed radiation in the 4.5 ± 5.1-eV
range (for more details see Ref. [27]) with LiHxD1ÿx
crystals, while with 12Cx

13C1ÿx crystal the size of the spectral
transformation is about 15 meV.

4. Isotopic information storage

With every year the information aspects of physical processes
are more frequently becoming a subject of basic research.
Many of these aspects are based on ideal thought experiments

involving a single particle. This may be a particle of an ideal
gas, a Brownian particle, etc. Of course, of no less interest
from this viewpoint are condensed media (e.g. see Refs [28 ±
30] and references cited therein). So far the practical aspect of
this problem has been centered around the urgent need to
create a scientific basis for the development of nanotechnol-
ogy, which, in particular, would make it possible to produce
the functional elements of microelectronics in the nanometer
range. Fundamentally, the study of the information aspect of
the mechanism answering for the formation of nonequili-
brium structures is a logically inevitable element in the further
development of the physics of condensed media.

Modern clusters (a unit for information storage) of
interest usually contain a limited (very large) number of
atoms M4 104. Indeed, using the conventional methods of
physics and chemistry, one cannot obtain an exact copy of a
macroscopic �M4 104� system. For instance, samples of
glass of the same composition, synthesized in absolutely
identical conditions of heating and nonequilibrium cooling
of the melt, have practically identical macroscopic properties
but are not exact copies of each other (see also Ref. [30]). It
should be noted in this connection that further miniaturiza-
tion of electronic circuits lies in the area of isotope engineer-
ing. It is in this area that the limit of information capacity is no
longer determined by the size of the (still macroscopic) cluster
[30] and can be reduced to atomic dimensions. In this case the
information capacity limit is determined by the density of the
crystal-forming particles (isotopes).

Indeed, information storage can be realized in the form of
a zero or one corresponding to a single isotope placedwithin a
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Figure 3. Spectral distributions of the signal background of the response of

detectors made from natural germanium and from germanium enriched

with the isotope 70Ge (according to Ref. [12]).
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Figure 4. Photoluminescence spectra of free excitons at 4.2 K: 1, LiH; 2,

LiHxD1ÿx; 3, LiD [5].
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bulk (thin-film) crystalline structure. Such techniques of
recording and storing information could lead to a very high
density of data storage (�1020 bit cmÿ3), comparable to the
number of the structure-forming particles per cubic centi-
meter. For instance, in contrast to a two-isotope system (12C,
13C), the utilization of a three-isotope system (28Si, 29Si, 30Si)
can directly lead to three-color images, since it is a well-known
fact that visible light can easily be produced by combining (in
proper proportions) three colors, but not two (see also Refs
[6, 7, 31]).

5. Neutron transmutation doping

The method of neutron transmutation doping (NTD) in
semiconductors is based on nuclear transformations of
isotopes entering into the composition of semiconducting
materials (not only such materials either) when the former
capture slow (thermal) neutrons [32, 33]. To carry NTD, the
samples of the semiconducting crystals are irradiated with
neutron fluxes in nuclear reactors. When a neutron is
captured, the given isotope becomes a different isotope with
a mass number that is one unit greater:

Fs1C�AZN� � C�A�1Z N� ; �6�

where F (cmÿ2) is the integrated flux (dose) of the thermal
neutrons; s1 (cm2) is the thermal-neutron capture cross
section for the given isotope; C�AZN� and C�A�1Z N� are the

concentrations of the initial and final reaction products,
respectively; Z is the nuclear charge, and A is the mass
number. If the resulting isotope A�1

Z N is stable, such a
reaction does not lead to doping.

Reactions in which the new isotope is unstable are the
more interesting ones. Then after a certain time interval
known as the half-life t1, the isotope becomes the nucleus of
a new element with a nuclear charge that is one unit greater,
A�1
Z�1N, in the case of b-decay or one unit smaller, A�1Zÿ1N, in the
case of electron capture [33]. As an example, here is the
equation of the reaction that leads to the appearance in silicon
of a donor admixture of phosphorous [32]:

30
14Si� n! 31

14 Siÿ bÿ�2:62 h� ! 31
15 P : �7�

The interest in NTD can be explained by the two main
advantages of this method over ordinary metallurgical
methods of introducing impurities [4]. First, the high
accuracy of this type of doping, since the concentration of
the introduced impurities in the event of a constant neutron
flux is proportional to the irradiation time, which can be
controlled very accurately. Second, the high uniformity in the
impurity distribution, which is attributed to the random
distribution of the isotopes, the small capture cross section
s1, and the uniformity of the flux. Since s1 � 10ÿ23 ±
10ÿ24 cm2, it is obvious that with maximum thermal-neutron
fluxes in modern nuclear reactors and reasonable irradiation
times the concentration of the phosphorous impurities
introduced into silicon amounts to several units multiplied
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by 1015 cmÿ3, which, however, is quite sufficient for a number
of important applications, especially in the production of
high-voltage diodes and thyristors [32].

As for germanium, thanks to the large values of s1 and the
presence of the active (for NTD) isotopes 70

32Ge, 74
32Ge, and

76
32Ge, it is possible to dope relevant samples up to the
transition to the metallic conduction state (� 3� 1017 cmÿ3),
which makes it possible, on the one hand, to study the NTD
process in germanium as a key to solving the fundamental
problems in the impurity band (see also Ref. [34]) andmetal ±
insulator transitions [35] and, on the other hand, to propose a
number of applications as low-temperature resistance ther-
mometers (thermistors) and radiation detectors [4]. Notice
that these devices are also used in neutrino physics and in
research concerned with the search for the `hidden mass' in
the Universe [36]. It must also be added that the main feature
of NTD in germanium is that both acceptors (the majority
impurity) and donors (the minority, or compensating,
impurity) are introduced into samples in the doping process.
Research dealing with the fabrication of multilayer structures
based on the alteration of the two isotopes, 70Ge and 74Ge, in
Si/Si1ÿxGex heterojunctions or the three isotopes, 70Ge, 72Ge,
and 74Ge, in a purely germanium structure with subsequent
NTD has great potential. The latter structure will lead to the
creation of pÿiÿn-superlattices, and the main feature of the
method used in such a process is that the growth of the
superlattice and the doping process are separated. In ordinary
epitaxial methods these processes are combined, which results
in a mutual negative effect: the smearing of the transition
boundary due to `flotation' of impurities during a layer
growth, and the increase in the number of defects in the
growing layer due to the effect of the impurities in that layer.
In the isotopic method the layers are grown without
impurities and must have a perfect structure (see Section 2),
since chemically the germanium isotopes are identical.
Subsequent doping by the NTD method and defect anneal-
ing are conducted at a fairly low temperature, so that there is
no transition boundary smearing and the structure of the
layers does not deteriorate (see also Ref. [6]).

NTD is probably the simplest method for obtaining a
uniform distribution of a neutral impurity over the bulk of a
semiconducting crystal [37]. In addition to the applications
mentioned earlier it must be noted that isotopic substitution
opens new possibilities in solving the fundamental problems
of solid-state physics, namely, the study of scattering of
carriers by a neutral impurity, which, as shown by A Ansel'm
more than half a century ago (see Ansel'm's textbook [39]), is
an extremely important problem. At the same time it must be
emphasized that, according to Koteles et al. [40], one of the
mechanisms responsible for the doublet nature of polariton
emission (including the case of isotopically mixed crystals [5])
is the scattering of polaritons by a neutral impurity (donor).

6. Diffusion in isotope heterostructures

Thermal vibrations of atoms in solids mainly present
vibrations with a small amplitude near their average posi-
tions in equilibrium. However, due to the interaction of the
atoms with their neighbors, the kinetic energy of the atoms
does not remain constant. Even in the case where the average
kinetic energy of the atoms is low, some of the atoms have,
according to the Maxwellian distribution of atomic velocities
in the crystal, fairly high energies. Such an atommay leave its
equilibrium position and, overcoming the potential barrier

created by its neighbors, may find itself in a new free position
of equilibrium. In the process the atom loses excess energy,
which is transferred to the atoms of the crystal lattice. After
some time the atommay again acquire enough energy to leave
its new position and go over to the neighboring position of
equilibrium. It is such displacements of atoms caused by
thermal motion that constitute the basis for diffusion
processes in solids. Atomic diffusion is the simplest one and
its laws have been thoroughly studied. The simplest form of
atomic diffusion is a self-diffusion, i.e. the displacement of
atoms of crystal-forming particles within their own crystal
lattice. Such a random walk, the diffusion of particles, is
described fairly well by Fick's first law [41]

J � ÿD dN

dx
; �8�

where J is the flux of the diffusing particles, dN=dx is the
concentration gradient, and D is the diffusion coefficient,
which in many (but not all) cases is adequately described by
the model with a thermal barrier E:

D � D0 exp

�
ÿ E

kT

�
: �9�

Here D0 is a constant. The diffusion of an impurity in
semiconducting materials plays a key role in the production
of electronic devices.

The last ten years have seen considerable progress in
understanding the micromechanisms of the diffusion process
due to the study of isotope heterostructures. The first results
in self-diffusion of gallium in the isotope superlattices GaAs
were obtained by Tan et al. [42]. To solve the problem, the
researchers grew the superlattice roughly 1000-A

�
thick from

the layers of pure 69GaAs and 71GaAs, since As has no
isotopes. The concentration profiles of the various isotopes
were measured by ion mass spectrometry. Similar experi-
ments were conducted later by other researchers (see Refs
[4, 43] and the references cited therein). As an example, Fig.
7 depicts the profiles C�x� of 69Ga and 71Ga in GaP isotope
layers annealed at 1111 �C over the course of 231 min.
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Figure 7.Concentration profiles of the isotopes 69Ga and 71Ga in GaP [44]

(see the main text).
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Figure 7 also presents the results of calculations of C�x� for
69Ga (dots) and 71Ga (solid curve). Clearly, the agreement is
reasonably accurate. This implies that self-diffusion of
isotopes is described by Fick's law fairly accurately, which in
turn implies that self-diffusion of gallium isotopes is accom-
panied by the movement of one simple intrinsic defect. The
enthalpy and entropy of the diffusion process have reasonable
values (� 4:5 eV and 4 kV, respectively [44]).

In conclusion of this section it must be noted that the
study of diffusion in isotope heterostructures has a number of
important advantages over common methods:

(1) the absence of surface effects;
(2) the very different values of C�x� for the majority and

minority isotopes, and
(3) the use of NTD in studies of such heterostructures

makes it possible to investigate simultaneously self-diffusion
and diffusion proper.

These differences obviously have a very promising future
in the employment of isotope engineering in studies of
diffusion processes in solids.

7. Isotope structures as an object of basic
research

Isotopic substitution has made it possible to produce the
objects of research that earlier were simply inaccessible (with
the exception of the LiH ±LiD system). The use of such
objects allows the investigation of not only the isotope effects
in lattice dynamics (elastic, thermal, and vibrational proper-
ties [3, 4, 6]) but also the influence of such effects on the
electronic states (the renormalization of the band-to-band
transition energy Eg, the exciton binding energy EB, and the
size of the longitudinal ± transverse splitting DLT [5]).

Furthermore, it is a well-known fact that the boiling
temperature of ordinary and heavy (D2O) water differ by
several degrees. For heavier (as compared to hydrogen)
elements, the difference in the melting (or boiling) points DT
is much smaller, but still can be observed with modern
methods. It is amazing, however, that there is practically no
mention in the scientific literature of measurements of this
difference (see also Ref. [7]).

Another remarkable fact is the strong dependence of the
phase transition temperature (� 200 K) on the isotopes Ba
and Ti in BaTiO3 [45]. The reasons for this selective anomaly
have yet to be established.

8. Other potential applications of isotope
engineering

Here is a short list of additional possibilities presented by
isotope engineering:

(a) The utilization of the differences in the temperature
dependence of the thermal conductivity between pure and
isotopically mixed materials in studies of phenomena asso-
ciated with the focusing of phonons, precision thermometry,
etc. (for more details see Refs [3, 4, 6]);

(b) The use of isotopically mixed Ni films in neutron
interference filters (these have already been applied by
Antonov et al. [46]);

(c) Isotopically mixed light emitting diodes, lasers, and
other optoelectronic devices;

(d) Acoustoelectronic gadgets and devices that take into
account the fact that the speed of sound is proportional to
�Mÿ1=2 and, hence, depends on the isotopes, and

(e) The use of the isotope boundary for MoÈ ssbauer
filtration of synchrotron radiation, since this makes it
possible to get rid of the background noise caused by the
interaction between synchrotron radiation and the electrons
in matter (for more details see Ref. [47]).

The applications discussed in this brief review and many
others that are difficult even to envisage today make isotope
engineering a very promising technology.

References

1. Firestone R B, Shirley V S (Eds) Table of Isotopes Vols 1, 2 8th ed.

(New York: Wiley, 1996)

2. Soddy F Ann. Rep. Chem. 285 (1910)

3. Cardona M, in FestkoÈrperprobleme (Adv. in Solid State Physics)

(Braunschweig: F. Viewig, 1994) p. 35

4. Haller E E J. Appl. Phys. 77 2857 (1995)

5. Plekhanov V G Usp. Fiz. Nauk 167 577 (1997) [Phys. Usp. 40 553

(1997)]

6. Plekhanov V G Semicond. Semimet. 68 (2000)
7. Berezin A A J. Phys. Chem. Solids 50 5 (1989)

8. Vol'kenshte|̄n M V Molekulyarnaya Optika (Molecular Optics)

(Moscow, Leningrad: Gostekhizdat, 1951)

9. Tiedeken R Fibre Optics and Its Applications (London: The Focal

Press, 1972) [Translated into Russian (Moscow: Mir, 1975)]

10. Spitzer J et al. Phys. Rev. Lett. 72 1565 (1994)

11. Gerhels N Nucl. Instrum. Methods A 292 505 (1990)

12. Barthelmy S D, in Compton Gamma-Ray Observatory (AIP Conf.

Proc., 280, Eds M Friedlander, N Gerhels, D J Macomb) (New

York: AIP, 1993) p. 1166

13. Montgomery C D Nucl. Eng. Design 25 309 (1973)

14. Abragam A, Goldman M Rep. Prog. Phys. 41 395 (1978)

15. Ginzburg V L Usp. Fiz. Nauk 167 429 (1997) [Phys. Usp. 40 407

(1997)]; Usp. Fiz. Nauk 170 619 (2000) [Phys. Usp. 43 573 (2000)]

16. Gilman J J Phys. Rev. Lett. 26 546 (1971)

17. Hama J, Kawakami N Phys. Lett. A 126 348 (1988)

18. Carstens DHW, Farmen EH, Fries R J J. Nucl. Matter 57 1 (1975)

19. PlekhanovVGOpt. Spektrosk. 69 822 (1990) [Opt. Spectrosc. 69 489

(1990)]

20. Weir S T, Mitchell A C, Nellis W J Phys. Rev. Lett. 76 1860 (1996)

21. Plekhanov V G, Altukhov V I, in Proc. Int. Conf. Lasers'82, VA

USA (McClean: STS Press, 1983) p. 292

22. Takiyama K et al. Solid State Commun. 99 793 (1996)

23. BasovNG,KrokhinON, PopovYuMZh. Eksp. Teor. Fiz. 39 1496

(1960) [Sov. Phys. JETP 12 1034 (1961)]

24. Kulewsky L A, Prokhorov A M IEEE J. Quantum Electron. QE-2

584 (1966)

25. Klingshirn C, Haug H Phys. Rep. 70 315 (1981)

26. Liu K C, Liboff R J. Appl. Phys. 54 5633 (1983)

27. Plekhanov V G, in Proc. Int. Conf. Adv. Solid State Lasers, Salt

Lake City, SOQUE, 1990

28. Kadomtsev B B, Kadomtsev M B Usp. Fiz. Nauk 166 651 (1996)

[Phys. Usp. 39 609 (1996)]

29. Kadomtsev B B Dinamika i Informatsiya (Dynamics and Informa-

tion) (Moscow: Red. Zh. Usp. Fiz. Nauk, 1997); http://www.ufn.ru/

books/kadom.html

30. Bal'makovMDUsp. Fiz. Nauk 169 1273 (1999) [Phys. Usp. 42 1167

(1999)]

31. Berezin A A, Ibrahim AMMater. Chem. Phys. 19 407 (1988)

32. Schnoller M S IEEE Trans. Electron Devices ED-21 313 (1974)

33. Meese J M (Ed.) Neutron Transmutation Doping in Semiconductors

(Proc. 2nd Int. Conf. on Transmutation Doping in Semiconductors

held at the University of Missouri, Columbia, April 23 ± 26, 1978)

(New York: Plenum Press, 1979) [Translated into Russian (Mos-

cow: Mir, 1979)]

34. Shklovski|̄ B I, EÂ fros A L Elektronnye Svo|̄stva Legirovannykh

Poluprovodnikov (Electronic Properties of Doped Semiconductors)

(Moscow: Nauka, 1979) [Translated into English (Berlin: Springer-

Verlag, 1984)]

35. Mott N FMetal ± Insulator Transition 2nd ed. (London: Taylor and

Francis, 1990)

November, 2000 Isotope engineering 1153

http://www.turpion.org/info/lnkpdf?tur_a=ufn&tur_y=1997&tur_v=40&tur_n=6&tur_c=244
http://www.turpion.org/info/lnkpdf?tur_a=ufn&tur_y=1997&tur_v=40&tur_n=4&tur_c=230
http://www.turpion.org/info/lnkpdf?tur_a=ufn&tur_y=2000&tur_v=43&tur_n=6&tur_c=779
http://www.turpion.org/info/lnkpdf?tur_a=ufn&tur_y=1996&tur_v=39&tur_n=6&tur_c=151
http://www.turpion.org/info/lnkpdf?tur_a=ufn&tur_y=1999&tur_v=42&tur_n=11&tur_c=547


36. Both N E, Salmon G L (Eds) Low Temperature Detectors for

Neutrino and Dark Matter (Oxford, 1991)

37. Kuriyama K, Sakai K, Okada M Phys. Rev. B 53 987 (1996)

38. Erginsoy C Phys. Rev. 79 1013 (1950)

39. Ansel'm A I Vvedenie v Teoriyu Poluprovodnikov 2nd ed. (Intro-

duction to Semiconductor Theory) (Moscow: Nauka, 1978) [Trans-

lated into English (Moscow: Mir, 1981)]

40. Koteles E, Lee J, Salerno J P J. Luminescence 34 63 (1985)

41. Frank W et al., in Diffusion in Crystalline Solids (Eds G E Murch,

A S Nowick) (Orlando, Fla.: Academic Press, 1984)

42. Tan T Y et al. J. Appl. Phys. 72 5206 (1992)

43. Bracht H et al. Appl. Phys. Lett. 74 49 (1999)

44. Lei Wang et al. Appl. Phys. Lett. 70 1831 (1997)

45. Hidaka T, Oka K Phys. Rev. B 55 1221 (1997)

46. Antonov A V et al. Zh. Tekh. Fiz. 31 942 (1986) [Sov. Phys. Tech.

Phys. 31 942 (1986)]

47. Belyakov V A, Semenov S V Zh. Eksp. Teor. Fiz. 117 329 (2000)

[JETP 90 290 (2000)]

1154 V G Plekhanov Physics ±Uspekhi 43 (11)


	1. Introduction
	2. Isotopic confinement of light and phonons
	3. Generation of light in isotopically mixed media
	4. Isotopic information storage
	5. Neutron transmutation doping
	6. Diffusion in isotope heterostructures
	7. Isotope structures as an object of basic research
	8. Other potential applications of isotope engineering
	 References

