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Laser implantation of impurities in cadmium telluride crystals
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Processes of laser implantation of shallow donors~aluminum and indium! and an acceptor
~antimony! in CdTe crystals (n,p;1015 cm23) are investigated. Thin dopant films vacuum
deposited on the etched surface of the crystals are irradiated by ruby (l50.694mm! and
Nd:YAG (l51.06mm! laser pulses~pulse duration 20 ns! over a wide energy interval
~0.1–1.8 J/cm2). The irradiated surfaces are studied by x-ray microanalysis, Auger spectroscopy,
and the thermopower method. It is it is shown that irradiation by a Nd:YAG laser produces
a uniform doping of a subsurface layer of the crystal by aluminum. The implantation of indium
leads to the formation of a precipitate. The concentration of implanted impurities reaches
1019–1021 cm23. © 1998 American Institute of Physics.@S1063-7850~98!00106-2#
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The laser implantation of impurities in silicon and ga
lium arsenide crystals is now widely used to make Ohm
and rectifying contacts.1,2 In the case of cadmium tellurid
~CdTe!, which is especially sensitive to heating,3 this method
may be extremely promising, since doping can be acco
plished without subjecting the bulk of the crystal to heatin
which is confined to a thin subsurface region.

In this paper we investigate shallow donors~Al and In!
and an acceptor~Sb! in a CdTe crystal under pulsed las
irradiation.

In this study we used an OGM-40 pulsed laser with ru
(l50.694 mm! and neodymium~Nd:YAG, l51.06 mm!
heads. The pulse duration of 20 ns ensured an adiabati
gime of energy transfer, i.e., one in which only the region
the sample which directly absorbs the radiation is hea
and not the entire volume of the crystal. The ruby laser
diation ~absorption coefficienta563104 cm21; Ref. 4! is
absorbed in and heats up the dopant film deposited on
crystal and a subsurface region of the crystal itself. T
Nd:YAG laser radiation, which is hardly absorbed in Cd
crystals (a51 –3 cm21; Ref. 4!, can act directly only on the
dopant film.

For focusing and distributing the intensity of the rad
tion over the cross section of the beam we used a focon
truncated quartz cone with a ground-finished entrance
and with an exit end 0.7 cm in diameter. The sample w
mounted practically up against the exit end of the focon.

Studies were carried out on CdTe crystals with bothn-
and p-type conductivity (n,p;1015 cm23), grown by hori-
zontal directed crystallization. Films of the doping impuriti
~Al, In, or Sb! with a thickness of 2000–4000 Å were depo
ited on the crystals by vacuum evaporation. An 83831.5
mm area of the samples was prepared beforehand by
chanical lapping and polishing with a subsequent etching
butyl alcohol containing bromine.

To determine the effect of laser irradiation on the ele
tronic conductivity of a surface layer of the crystal we al
investigatedn- andp-type samples without the dopant film
The samples were irradiated by a ruby laser in the ene
4111063-7850/98/24(6)/3/$15.00
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interval 0.4–1.8 J/cm2. The thermopower measuremen
showed thatn-type samples irradiated at energies above
J/cm2 had a layer ofp-type conductivity formed on the sur
face. The surface of thep-type samples did not have
change in the type of conductivity. The observed effect c
be explained by an enrichment of the surface layer as a re
of the predominant evaporation of the more volatile ca
mium component, since cadmium vacancies are accep
Under irradiation at energies below 0.6 J/cm2 the change in
sign of the thermopower of then-type samples did not occur
and therefore the change of state of the surface layer at t
energies must not have a governing influence on the imp
tation of a dopant from a film deposited on the sample. W
have previously established5 that the energy interval 0.2–0.
J/cm2 is also of interest in that the real structure of Cd
crystals is globally improved at these energies.

The laser implantation of aluminum was done onp-type
crystals (p;1015 cm23) under irradiation by both the ruby
and Nd:YAG lasers. The aluminum remaining after the ir
diation was removed from the surface of the samples i
KOH solution, and then the sample was freshened in bu
alcohol containing bromine. On these samples the amoun
aluminum implanted in the crystal and its distribution ov
the laser-irradiated area were determined by a Cameca x
microprobe. The depth profile of the implanted aluminum
was determined by Auger spectroscopy.

When samples with a semitransparent aluminum fi
~3000 Å! were irradiated by the ruby laser (E50.5–1.8
J/cm2), it was found that the concentration of the implant
aluminum lay in a range from 131018 to 131020 cm23 and
that the distribution over the area of the spot was nonu
form. The implantation of aluminum by means of th
Nd:YAG laser was carried out by two different methods
the interval energy 0.14–0.7 J/cm2. In the first method the
radiation was introduced through the dopant film, and in
second it was introduced from the back side of the sam
As expected, the results were essentially the same, sinc
neither case does the radiation interact directly with the cr
© 1998 American Institute of Physics
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tal but rather is absorbed in the aluminum film, melting it.
layer of CdTe is melted in the liquid aluminum, and upon
subsequent recrystallization it is doped with aluminum. T
concentration of the implanted aluminum ranged from
31019 to 131021 cm23. Figure 1 shows a plot of the con
centration of aluminum implanted in the crystal as a funct
of the energy of the Nd:YAG laser. It is seen that the cu
goes rapidly to saturation at an energy of 0.3 J/cm2 and upon
further increase in the energy begins to decline, appare
because of the increasing evaporation of aluminum. From
sign of the thermopower the irradiated layer has acqu
n-type conductivity. The distribution of the concentratio
over the area of the spot, which is extremely uniform at l
energies, becomes nonuniform at energies above 0.6 J/2,
possibly because of evaporation of aluminum and CdTe.
concentration profile of the implanted aluminum measu
by means of Auger spectroscopy is shown in Fig. 2~curve
1). The slow decline in the concentration with distance fro
the surface confirms that the doping mechanism is nondi
sional. Evidently this character of the decline is maintain
down to the depth at which the molten aluminum dissolv
the CdTe; below that depth one would expect an abrupt d
in the aluminum concentration.

The implantation of indium was done onp-type samples
using Nd:YAG laser radiation with energy 0.1–0.14 J/c2

incident from the side opposite the deposited indium fil

FIG. 1. ConcentrationNAl of aluminum implanted in a CdTe crystal versu
the energyE of the Nd:YAG laser irradiation.
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According to the x-ray microprobe data, the concentration
the implanted indium was;531020 cm23. According to the
sign of the thermopower, the doped layer hadn-type conduc-
tivity, and the thickness of the doped layer, as determined
a layer-by-layer chemical etching, was 15mm. Throughout
the doped layer were indium inclusions which appeared
spherules~several microns in diameter! under an optical mi-
croscope. Such an extreme inhomogeneity is not surpris
since it is known6 that for equilibrium methods of doping o
CdTe by indium, the latter at concentrations above 231018

cm23 segregates into a second phase at grain boundaries
other structural defects. The great of penetration depth
indium in the crystal is due, we believe, to the high solubil
of CdTe in liquid indium,7 which, moreover, can have
value during laser implantation that is considerably high
than the equilibrium solubility.8

The implantation of antimony was done using t
Nd:YAG laser (E50.14 J/cm2) in n-type crystals (n51015

cm23). The concentration of the implanted antimony was
31020 cm23, and the distribution was uniform over the irra
diated area. The depth profile of the dopant is shown in F
2 ~curve2!: the concentration falls off rapidly at a depth o
;50 Å . An attempt to increase the depth of antimony do
ing by increasing the energy of the irradiation to 0.2 J/c2

led to an explosive~accompanied by crater formation! sput-
tering of the antimony film and of a surface layer of CdT

Experiments on the laser implantation of aluminum a
indium in CdTe crystals shows that doping occurs more u
formly under irradiation by the Nd:YAG laser in the energ
interval 0.1–0.4 J/cm2. Doping by melting of an impurity
film by a Nd:YAG laser with the subsequent dissolution
CdTe in the molten film and recrystallization of the molte
layer seems to us preferable to the use of ruby laser radia
the strong absorptivity of which in CdTe creates a high co
centration of nonequilibrium charge carriers (;1020 cm23),
promoting strong defect formation,9 and also causes intens
evaporation of a surface layer of the crystal.

The concentrations of implanted impurities achieved
this study are significantly greater than the equilibrium v
ues, a cicumstance which, in the case of indium, leads to
formation of precipitates. Such a level of doping is of intere
for making Ohmic contacts to CdTe crystals. To obtain go
rectifying contacts it is advisable to lower the concentrat
-
h

FIG. 2. Depth profile of the aluminum~1! and anti-
mony ~2! concentrations in a CdTe crystal in laser im
plantation by means of Nd:YAG laser radiation wit
energies of 0.27 and 0.14 J/cm2, respectively;N is the
impurity concentration in arbitrary units, andd is the
depth in the crystal.
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of implanted impurities to 1017–1018 cm23. This is a topic
for future studies.
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Influence of the conditions of formation on the structure and phase composition
of subsurface layers of uranium coated with the high-temperature oxide
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It is established by x-ray structure analysis that the oxide film formed on the surface of
uranium during oxidation by dry oxygen at pressures of 0.1–0.001 Pa and temperatures of
500–700 °C for several hours consists of UO2 with U4O9 inclusions. Near the surface of the
uranium the temperature of thea→b phase transition is lowered by 150–160 °C in
comparison with the transition in the bulk of the metal, and the low-temperature stabilization of
the b phase of uranium is observed. ©1998 American Institute of Physics.
@S1063-7850~98!00206-7#
s
tiv
a
m

or-
n-
air
Research on the state of the real surface of uranium i
great interest from the standpoint of the environmental ac
ity of objects used in nuclear power generation. The inter
tion of the uranium surface with air produces an oxide fil
4141063-7850/98/24(6)/3/$15.00
of
-
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,

the phase composition and structure of which have an imp
tant influence on the interaction of the uranium with the e
vironment, since uranium reacts with both atmospheric
and with construction materials.1 More than 20 different
rs
nd
h-
e,
FIG. 1. X-ray difffraction diagrams of the subsurface laye
of uranium samples with films of the high-temperature a
native oxides. a: High-temperature oxide, 700°C; b: hig
temperature oxide, 600°C; c: high-temperature oxid
500 °C; d: native oxide.
© 1998 American Institute of Physics



ter-
e of
g-

ith
of

the

ods
ng
s

e
ith

fact
O
of
on
ra-

ox-
for
e
of
the
tal

ese
the

face

f

s a

ince
era-
ses
s in
sist

y.
the

415Tech. Phys. Lett. 24 (6), June 1998 Voronov et al.
types of uranium oxides are known.2 These circumstances
complicate the study of the properties of subsurface layers
uranium.

In this paper we presence the results of a study of th
structure of the subsurface layers of polycrystalline sample
of depleted uranium with the native oxide and with films of
the high-temperature oxide, which were synthesized by th
method of Refs. 1 and 3 at temperatures close to thea→b
phase transition of uranium, in dry oxygen at pressures
0.1–0.001 Pa. Uranium disks with a diameter of 10 mm an
a thickness of 1.5 mm were used. The native oxide formed
continuous opaque film with a dark blue-gray color, while
the high-temperature oxide formed a transparent, slight
yellowish film. X-ray structural measurements were made o
a DRON-2 diffractometer with a copper cathode~the CuKa

line, l50.15418 nm!, and the phases were identified with
the aid of the JCPDS data file. Figure 1 shows the x-ra
diffraction diagrams of the subsurface layers of four uranium

FIG. 2. Dependence of the lattice parametera of the cubic lattice of the
oxides UO21x ~1! and U4O92y ~2! and oxygen stoichiometry,6 and the
JCPDS data for a bulk sample of UO2 ~3!.
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samples. The relative intensities of the lines and the in
plane distances of the low-temperature crystalline phas
uranium (a-U! agree with the JCPDS data. The lines belon
ing to the cubic phase of uranium dioxide~UO2!, are shifted
and correspond to a larger lattice period in comparison w
the data for a bulk sample. The x-ray diffraction patterns
samples with the high-temperature oxide exhibit lines of
high-temperature tetragonal phase of uranium (b-U!, which
is stable at temperatures of 668–772°C. The lattice peri
for this phase are slightly different from the correspondi
parameters of bulkb-U. Moreover, there are additional line
of the uranium oxides UO21x ~220!, ~311! and uranium car-
bide UC ~111!, ~220!, ~311!, and the intensities of the oxid
and carbide lines are progressively higher for samples w
increasing temperature of synthesis of the oxide layer, a
which can be attributed to the filling of vacancies in the U2
lattice by oxygen atoms, to the increasing stoichiometry
the high-temperature oxide, and to the transition of carb
impurity atoms, which are present in small amounts in u
nium, from the solid solution to the monocarbide phase.

The appearance of the x-ray line~212! of b-U in the
diffraction patterns of samples with the high-temperature
ide ~according to the JCPDS data this line is most intense
theb phase of uranium! not only is evidence of the presenc
of ana-U→b-U phase transition in the subsurface layers
uranium at temperatures at least 150–160°C lower than
corresponding transition temperature in the bulk of the me
but is also indicative of the subsequent stabilization of theb
phase of uranium under normal conditions. To explain th
effects one must analyze the types and parameters of
crystal lattices of the phases that can exist in the subsur
layers of the samples.

It is easy to see that the lattice parameters of theb phase
of uranium~the half periods along thea andb axes and the
period along thec axis! coincide with the lattice period o
UO2 to a high accuracy (;1 –3%). This means that the
interface between the uranium and the oxide coating i
two-dimensional macroscopic nucleus of theb-U phase and,
furthermore, acts as a stabilizer of that phase in space, s
uranium does not have any phase transitions in the temp
ture range of interest. Thermodynamic and kinetic analy
of the synthesis conditions for the high-temperature oxide
vacuum have established that the oxide film should con
mainly of UO2 and U4O9 ~Refs. 4 and 5!. Over a wide varia-
tion of the oxygen stoichiometry~1.75–2.25! the oxide lat-
tice remains cubic, with parameters that vary only slightl6

A processing of the x-ray data reveals that the period of
ag.

971

8

TABLE I.

Compound
U

a phase
U

b phase UC UO UO2 U4O9 U3O8 UO3

Sym. class Rhomb. Tetrag. Cubic Cubic Cubic Cubic Rhomb. Hex

Sp. group Cmcm P42mnm Fm3m Fm3m Fm3m F4̄3m

Lattice period, 0.2858 1.0759 0.4951 0.4910 0.54689 2.1770 0.6720 0.3
mm 0.5877 . . . . . . . . . . . . . . . 1.1940 . . .

0.4955 0.5656 . . . . . . . . . . . . 0.4143 0.416
Number of
formula units 4 30 4 4 4 64 2 1
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cubic lattice for the high-temperature oxide falls off mon
tonically with increasing synthesis temperature. Taking i
account the data on the dependence of the lattice perio
the oxides U4O92y and UO21x on the oxygen
stoichiometry,6 we established that the averaged values
the oxygen stoichiometry of the high-temperature oxide l
ers was less than 2.0 and lay in the range 1.875–1.930~Fig.
2!. This is attributed to the formation of a metal–oxide tra
sition layer and the relative excess of uranium atoms in co
parison with a bulk sample of UO2 ~Ref. 7!.

The authors thank V. V. Brazhkin and S. V. Popova
collaboration in the experiments and for helpful discussio
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On the thermal mechanism of microwave breakdown of high-temperature
superconducting films

A. A. Pukhov

Joint Institute of High Temperatures, Scientific-Research Center of Applied Problems of Electrodynamics,
Russian Academy of Sciences, Moscow
~Submitted September 25, 1997!
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Theoretical arguments supporting the thermal nature of the microwave breakdown of high-
temperature superconducting films are compared with experimental data. A comparison of the
theoretical and experimental values of the threshold field for breakdown of a uniform film,
Bf , and the threshold field for breakdown at nonsuperconducting defects,Bd , confirms the
dependence corresponding to a thermal mechanism:Bf ,Bd}(Tc2T0)1/2. It is shown that
the space–time picture of the observed breakdown is apparently due to overheating of the film
near defects with a size of 1025– 1026 m. The amplitude of the breakdown field may
ultimately be limited by the abrupt decrease in the energy of critical disturbances for the initiation
of breakdown. ©1998 American Institute of Physics.@S1063-7850~98!00306-1#
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Microwave breakdown of high-temperature superco
ducting ~HTSC! films is observed when the surface micr
wave field reaches sufficiently high valuesB;10 mT ~Ref.
1–7!, corresponding to intensities of the incident microwa
radiation P5B2/2«0

1/2m0
3/2;1010 W/m2. Thereupon the nor-

mal state arises either locally~in the form of temperature
domains!7–9 or spans a significant portion of the film.10,11

The thermal mechanism of breakdown, which has been
cussed previously for low-temperature superconductors,12,13

entails an abrupt increase in the absorption coefficient of
film above the critical temperatureTc ~Refs. 14 and 15!. An
expression for the threshold field for breakdown of a unifo
film was obtained in Refs. 16 and 17:

Bf5m0@ks~Tc2T0!sD f /Ds#
1/2, ~1!

whereks andDs are the thermal conductivity and thickne
of the substrate, the back side of which is stabilized a
temperatureT0, ands is the conductivity of a film of thick-
nessD f in the normal state. The space–time picture of
destruction of superconductivity forB.Bf involves the pos-
sibility of unbounded expansion of a normal-phase regio18

arising in the film in the presence of sufficiently stron
disturbances.19

Figure 1 shows a comparison of formula~1! with the
experimental data.1–7 Measurements were made on film
with different values ofTc ~YBCO, TBCCO! on various sub-
strates~LaAlO3, MgO!, and at values ofT0 varying over the
wide interval from 4.2 to 100 K. It is seen from Fig. 1 th
the theoretical expression~1! correctly describes the tem
perature dependence of the breakdown field, which in tur
clearly indicative of a thermal nature of the breakdow
However, the experimentally observed breakdown field a
plitudes are higher than those predicted by expression~1!. It
can be seen from Fig. 1 that the coefficient of proportiona
in the relationB}(Tc2T0)1/2 is substantially different for
the different samples and can be an order of magnitude la
than the value predicted by formula~1!. This circumstance
4171063-7850/98/24(6)/2/$15.00
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~the absence of universal behavior of the coefficient of p
portionality! may be due to the influence of local effects o
the breakdown threshold.

It was shown in Ref. 21 that the presence of norm
~nonsuperconducting! defects in a HTSC film can increas
the threshold intensity for breakdown toBd.Bf . The de-
struction of superconductivity in the film in this case is d
to local overheating of the film near a defect, and that c
sometimes give rise to a temperature domain localized at
defect.21 A normal defect is a region of the film in which th
absorption coefficientkd is not sharply temperature depe
dent and can be substantially different from the absorpt
coefficient of the rest of the film in the normal state,k f

54(R0sD f)
21/@2D(R0sD f))

2111]2. Here R05Am0 /«0

5377 V is the wave impedance of the vacuum. Defects c
be regions of the film with depressed critical or electrophy
cal parameters, and in real HTSC films these might be c
tallite boundaries, regions with fluctuations of stoichiomet
variations of the film thickness, etc.

The value of the threshold field for breakdown at a n
mal defect,Bd , depends in a complicated way on the size
the defect and the ratio of the absorption coefficients of
defect and film,g5kd /k f ~Ref. 21!. Moreover, it can be
shown that the value ofBd depends importantly on the shap
of the defect~dimensional effect!. It is convenient to con-
sider the limiting cases of circular~radius Rd) and linear
~half width Dd) defects. For defects of small sizeRd ,Dd

!Ds one can obtain simple approximate expressions forBd

in the case of circular

Bd /Bf5A~p/4!~gRd /Ds!
21 ~2!

and linear

Bd /Bf5A~p/4!@gu ln~Dd /Ds!uDd /Ds#
21 ~3!

defects. It is seen from expressions~2! and ~3! that Bd has
the same temperature dependence asBf . A comparison of
Eqs. ~2! and ~3! with the experimental data shows that th
© 1998 American Institute of Physics
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idea of overheating of a film by microwave radiation ne
defects of sizeRd ,Dd;1025–1026 m with g;1 gives a
satisfactory description of the results of the measuremen

It follows from Eqs.~2! and ~3! that as the size of the
defect decreases,Rd ,Dd→0, the value ofBd increases.
However, analysis of the available experimental data sh
that the measured value of the breakdown field does
reach extremely high values and never exceeds some te
millitesla. On the other hand, since the size spectrum of
defects in real films is bounded from above, breakdown
curs at the largest defect of a given region of the film of s
D* 5max(Rd , Dd) at the minimum threshold fieldB*
5Bd(D* ). Thus the achievement of perfect film quali
(D*→0), according to Eqs.~2! and ~3!, should raise the
breakdown fieldB* substantially, but this was not observe
in the experiments. This can be explained by the follow
arguments. According to the thermal mechanism,Bf is the
lower boundary of possible values of the breakdown fie
The quantityBd characterizes the possible extent to whi
the field can be increased above this boundary and dep
on the size of the defect. The breakdown of a uniform fi
has a threshold character in respect to the energy of the
turbances initiating a normal-phase region of sufficient s
for it to spread over the entire film. The critical energ
Ec(B) of such disturbances falls off rapidly with increasin
amplitude of the surface microwave field:Ec(B)}B26 ~Ref.
19!. For example, for typical parameters of the film
substrate system,19 the critical energy in fieldsB;1 mT is
Ec;531023 J, whereas for fieldsB;1 mT the critical en-
ergy isEc;531029 J. Thus even the presence of only sm
defects in a film does not lead to breakdown on accoun
overheating near them. At the high values of the fields c
responding to them,B;B* , the external disturbances alway
present in the system have an extremely low critical ene

FIG. 1. Comparison of the experimental data1–7 with the theoretical depen-
dence~1!. Curves1, 2, and3 correspond to the approximation of the me
surements of Refs. 2, 3, and 4, respectively, by a dependence of the
B}(Tc2T0)1/2. The vertical bars reflect the error in the measurements
the uncertainty of the values of the electrophysical parameters of
samples.
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Ec(B). It is clear that much before overheating near su
small defects, breakdown sets in on account of the dest
tion of superconductivity of the uniform regions of the film
by the external disturbances.

Thus, depending on the relationship between the typ
energyE of the disturbances acting in the system and
value of the microwave fieldB, one of two possible sce
narios for the destruction of superconductivity of the fil
will be dominant. Below the threshold field of the uniform
film, Bf , breakdown is fundamentally impossible. ForB*
,B** , whereB** is defined by the relationEc(B** )5E,
breakdown will occur on account of overheating of the fi
near defects, while forB** ,B* the destruction of super
conductivity will occur as a result of the initiation of norma
phase regions in the film by external disturbances.
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Phototransmittance involving bound excitons in GaP „N… and GaAs 12xPx„N…
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The differential phototransmittance spectra due to the Stark effect in the subsurface field of a
semiconductor are observed in the particular case of excitons bound at nitrogen atoms
in epitaxial films of GaP~N! and GaAs12xPx~N!. © 1998 American Institute of Physics.
@S1063-7850~98!00406-6#
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The essence of the photoreflectance~PR! and pho-
totransmittance~PT! methods is to record the change of
reflected or transmitted probe light beam under the perio
modulation of the characteristics of the material or of t
interfaces by a second light beam. These methods, pos
ing the traditional high sensitivity of modulation spectro
copy, have enjoyed a rebirth since their application to
diagnostics of heterostructures, quantum size-effect lay
and superlattices.1 Although they have subsequently be
tested on many materials and structures, the PR and PT
nals have been recorded only in the region of direct in
band ~excitonic! transitions. The PR observed in direct-g
semiconductors at\v,Eg also involves in an essential wa
the direct quasi-interband transitions and their phon
replicas.2

In the present paper we make the first report of the p
sibility of recording impurity states in semiconductors, i
cluding indirect-gap materials, by the phototransmittan
method, for the example of excitons bound at nitrogen ato
in gallium phosphide.

The measurement technique was analogous to that
4191063-7850/98/24(6)/2/$15.00
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scribed in Ref. 2 except for the fact that the transmitt
rather than the reflected probe light was recorded. As
pump source providing the perturbation we used He–Cd
ser radiation (l5441.6 nm! modulated at a frequencyf
538 Hz; the power of the radiation was varied by means
filters from 0.1 to 50 mW. The probe light beam transmitt
through the sample was detected by a silicon photodiode
preamplifier in a resonant amplification and synchronous
tection arrangement.

Studies were done on epitaxial films of gallium pho
phide and gallium arsenide–phosphide solid solutions gro
by gas-phase epitaxy and doped with nitrogen during gro
to a concentrationN.1016–1018 cm23. Both homogeneous
films of n-type conductivity 10–30mm thick andp–n het-
erojunctions were used.

The form of the PT spectra and the oscillation amp
tudes depended on the concentration of free charge carr
apparently because of the change in the strength and un
mity of the electric field in the space-charge layer. Figure
shows the PT spectrum measured on a homogeneous ep
ial film of GaP~N! ~without ap–n junction! at a temperature
FIG. 1. Phototransmittance spectrum of GaP~N! in the
region of theA line of the bound exciton~the points are
experimental, the solid line is calculated!. The inset
shows the transmission spectrum.T589 K.
© 1998 American Institute of Physics
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FIG. 2. Phototransmittance spectra of films
GaAs12xPx~N! solid solutions:1 — x50.9, 2 — x
50.79.T585 K.
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T589 K, in comparison with the optical transmission spe
trum of the same sample. One can clearly see not only
strong resonance lineAN of the bound exciton at a transitio
energyE052.311 eV but also its photon replicas with th
emission of phonons. The energies of the TA~13.1 meV!,
LA ~31 meV!, and TO~45 meV! phonons are in complet
agreement with the values determined from the luminesce
spectra.3 The shape of the zero-phonon line is analogous
the differential electroabsorptivity spectrum observed in
region of theA line of the bound exciton in bulk GaP crys
tals in external electric fields.4 This shows that the PT signa
is due to the shift and broadening of the bound exciton l
due to the quadratic Stark effect in the subsurface field of
semiconductor. The laser illumination modulates the value
this field, thereby varying the optical transmittance of t
active layer. A preliminary analysis of the shape of the
spectrum showed that the absorption contour in GaP~N! is
close to Lorentzian, with a half-widthG.4 meV for samples
with ND,A<1016 cm23, as is shown by the solid line in
Fig. 1. As the impurity concentration is increased the sp
trum is broadened and is better described by a Gaussian.
is apparently due to the nonuniformity of the electric field
the layer in which the PT signal is formed.

The fact that the PT signal is formed in a thin subsurfa
layer of the semiconductor opens up new possibilities
determining the characteristics of this layer — in particul
the strength of the electric field — from an analysis of t
-
e

ce
o
e

e
e
f

-
his

e
r
,

shape of the spectrum. According to our estimates~these
results will be published in more detail in the journalSemi-
conductors!, in the sample whose spectrum is presented
Fig. 1 the electric field near the surface wasE.104 V/cm,
and laser illumination at a power of 100mW/cm2 changed it
by an amountDE.53102 V/cm.

We also recorded the phototransmittance spectra
bound excitons in epitaxial layers of GaAs12xPx~N! solid
solutions. As an example, Fig. 2 shows the data for t
samples with compositionsx50.9 andx50.79. One can see
the strong shift and broadening of the bound exciton res
ing from the change in the energy gaps with changingx and
from the presence of microscopic fluctuations of the com
sition in the solid solution. As expected, the line shape in
solid solution is described by a Gaussian. For the comp
tion x50.79 the PT line exhibited a characteristic intern
structure.
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Nonholonomic relation between the polarization state of light and the angle of twist
of a single-mode optical fiber with linear birefringence
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The relation between the polarization state of light in a twisted single-mode optical fiber
possessing linear birefringence and the twist angle of the fiber is considered for the case of a fiber
stretched in a straight line. It is shown that this reflection is of a nonholonomic character.
© 1998 American Institute of Physics.@S1063-7850~98!00506-0#
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Some 60 years ago, Rytov1 showed that the propagatio
of a light beam along a nonplanar trajectory is accompan
by the rotation of the plane of polarization of the light rel
tive to the natural Darboux trihedron formed by the u
vectors tangential, normal, and binormal to the curved tra
tory of the beam. It was shown1 that if at some point of the
beam trajectory the tangent returns to its initial state, then
plane of polarization of the light will in general be differe
from the initial polarization, but that this does not happen
the beam trajectory is a planar curve.

It was shown by Berry2 that the Rytov effect also occur
in a single-mode optical fiber with a nonplanar configuratio
It was shown2 that in this case there is a nonintegrable~non-
holonomic! relation between the direction of the electric fie
vector and the spatial orientation of the Darboux trihedr
which is oriented relative to the optical fiber.

The goal of the present study was to show that in opt
fibers with intrinsic linear birefringence, if the fiber i
twisted~under torsion! there will be a nonholonomic relatio
between the direction of the electric field vector in the op
cal fiber and the angle of twist of the fiber, even if the fib
is stretched in a straight line. In other words, even if the s
of polarization of the light at the entrance to a length of fib
and the orientation of the axes of its linear birefringence
the entrance (a1) and exit (a2) of the length of fiber are
known, it is in general impossible to obtain a functional r
lation giving the state of polarization at the exit from th
length of fiber.

Let us write a differential equation for the Jones vect3

E5UExe
icx

Eye
icy
U

~whereEx and Ey are the amplitudes of the components
the electric field, andcx andcy are their phases! in a Car-
tesian coordinate system tied into the twisting fiber:

dE

dz
5N~z!•E~z!. ~1!

Herez is the length measured from the entrance to a len
of optical fiber,
4211063-7850/98/24(6)/2/$15.00
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N~z!5U ibx ~12g!
da

dz

2~12g!
da

dz
2 iby

U
is the differential Jones matrix of an optical fiber4 possess-
ing intrinsic linear birefringence b5bx2by , bx,y

5(2p/l)nx,y (l is the wavelength of the light, andnx and
ny are the refractive indices on the slow and fast axes of
optical fiber; here we assume thatnx ,ny5const) and the
twist anglea, andg5const is the photoelastic coefficient o
the material of which the fiber is made.

The vector relation~1! can be written in scalar form a
four real differential relations expressingdEx , dEy , dcx ,
anddcy in terms ofdz andda. After some straightforward
manipulations, these relations can be written in the form
conditions requiring the vanishing of the following four ho
mogeneous differential~Pfaffian! forms:

dv1,25dEx,y7~12g!cos~cx,x2cy,y!da,

dv3,45Ex,ydcx,y1bx,yEx,ydz

6~12g!Ey,x sin~cx,x2cy,y!da. ~2!

For integrability of the differential equationsdv1

5dv25dv35dv450, i.e., the possibility in principle of
obtaining from them final relations givingEx , Ey , cx , and
cy as single-valued functions ofz anda, it is necessary and
sufficient that certain bilinear forms vanish identically: (dd
2dd)vs50 (s51,2,3,4) together withdvs50 and dvs

50 ~Ref. 5!. The conditionsdvs50 anddvs50 leave ar-
bitrary the differentials~variations! dz , dz , da, andda. In
this case the holonomy conditions, which reduce to the
quirement that the bilinear forms vanish identically for arb
trary dz , dz, da, andda, does not hold, and consequent
nonholonomy arises. Because of this, for different variatio
of the variablesz and a from the same initial to the sam
final values ofEx , Ey , cx , andcy are altogether different
in spite of the identical initial values. An exception is th
caseg51. In real optical materials 0,g,1. For example,
in quartz optical fibersg50.08–0.065~Ref. 7!.
© 1998 American Institute of Physics
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Nonholonomy of the relation between the state of pol
ization of light propagating along an optical fiber and t
twist of the axes of its birefringence can be illustrated by
simple example, viz., the case when the nonholonomy
consequence of the noncommutativity of the Jones matr
for pieces of optical fiber with different elliptical birefrin
gences on account of twist, e.g., for two pieces of opti
fiber with constant but different twisting of the axis.

Thus the relation between the variations ofEx , Ey , cx ,
and cy and the changes inz and a is of a nonholonomic
character, which is also observed in theoretical mechan5

in the theory of the electric motor,7 in the mechanics of
gyroscopes,8 etc. We note that the propagation of light alon
a twisted optical fiber is analogous to the evolution of t
spherical coordinates of a sphere rolling without slippi
along a plane by rotating about the binormal to the curve
the plane along which it rolls.

Thus for arbitrary relations betweenz anda, knowledge
of the state of polarization of the light at the entrance to
length of optical fiber and of the azimuth of the anisotro
axes at the entrance and exit of the length of fiber is insu
cient for calculating the values ofEx , Ey , cx , andcy re-
sponsible for the state of polarization at the exit from t
fiber. If the functiona(z) is specified in explicit form, then
as was shown in Ref. 4, Eq.~1! can be reduced to a speci
Ricatti equation: dx/dz52n12x

21(n222n11)x1n21

~wherex5 (uEyu/uExu)•ei (cy2cx), and theni j are elements of
the differential Jones matrix!, which, as we know, does no
reduce to quadratures for an arbitrary form ofa(z).

The twisting of the axes of the linear birefringence of
optical fiber arises both in the process of its drawing from
-

a
a

es

l

,

n

a

-

a

preform and in the mounting of the fiber in a communicati
line or on the coil of a fiber sensor for monitoring variou
physical parameters. We note that a turn of fiber on a co
itself a nonplanar curve, and a change in the polarizat
state of light will occur in it not only on account of th
twisting of the axes of the linear birefringence but also b
cause of the Rytov effect.1

In real cases the functional dependencea(z) in a fiber-
optic communication line or coil cannot be established: o
a1 anda2 at the entrance and exit ends of a length of fib
are known. As we have shown above, in this case the po
ization state of the light cannot be found theoretically.

In closing the authors thank Ya. I. Khanin for a discu
sion of the results of this study and N. K. Vdovicheva a
I. A. Shereshevski� of the Institute of Physics of Microstruc
tures of the Russian Academy of Sciences~IPM RAS! for
helpful consultations.
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18568 of the Russian Fund for Fundamental Research.
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on Bi 12SiO20 crystals
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The temperature characteristics of the conversion coefficient of the sensitive element on a fiber-
optic magnetic field probe based on a Bi12SiO20 crystal are studied experimentally. A
laboratory model of the sensitive element of a magnetic field sensor is built, and the temperature
drift of the conversion coefficient is found to be;0.15% over the temperature interval
from 115 to 170 °C. © 1998 American Institute of Physics.@S1063-7850~98!00606-5#
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One of the problems holding back the use
Bi12SiO20-based fiber-optic magnetic field and electrical c
rent sensors in measuring systems is the relatively high
sitivity of the conversion coefficient of the sensor to var
tions in the temperature of the surrounding medium. For
reason there have been many studies in recent years de
to solving the problem of making thermally stable sensit
elements for fiber-optic sensors for magnetic fields and e
trical currents.1–3 The present paper reports the results
experimental studies of the temperature dependence o
magnetooptic modulation index in Bi12SiO20, which deter-
mines the sensitivity and stability of sensors based on
crystal.

It has been shown theoretically4 that for a single-pass
sensor of alternating magnetic fields which utilizes the F
aday effect in Bi12SiO20, the radiation intensityI at the exit
from the sensitive element will have the form

I 5
1

2
I 0@122 VHL sin~2uL12a!#, ~1!

whereI 0 is the radiation intensity at the entrance of the s
sitive element,V andu are the Verdet constant and the c
efficient of optical activity, respectively~their values are
given in Table I!, L is the length of the crystal,H is the
projection of the magnetic field vector onto the direction
propagation of the light in the crystal, anda is the angle
between the allowed~pass! directions of the entrance an
exit polarizers.

Analysis of this expression shows that the convers
coefficient S5(1/I 0) u (dI(H)/dH) uH50 is maximum for a
certain mutual orientation of the allowed directions of t
polarizers, viz., when the conditionuL1a5p/4 holds.
Then, as a calculation shows, the relative variation of
conversion coefficient with temperature is due solely to
temperature drift of the Verdet constant and amounts to 1
over the temperature range from 0 to 100 °C.

However, as was shown in Ref. 4, there exists a rela
between the lengthL of the crystal sensitive element and th
anglea between the allowed directions of the polarizers u
der which the temperature drift of the conversion coeffici
4231063-7850/98/24(6)/4/$15.00
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due to the variation of the Verdet constant is compensated
the temperature drift of the coefficient of optical activityu:

1

V0

DV

Dt
12

Du

Dt
L cot~2~uL12a!!50. ~2!

Under condition~2! the temperature drift of the conver
sion coefficient of the sensor will be due to terms of high
order in small quantities, and for a crystal;5 mm long the
value of the temperature deviation is;0.2% in the tempera-
ture range from 0 to 100 °C. Thus by choosing the anglea
between the allowed directions of the polarizers for a spe
fied crystal lengthL into account relation~2!, one can
achieve a substantial improvement in the temperature c
acteristics of the sensor.

EXPERIMENTAL STUDY OF THE THERMOSTABILITY OF A
SENSITIVE ELEMENT

A block diagram of the experimental apparatus design
for investigating the temperature characteristics of sensi
elements of fiber-optic sensors based on the crys
Bi12SiO20 and Bi12GeO20 is shown in Fig. 1. The crystal to
be studied11, in the form a cylinder of diameter 1.5 mm an
length 3 mm, was placed in a Duralumin mount4 which also
serves as a heat pipe. In the crystal arm of the mount we
solenoid5, in which a field was produced by means of an
current generator1. The other arm of the mount/heat-pip
unit was a heating element3 in the form of a tungsten coil;
the heating element permitted changing the temperatur
the system from room temperature~115 °C! to 180 °C. The
heater was supplied by a dc current source2. The tempera-
ture was measured by means of a miniature sensor12 based
on a semiconductor diode. To ensure uniform heating,
entire system was enclosed in a thermally insulating jac
10. The optical part of the apparatus consisted of a length
multimode optical fiber7 with a guiding core diameter of 65

TABLE I.

V0, rad/A u0, rad/m DV/Dt, rad/A•°C Du/Dt, rad/°C•m

3.6631025 183 5.5631029 25.2431022
© 1998 American Institute of Physics
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FIG. 1.
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mm, a collimator8 ~a three-coordinate drive holding a;3
mm short-focus lens, two prism polarizers6 mounted on
angle positioners, the crystal under study11, a photodetector
9, and a radiation source13. The entrance end of the optica
fiber was equipped with a standard ST coupler to permit e
connection of different radiation sources. We used three
ferent sources: a semiconductor laser, a He–Ne laser, a
semiconductor diode with internal stabilization of the rad
tion power by means of feedback. The visible radiation
the He–Ne laser was also used to adjust the optical circ
The radiation at the exit from the system was detected by
optical power meter9. The signal from the optical powe
meter was fed to a selective amplifier16, which was used to
eliminate electrical noise and stray pickup. It should be no
that according to the above calculations, the minimum va
of the temperature drift of the conversion coefficient of t
sensor should be 0.2% over the temperature range from
100 °C. To measure such values it is necessary to ha
relative temporal stability of the signals of 104–1025 or bet-
ter. Therefore, the main problem that had to be addresse
the experiments was to eliminate the effects of fluctuatio
noise, and drifts in the measuring channels of the mod
tion, temperature monitoring, and solenoid current sign
To solve this problem we developed and installed a comp
interface unit in the apparatus. The interface unit autom
cally registered the signal in three channels~the signal from
the photodetector, the signal proportional to the curren
sy
f-
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-
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it.
n
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s,
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the solenoid, and the signal from the temperature senso! at
20-second intervals; the length of the measurement cycle
all three signals was;150 ms. The data obtained were the
converted to digital form and stored in the memory of t
device. At the end of the measurements the data were in
to the computer through a standard RS-232 interface.
data file was processed further by means of the MathC
software package.

EXPERIMENTAL RESULTS AND DISCUSSION

Figure 2 shows the noise characteristic of a semicond
tor diode with internal stabilization of the power by means
optical feedback. It is seen from the curve that the fluct
tions of the radiation power amount to60.15%, so that this
source is suitable for use in the measurements.

Figure 3 shows the dependence of the voltage across
photodetector/amplifier versus the applied magnetic field
a Bi12SiO20 crystal of lengthL53 mm in the case of the
maximum conversion coefficient, when the condition (uL
1a)545° is satisfied. It is seen from Fig. 3 thatI (H) is a
straight line, which demonstrates that the experimental ap
ratus works correctly and indicates that the responseI (H) of
the system to an external magnetic fieldH is found on the
linear part of the curve, i.e., that the assumption made in
calculations,VHL!p/4, is valid.

Figures 4a, 4b, and 4c give the results of a study of
i-
FIG. 2. Fluctuations of the output intensity of a sem
conductor light-emitting diode.
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FIG. 3. Voltage at the output of the photodetecto
amplifier versus the applied magnetic field.

FIG. 4. Conversion coefficient versus temperature
three different angle values:uL1a545° ~a!, uL1a
545°113° ~b!, uL1a545°213° ~c!.
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temperature characteristics of the sensitive element o
fiber-optic sensor with a crystal of lengthL53 mm. Figure
4a shows the dependence of the normalized conversion
efficient (S(t)/S(t0)) uH5const at a constant magnetic fieldH
for the maximum value of the modulation inde
((S0 /V0HL) 51). According to the calculation~7!, in this
case the temperature dependenceS(t) derives solely from
the temperature dependence of the Verdet constant
amounts to 1.5% over the temperature interval from 0
100 °C. It is seen from the experimental curve in Fig. 4a t
the temperature deviation is;1.5% over the temperatur
interval from115 to 170 °C.

Figure 4b shows the temperature dependence for
angle ofuL1a545°113°; the temperature dependence
this case reflects both the temperature dependence o
Verdet constant of the crystal and the temperature dep
dence of the coefficient of intrinsic optical activity an
amounts to;2.5% over the temperature interval from115
to 170 °C.

Figure 4c shows the dependence ofSn on t for the angle
valueuL1a545°213° calculated from formula~2!. In this
case the temperature dependences of the Verdet constan
intrinsic optical activity of the crystal should compensa
each other, and the temperature drift of the conversion c
ficient S derives from second-order terms in the expansion
S(t) in powers oft. The calculated value4 of the temperature
drift is ;0.2% over the temperature interval from 0
100 °C. The experimental value of this quantity is;0.15%
over the temperature interval from115 to 170 °C, in good
agreement with the theory.
a
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CONCLUSIONS

The temperature characteristics of the sensitive elem
of a magnetic field sensor based on a Bi12SiO20 crystal,
which possesses intrinsic circular and linear birefringen
have been investigated experimentally. The experiment c
firmed the possibility of making sensitive elements of th
kind with high thermal stability (;0.2% over the tempera
ture interval from 0 to 100 °C!. Good agreement was ob
tained between the experimental data and theoretical ca
lations.

The author is grateful to his supervisor, Prof. V. N
Listvin, for overseeing this study and for discussing the
sults, and also to the staff of Laboratory 278 of the Institu
of Radio Engineering and Electronics, Russian Academy
Sciences, for assistance in constructing the experimenta
paratus.
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Kinetic parameters in the case of two-dimensional phase transitions
in an adsorbed layer
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A study is made of the pre-exponential factort0 in a formula of the formt5t0expQ/kT for the
experimentally measured timet at which a certain change in the phase state in dilute
adsorbed films of Zr on W and Nb and of Hf on W and Mo. A correlation is found betweent0

and the activation energyQ corresponding to it. The measured values oft0 differ from
the theoretically calculated values by orders of magnitude. This disagreement with the theory is
eliminated if it assumed that the activation energy for migration and the binding energy in
the two-dimensional crystal are temperature-dependent. ©1998 American Institute of Physics.
@S1063-7850~98!00706-X#
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The processes of formation and dissolution of islands
Zr or Hf on surfaces of Nb, W, and Mo have been inves
gated previously1–5 by the methods of field electron micros
copy. Islands of Zr on Nb,1,2 of Zr on W,1,2,5 of Hf on W ~in
the presence of nitrogen on the W surface!,3 and of Hf on
Mo4 were grown or dissolved reproducibly in certain tem
perature intervals on certain faces of single-crystal substr
for various surface concentrations of the adsorbate. Th
islands have a size of the order of tens of angstroms and
be observed directly on the screen of the microscope.
can also observe directly and record the dynamics of t
transformations: their appearance and disappearance,
growth and dissolution.

The characteristic timet i for a reproducible change o
state in a two-dimensional solid phase obeys the well-kno
exponential law:

t i5t0iexp Qi /kT, ~1!

wherek is Boltzmann’s constant,T is the temperature,Qi

andt0i are kinetic parameters, viz., the activation energy a
the pre-exponential factor, and the symboli designates a
certain chosen process~e.g., the complete dissolution in
certain manner of Zr islands grown on the$119% faces of Nb
with an initial coverageq50.03). In an experiment, by re
peating the island growth or dissolution procedure at diff
ent temperaturesT, one measures the corresponding timet
and constructs the curve logt5 f (1/T) ~the Arrhenius curve!,
which ordinarily turns out to be a straight line. The slope
this line yields the value ofQ and the intercept on the ord
nate axis yields logt0. In this way a voluminous set of dat
has been obtained1–5 on the energiesQi for two-dimensional
sublimation (Qsub) and two-dimensional growth (Qm), the
latter being limited by the velocity of surface migratio
However, the pre-exponential factort0i has not yet been ana
lyzed on account of a number of difficulties, which will be
come clear from the exposition below. Only some prelim
nary arguments concerning the parameterst0i have been se
forth.6
4271063-7850/98/24(6)/3/$15.00
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The main difficulty in analyzingt0i lies in the substantia
disagreement between the measured values and the v
calculated on the basis of the theory of absolute reac
rates.7 Such a situation, however, is not a rarity in physic
and chemical kinetics. Attempting to understand the origin
this disagreement is an interesting and far-reaching probl
There are grounds for assuming that analysis of rather tr
parent experiments carried out almost on the atomic s
will suggest explanations of a universal nature that will c
light on the problem of the factorst0i in general. Thus the
goal of the present study is to analyze kinetic parameter
the t0i type, basing our analysis at present only on the fam
iar measurements of Refs. 1–5, with an attempt to find
reason for the discrepancy between experiment and theo

To see the correlation betweenQi andt0i corresponding
to certain measurements, it makes sense to plot the da
Refs. 1–5 in the coordinates (2 log t0 ,Q) — see Fig. 1. The
points are grouped with a certain scatter along straight li
emerging from the coordinate origin. This means that

2 log t0 /Q5const, ~2!

and for this set of parameterst0i , Qi the so-called compen
sation law8 holds ~the constant has values of around 5 a
3.1 eV21 for the two straight lines shown in Fig. 1!. This law
holds quite roughly for the two groups of data points. With
each definite binary adsorption system it holds more p
cisely. A discussion of the interesting and more gene
problem of the compensation effect~i.e., the correlated
changes oft0i andQi in a single family of processes, so th
the rate of a process varies more slowly than would be
case fort0i5const) is a subject for a special discussion. He
we simply note that the compensation effect, which is of
encountered in physical and chemical kinetics, stands in c
tradiction to the well-known theory of absolute reactio
rates.7

Let us examine the measured values oft0i further. The
characteristic time according to Eq.~1! is expressed as

t5nt5nt0exp~2DS/k!exp Q/kT, ~3!
© 1998 American Institute of Physics
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FIG. 1. Measured values of the kinetic parameters
two-dimensional condensation and two-dimension
sublimation (t0i and Qi) plotted as points in the coor-
dinates (2 log t0 ,Q). The points are bunched alon
two straight lines:2 log t055Q for two-dimensional
phase transitions in the systems Zr–Nb~Refs. 1,2, and
4! and Zr on the$112% and$123% faces of W~Ref. 5!,
and2 log t053.1Q for Zr on W ~Refs. 1 and 2!, Hf on
W ~Ref. 3!, and Hf on Mo~Ref. 4!.
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wheren is the number of elementary steps necessary for
detection of a thermally activated change~in our case a
change of state in a two-dimensional solid phase!, t is the
mean time for a given step,DS is the activation entropy, and
t0 is the vibrational period of an atom in the potential we
According to the theory of Ref. 7,t05h/kT'531021/T
~s!, andDS is defined as the difference of the partition fun
tions for the rotational and vibrational degrees of freedom
the atom in the well and at the saddle point of the barrie
be overcome. In the case of an interatomic interaction in
adsorption of a metal on a metal, in view of the symmetry
the particles~the atoms of both the substrate and adsorb
are often successfully modeled by spheres! it would be hard
to expect orders-of-magnitude differences coming from
factor exp(2DS/k). In our estimates we set this factor equ
to unity (DS50). The value ofn is not difficult to calculate
if one specifies a certain island size and initial concentra
of the adsorbate in the two-dimensional gas. Then one
calculatet0i according to formula~3! and compare the mea
sured values of2 log t0 with the calculated values. Thi
comparison is given in Table I. It follows from this compar
son that the theoretical values oft0 for the growth of islands
are 2–9 orders of magnitude smaller than the measured
ues, and the values for dissolution are larger than the m
sured values by 3–11 orders of magnitude. To bridge s
differences it is not enough to seek a solution in refin
models for calculatingn or to look for sharply asymmetric
situations that would lead to substantially nonzero values
DS. Taking into account the time and energy spent on

TABLE I.

D(2 log t0)5(2 log t0)calc2(2 log t0)meas

System@Refs.# Growth of islands Dissolution of islands

Zr–Nb @1,2,4# 1.4–9 2(3.5–11!
Zr–W @1,2,5# 6 2(2 –3!
Hf–N–W @3# 7 2(8.5–9.5!
Hf–Mo @4# 2.5–3.0
e

f
o
e
f
te

e
l

n
an

al-
a-
h

d

f
e

formation of a critical nucleus can scarcely help either, sin
the growth and dissolution of the islands occur in regimes
large supersaturations and undersaturations, respectively6,9

We propose to assume a linear temperature depend
of the parametersQm and Qsub, or, more precisely, ofQm

and the binding energy in the two-dimensional crystalQb

5Qsub2Qm ~Ref. 10!:

Qb5Q0b2gT,

Qm5Q0m1jT,

Qsub5Q0 sub2~g2j!T. ~4!

Here for tm and tsub the pre-exponential contains a factor
exp$1j/k% and exp$2(g2j)/k%, respectively, and the slope
of the Arrhenius plots give the activation energiesQ0m and
Q0sub corresponding to zero temperature. To account for
differencesD(2 log t0) seen in Table I, the coefficientsg, j,
and (g2j) must lie in the intervals indicated in Table II.

A decrease in the binding energy in the two-dimensio
crystal with increasingT may come about as a result of a
increase in the distance between the adsorbed atoms~ada-
toms! due to thermal expansion of the lattice. Like the ato
of an adsorbent, the island atoms, which are fixed at
tances imposed by the wells of the substrate, do not ne
sarily lie at the minima of the interaction potential with th
neighbors to the sides~in other words, the adsorbate lattic
may be dilatated!. For this reason a small displaceme
which would not have much effect on the W–W bond on t
$100% face of W, for example, may strongly alter the streng
of the Zr–Zr bond in an island on that face. The growth
Qm with increasingT may be due to some deepening of t

TABLE II.

Coefficient Limit of measurability, eV/deg

g ~11–31!31024

j ~3–18!31024

g2j ~4–19!31024
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potential well of the adatom upon expansion of the latti
We note that, starting at some temperaturesT, the probability
of dissolution of an adatom in the lattice~bulk diffusion!
begins to grow, i.e., the atom can sink completely into
crystal.

The coefficientsg andj from Table II are nevertheles
unaccountably large~especiallyg). It makes sense to look
for additional causes that would work in the same directi
i.e., that would sharpen the curve of the interaction poten
One such reason may be the redistribution of the bonds
tween the adatom–adatom and adatom–substrate syste
the distance between adatoms increases. This may incr
the coefficientg but should also have other consequen
that are amenable to observation. A redistribution of
bonds and electron density should lead to a change in
polarization in a surface layer and, accordingly, to a cha
in the work function. The temperature coefficient of the wo
function for islands of Zr on W, for example, should b
higher than for a clean W or clean Zr surface.

Indeed, in Ref. 11 an unusually strong reversible grow
of the electron field emission current with temperature w
observed in the Zr–W system. If one subtracts from t
temperature effect the contribution from the temperature
fect on the field emission~which is easily calculated accord
ing to Murphy and Good,12 for example!, the result is indeed
an anomalously high temperature coefficient of the w
function for Zr islands on W and also for certain adsorpti
layers in the stage of Zr evaporation~on $111% faces!.

The redistribution of the bonds and electron density w
temperature can apparently also be detected by techni
.
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which are sensitive to this effect, i.e., techniques such
photoelectron spectroscopy in the vacuum ultraviolet
some forms of Auger spectroscopy. It would certainly be
reasonable undertaking to search for this effect in the cas
two-dimensional adsorbed phases.

This study was supported by the Russian Fund for F
damental Research, Project No. 97-02-18066.
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The negative differential conductance~NDC! with an S-shaped static current–voltage
characteristic is investigated in quasi-one-dimensional microcontacts. It is shown that NDC can
be caused by the space charge of the carriers in a channel with narrowings. ©1998
American Institute of Physics.@S1063-7850~98!00806-4#
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There are various mechanisms responsible for the o
of S-shaped static current–voltage~IV ! characteristics. The
thermal mechanisms for the onset of NDC for curre
filaments1 such as quasi-one-dimensional channels are w
known. The thermal expansion of the transverse dimens
of the channel lower the levels of quantization of the tra
verse energy, so that a current can flow at lower volta
after switch-on. A distinctive characteristic of these pr
cesses is the presence of hysteresis of the IV characteris
large currents, as was observed in Ref. 2.

However, in some cases the space charge of the car
in a quasi-one-dimensional wire can lead to NDC in the pr
ence of narrowing at the microcontact. A narrowing in t
channel causes the transverse quantization levels to de
on the longitudinal coordinate and leads to a shift of th
maxima in an external field. The space charge, in and
itself, can even raise the height of these levels above
Fermi energy of the emitter. In an external field, howev
the space charge in the case of confined currents can shi
position of the maxima of the quantization levels away fro
the emitter, so that currents can flow at lower applied vo
ages after switch-on.

Let us consider a quasi-one-dimensional circular chan
with a narrowing ~Fig. 1!, the geometric dimensions o
which are such that the initial spectrum of transverse qu
tization of the energy of the charge carriers in the chan
lies above the Fermi level of the emitter. At a distanceL
from the emitter is a plane electrode, to which an exter
voltageU is applied. In this case the current in the chan
can be found from the relations3

I 5
e

p•\ (
n,i

Vni E
a1

a2
D~E,Ẽm ,eU!dE,

0<Ẽni<Ef ,

Ẽni~xm ,I ,U !5Eni~xm!2eF~xm ,I ,U !, ~1!

a150, a25~Ef2Ẽni!,

eU>~Ef2Ẽni!,

whereVni is the degeneracy of the spatial quantization in
channel,D is the coefficient of transparency of the chann
which varies in the range 0.5<D<1.0 and which will hence-
forth be assumed constant and equal to some average v
4301063-7850/98/24(6)/2/$15.00
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thereby eliminating from consideration the resonance effe
due to the transport of ballistic electrons;Ẽni(xm ,I ,U) are
values of the transverse quantization level in the channe
the points of their maximum, since they are lowered in t
applied external field; however, unlike Ref. 3, here it is a
sumed that the channel has a variable cross section and
screening effect of the space charge is taken into acco
F(xmI ,U) is the value of the self-consistent potential at t
point of the maximum ofẼni .

Let the radius of the channel cross section vary acco
ing to the law

r ~x!5r 0@11~D/x!a#,

wherea.0 is an arbitrary exponent characterizing the
versity of channel profiles. Then the energy spectrum of
transverse quantization in a channel with a finite wall hei
can be written in the form4

Eni~x!5Eni
0 /@11~D/x!a#2, ~2!

whereEni
0 are the values of the energy of transverse qua

zation atx5L under the conditionD/L!1. To find the po-
tential F(x,I ,U) it is necessary to solve Poisson’s equatio
We write the charge density distribution for the channel el
trons participating in the standard transport in the form

en~x!5I /$S~x!@~v f
212eF~x,I ,U !/m!1/22v f #%, ~3!

whereS(x)5pr 2(x) is the cross-sectional area of the cha
nel, andv f is the electron Fermi velocity.

Each transverse quantization energy level for fixedI and
U has its own maximum in the channel, found from t
condition

dẼni~xm ,I ,U !

dx
50. ~4!

The above system of equations~1!–~4! can be used to calcu
late the IV characteristic of a necked-down microcont
with allowance for the space charge.

To estimate the NDC effect we simplify the expressi
for en(x):

en~x!'Imv f /~2S0eU!,
© 1998 American Institute of Physics
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where we use the average value of the potential in the ch
nel and average channel cross section, expressed aS0

5pr 0
2. Then

eF~x!5eUx/L2gLx~12x/L !/2,

where g52p•mv f I /(S0U) is a coefficient proportional to
the final conductance of the channel. The space charge r
tributes the external field in the channel, decreasing it n
the emitter. Forg>2eU/L2 one observes a nonmonoton
potential distribution.

If E10(x) is the lowest level of energy quantization in th
channel (E10.Ef), then it is what determines the curre
switch-on voltage. Under the simplifications made, we ha
according to Eqs.~1!–~4!,

I 5
eD̄

p\H Ef2
E10~ x̃m!2a

@ x̃m
a 1~D/L !a#2

1eUx̃m2
gL2

2
x̃m~12 x̃m!J ,

~5!

2aE10~ x̃m!2a21

@ x̃m1~D/L !a#3 S D

L D a

2eU1
gL2

2
~122x̃m!50, ~6!

x̃m5xm /L, eUso<eU,eU1 ,

whereUso is the switch-on voltage of the current in the m
crocontact, andU1 is the switch-on voltage of the next mod
of the current.

It can be shown that the system of equations~5!, ~6! has
an S-shaped part of the IV characteristic ifeUso.eU0

~Fig. 2!, i.e.,

FIG. 1.
n-

is-
ar

,

a

2S D

L D a

.
E102Ef

E10
,

and I L(eUso),I n(eUso), where

I n5
eD̄

p\
~E102Ef !H S aE10~D/L !a

2~E102Ef !
D

1
a12

21J ,

I L~eUso!5
S0

L2pemv f
S L

D D 2

~E102Ef !
2S E102Ef

2aE10
D 2/a

.

The voltage range of the NDC region,eDU5eUso2eU0, is
maximum if a5(L/D)1/2.

In closing we note that, all the other parameters remain
ing unchanged, for the investigated mechanism of NDC th
relationships among the geometric dimensions of the chann
are of great importance, and a diversity of IV characteristics
with NDC can be observed in the same materials.
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On the nature of the surface phases formed on carbidized tungsten
during field evaporation
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It is it is shown by means of an atom probe that the subsurface regions of a carbonized tungsten
tip ~the so-called terraced crystal! has the composition of tungsten carbides which are
enriched with carbon as compared to WC. The properties of the nonequilibrium surface phases
formed as a result of anisotropic field evaporation of the crystal are elucidated, and the
mechanisms by which these phases relax to the equilibrium state are discussed. ©1998 American
Institute of Physics.@S1063-7850~98!00906-9#
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Field evaporation,1 which occurs at low temperature
creates a new surface by removing surface layers from
crystal. Even in the case of single-component materials
surface is a nonequilibrium surface which relaxes upo
minimal heating sufficient for displacements of the atom2

The surface of multicomponent materials formed as a re
of field evaporation can have an even more nonequilibri
nature. If only a part of the initial surface is subjected to fie
evaporation, the new surface will contain regions with d
ferent subsurface phases: the old, equilibrium phase a
new, nonequilibrium phase. These phases can differ ap
ciably in their properties. Upon heating the surface will te
toward an equilibrium state. This process, which takes pl
in the form of phase transitions, is an interesting resea
topic.

In the present study we have investigated the nature
the surface phases of the type described above and hav
amined the phase transitions via which the surface rela
after field evaporation, using carbidized tungsten as our
perimental object. The basic technique of these invest
tions is field electron microscopy and analysis of the surf
composition by means of a time-of-flight atom probe.1 We
used the atom probe described in Ref. 3.

In interactions with carbon or carbon-containing co
pounds, tungsten forms the well-known carbides WC a
W2C ~Ref. 4!. The business of obtaining such carbides
tungsten islands with their characteristic hexagonal struc
and the corresponding crystal habit is a special and o
complicated problem.5 On the other hand, even a small h
drocarbon impurity in the vacuum apparatus can easily g
rise to islands of the so-called ‘‘terraced crystal’’~Fig. 1a!,
which corresponds completely to the symmetry of the ini
cubic tungsten crystal, but unlike the heat-smoothed cl
tungsten surface, this terraced crystal has pronounced f
ting with different faces and sharp edges between them
has long been established that such a crystal is due to
presence of carbon on the surface and in a subsurface
of the tungsten.5–7 It can be obtained by depositing carbo
on tungsten7 or as one of the intermediate stages in the f
4321063-7850/98/24(6)/4/$15.00
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mation or destruction of hexagonal crystals of tungs
carbides.5 In our case the terraced crystal was formed
heating a tungsten tip in a metallic vacuum appara
equipped with ion and oil pumps.

Field evaporation of the terraced crystal was investiga
on a qualitative level~without analysis of the ions formed! in
Ref. 8; it was found then that the emission pattern after fi
evaporation — both the electron and ion patterns — h
inverse contrast: the faces which had been dark appe
bright. However, there are still many unanswered questi
as to the nature of the terraced crystal. It is not known h
much carbon is contained in the terraced crystal, what is
composition of the ions removed in field evaporation, wha
the structure of its surface before and after field evaporat
and what occurs in the relaxation processes after field eva
ration. To answer these questions, completely or partially
the goal of this study.

Figure 1a–1d shows the initial terraced crystal~Fig. 1a!,
examples of the formation of nonequilibrium surface pha
~Figs. 1b and 1c!, which are dark on the emission image
and an example of the relaxation of a nonequilibrium ph
~Fig. 1d!, where the previously dark regions have beco
bright ~see the caption to Fig. 1 for details!.

In relation to tungsten, carbon is electronegative. The
fore, in the case shown in Fig. 1b and 1c it is logical
assume that as a result of field evaporation~primarily in the
edge regions! one observes a surface with the carbon ato
facing the vacuum~to a higher degree than the tungsten
oms!, while the bright regions on the emission images~Fig.
1b and 1c!, on the other hand, correspond to surfaces
which the tungsten atoms are more prominant than the
bon atoms. It may also be the case that the atomic rough
is increased in these regions as a result of the evapora
~especially on the flat faces!. After relaxation~Fig. 1d!, the
bright regions are enriched with tungsten, as will be se
from what follows.

Figure 2a and 2b shows examples of typical mass sp
tra. The first~Fig. 2a! corresponds to the initial stages o
evaporation~in the edge regions!, while the second~Fig. 2b!
corresponds to stages of almost complete removal of the
© 1998 American Institute of Physics
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FIG. 1. Field-electron images of a carbonized tungst
single crystal~terraced crystal! at the end of a tip with a
radius or about 3000 Å . At thecenter of the$110% face,
to the left and right along the diagonal are the$100%
faces of the cube. Visible at the center~especially on
frames~a! and ~d!! is the probing aperture, in all case
directed at the same part of the surface. a: The ini
terraced crystal; the aperture is directed at a sharp e
of the $110% face; the voltage applied during photogra
phy wasV052.2 kV. b: The crystal from frame~a! after
the field evaporation mass spectrum was taken at a b
voltageVb510 kV and a pulsed voltageVp56.2 kV;
the emission pattern is an almost ideal negative
frame ~a!; V052.76 kV. c: The same crystal after re
covery of the initial state~of type ~a!! and deep field
evaporation. The formation of a ‘‘dark’’ surface phas
is similar to frame~b!; V052.45 kV. d: The relaxation
of the dark parts of the surface in frame~c! after heating
of the crystal at 1150 K for one minute; the dark re
gions of frame~c! have become bright;V052.3 kV.
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bide ‘‘cork’’ ~which corresponds to many atomic layers!.
Analysis of a set of around a hundred mass spectra obta
for two different tips shows convincingly that carbon is no
small impurity in the subsurface cork of the terraced crys
This cork consists of tungsten carbide of composition WC
even with a higher carbon content, ranging to WC2. As a
result, the composition of the field-evaporated ions is do
nated by WC3

11 , and the ions WC2
11 , WC11, and

W2C
111 are also observed. This last ion compensates

tungsten excess that arises as carbon leaves in the for
WC3 and WC2 ~singly charged ions of these compositio
are also present in small amounts in the spectra!.

Analysis of the accumulation curves of the ions toget
with the spectra showed that ions of the type W2C

111 are
either formed with some delay~as the excess tungsten build
up on the surface! or are later formed in profusion togethe
with carbon-rich ions. However, in those regions of the s
face where field evaporation has removed an initial m
atomic layer, after some relaxation~as in Fig. 1d! the mass
spectra, especially at early times, contained an elev
amount of tungsten~this is attested to by the relative increa
of the W2C

111 peak!.
In this study the field evaporation was carried out

room temperature. In this situation the carbide cork of
terraced crystal is typically evaporated in the form of m
lecular ions. Carbon ions~single or cluster! have not been
reliably detected, and tungsten ions appeared in the spe
only in the stage of almost complete removal of the c
ed

l.
r

i-

e
of

r

-
-

ed

t
e
-

tra
-

bidized layer~Fig. 2b!. The presence of WC3 or W2C ions in
the evaporation flux by no means implies that the surf
being evaporated corresponds to this composition. It follo
from a direct accounting of the different atoms in the evap
rated flux that the surface has a stoichiometry WCx with x
between 1 and 2. During field evaporation the weakest bo
are broken and the particle with the lowest ionization ene
is liberated. The process itself chooses the path with the l
est energy cost. It must be assumed that the seque
evaporation of carbide in the form of ions of different com
position is energetically favorable and maintains a cert
balance of particles on the surface. The sequence of fi
evaporation of different ions is of a statistical nature.

After deep relaxation of the surface regions exposed a
result of field evaporation~Fig. 1d! the field evaporation
from these regions requires substantially higher elec
fields than would be required for further field evaporation
these regions in the absence of relaxation. Field evapora
of the bright regions on surfaces of the type in Fig. 1b and
is also difficult. The observed phases~which we will call
‘‘dark’’ and ‘‘bright’’ ! are characterized as follows: th
bright phase has a lower work function~higher emissivity!
and higher resistant to field evaporation, while the da
phase has a higher work function and is less resistanc
field evaporation. In terms of the composition, the brig
phase contains somewhat more tungsten, although th
hard to establish, since the field evaporation of the bri
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FIG. 2. Atom-probe mass spectra of the fie
evaporation of a ‘‘terraced crystal.’’ Plotted on th
vertical axis is the intensity~number of ions!, and
on the horizontal axis, the mass-to-charge ratio
the ion. a: Spectrum obtained in the initial stage
field evaporation; the carbide cork on the tungst
surface has not yet been destroyed; the numbers
bel the peaks corresponding to the following ion
1 — WC2

11 , 2 — WC3
11 , 3 — W2C

111, 4 —
WC2

1 , 5 — WC3
1 . Vb1Vp5(1416.2) kV. b: The

spectrum obtained in the stage when the carb
cork is becoming exhausted; the numbers on t
peaks corresponding to the following ions:1 —
CH4

1 , 2 — C2
1 , 3 — W1111, 4 — W111, 5 —

WC111, 6 — W11, 7 — WC11, 8 — WC3
11 ,

9 — WC1. Vb1Vp5(1414.8) kV.
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phase occurs under conditions far from those for field eva
ration of the dark phase. We assume that, as we have
the equilibrium bright phase has more of the tungsten ato
facing the vacuum, while the dark phase has more of
carbon atoms thus situated.

The relaxation process, which starts at rather low te
peratures of 600–800 K and is rapidly completed at 100
1100 K, can take place by two mechanisms.

1. The diffusional migration of W and C atoms into th
respective regions depleted of each of these components
this one must assume the presence of free atoms of W a
or of their mobile molecules of the type WC2 and W2C,
which carry excess carbon or tungsten as compared to
Either of these requires significant energies and, accordin
high temperatures. The preliminary field evaporation
moves primarily free~not incorporated in the lattice! or
weakly bound atoms and molecules. Their concentra
may thus be diminished.

2. The other relaxation mechanism could involve the
tation ~reorientation! of the carbide molecules on account
small local displacements of W and C atoms within th
o-
id,
s
e

-
–

or
C

C.
ly,
-

n

-

r

nearest-neighbor environment. This does not require a la
number of relatively free particles but does involve certa
energy expenditures. This process is facilitated by the
that the nonequilibrium region of the lattice on the surface
stressed~which also makes field evaporation easier! and the
necessary energetically favorable displacements of the at
can take place with lower activation. We note that to reco
the initial form of the terraced crystal requires a rather
tense heating atT51700–2000 K. This usually results i
blunting of a fine tip. To avoid this, the tip is usually heat
in a moderately strong applied electric field, which preve
blunting.

This study was done with the support of the Russ
Fund for Fundamental Research, Project No. 97–02–180
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A proposal to use reflection with delay for achieving the self-modulation and stochastic
regimes in millimeter-wave gyrotrons

N. S. Ginzburg, M. Yu. Glyavin, N. A. Zavol’ski , V. E. Zapevalov, M. A. Moiseev, and
Yu. V. Novozhilova

Instutute of Applied Physics, Russian Academy of Sciences, Nizhnyi Novgorod
~Submitted January 9, 1997!
Pis’ma Zh. Tekh. Fiz.24, 53–59~June 12, 1998!

It is shown that the introduction of a local constriction in the waveguide section at a distance
comparable to the length of the interaction space reduces by an order of magnitude the
value of the injection current at which stochastic oscillation regimes arise in gyrotrons. This
improves the prospects for experimental observation of such regimes. ©1998 American Institute
of Physics.@S1063-7850~98!01006-4#
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Gyrotrons are now the most powerful sources of qua
continuous coherent radiation at millimeter wavelengths1,2

The linewidth of the radiation emitted by megawatt g
rotrons is of the order of 10 MHz. However, for a number
applications in physics, radio engineering, radar, and ind
try it is of significant interest to have noisy high-power m
crowave radiation with a bandwidth reaching several gi
hertz. For example, the use of such radiation in indust
devices for firing ceramics can provide a more uniform he
ing of the sample than can single-frequency radiation. I
therefore of topical interest to investigate the possibility
generating high-power wide-band radiation in gyrotrons.

Previous studies of the nonlinear dynamics of gyrotro
without a fixed longitudinal structure of the field3,4 have
shown that it is possible in principle to achieve stochas
oscillation regimes. As the current is increased above
starting current the steady-state oscillation regime gives
to a regime in which the amplitude varies periodically
time. Increasing the current further above the threshold
generation leads to the onset of stochastic regimes. Howe
in conventional configurations of the interaction space in
form of a slightly irregular waveguide section maximal
matched with the output sections, the bifurcation values
the currents are approximately an order of magnitude hig
than the working currents, making it difficult to observe su
regimes in the existing gyrotron test beds. The problem
also complicated by the fact that in the overmoded cavi
used in present-day gyrotrons, increasing the current
give rise to the excitation of parasitic modes with a tra
verse field structure different from that of the working mod

In this paper we explore the possibility of lowering th
4361063-7850/98/24(6)/3/$15.00
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bifurcation values of the current at which the transition
self-modulation and stochastic regimes occurs in gyrotr
through the introduction of additional reflections with del
at the collector end of the interaction space. It is assum
that radiation is partially reflected off a small irregularity
the output waveguide section: a local constriction at a cer
distance from the end of the interaction space. In suc
system the radiated signal again acts on the electron b
after a delay. By analogy with other types of oscillators w
delayed feedback, in particular with resonant traveling-wa
tubes,5 one would expect a lowering of the threshold for t
onset of the self-modulation and stochastic regimes in su
gyrotron.

Let us consider a gyrotron model with a low-Q cavi
excited by an axially symmetric annular electron beam a
frequency close to the cutoff frequency. The cavity is a s
tion of slightly irregular circular waveguide with a radiu
that can vary smoothly along the axis. The cathode end
the interaction space is bounded by a narrowing to cu
dimensions. The interaction of electrons with the rf field b
gins at thez50 cross section and ends at the cross sec
z5L1. A partial reflection of the radiation occurs from
constriction located in the regionL2,z,L3 ~Fig. 1!.

We assume that the field in the cavity is a mo
with a specified transverse structureE5Re$A(z,t)Es(R')

3exp(iv̄0t%, and the amplitude of the field varies rath

slowly in time: u ]A/]t u!v̄0uAu. Then the electron–wave
interaction can be described by the equations3
FIG. 1. Model of a gyrotron with delayed feedback.
© 1998 American Institute of Physics
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]2f

]z2
2 i

] f

]t
1d f 5

I 0

2pE0

2p

pdq0 , ~1!

dp

dz
1 i ~D1upu221!p5 i f . ~2!

Here f 5(eA/mcg0)Jm21(v̄0R0 /c) is the dimensionless
amplitude of the rf field,Jm21 is a Bessel function describin
the transverse structure of the electric field of theTEm,p

mode,z5(b'0

2 /2b i0
)(vH0z/c) is the dimensionless longitu

dinal coordinate, the complex quantityp5(p' /p'0
)exp(iq)

characterizes the orbital angular momentum of the electr
b',i0

5(v',i0
/c) are the initial values of the transverse a

longitudinal components of the electron velocity,g0 is the
initial value of the Lorentz factor of the electrons,R0 is the
radius of the electron beam,t5(b'0

4 /8b i0

2 )v0t is the dimen-

sionless time,vH0 is the initial value of the gyrofrequency
v0 is the critical frequency at the current value of the cro
section of the cavity,d5(8b i0

2 /b'0

4 )(12v0 /v̄0) is a func-

tion characterizing the nonuniformity of the profile of th
transverse cross section of the cavity,

I 0516
euI u

mc3

b i0
b'0

26

g0

Jm
2 ~v̄0R0 /c!

~n22m2!Jm
2 ~n!

is the current parameter,n is the pth root of the equation
Jm8 (n)50, andD5(2/b'0

2 )(v̄02vH0)/v̄0 is the detuning of

the cyclotron frequency from the critical frequencyv̄0 in the
exit cross section.

At the entrance the electrons are uniformly distribut
over phases of the cyclotron gyration:p(z50)5exp(iq0),
q0P(0,2p). The initial condition for the field is of the form
f (t50)5 f 0(z). The boundary condition for the field at th

FIG. 2. Regions of different regimes of oscillation on the plane of para
etersI andD for gyrotrons without delayed feedback.
s,

s

cutoff cross section isf (z50)50. In the exit cross section
the so-called reflectionless boundary condition3 is used:

f ~zout,t!1
1

Ap i
E

0

t 1

At2t8

] f ~z,t8!

]z
uzout

dt850. ~3!

In a numerical modeling of equations~1! and ~2! the
radiation condition~3! was imposed at the exit cross sectio
z5L3. Then, after the end of the electron–wave interact
zone, in the regionL1,z,L2, the propagation of the radia
tion alone was modeled by Eq.~1! with zero on the right-
hand side. The presence of a constriction was taken
account in Eq.~1! by means of the functiond(z). Figure 2
shows a partitioning of the parameter regionI ,D for a uni-
form gyrotron model with a dimensionless lengthzout515.
The region of steady-state generation lies between curveA
and B, the regime of periodic self-modulation betwee
curvesB and C, and the stochastic regime above curveC.
The optimal detunings for obtaining the self-modulation a
stochastic regimes lie in the negative range,D,0, where the
electron beam is mainly in synchronism with the count
propagating component of the electromagnetic field of

-

FIG. 3. Time dependence of the output signal amplitude~a! and the signal
spectrum~b! in a gyrotron with delayed feedback forI 50.015,D520.5,
depth of constriction 0.02R, z1520, z2540, z22z152.
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cavity, providing internal distributed feedback. As o
passes into the range of zero and positive detunings,D>0,
where the comoving component of the field is synchron
with the electron beam, the counterpropagating wave and
feedback mechanism involving it exert a weaker influen
and another mechanism becomes dominant, viz., that du
reflection from the jump in electronic conductivity at ex
cross section of the interaction space.

On the basis of the above calculations let us assess
possibility of observing self-magnitude in a gyrotron with
cavity having a uniform profile along its length, for th
working modesTE11,3 and TE15,4, with frequencies of 83
and 110 GHz, respectively. Let the cavity be a section
smooth waveguide with a length of about 10l,1! wherel is
the wavelength in free space. The cavity is excited by
electron beam having a current of 25 A, a particle energy
70 keV, and an initial pitch factor of 1.3. These physic
parameters correspond to a dimensionless lengthzout515
and to values of the current parameterI 50.01 for theTE15,4

mode andI 50.016 for theTE11,3 mode. As we see from
Fig. 2, a steady-state oscillation regime obtains in a gyrot
with these parameters.

Let us now consider a gyrotron with the same charac
istics of the interaction region but in which a delayed fee
back is introduced in the form of a constriction~Fig. 1! with
a depth of (0.01–0.02)R, whereR is the radius of the wave
guide. Such an obstacle causes about 20% of the power

TABLE I.

Parameter
set No. z1 z2 z3

Depth of
constriction I D Regime

1 15 35 37 0.01R 0.02 20.4 Stochastic
2 15 40 42 0.01R 0.015 20.4 Stochastic
3 15 40 42 0.01R 0.015 20.03 Deep

self-modulation
4 20 40 42 0.02R 0.015 20.5 Stochastic
s
he
,
to

he

f

n
f

l

n

r-
-

be

reflected. The constriction is located at a distancez22z1

515–25, which is comparable to the length of the intera
tion space. The results of a numerical modeling of the p
posed gyrotron configuration are presented in Fig. 3 a
Table 1. The gyrotron parameters corresponding to Tab
are labeled by points1–4 in Fig. 2 and lie in the zone of
steady-state regimes for the uniform model. The introduct
of delayed feedback lowers the bifurcation values of the c
rents by almost an order of magnitude and facilitates
achievement of stochastic regimes of oscillation at the gi
values of the working parameters of the gyrotron. HereV 5

(v2v̄0)/v̄0 is the relative width of the spectrum, whic
reaches 3% in such a regime. It is also important to emp
size that at small negative detuningsD,0 the system is not
critically sensitive to the location of the constriction, i.e.,L2

can be varied over an interval of one wavelengthl without
altering the character of the generation.

Thus the above analysis shows that the introduction
delayed feedback causes the bifurcation values of the
rents to become comparable to the working currents of
isting gyrotrons.

This study was done with the support of the Russ
Fund for Fundamental Research, Project No. 97-02-1706

1!This length is usually limited by the dimensions of the superconduct
solenoid.
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Electromagnetic showers in oriented garnet crystals
V. A. Baskov, A. P. Bugorski , A. N. Vasil’ev, V. V. Kim, B. I. Luchkov, A. P. Meshchanin,
A. I. Mysnik, V. V. Polyanski , V. I. Sergienko, V. Yu. Tugaenko, and V. A. Khablo

P. N. Lebedev Physics Institute, Russian Academy of Sciences, Moscow
~Submitted September 12, 1997!
Pis’ma Zh. Tekh. Fiz.24, 60–64~June 12, 1998!

The orientation dependences of the energy release in showers formed in transparent garnet
crystals with thicknesses of 23 and 50 mm are measured, and the influence of the orientation of
the crystals on the absorption of a shower in an amorphous radiator is determined. ©1998
American Institute of Physics.@S1063-7850~98!01106-9#
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Electromagnetic showers in crystals are considera
more complicated than showers in amorphous substan
The characteristics of a shower in a crystal~the distributions
over the number of particles in the shower, the moment
distribution of the particles, etc.! have an orientational de
pendence on the angleu between the momentum of the pr
mary particle and the crystallographic axis. In addition, th
characteristics depend in a complicated way on the energ
the particle and the properties of the crystal. The spec
features of showers in crystals at primaryg-ray energies
above;1 GeV and crystal thicknesses of;0.02X0 (X0 is
the radiation unit of length! were studied in Refs. 1 and 2
The orientational dependence of the mean number of
ticles in a shower leaving from the crystal has the form o
peak with a maximum atu50. The width of the peak for
thin, light crystals is of the order of a milliradian. The orie
4391063-7850/98/24(6)/2/$15.00
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tational effect has been used to design ag-ray telescope
having a high angular resolution forg rays with energies.1
GeV, and its operation has been modeled under condition
an isotropic cosmic background, close to the act
conditions.3,4 Shower effects in thick crystals are of intere
in high-energy physics for use in crystal electromagne
calorimeters. In electromagnetic calorimeters for electro
andg rays with energies of tens and hundreds of GeV~e.g.,
in the experiments being prepared at LHC! one requires
transparent radiation-resistant radiators with a small spa
extentX0. As a rule, these conditions are met by artific
crystals containing atoms of heavy elements. For this rea
the study of shower effects in such crystals and their posi
and negative influences on the operation of calorimeters
become extremely topical.

In this paper we present the first measurements of
in
FIG. 1. Orientational dependence of the energy release
showers in garnet crystals with thicknesses of 23 mm~points
1! and 50 mm~points2!.
© 1998 American Institute of Physics
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kind, made at the accelerator at the Institute of High-Eng
Physics in Protvino. An electron beam with an energy of
GeV and a divergence at the base of not more than 1 m
was directed onto an artificial gallium–gadolinium garn
(Gd3Ga5O12) crystal5 mounted in a goniometer. The radia
tion length of the crystal in the misoriented state was 1
cm. Crystals with thicknesses of 23 and 50 mm were us
Measurements on ag diffractometer showed that the mos
icity of these crystals was not over 1022 mrad. The energy
release in a shower in the crystal was measured accordin
the Čerenkov radiation by a photomultiplier mounted on
transparent face of the crystal. The mean amplitudes of
signals from the photomultiplier were used to orient the cr
tals with their crystallographic axiŝ111& to the beam. After
the crystal along the beam path came a composite Cˇ erenkov
spectrometer~CČS! containing a row of counters with radia
tors of TF1 lead glass with a thickness of 1X0. The signal
from each counter was subjected to a pulse-height analy7

After the CČS came a total-absorption Cˇ erenkov spectrom-
eter Č, which measured the energy of the shower leaving
crystal and the CCˇ S.

The goal of the measurements was to determine the
entational dependence of the energy release in a shower
thick transparent crystal and to ascertain the influence of
orientation of the crystal on the necessary length of am
phous radiator for absorption of the shower.

Figure 1 shows the orientational dependence of the m
energy release in the crystals. Since the orientational de
dence is symmetric with respect to the angleu, only half of
the peak is shown in the figure. The values were normali
to the mean energy releaseDEd in the same crystals bu
which were completely misoriented. The statistical errors
small. In the 23-mm-thick crystal in the misoriented arrang
ment (u@0) approximately 1.4 GeV of the energy of th

FIG. 2. Unabsorbed energy of the shower versus the thickness of the
sorber between the crystal and the spectrometer Cˇ . Points1 and 2 are for
showers starting in the 23-mm-thick crystal in the oriented and misorien
arrangements, respectively, and points3 and4 are the corresponding point
for the 50-mm-thick crystal.
y
6
ad
t

5
d.

to

e
-

s.

e

ri-
n a
e

r-

an
n-

d

e
-

primary electrons was released, but when the crystal
oriented on the axis (u50) the energy release increased
3.9 GeV. For the 50-mm-thick crystal the corresponding v
ues were 5.8 and 10.1 GeV, respectively. Thus as the th
ness of the crystal increases, the relative energy release
creases. The full width at half maximum of the curves sho
is of the order of 4 mrad and increases slightly with incre
ing thickness of the crystal.

As has been shown previously,6,7 with increasing energy
of the primary particles the probabilities of radiative pr
cesses in the oriented crystal increase, andX0 for the crystal
becomes shorter. The crystal very efficiently fractionates
energy of the primary particle, and a shower develops
shorter distances than in the misoriented crystal. As a re
the maximum of the cascade curve is shifted toward the s
of the shower, and the curve becomes shorter. A sho
length of radiator is required for absorptivity of the main pa
of the avalanche. This is shown in Fig. 2. The avalanc
started in the crystal, developed further in the CCˇ S, and then
the energy of its unabsorbed part was measured by spect
eter Č. In this case the radiators of the CCˇ S played the role of
an amorphous absorber. It is seen that orienting the cry
decreases the energy of the shower leaving the CCˇ S. This
decrease is equivalent to an increase in the length of
absorber by;2X0.

As the energy of the primary particles increases, the
entation effects shown in Figs. 1 and 2 increase significan

The data presented here suggest the following con
sion. For electromagnetic calorimeters at ultrahigh energ
the use of transparent artificial crystals prepared in suc
way that their crystallographic axis is directed at sm
angles to the momenta of the electrons andg rays formed
will give rise to specific electromagnetic showers in the ca
rimeter. The longitudinal and possibly the transverse dim
sions of such showers can be much different from the us
The effect of such a ‘‘compression’’ of the shower on t
energy and spatial resolution of the calorimeter requires
ther study.

In closing, the authors express their sincere gratitude
S. S. Gershte�n, Correspondent Member of the Russi
Academy of Sciences, and Prof. N. E. Tyurin for support
this study.
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Modified layered composite with high anisotropy of the piezoconstants eij* and d ij*

V. Yu. Topolov and A. V. Turik

Rostov State University
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A three-component composite combining features of structures with 2–2 and 3–1 connectivity
and characterized by considerable piezoelectric anisotropye33* /ue31* u, d33* /ud31* u is
investigated for different volume concentrations of one of the components. An analysis is made
of the physical factors influencing the piezoelectric anisotropy of the composite and
causing the peculiar distribution of the internal stress and electric fields in this material. ©1998
American Institute of Physics.@S1063-7850~98!01206-3#
p
a
tu
es
e
m
s

lys
en

i-

in
ur

g
iO

ge
n
rc
e
t
w

xi

i

d

e
t
2

r

ed
us

s

ns

e
-

he

py
s

trix

n-
e
e
d

ric,

n

the
The effective elastic, piezoelectric, and dielectric pro
erties of composite materials depend on the properties
volume concentrations of the components, the microstruc
~connectivity!, etc. The modeling of composite structur
and determination of the optimization and anisotropy of th
physical properties are complex and multifaceted proble
This is particularly true for ferro/piezoactive composite
which often possess either large piezoelectric modulidi j* or
other piezoconstants (gi j* , ei j* , or hi j* ) or a high anisotropy of
these constants. In this letter we report a theoretical ana
suggesting the possibility of creating a three-compon
composite containing ferro/piezoceramics~FPCs! and char-
acterized by rather high piezoelectric anisotropyd33* /ud31* u
ande33* /ue31* u, which is important for various practical appl
cations.

Our preliminary estimates based on averag
methods1–3 showed that a two-component layered struct
of the 2–2 type can be characterized by anisotropyd33* /ud31* u
and e33* /ue31* u higher than the anisotropiesd33

(k)/ud31
(k)u and

e33
(k)/ue31

(k)u (k51,2) of the initial components. Outstandin
examples of such pairs of components are the FPC BaT3

with the polymer polyvinylidene fluoride~PVF! or the FPC
PZT-19 with PVF, the piezoelectric constantsd3 j

(k) ande3 j
(k) of

which do not exhibit significant anisotropy over a wide ran
of temperatures.4,5 The influence of the layered structure o
the piezoelectric anisotropy can be enhanced by ‘‘reinfo
ing’’ the polymer layer with rather long rods of a FPC, th
electromechanical constants of which are comparable to
analogous constants of the FPC of the other layer. Below
present the results of calculations which attest to the e
tence of this effect.

In the proposed modified layered composite layer 1
made of a polymer matrix~volume concentration of 12n
inside layer 1! characterized by low or zero piezoactivity an
‘‘reinforced’’ by FPC rods~concentrationn in layer 1! pass-
ing through it along the 0X3 axis of a rectangular coordinat
system (X1X2X3). Layer 2 contains only a FPC of a differen
composition. The volume concentrations of layers 1 and
which alternate in theX3 direction, are equal tom and
12m, respectively. This composite structure is assumed
be poled alongX3, and its electromechanical constants a
4411063-7850/98/24(6)/3/$15.00
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determined by the formulas of Refs. 1 and 2 for layer
composites and the formulas of Ref. 6 for fibro
composites.1!

Figures 1 and 2 show the concentration dependence

zm,e* ~m!5e33* ~m,nopt,e!/ue31* ~m,nopt,e!u

and

zm,d* ~m!5d33* ~m,nopt,d!/ud31* ~m,nopt,d!u

of the modified composite and the optimum concentratio
of the FPC rodsnopt,e(m) and nopt,d(m) that give~for 0.01
<m<0.99) the maximum anisotropye33* (m,n)/ue31* (m,n)u
and d33* (m,n)/ud31* (m,n)u, respectively. The shape of th
curveszm,e* (m) andzm,d* (m) is almost the same in the pres
ence of a piezoactive~Fig. 1! or a nonpiezoactive~Fig. 2!
matrix in layer 1. On going to a nonpiezoactive matrix t
values ofzm,e* andzm,d* increase somewhat~cf., e.g., curves1
in Figs. 1a and 2a! and the shape of thenopt,e(m) and
nopt,d(m) curves changes slightly~cf. curves1 in Figs. 1b
and 2b!. At the same time, differences in the anisotro
e33

(k)/ue31
(k)u or d33

(k)/ud31
(k)u of the initial FPC components doe

not have much effect on the relative position of thezm,e* (m)
curves nor on the position of maxzm,e* (m) ~cf. curves2, 3, and
4 in Fig. 2a!. A comparison of thezm,d* (m) curves for vari-
ous compositions of the FPC components and the ma
~Figs. 1 and 2! shows that the values maxzm,e* (m) are reached
at m'0.5–0.6 andnopt,d(m)'(1 –3)31022, whereas for the
zm,e* (m) curves the largest values occur form→1 at the
corresponding optimum concentrationsnopt,e(m)&0.1.

It follows from an analysis of the nonmonotonic depe
denceszm,d* (m) ~Figs. 1 and 2! and the relations between th
electromechanical constants4–6 of the components that th
values maxzm,d* (m)'10 for various compositions are reache
as a result of the large jumps of the piezoelectric, dielect
and elastic constants in going from layer to layer~from the
polymer with a low concentrationnopt,d or nopt,e of FPC rods
in layer 1 to the FPC in layer 2 and so on! at sufficiently high
volume concentrations of the layers (m'0.4–0.6). A high
anisotropyzm,e* (m)@1 is observed, on the contrary, whe
layer 1 consists of a lightly ‘‘reinforced’’ polymer (12n
@n) and has a volume much larger than the volume of
© 1998 American Institute of Physics
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FPC layer 2, i.e.,m@12m. This is due to the markedly
different slopes of thee33

(1)(m) and ue31
(1)(m)u curves for

m→1 andn5nopt,e!1, and this in turn is a consequence
the boundary conditions for the electric and elastic fie
inside layer 1 and of the significant jumps in the electrom
chanical constants of the components. These jumps and
consequent redistribution of the internal fields occur both
transitions from a rod to the matrix and vice versa with
layer 1 and also at the transition through the layer bound
x35const, even aside from the excess stresses arising
the end surfaces of the cylinders. It can be assumed that
types of jumps of the constants have an important influe
on zm,e* (m).

Numerical estimates based on analysis of the electroe
tic interaction of a piezoactive inclusion with the surroun
ing medium7,8 show that in the given composite, especia
in the case of a nonpiezoactive matrix, there is an unus
distribution of the induced strainsj33

(k) , viz., uj33
(1)u increases

substantially in the FPC rods, which are surrounded in la
1 by the less stiff polymer matrix, whileuj33

(2)u, on the other

FIG. 1. Calculated concentration dependences of the anisotropy of th
ezoconstantszm,e* (m) andzm,d* (m) of a modified layered composite~a!, and
the corresponding optimum concentrationsnopt,e and nopt,d of the rods~b!,
which are surrounded in layer 1 by a piezoactive polymer matrix of PVF.
the rod materials the following ferro/piezoceramics were used:1 — PZT-4
and PZT-19;2 — TBK-3 and PZT-19;3 — PZT-19 and TBK-3, respec-
tively. The electromechanical constants of the components at room tem
ture were taken from the measurements of Refs. 4 and 5.
s
-

the
t

ry
ear
th
e

s-
-

al

r

hand, decreases because of the fact that the FPC layer
stiffer than layer 1 and the fact that the internal stresses
equal,s33

(1)5s33
(2) , at the layer boundary (x35const). As to

the distribution of the electric fields along the 0X3 axis, the
depolarization effect in the rods is strongly diminishe
whereas in the layers it gets stronger.8 These features of the
field distributions within the composite are probably due
its effective constantse33* andd33* and to their anisotropyzm,e*
andzm,d* , respectively.

1!It should be noted that the formulas of Ref. 3 for determining the effec
constants of piezoactive fibrous composites of the 3–1 type are incorre
a number of cases because it has been observed for certain intera
components that the elastic modulusc66* passes through zero into the neg
tive region. We believe that this result may be a consequence of ins
ciently correct allowance in Ref. 3 for the differences between the ela
properties of the matrix and fibers~rods!.

1K. Y. Hashimoto and M. Yamaguchi, inProceedings IEEE Ultrasonics
Symposium, Williamsburg, Va., Nov. 17–19, 1986; publ. IEEE, New
York ~1986!, Vol. 2, pp. 697–702.
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FIG. 2. Calculated concentration dependences of the anisotropy of th
ezoconstantszm,e* (m) andzm,d(m) of a modified layered composite~a! and
of the corresponding optimum concentrationsnopt,e andnopt,d of the rods~b!,
which are surrounded in layer 1 by a nonpiezoactive polymer matrix
Araldite. The the rods and layer 2, respectively, were made of the follow
ferro/piezoceramics:1 — PZT-4 and PZT-19;2 — TBK-3 and PZT-19;3
— PZTB-3 and TBKS;4 — TBKS and PZTB-3. The electromechanica
constants of the components at room temperature were taken from the
surements of Refs. 4 and 6.
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On the degradation of a shock wave in high-current radiating discharges in gases
at atmospheric pressure
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A theoretical study is made of the features of the radiational–plasmadynamic processes occurring
in pulsed high-current radiating discharges in gaseous media at atmospheric pressure when a
capacitive store is discharged across an extended interelectrode gapL510–100 cm. Discharges of
this kind are efficaciously employed as radiation sources and generators of strong shock
waves in various scientific and practical applications@see A. F. Aleksandrov and A. A. Rukhadze,
Physics of High-Current Electric-Discharge Light Sources@in Russian#, Atomizdat, Moscow
~1976!, p. 181, andRadiational Plasmadynamics@in Russian#, Énergoatomizdat, Moscow~1991!,
p. 572#. © 1998 American Institute of Physics.@S1063-7850~98!01306-8#
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For investigating the physical processes occurring
high-current radiating discharges~HRDs! we have chosen
the simplest discharge geometry: a planar discharge
simple Z-pinch configuration, shown schematically in Fig.
The analysis is based on a numerical solution of the o
dimensional (]/]y5]/]z50) system of time-dependen
equations of radiational magnetogasdynamics~RMHD!1 and
the equations of the equivalent electrical circuit of the d
charge. The thermodynamic and optical properties of
plasma are calculated in Ref. 3. The gasdynamic part of
system of RMHD equations is solved by a hybrid method
the Godunov–Colgan type, which varies from first-order
curacy in the spatial coordinate at the shock wave~Sh.W! to
fourth-order accuracy in the smooth part of the plasma flo
The radiation transport equation is solved in a ‘‘forward
backward’’ multigroup approximation. The calculations a
carried out for HRDs in a medium of argon and air at norm
conditions in ranges of values for the capacitance of the
pacitor bankC51 –6 mF, initial charging voltagesU0525–
200 kV, and lengths of the dischargeL510–100 cm. HRDs
are characterized by strong attenuation of the discharge
rent with a maximum Joule heat release in the plasmaE1

5*0
t1RpJ2dt'(0.6–0.9)CU0

2/2 ~whereRp is the active resis-
tance of the discharge plasma! in the first half periodt1

<10 ms of the discharge currentJ. The main physical pa-
rameter governing the the radiative and plasmadynamic c
acteristics of HRDs is the average~over the first half period!
specific ~per unit lengthL) rate of energy input to the dis
charge plasma,W5E1 /Lt1, the value of which in our calcu
lations varied over a range of 1–300 MW/cm.

It was found that, depending on the value ofW, HRDs
can take place in three different regimes. ForW<Wc1530–
40 MW/cm a regime of ‘‘explosive’’ expansion~EE! arises
~Fig. 1a!: the outer boundary of the discharge is a stro
(r2 /r15(g11)/(g21)) gasdynamic shock wave~zone II!
propagating in an undisturbed gaseous medium with a ve
ity D;W1/3 ~as in a planar explosion!4 which is approxi-
mately constant over the first half period. The current is c
4441063-7850/98/24(6)/2/$15.00
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centrated in the rarefied (r/r1!1) plasma zone I. The stati
pressurePg in this zone is distributed approximately un
formly and corresponds to the pressurePSh.W at the shock
front, unlike the case of an instantaneous strong explosi4

for which Pg'0.4PSh.W. A characteristic feature of the ‘‘ex
plosive’’ regime is that the magnetic pressurePH5H0

2/8p
5pJ2/2c2b2 is substantially less thanPg'r1(W/br1)2/3.
The radiation generated by the high-temperature plasma z
I escapes practically freely into the undisturbed gaseous
dium.

For WP(Wc1 ,Wc2) the so-called magnetogasdynam
~MHD! regime obtains. AsW increases in this range th
plasma temperature in the current zone I increases and
cordingly, the radiation flux toward the shock wave becom
more intense, and the maximum of the spectrum is shif
into the ultraviolet, beyond the transparency ‘‘window’’ o
the surrounding gaseous medium. The absorption of the
diation in the shock wave zone causes the trailing edge of
shock wave to be heated to temperatures sufficient for
rent to flow in it. The electromagnetic forces, directed towa
the axis of the discharge, exert a braking effect on the plas
not only in the current zone of the discharge but also in
shock wave zone, with the onset of the quasistationary
charge structure which is characteristic of the magnetog
dynamic regime~Fig. 1b!. The outer boundary of the dis
charge is a gasdynamic~GD! discontinuity ~zone II! with
parameters different from those of the strong shock wave
a radiational–magnetogasdynamic degradation of the sh
wave is observed. In particular, this is manifested in the
cumstance that asW is increased, the density ratior2 /r1 at
the gasdynamic front decreases from (g11)/(g21) to 1 ~at
W'Wc2). Electromagnetic compression effects are subst
tial: the static pressure at the axis of the dischargePg

;PH , the velocity of the plasma in zone I is close to ze
and the densityr'r1. A characteristic feature of the mag
netogasdynamic regime is that the velocity of propagation
the gasdynamic discontinuity is approximately constant
time and does not exceed a certain maximum valueDmax
© 1998 American Institute of Physics
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which is independent ofW. The calculated values ofD(W)
for the EE and MHD regimes for discharges in argon and
are shown in Fig. 2, where the values ofWc2 andDmax are
also indicated.

For W>Wc2 the intensity of the radiation emerging from
the plasma into the zone of the gasdynamic discontinuit
sufficient for the complete heating of the latter~to T>20 K!,
resulting in current flow and hence braking by the elect
magnetic forces that arise. The gasdynamic discontinuity
boundary region of the discharge with the undisturbed
vanishes completely after a timetF<1ms,t1. A so-called
quasi-pinch regime~QPR! arises, which is characterize
~Fig. 1c! by the existence of a high-temperature (T'80 K!
dense (r/r1'2 –5, Pg;PH) plasma ‘‘core’’ ~zone I, where
the discharge current is concentrated! which is separated
from the undisturbed gas by a region of a radiationa
magnetogasdynamic ‘‘rarefaction’’ wave (r2 /r1,1; region

FIG. 1. Model configuration of a high-current radiating discharge an
schematic picture of the distributions of the densityr ~solid line! and ve-
locity V ~dashed line! in different regimes: a — the ‘‘explosive’’ expansion
regime ~Sh.W.!; b — the magnetogasdynamic~MHD! regime; c — the
quasi-pinch regime~QPR!.
ir

is

-
a
s

II in Fig. 1c!, the front of which~zone III! propagates with a
velocity D5F(W) ~Fig. 2!. The mechanism for propagatio
of the front is as follows: radiation heats a narrow regi
~with a width dF;1/x<2 mm, wherex is the effective ab-
sorption coefficient for the radiation!3 of un-ionized gas to a
temperatureTF'20 kK; a current j F'sE flows in this
layer, and the forcej FH0 /c accelerates it to a velocityV1

'cE/H0 ~in the region of the rarefaction wave the curre
density j '0), directed toward the high-temperature plasm
‘‘core.’’

The results for the main parameters of the HRD ag
satisfactorily with the known experimental data,1,2 and, in
particular, they allow one to relate the experimentally o
served features in the behavior ofD(W) to the regimes aris-
ing in the HRD. The radiational–magnetogasdynam
mechanism of shock-wave degradation observed
experiments5 may be used to control the parameters of stro
shock waves.

1A. F. Aleksandrov and A. A. Rukhadze,Physics of High-Current Electric-
Discharge Light Sources@in Russian#, Atomizdat, Moscow~1976!, p. 181.

2Radiational Plasmadynamics@in Russian#, Énergoatomizdat, Moscow
~1991!, p. 572.

3S. T. Surzhikov,Numerical Simulation in Construction of Radiation Mod
els of the Mechanics of Radiating Gases@in Russian#, Nauka, Moscow
~1992!, p. 157.

4L. I. Sedov,Similarity and Dimensional Methods in Mechanics@in Rus-
sian#, Nauka, Moscow~1977!, p. 438.

5O. A. Omarov, Sh. Sh. E´ l’darov, and I. V. Yakubov, Teplofiz. Vys. Temp
31, 526 ~1993!.
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FIG. 2. Velocity D of the outer boundary as a function ofW for high-
current radiating discharges in argon~1! and air~2!.
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Sh. D. Kakichashvili and E. Sh. Kakichashvili

Institute of Cybernetics, Academy of Sciences of Georgia, Tbilisi
~Submitted August 21, 1997!
Pis’ma Zh. Tekh. Fiz.24, 76–79~June 12, 1998!

A theoretical groundwork is laid for the method of space–time holography. A rigorous
description of the formation and functioning of such a hologram is given. The mathematical
formalism used is a somewhat modified version of that which is ordinarily used in spatial
holography. ©1998 American Institute of Physics.@S1063-7850~98!01406-2#
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The possibility of writing and reconstructing nonstatio
ary wave fields by a holographic method1,2 was first demon-
strated in Ref. 3. The idea for such an expansion of
holographic method is based on a single-valued relation
tween the temporal profile of a nonstationary wave proc
and its frequency spectrum. Experiments on holography
this kind have used the photon echo effect and media w
hole burning in the absorption spectrum.4,5 However, the
mathematical formalism used in the literature does not p
mit a sufficiently rigorous description of the formation an
functioning of a temporal hologram.

In this paper we derive a theory of space–time holog
phy in a scalar description of the nonstationary waves. T
description is based on the use of the Kirchhoff diffracti
integral, modified for nonstationary wave processes.6

We write the field formed by a nonstationary object
the paraxial approximation:

Êob~x,y,z,t !'
i

2pcES0

E
T0

1

r
v0Ê~x0 ,y0 ,z0 ,t0!

3exp iv0F ~ t2t0!2
1

c
r Gds0dt0 , ~1!

wherec is the speed of light,v0 is the frequency,x0 , y0 ,
z0 , t0 andx, y, z, t are, respectively, the space–time coo
dinates of a point on the object and the observation po
Ê(x0 , y0 , z0 , t0) is the complex amplitude of the light dif
fracted by the object,r 5A(x2x0)21(y2y0)21(z2z0)2 is
the distance,S0 ,T0 is the space–time interval occupied b
the object, anddS0

5dx0dy0.
We describe the plane reference wave formed by an

finitely narrow ‘‘time slit’’:

Êop5E0E
2`

1`

d~ t0!exp ivF ~ t2t0!2
1

c
zGdt0

5E0exp ivS t2
1

c
zD . ~2!

According to Eq.~1!, the spectral density of each frequen
varies in accordance with the temporal profile of the wa
process determined by the form ofÊ(x0 , y0 , z0 , t0). In
contradistinction with this, the reference wave, according
4461063-7850/98/24(6)/2/$15.00
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the definition of thed function, has a continuous spectru
with a constant density over the entire domain of variation
v5v0.

The resulting intensity of the field for the correspondi
frequencies when the object and reference waves are a
together at a distancez is written

I S5~Êob1Êop!~Êob* 1Êop* !

5E0
21Êob Êob* 1

iE0

2pcES0

E
T0

1

r
v0Ê~x0 ,y0 ,z0 ,t0!

3exp2 iv0F t02
1

c
~z2r !Gds0dt0

2
iE0

2pcES0

E
T0

1

r
v0Ê* ~x0 ,y0 ,z0 ,t0!

3exp iv0F t02
1

c
~z2r !Gds0dt0 , ~3!

and we fix it in a spectrally nonselective, nonmagnetic m
dium over the entire range of working frequencies. Und
these conditions the transmittance of the hologram thus
tained is given by7

Ĥ5Ĥ01Ĥ ^ 1Ĥ211Ĥ115
«̂ŝ

16pEV0

I Sdv0 , ~4!

where «̂ is the complex dielectric constant of the recordi
medium,ŝ is a complex coefficient of proportionality whic
is constant for all frequencies, andV0 is the frequency re-
gion occupied by the object.

It is easy to see that information about the object field
contained only in the third and fourth terms of Eq.~3!. We
suppose the hologram is illuminated by a reconstruct
wave of amplitudeE08 and frequencyv8, and we write the
reconstructed field, which owes its formation to the th
term. Here we use the linear approximation for the record
distancer and the observation distancer 8:
© 1998 American Institute of Physics
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Ê21~x8,y8,z8,t8!

5
iE0

2pcES

1

r
v8Ĥ21exp iv8F t82

1

c
~z1r 8!Gds

'
iE0E08«̂ŝ

16p~2pc!2~z2z8!~z2z0!

3E
S
E

S0

E
T0

E
V0

v8v0Ê~x0 ,y0 ,z0 ,t0!

3exp iv8H t82
1

c
F z81

x821y82

2~z82z!

1
x21y2

2~z82z!
2

~x8x1y8y!

~z82z!
G J

3exp iv0H 2t02
1

cF2z01
x0

21y0
2

2~z2z0!

1
x21y2

2~z2z0!
2

~x0x1y0y!

~z2z0!
G J dsds0dt0dv0 , ~5!

where S is the region occupied by the hologram, andds
5dxdy. The rather large extent of the regionsS, S0, T0, and
V0 allows us to reverse the order of integration to any
quired sequence. If the same reference wave is used fo
construction as for recording, assuming thatE085E0 and
v85v0 we find that at an observation distancez85z0

Ê21~x8,y8,z8,t8!

'S E0

2pcD 2 «̂ŝ

16p~z82z!2ET0

E
V0

v0
2

3exp iv0~ t82t0!dt0dv0E
S0

Ê~x0 ,y0 ,z8,t0!

3exp2 iv0

@~x822x0
2!1~y822y0

2!#

2~z82z!
ds0

3E
S
exp iv0

1

c

@~x82x0!x1~y82y0!y#

~z82z!
ds

5
1

8
E0

2«̂ŝE
T0

E
S0

Ê~x0 ,y0 ,z8,t0!
-
re-

3d~x82x0 ,y82y0!d~ t82t0!ds0dt0

5
1

8
«̂ŝE0

2Ê~x8,y8,z8,t8!. ~6!

It is easy to conclude from Eq.~6! that to within an
unimportant factor, it describes the reconstruction of the s
tial structure and temporal profile of the original object fie

An analogous treatment of the fourth term forz852z
2z0 gives

Ê11~x8,y8,z8,t8!'2
pc

16z
«̂ŝE0

2Ê* ~x8,y8,2z8,2t8!,

~7!

which describes a real image of the object, focused at a
tance of 2z2z0 and having a pseudoscopic spatial structu
and a reversed temporal profile.

The fields formed by the first and second terms of E
~3!, as in ordinarily spatial holography, correspond to t
component that is undiffracted by the hologram and a kind
space–time convolution of the object with itself. These co
ponents are easily separated from the useful images by u
an asymmetric geometro-optical scheme of recording
hologram.8

An analogous treatment of the state and degree of po
ization of the nonstationary electromagnetic waves in ap
cation to polarization holography9 is proposed for the future

1D. Gabor, Proc. R. Soc. Ser. A197, 454 ~1949!.
2Yu. N. Denisyuk, Dokl. Akad. Nauk SSSR144, 1275~1962! @Sov. Phys.
Dokl. 7, 543 ~1962!#.

3V. A. Zubov, A. V. Kra�ski�, and T. I. Kuznetsova, JETP Lett.13, 316
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4V. A. Zu�kov, V. V. Samartsev, and R. G. Usmanov, JETP Lett.32, 270
~1980!.

5P. M. Saari, R. K. Kaarli, and A. K. Rebane, Kvantovaya E´ lektronika
~Moscow! 12, 672 ~1985! @Sov. J. Quantum Electron.15, 443 ~1985!#.

6Sh. D. Kakichashvili, Pis’ma Zh. Tekh. Fiz.20~22!, 78 ~1994!
@Tech. Phys. Lett.20, 925 ~1994!#.

7M. Born and E. Wolf,Principles of Optics, 4th ed., Pergamon Press
Oxford ~1969!; Nauka, Moscow~1979!, 855 pp.

8E. T. Leith and J. Upatnieks, J. Opt. Soc. Am.52, 1123~1962!.
9Sh. D. Kakichashvili,Polarization Holography@in Russian#, Leningrad
~1989!, 142 pp.
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Analysis of the properties of weakly ionized plasmas suggests that strong collective interactions
exist in them in spite of the large distance between particles. Arguments supporting this
view are presented. First among these is the existence of ‘‘hidden’’ mass, which is observed in
experimental measurements of the aerodynamic drag forces. The hidden mass causes an
increase in the amplitude of sound waves in a plasma in comparison with an un-ionized gas at
identical values of the gas parameters. Analysis of the experimental results shows that gas-
discharge plasmas contain previously unknown structural formations that are specific to a plasma
and are of a standard type for each species of gas, independent of the pressure and
temperature of the plasma. The concentration of particles making up the structure in the plasma
of a gas discharge in air is 0.2231017 cm23. © 1998 American Institute of Physics.
@S1063-7850~98!01506-7#
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To explain the anomalous properties of weakly ionize
low-temperature (T<1400 K! gas-discharge plasmas, it ha
been proposed1,2 to use a modified version of the real-g
van der Waals equation of state. It was shown1,2 that a gas-
discharge plasma possesses not only kinetic but also a
nificant potential energy owing to the existence of mutua
bound particles in it.

In a real gas the forces of attraction between particles
manifested at distances of the order of 1027 cm, while the
forces of repulsion arise at distances of the order of 1028 cm,
whereas for a plasma, as will be shown below, the force
interaction act at distance of the order of 1026 cm.

The large interaction distance and simultaneously la
(;104 J/mole! binding energy between particles motivate
search for additional evidence of the existence of struct
formations in plasmas.

In this paper we take the following step: we modify th
equation of state and the energy and pressure equations
to take into account the role of bound particles in a m
correct way. Analysis of the experimental data with the u
of the refined equations has yielded important informat
about the properties of gas-discharge plasmas. The re
confirm the presence of specific structures in such plas
and make it possible to determine some of their characte
tics.

In Ref. 2 the increase in the aerodynamic dragCx of a
spherical model moving through the weakly ionized plas
of an rf discharge in air3 was attributed to an increase in th
integrated shock-wave drag due to a decrease in the M
numberM of the flight to a value approaching 1.

However, a subsequent analysis showed that the incr
in Cx was a consequence of the use of too low an ini
value of the plasma density in the calculations, since it
not include the density of bound particles. This occurred a
result of the fact that the bound particlesnb forming the
structure do not have translational degrees of freedom
therefore in the initial state do not participate in creating
4481063-7850/98/24(6)/3/$15.00
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plasma pressureP0, which is created only by the free pa
ticlesnf . Furthermore, the optical electrons of the molecu
forming the structure do not move in response to the elec
magnetic field of light in the visible wavelength range,
that these molecules are not detected by interferome
Thus in the given case the total concentration of particles
the initial state isn05nf1nb .

We denote the ratio ofnf /nb by C and the initial tem-
perature of the plasma byT0; then

P05nfkT05Cn0kT0 ~1!

and, consequently, the initial free-particle densityr f is lower
than the plasma densityr0 by a factor ofC:

r f5
P0m

RT0
5

m

N
Cn0 , ~2!

where m is the molecular weight andN56.02331023

mole21 is Avogadro’s number.
The value of C, like all the other parameters of

plasma, is found from the solution of the system of equatio
~3!–~11!:

n0v05nv, ~3!

P01
m

N
n0v0

25P1
m

N
nv2, ~4!

P5CnkT1a~12C!~n22n0
2!, ~5!

W25C
Cv1R

Cv

RT0

m
1

2aN~12C!n0

m
, ~6!

C
Cv1R

m
T01

2aN~12C!n0

m
1

v0
2

2

5C
Cv1R

m
T1

2aN~12C!n

m
1

v2

2
, ~7!
© 1998 American Institute of Physics
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Ptot5CnskTs1a~12C!~ns
22n0

2!1
1

2

m

N
~12C!n0v0

2 .

~8!

Here Eqs.~3! and~4! are the mass and momentum co
servation equations of ordinary gasdynamics,v0 and v are
the initial and variable velocity of the plasma, respective
and P and T are the variable values of the pressure a
gaskinetic temperature of the plasma. The pressure of
plasma is found according to Eq.~5!, in which a is the
energy coefficient of interaction of the particles. Equation~6!
determines the square of the sound velocityW2, Eq. ~7! is
the equation of energy flow in the plasma, Eq.~8! gives the
total pressurePtot in the stagnation zone as the sum of t
static pressure

Ps5CnskTs1a~12C!~ns
22n0

2! ~9!

and the dynamic pressurePd created by the flux of bound
particles:

Pd5
1

2

m

N
~12C!n0v0

2 , ~10!

since compression of the structure within the elastic-str
limit is not accompanied by the release of heat.

The ratio of the specific heats is given by the express

g5C
Cv1R

Cv
1

2a~12C!n0

kT0
. ~11!

It is seen from Eq.~6! that at identical pressures an
temperatures in a plasma and in an un-ionized gas the s
of sound is higher in the first case than in the second, sinc
a plasma disturbances propagate not only by the gaskin
mechanism but also through a process of energy transpo
elastic strain waves in the structure. This also results in
increase of the velocity of shock waves in a plasma. T
destruction of the structure in the plasma under the actio
strong acoustic or shock waves results in an increase in
number of free particlesnf .

We note that the existence of bound particles in a g
discharge plasma and the ‘‘liberation’’ of these particles i
shock wave, accompanied by the conversion of the bind
potential energy into kinetic energy~an increase in the ga
temperature! was observed back in Ref. 4, but at that tim
the effect was not explained.

An analysis of the experimental data given in Ref.
shows that the timetp required for destruction of the struc
ture depends on the intensity of the shock wave: at a sh
wave velocity ofv051500 m/s one hastp'50 ms, while for
v05500 ms the time increases totp'150 ms.

For a spherical model 1.5 cm in diameter~moving
through a gas-discharge plasma in air!3 the time spent by the
plasma in the stagnation zone is around 10ms, and therefore
under these conditions the structure has not yet decaye
should also be kept in mind that upon a decrease in
pressure gradient the plasma structure recovers in se
hundred microseconds.5

In experiments on a ballistic apparatus we measured
pressure force of the oncoming flow on the front surface a
in the case of a supersonic flight, the relatively small raref
,
d
he

in

n

ed
in
tic
by
n
e
of
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s-
a
g
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. It
e
ral

e
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tion force near the bottom of the model. For models of sh
length the force of friction can be neglected. In the case o
spherical model the integral of the force divided by the a
of the midsection of the sphere is practically equal to o
half the gas pressurePtot at the critical point of the stagnatio
zone;6 for estimating the aerodynamic drag of a sphere
supersonic velocities one can use the simple formula

Cx5Ptot /r0v0
2 . ~12!

The total stagnation pressurePtot at the critical point, calcu-
lated from the results of the drag measurements, came o
be 12.363104 dyn/cm2 for a flight velocity in the plasma of
v051320 m/s~Ref. 3!.

The value found forPtot was used in Eq.~8! to close the
system of equations~3!–~11! to permit calculation of all the
necessary parameters.

It turned out that forW5840 m/s~corresponding to the
transition from subsonic to supersonic flight! the energy co-
efficient a53.16310230 erg•cm3 and the ratioC5nf /n0

50.85, i.e., the density of particles forming the structure
the gas-discharge plasma in air amounts to 15% of the t
density of the plasma, i.e.,nb5(12C)n050.22431017

cm23. With this value one hasns53.5431017 cm23 and
Ts51416 K ~which means that the stagnation temperature
the plasma is lowered in comparison with the correspond
value in un-ionized air!. Using the value ofC we obtain
n051.49531017 cm23 (r057.231026 g/cm3), and conse-
quently r0v0

2512.543104 dyn/cm2 and Cx50.986. Thus
when the presence of bound particles is taken into acco
the drag in the plasma does not increase.

Of course, at subsonic velocitiesCx also decreases b
15%, and at a velocityv0,300 m/s the drag coefficient of
sphere is decreased from 0.16 to 0.14.

It is seen from Eqs.~6! and ~7! that the binding energy
per mole of plasma is equal to

Um52aN~12C!n050.9743104 J/mole, ~13!

while the binding energy per particle is smaller by a factor
N(12C), i.e., 10.831013 erg.

The temperature in a gas-discharge plasma is ordina
not more than 1400 K, and the kinetic energy of an air m
ecule at that temperature is equal to (3/2)kT052.9310213

erg. Consequently, the binding energy exceeds the kin
energy of the free particles by almost a factor of 4, and th
collision with the bound molecules in the course of th
chaotic motion will not destroy the structural formations.
there are no disturbances in the plasma the free molecule
on the structure uniformly from all sides, and therefore t
factor that determines the structure in this case is the inte
energy of binding of its particles. This means that in a
gas-discharge plasma the same structure arises for each
with the same binding energy and the same concentratio
particles, independently of the initial values ofP0 andT0.

This conclusion was checked for two experiments
which the shock wave velocity was reliably determined.
the first case7 shadow photographs were taken of a sph
moving in a ballistic apparatus through a gas-discha
plasma at a pressureP0545 Torr and a temperatureT0

51350 K, i.e., at a free-particle concentrationnf53.22
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31017 cm23, which is higher by a factor of 2.5 than in th
experiment described above. The measured standoff of
bow shock wave at the zeroth streamline at a flight sp
of 1800 m/s~with allowance for the specific equation of sta
of the plasma!1 corresponded to a sound velocity
W5900 m/s.

Knowing nf and assuming on the basis of what we ha
said thatnb50.22431017 cm23, we find n05nf1nb53.44
31017 cm23, and, consequently,C50.936. Substituting this
value forC into the equation~6! for the square of the soun
velocity, we obtain a valueUm50.9523104 J/mole for this
experiment, which is only 2% smaller than the binding e
ergy in the first case. Measurements of the sound velocit
a cold ~not subjected to Joule heating! plasma5 showed that
W5688 m/s atT05400 K andP056 Torr (nf51.44831017

cm23). Then a calculation according to Eq.~6! gives a
value Um50.9693104 J/mole, which agrees with th
previous values.

Thus the three examples considered all confirm
conclusion that the structure arising in the plasma o
gas discharge in air is the same under different exp
mental conditions.

Knowing the density of the structure, one can estim
the average distance between bound particles:

L53A1/nb53.531026cm. ~14!

The existence of interparticle interaction forces at such
extraordinarily large distance suggests that the element
the structure include ions and electrons. The possibility
such a situation is indicated by the influence of a small tra
verse magnetic field (H'200 Oe! on the velocity of
the precursor of the shock wave, depending on whether
electrons are accelerated or retarded. The velocity of the
cursor was four times higher in the first case than in
second case.4

The universality of the structure implies that the ma
mum altitude in the atmosphere at which such a structure
still exist is around 50 km. At higher altitudes the density
the structure will exceed the density of the surrounding a

A number of papers have reported the observation o
increase of the pressure amplitudeA of sound waves in gas
discharge plasmas in comparison with un-ionized air at id
he
d

e
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tical values of the static gas pressureP0, amplitudej of the
displacement of the gas particles in the sound wave,
sound frequencyn ~Ref. 8!:

A52pnP0jg/W. ~15!

The reason for this is the presence of the bound partic
which, undergoing oscillations in the sound wave toget
with the free particles, increase the pressure amplitude~in
proportion to the increase in the number of particlesn0), and
also the fact that the ratio

g/W5Agm/RT0 ~16!

is always larger in a gas-discharge plasma than in an
ionized gas on account of the increase ing.

The amplification of sound in a gas-discharge plasma
neon which was observed in Ref. 9 upon cooling of t
plasma from 293 to 77 K is also a consequence of the e
tence of structure, since a decrease ofT0 affects two factors
together, leading to an increase ing ~Eq. ~11!! and a simul-
taneous decrease in W~Eq. ~6!!.

The fact that the observed plasma structure is a relativ
long-lived formation (;20 ms! which exists in the gasdy
namic range of energies will permit using weakly ioniz
gases~air! in practical applications. We note that no oth
medium possesses similar properties.
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The problem of finding an approximate theoretical description of the electrically induced
Fréedericksz transition in droplets of a nematic liquid crystal~NLC! with a bipolar structure is
solved for the case of a finite azimuthal energy of surface anchoring due to the interaction
of the surface layer of the NLC with the oriented supramolecular structure of the polymer near
the interface between the droplet and the dispersive polymer matrix. An analytical
expression for the critical field of the Fre´edericksz transition with allowance for size effects due
to surface interactions is obtained in the single-domain approximation, which admits only
scale deformations and nonlocal rotations of the oriented structure of the NLC ©1998 American
Institute of Physics.@S1063-7850~98!01606-1#
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The last decade has seen a steady growth in intere
research on field orientation effects in anisotropic dispersi
consisting of droplets of a nematic liquid crystal~NLC! sus-
pended in a polymer matrix.1,2 The reason for this is the
nontrivial physical properties of liquid crystals in small vo
umes with a closed geometry and also the prospective a
cations of polymer-dispersed LCs in display units.1 The field
orientation effects that arise2 can essentially be treated a
varieties of the Fre´edericksz transition~or Fréedericksz ef-
fect!, which is ordinarily observed in planar arrays
NLCs.3,4 Recent experimental studies5–10 have shown that
one of the main factors determining the structural change
bipolar nematic droplets~Fig. 1! under the influence of an
external electric fieldE0 is the presence of anisotropic su
face interactions due to the ordered arrangement of the p
mer at the droplet/matrix interface. Meanwhile, the exist
theoretical models1–19 presuppose only a degenerate tang
tial surface orientation, which admits free rotation of the

cal directorn̂(r ) about the normal to the surface. In this ca
the only mechanism that gives a nondegenerate spatial

entation of the symmetry axisN̂ of the bipolar structure~i.e.,
the director of the droplet! is an asphericity of the polyme
capsule and the resulting orientational anisotropy of the e
tic free energy of the NLC.10–19

In this paper we consider an approximate phenome

logical model of the Fre´edericksz transitionN̂i”E0→N̂iE0 in
droplets of a nematic with a bipolar structure, with allowan
for the nondegenerate tangential boundary conditions and
resulting azimuthal component of the surface anchoring
ergy.

2. The geometry of the problem is shown in Fig. 1a. T
shape of the droplet is approximated by a prolate ellipsoid
revolution with semiaxes (a;a;b>a) and a small eccentric
ity d!1, whered5@12(a/b)2#1/2. At zero field the director

N̂ is oriented along the unit vectorL̂ that specifies the spatia
orientation of the major axis of the ellipsoid. We use
single-domain approximation, in which it is assumed that
4511063-7850/98/24(6)/4/$15.00
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reorientation of a bipolar structure occurs as a rotation oN̂
in the direction of the fieldE0 while maintaining a fixed
orientation of the local directorn̂(r ) with respect toN̂; thus
the local deformations and hydrodynamic flows ofn̂(r ) in an
external field are not taken into account, and on the surf
of the droplet the vectorn̂(r ) is always oriented parallel to
the LC/polymer interface. In terms of the elastic free ene
FV of the bulk of the nematic, the surface free energyFS ,
and the free energyFE of interaction of the LC with the
electric field, the balance equation for the moments of torq
orienting the equilibrium~static! position ofN̂ relative toE0

can be written as

]

]q
~FV1FS1FE!50. ~1!

3. At small deviations of the droplet shape from sphe
cal (d!1) the elastic energyFV can be written to first order
in d2 as17,18

FV'FV
~sph!@12d2~N̂•L̂ !2#, ~2!

where

FV
~sph!5

1

2
KE

V
@~¹•n̂!21~¹•n̂!2#dV ~3!

is the elastic energy of a spherical bipolar droplet in t
single-constant approximation,3 andK is the elastic modulus
of the NLC. The field lines of the director of the bipola
structurez5z(r) in a cylindrical coordinate system (r,f,z)
with origin at the center of the droplet andz axis directed
along the symmetry axisN̂ are well approximated by a fam
ily of curves defined by the equation (r2r0)21z2511r0

2

~Ref. 20!, wherer05(c221)/2c, with c being a constant for
a given line~this line crosses ther axis at the pointr5c). A
numerical calculation according to Eqs.~2!–~3! gives
FV'3.8pRK@12d2cos2(qL2q)# and, consequently,
© 1998 American Institute of Physics
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FIG. 1. a: Schematic illustration of the orientation of the symme
axis of the bipolar structure of the NLC~the director of the droplet!

N̂ with respect to the major axisL̂ of the ellipsoid and the externa

electric field vectorE0. The cross section on the (N̂,E0) plane is

shown. b: The angle of orientationq of the directorN̂ of the
droplet as a function of the reduced external fielde and the initial
orientation angleqL .
m

o
h
so
r
a
es
ra

te

th

b

th

l
ar
is

ve

or

rm

e
ed

rac-

di-

-

the

an

y

ce,

on
]FV

]q
523.8pRKd2sin@2~qL2q!#, ~4!

where the radius of the sphere of the equivalent volu
R5(a2b)1/3 is used as the characteristic length scale.

4. As was noted in Refs. 9 and 10, in the process
forming an LC–polymer dispersion system, portions of t
surface of a bipolar droplet apparently play the role of ani
tropic ‘‘growth centers,’’ where the lines of the directo
n̂S(rS) of the LC define the directions of predominant loc
orientation of the polymer chains near the surface. Th
latter are specified by a vector field on a sphere of unit
dius:

m̂5
] r̂

]u
5êxsinucosw1êysinusinw2êzsinu; ~5!

the vector field is defined in a Cartesian coordinate sys
(x,y,z) with origin at the center of the droplet andz axis
directed along the symmetry axisL̂ of the ellipsoid;u andw
are the polar and azimuthal angles corresponding to
spherical coordinate system. ForE050 the director of the
LC on the surface is oriented alongm̂: n̂S(q5qL)[m̂. Ro-
tation of the bipolar structure as a whole is accompanied
a change in the mutual orientation of the directorsm̂ andn̂S ,
which leads to an increase in the density of the azimu
surface energyf a}@12(m̂•n̂S)2# ~the surface potential in
the form due to Rapini and Papular!. Since the tangentia
orientation of n̂S is conserved in this operation, the pol
component of the surface potential is unchanged. The an
tropic part of the corresponding surface free energy is gi
by

FS52WaR2E
0

pE
0

p/2

@12~m̂•n̂S!2#sinududw, ~6!

whereWa is the coefficient of the azimuthal surface anch
ing. Numerical calculations show that the integral in Eq.~6!
is well approximated by the functionh(q)50.7psin2(qL

2q). This allows one to write the surface energy in the fo
FS'1.4pR2Wasin2(qL2q), which gives

]FS

]q
521.4pR2Wasin@2~qL2q!#. ~7!

5. In considering the dielectric contribution to the fre
energyFE we approximate the bipolar droplet by an isolat
e

f
e
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l
e
-

m

e

y

al

o-
n

-

homogeneous anisotropic dielectric sphere which is cha
terized by a dielectric tensor«̄ ik5 «̄'d ik1( «̄ i2 «̄')NiNk and
is immersed in an isotropic homogeneous medium with
electric constant«m . The principal values«̄ i and «̄' of the
tensor are defined relative toN̂ and are related to the dielec
tric constants« i and«' of the nematic by the relations

«̄ i'«'1~« i2«'!^~ n̂•N̂!2&V5 «̄LC1
2

3
~« i2«'!SD ,

«̄''«'1
1

2
~« i2«'!^12~ n̂•N̂!2&V

5 «̄LC2
1

3
~« i2«'!SD , ~8!

where «̄LC5(« i12«')/3 and SD5@3^(n̂•N̂)2&V21#/2 is
the order parameter of the droplet, which characterizes
average ordering of the local directorn̂(r ) with respect to the
symmetry axis ofN̂ (0<SD<1; for a bipolar dropletSD

'0.76). In this approximation the free energyFE can be
written as FE5(21/2)E(U)

•D(U)V ~Ref. 21!, where E(U)

andD(U) are, respectively, the mean electric field and me
electric induction inside the droplet, andV is the volume of
the droplet. The mean field vectorsE(U) and D(U) and the
external electric field vectorE0 are related by Di

(U)

5«0«̄ ikEk
(U) and 1

3(D
(U)12«mE(U))5«mE0 ~Ref. 21!, which

gives

FE52
2

3
pR3«0E0

2~k'
2 «̄'1D«̄cos2q!, ~9!

whereD«̄5ki
2«̄ i2k'

2 «̄' is the effective dielectric anisotrop
of the bipolar droplet;ki53«m /(2«m1 «̄ i), i 5i ,'. The re-
sultant dielectric moment for the directorN̂ is given by

]FE

]q
5

2

3
pR3«0D«̄E0

2sin~2q!. ~10!

6. Using the expressions obtained for the elastic, surfa
and dielectric moments, the equation of equilibrium~1! for N̂
can be written as

sin@2~qL2q!#2e2sin~2q!50, ~11!

where e5E0RA«0D«̄/K(5.7d212.1l) is a dimensionless
parameter characterizing the reduced electric field acting
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the bipolar droplet;l5RWa /K is a dimensionless paramet
characterizing the surface anchoring. The corresponding
pendence onqL ande of the angle of orientation ofN̂ with
respect toE0 has the form

q5
1

2
arctanF sin~2qL!

e21cos~2qL!
G . ~12!

On the whole, this expression agrees with the results of R
15 and 18. It differs by a renormalization of the reduced fi
e, which now reflects the influence of the finite surface a
choring and more correctly takes into account the elastic
dielectric contributions. The functionq(e,qL) calculated
from Eq. ~12! is shown in Fig. 1b. The threshold orient
tional transitionN̂'E0→N̂iE0 is observed forqL5p/2 at a
critical value of the fieldeC51 or, in dimensional units,

EC5
1

RS 5.7Kd212.1WaR

«0D«̄
D 1/2

. ~13!

Analysis of expression~13! yields the follows conclu-
sions.

1. If the threshold for the Fre´edericksz effect is deter
mined by surface interactions (l@d2), the critical fieldEC

will be proportional toR21/2, whereas if the elastic contribu
tion due to the asphericity of the droplet (l!d2) is domi-
nant, thenEC}R21. This is illustrated in Fig. 2a, which

FIG. 2. Values of the critical fieldEC ~a! and the parameterc ~b! as
functions of the equivalent droplet radiusR and the azimuthal energy o
surface anchoringWa . The calculations were done for the typical valu
b/a51.0, 1.2;« i519,«'55, «m58, SD50.76;K510211 N; va50, 1026,
1025, and 1024 N/m ~Refs. 11–19!.
e-

fs.
d
-
d

shows the functionsEC(R21,Wa) calculated for typical val-
ues of the parameters of the NLC–polymer dispersion s
tem. The experimental values ofEC for bipolar droplets with
R'1 mm usually lie in the intervalEC'1 –2 V/mm ~Refs.
12–14, 16, and 19!, which agrees with the theoretical est
mates obtained here:EC(Wa51026N/m)'1.1 V/mm and
EC(Wa51025N/m)'1.5 V/mm.

2. The relation between the reorientation of the direc
N̂ of the droplet and the possible pre-threshold orie
ational perturbations of the local directorn̂(r ) in the volume
of the droplet can be estimated with the aid of t
parameter c[EC /EF'2p21(5.7d212.1l)1/2, where EF

5p(2R)21(K/«0D«̄)1/2 is the value of the threshold field
for the Fréedericksz transition in a plane layer of the nema
of thickness 2R under conditions of rigid coupling to the
substrate.3,4 The functionc(R21,Wa) is shown in Fig. 2b.
For c!1 there can be a rather rigid rotation ofN̂ without
disrupting the initial bipolar structure ofn̂(r ) illustrated in
Fig. 1a. Forc@1, on the other hand, a highly distorted co
figuration of n̂(r ) is expected,22 and this can have a signifi
cant influence on the optical properties of NLC–polymer d
persion systems.23 In the latter case there is an appreciab
size dependencec}R1/2.

3. The investigated model of the Fre´edericksz effect in a
bipolar droplet of NLC imposes a rather stringent limitatio
on the relationships among the dielectric constants« i and«'

of the NLC and the dielectric constant«m of the matrix. The
orientational transitionN̂'E0→N̂iE0 will occur only under
the condition («' /«m),(« i /«')21/2, which ensures positive
values of the effective dielectric anisotropyD«̄.

The development of a more adequate theoretical mo
incorporating the local deformations of the director of t
NLC in the volume of the droplet, the anisotropy of th
elastic constants of the NLC, and cooperative depolariza
effects in the system of droplets is a subject for further st
ies.
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Extremal character of the change in the reverse current of silicon p 1 – n structures
during the formation of nickel Ohmic contacts
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The formation of nickel silicide during the formation of Ohmic contacts in silicon devices is
investigated, and the dependence of the process on the heat treatment time is described.
© 1998 American Institute of Physics.@S1063-7850~98!01706-6#
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During the formation of nickel Ohmic contacts in silico
devices, nickel silicide Ni2Si is formed; the kinetics of its
growth was investigated in Refs. 1 and 2. However, the
terrelationships between the processes of Ni2Si formation
and the electrical parameters of the devices have rece
much less attention. In this paper we describe an invest
tion of the change in the reverse branch of the curre
voltage~IV ! characteristic of siliconp1 –n structures on the
heat treatment time in the fabrication of nickel Ohmic co
tacts.

Ohmic contacts were prepared on siliconp1 –n–n1 di-
ode structures with a thickness of the epitaxialn-type layer
d510 mm, an area of thep1 –n junction S553105 mm2,
and a junction depthxj53.9 mm by chemical deposition o
nickel3 followed by heat treatment in an argon atmosphere
473–723 K.

Figure 1 shows the reverse branches of the IV charac
istics of the same sample before heat treatment~curve1! and
after heat treatment for various lengths of time~curves2 and
3!; the curves attest to the substantial influence of the h
treatment on the character of the IV characteristic.

The extremal character of the curve the reverse cur
of diode structures versus the heat treatment time~Fig. 2!
may be due to processes of Ni2Si formation. The growth
kinetics of nickel silicide is described by the expression1

hc
250.22 exp~2Ea /kT!t, ~1!

wherehc is the thickness of the Ni2Si film, Ea is the activa-
tion energy for Ni2Si formation,k is Boltzmann’s constant
andT and t are respectively the temperature and duration
the heat treatment. Calculations according to relation~1!
with allowance for the thickness of the initial nickel film an
the heat treatment conditions show that on all the curve
the reverse current of the diode structures versus the
treatment time in the temperature range 473–723 K,
point at which the reverse current starts to drop correspo
to the time at which the formation of Ni2Si is completed
~Fig. 2!. This means that the change in the reverse curren
diodes structures in the course of the heat treatment is du
a process of interaction of the nickel and silicon in the f
mation of the Ni2Si film. A study of the energy spectrum o
the charge carriers by deep-level transient spectrosc
~DLTS!4 confirmed the presence of deep centers in the
4551063-7850/98/24(6)/2/$15.00
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con, corresponding to nickel atoms, in the films that h
undergone heat treatment. The absence of growth of the
verse current of diode structures in the initial period of a
nealing ~Fig. 2! is due to the interaction of nickel with th
SiO2 film at the interface between the silicon and the dep
ited nickel film. An intermediate SiO2 layer forms during the
chemical deposition of nickel.3 At the start of the heat treat
ment the nickel is oxidized, reducing the SiO2 film to pure
silicon. Only after the SiO2 film is completely reduced doe
the nickel begin to interact with the silicon to form Ni2Si.

It is known5 that under equilibrium conditions the limit
ing solubility of nickel in silicon is described by the expre
sion

NNi55.431026 exp~22.322/kT!. ~2!

A calculation of the limiting solubility of nickel atoms in
silicon according to formula~2! shows that it does not ex
ceed 1011 cm23 in the temperature range 473–723 K. At th
same time, estimates made with the use of the well-kno
formulas3,5 and experimental data obtained here show t
the measured levels of reverse currents of the investig
diode structures can arise at concentrations of nickel at
in the p1 –n junction NNi.1015 cm23. One possible reason
for the anomalously high concentration of nickel at the s
con lattice sites in thep1 –n junction region is that the for-
mation of the Ni2Si takes place under nonequilibrium cond
tions in the silicon, and its growth is accompanied by t
removal of silicon atoms from the surface and vacancy g
eration at the silicon–silicide interface.1 The excess vacan
cies, which are quite mobile at the heat treatment temp
tures, diffuse into the interior of the silicon, and th
increases the solubility of nickel in silicon. The presence
the excess vacancies also leads to a high concentratio
nickel atoms in the subsurface region of the silicon, wh
also increases the flux of diffusing nickel atoms into t
interior of the silicon. In the bulk of the silicon the nicke
atoms occupy vacant lattice sites and become electrically
tive. The increase in the concentration of nickel atoms in
lattice sites in the space-charge region of thep1 –n junction
leads to a sharp increase in the level of reverse current o
diode structures. The accumulation of atoms at silicon lat
sites will continue until the formation of Ni2Si is completed.
After the Ni2Si formation has gone to completion the surfa
© 1998 American Institute of Physics
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concentration of nickel atoms falls off, and the silicon su
face ceases to be a source of vacancies. Therefore the v
cies in the silicon quite rapidly acquire an equilibrium dist
bution. The concentration of nickel atoms accumulated in
lattice sites becomes excessive, and they move out of
lattice sites into interstitial positions and diffuse via them
sinks. The Si–Ni2Si interface is no longer a source of nick
atoms but a sink, i.e., it begins to exhibit gettering propert
The decrease in concentration of nickel atoms in the lat
sites in thep1 –n junction region leads to a lowering of th
level of reverse current of the diode structures.

Thus the increase of the reverse current of diode st
tures during the growth of Ni2Si is due to the increase in th
concentration of nickel atoms in silicon lattice sites in t
p1 –n junction region on account of the excess concentra

FIG. 1. Reverse branches of the IV characteristics of structures that hav
undergone heat treatment~1! and which have undergone heat treatment
T5673 K for 150 s~2! and 360 s~3!.
-
an-

e
he

s.
e
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n

of vacancies generated at the Si–Ni2Si interface. The lower-
ing of the level of reverse current of the diode structures a
completion of the Ni2Si formation is due to the acquisition o
gettering properties by the Si–Ni2Si interface.
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FIG. 2. Reverse currents~at reverse voltageU56 V! versus the heat treat
ment time ~at T5723 K! for structures with nickel films of thickness
0.6 mm ~–s–! and 0.3mm ~–3–! deposited on them.
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Functional approach to the Rayleigh–Be ´nard problem for a nematic liquid crystal
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Bashkir State University
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The derivation of a functional analog of the free energy—the generalized thermodynamic
potential—for an open system such as a nematic liquid crystal in a temperature gradient field is
proposed. Near the threshold of thermal convection all the hydrodynamic variables can be
described by a single complex amplitudew, the order parameter of the system, which enables one
to determine the spatial position and the intensity of rotation of the convection rolls that
arise. The orthogonality condition for the solutions is shown to yield an Euler equation from which
one can recover the generalized thermodynamic potential, the extrema of which correspond
to the most probable realizations of the dissipative structures. ©1998 American Institute of
Physics.@S1063-7850~98!01806-0#
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The goal of the study reported here was to develop G
ham’s idea1 of establishing a macroscopic theory that cou
replace the thermodynamics of a nematic liquid crystal
from thermodynamic equilibrium. In particular, we have su
ceeded in finding an acceptable definition of the generali
thermodynamic potential for nonequilibrium stable sta
which preserves the most important properties of a ther
dynamic equilibrium potential~e.g., the free energy!. The
main assumption is that the fluctuational processes in
nematic liquid crystal system are small; this assumption m
likely holds for the initial bifurcation processes consider
here.

An attempt to describe in the language of functionals
behavior of a nematic liquid crystal in an external elect
field was undertaken in Refs. 2 and 3, but as far as we kn
the method of the generalized thermodynamic potential
never been applied to the Rayleigh–Be´nard problem in a
nematic liquid crystal.

Let us consider the system of nonlinear nematodyna
equations describing the behavior of a thin, infinite plan
parallel nematic layer of thicknessl lying in theXY plane in
a temperature gradient field.4 We assume that all the var
ables describing the behavior of the nematic in the temp
ture gradient field depend only on the coordinatesx1 andx3 .

We consider the equation of motion of a nematic liqu
crystal in the Boussinesq approximation~in particular, we
assume that the thermal conductivitiesk' and k i are inde-
pendent of temperature!. Without altering the physical sens
we can assume that the Frank coefficientsKii appearing in
the Navier–Stokes equation4 are close in value,Kii 'K ~the
single-constant approximation!. The quantity bDT is as-
sumed small, the quantityxr0gl is assumed vanishingly
small, and energy of viscous dissipation is not taken i
account in the heat conduction equation of the nematic la4

~hereb is the coefficient of thermal expansion,x is the iso-
thermal compressibility,r0 is the density of the liquid crys
tal, andg is the acceleration of free fall!.

The system of nematodynamic equations in a temp
ture gradient field takes the form
4571063-7850/98/24(6)/3/$15.00
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1vk

]nj

]xk
1
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2 S ]vk

]xj
2

]v j

]xk
D G

1F]v i

]xj
1

]v j

]xi
G1a5FnjnkS ]vk

]xi
1

]v i

]xk
D G

1~a21a31a5!FninkS ]vk

]xj
1

]v j

]xk
D G

1ARTd i3D , ~1!

]v i

]xi
50, ~2!

PrS ]T

]t
1v j

]T

]xj
D5ARv31k'

]2T

]xj
21~k i2k'!

3
]

]xj
S njnk

]T

]xk
D , ~3!

Kn3

]2n1

]xj
2 12~a22a3!n3S ]n1

]t
1vk

]n1

]xk
1

nk

2 F]vk

]x1
2

]v1

]xk
G D

2~a31a2!n3nkS ]v1

]xk
1

]vk

]x1
D5Kn1

]2n3

]xj
2

12~a22a3!n1S ]n3

]t
1vk

]n3

]xk
1
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2 F]vk

]x3
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]v3

]xk
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2~a31a2!n1nkS ]v3
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D , ~4!
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Kn1
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]xj
2 12~a22a3!n1S ]n2

]t
1vk

]n2

]xk
1

nk

2 F]vk

]x2
2

]v2

]xk
G D

2~a31a2!n1nkS ]v2

]xk
1

]vk

]x2
D5Kn2

]2n1

]xj
2

12~a22a3!n2S ]n1

]t
1vk

]n1

]xk
1
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2 F]vk

]x1
2

]v1

]xk
G D

2~a31a2!n2nkS ]v1

]xk
1

]vk

]x1
D . ~5!

In the dimensionless system used in writing these eq
tions the length scale is taken as the thicknessl of the layer,
and the time is determined by the expression 2r l 2/a4 . This
procedure leaves two parameters in our problem: the R
leigh number R5DTgr0b l 3/(a4/2)k' , and the Prandtl
numberP5(a4/2)/r0k' .

All the variables are taken equal to zero at the bou
aries of the nematic layer (l 50,1).

Thus for our problem we introduce a vector containi
seven hydrodynamic variables,u5(v,T,p,n2 ,n3), andn1 is
determined from the relationn251.

By defining a nonlinear matrix operatorL which oper-
ates on the vectoru, we can write the system of equation
without the fluctuation term in the form

L~u!50. ~6!

By a well-known technique5 we eliminate from the di-
mensionless system of equations the fluctuation termI
5(] j ,s1 j ,] j s2 j ,] j s3 j ,2] jqj ,0,r 1 j ,r 2 j ), wheresi j , qj , and
r i j are fluctuation terms. Then the system will look like

L~u!5I . ~7!

For sufficiently small values ofR the behavior of the
density is governed mainly by the thermal conductivity, a
we can linearize the dimensionless system. With inhomo
neous boundary conditions the problem under study is
self-conjugate, unlike the Be´nard problem in a fluid.

The eigenfunctions corresponding to the homogene
problem are sought in the formun(t)5un

(0) exp(2ln(R)t). It
turns out that forR→RC a soft mode arises in the system
causing a loss of stability, andl0(RC)50.

The zeroth solutions of the problem have the form

u~0!5exp@ ikCx1#S ip

kC
w cos~px3!,0,w

3sin~px3!,
ARC

2p2k'2k ikC
2 w sin~px3!,

S ~212a522a32a2!p3

kC
2 1~22a32a221

23a5!p Dw cos~px3!,0,
22i ~kC

2 a22p2a3!

kCK~p21kC
2 !

w

3sin~px3! D 1c.c., ~8!

where c.c. denotes the complex conjugate expression.
a-

y-

-

d
e-
ot

s

Now, substitutingu(0) into Eq.~6!, we obtain the critical
valueRC5840.44,kC51.57.

At sufficiently long times all the normal modes exce
u(0) are damped near the threshold of thermal convect
This means that all the hydrodynamic variables can be
scribed by a single complex amplitudew. The relations ob-
tained do not contain fluctuation terms, since they app
only in higher orders of smallness.

For solving the stated problem near the threshold of th
mal convection of a nematic liquid crystal, it will be conve
nient to separate out in the standard way1,4 the various length
scales along the coordinate axes and time~scaling!.6 We
introduce new ‘‘slow’’ parameters:x15j/e, x25h/Ae,
t5t/e2, and we make the following substitution
w(t,x1 ,x2)→ew(t,j,h), where e is a small parameter
Making this substitution in the dimensionless system~1!–
~5!, ]1→]21e]j , ]2→]Ae]h , ] t→e2]t , and collecting
terms of the same powers ofe, we can write the operatorL in
Eq. ~7! in the form of an expansion in powers ofe :

L5L01e1/2L1/21eL11e3/2L3/21e2L21 . . . ~9!

In view of the awkwardness of the coefficientsLi , un-
like the case for the analogous operators for a fluid, it
necessary to use modern methods of computer algebra~in
particular, a program for asymptotic transformations of t
systems of nonlinear equations~1!–~5! was written in the
language MAPLE V and yielded results in analytic form!.
We seek a solution of equation~7! if of an expansion in
powers ofe :1

u5e~u~0!1e1/2u~1/2!1eu~1!1e3/2u~3/2!1e2u~2!1...!.
~10!

Substituting this expansion into Eq.~7! and taking into
account the fact thatL5L01e1/2L1/2, we obtain the follow-
ing equation to first order ine :

L0~u!50. ~11!

The solution of this equation, viz., the function in~8!, is
known. Collecting terms of degreee3/2, we obtain the equa-
tion L0(u(1/2))1L1/2(u

(0))50, from which we findu(1/2).
Continuing on in a similar way, we findu(1), u(3/2), andu(2).
The iteration process is stopped ate2, since fluctuation terms
appear in Eq.~7! for higher powers ofe.

These solutions exist if the equations we have obtai
are orthogonal to the zeroth eigenvector of the conjug
operatorL0* . The eigenfunctions of the operatorL0* are de-
termined from the conditionL0* (f(0))50. The solution of this
equation can be written in the formf(0)5wf0 exp(ikCx1)
1w* f0* exp(2ikCx1), where

f0* 5exp@ ikCx1#S ip

kC
cos~px3!,0,sin~px3!,

ARC

2p2k'2k ikC
2

3sin~px3!,S p~11a213a512a3!

1
p3~2a31a51a211!

kC
2 D cos~px3!,0,0D 1c.c. ~12!

The orthogonality condition leads to the expression
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~ f0* ,L1/2~u~3/2!!1L1~u~1!!1L3/2~u~1/2!!1L2~u0!!52~ f0* ,I !.
~13!

Substituting the conduction bands forLi into Eq. ~13!
and explicitly writing out the scalar product, we obtain t
Langevin equation

C0] tw5~C1n1C2uwu2!w1C3]j
2w1 iC4]j]h

2w

1C5]h
4w12~ f0* ,I !, ~14!

where n5(R2RC)/RC , and 2(f0* ,I ) denotes a random
term.

In view of the awkwardness of the coefficientsCi we
will not write out the expressions for them.

Since we stopped the iteration process upon arriving
e3, there is now no need to distinguish the temporal a
spatial scales. Formally we sete50, and we will havej
5x1 , h5x2 , t5t ~Ref. 1!.

The Langevin equation~14! is the same as the Fokker
Planck equation for the probability distributionW of the am-
plitude fluctuations of the slow modew. Sincew is a func-
tion of the spatial variablesx1 and x2 , the probability
distribution should be a functional of this field, and th
Fokker–Planck equation will accordingly be a function
equation.

The Fokker–Planck equation corresponding to
Langevin equation is written in the form

C0] tW5E d2x~$dx1
~x!@~C1n1C2uw~x!u2!w~x!1C3]x1

2

3w~x!1 iC4]x1
]x2

2 w~x!1C5]x2

4 w~x!1Q#W%

1c.c.!, ~15!
at
d

l

e

whereW($w%,t) is the probability density for observing in
the functional space (w,w* ) the complex functionsw(x)
andw* (x) at timet, and the value ofQ is determined by the
material parameters of the medium. ThusW is a functional
of w(x), w* (x) and a function of timet.

From the conditions satisfied by the Fokker–Plan
equation,1 we can easily recover the functional itself:

F~$w%!5Q21E d2x@C1nRCuw~x!u21C2uw~x!u4/2

1C3u]x1
w~x!u21 iC4~]x1

w~x!]x2

2 w* ~x!

2]x1
w* ~x!]x2

2 w~x!!1C5u]x2

2 w~x!u2#. ~16!

Since the extrema of the generalized thermodynamic
tential correspond to the most probable realizations of di
pative structures, the functional obtained here can be use
study the behavior of the system far from thermodynam
equilibrium.
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Formation of magnetic nanosize gratings in the illumination of thin-film Fe–Cr mixtures
by interfering laser beams

Yu. K. Verevkin, V. N. Petryakov, and N. I. Polushkin

Institute of Applied Physics, Russian Academy of Sciences, Nizhni� Novgorod
~Submitted December 4, 1997!
Pis’ma Zh. Tekh. Fiz.24, 13–20~June 26, 1998!

The conditions for formation of nanosize gratings (;100 nm) of ferromagnetic stripes in the
illumination of thin-film ~10–15 nm! paramagnetic Fe–Cr mixtures by interfering beams
from an excimer laser are investigated. The ferromagnetic ordering arises as a result of the
thermally stimulated clustering of Fe atoms. The gratings are formed in a certain energy
interval of the laser radiation. The width of this interval depends substantially on both the
interference period and the illumination timet i . For t i510 ns there exists an energy
interval in which gratings with periods as small as 300 nm are formed. ©1998 American
Institute of Physics.@S1063-7850~98!01906-5#
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Planar systems of magnetic elements with sizes
;100 nm or smaller are of both fundamental1,2 and practical
interest for high-density magnetic data storage.3,4 The most
widely used technology for making arrays of magnetic e
ments at the present time is electron-beam lithograp
which is capable of a step-by-step formation of eleme
with sizes down to 20 nm by the scanning of an elect
beam over the surface of a resist.4 However, the formation of
large arrays of elements by this method takes a long time
that the use of electron-beam lithography for fabricat
magnetic data storage units is limited. One expects
methods permitting the simultaneous formation of a la
number of elements, such as the selective growth of a m
netic film,5,6 will prove more promising here.

In this paper we investigate another approach to the
mation of such systems—the illumination of thin-film
samples of paramagnetic mixtures containing Fe or Co
interfering laser beams.7–9 At an interference maximum
where the temperature is high, the thermally stimulated
glomeration of Fe~Co! atoms occurs and a cluster structu
develops, with characteristic spatial dimensions of tens
angstroms.7,8 The agglomeration of magnetic atoms is a
companied by a near-threshold~5–10% in terms of the lase
energy! transformation from the paramagnetic to the fer
magnetic state, with a Curie temperature that depends on
average concentration of the magnetic material and
sample thickness.7 As a result, in the interference of, sa
two laser beams, ferromagnetic stripes will form on the s
face of the sample. However, if the amplitude of the te
perature modulation in the medium is less than the smea
of the threshold of the magnetic transformation, then fer
magnetic ordering will also arise at the interference minim
Calculations of the temperature field created by heat sou
distributed periodically on the surface of a semi-infin
medium10 show that the modulation of the temperature a
period of ;100 nm does not exceed a few percent of
average temperature at heating pulse durations of;10 ns.
Thus the possibility of forming nanosize structures by loc
4601063-7850/98/24(6)/3/$15.00
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ized heat release is problematical. Exploring this possibi
is the subject of this paper.

Thin-film samples of Fe–Cr mixtures were prepared
pulsed laser deposition—small portions of Fe and Cr w
alternately deposited on a silicon substrate. The ove
thickness of the films did not exceed 10–15 nm, and
concentration of Fe was chosen so that the sample gav
magnetic response at room temperature in the initial state
produced a clear magnetic signal after illumination. For
interference illumination of the sample a three-cascade X
excimer laser with a spectral linewidth of 0.1 cm21 was used.
The laser beam was first split into two beams of appro
mately equal intensity and then brought to the plane of
sample to produce an interference pattern with a periodL
5l/2 sinu, wherel andu are the wavelength and angle o
incidence of the radiation on the sample. The duration of
laser pulse was varied from 10 to 50 ns. The formation
magnetic stripes was observed from the ferromagnetic re
nance ~FMR! from the sample at room temperature on
PS110.X ESR spectrometer with a microwave field of f
quencyv59.5 GHz, under conditions such that the sta
magnetic field was applied in the plane of the sample, in o
case parallel (H i) and in the other case perpendicular (H')
to the interference fringes. In this geometry the Kittel form
las for the resonance fields can be written as

H i
res5

K

2 SA~2 f z21!21
4a2

K2 21D , ~1!

H'
res5

K

2 SAf z
21

4a2

K2 1223 f zD , ~2!

wheref z is the demagnetizing factor along thez axis, normal
to the plane of the sample,K54pM ~M is the magnetism of
the stripes!, anda5v/g ~g is the gyromagnetic ratio!. For a
system of alternating magnetic and nonmagnetic stripes,
demagnetizing factor along thez axis is expressed as11
© 1998 American Institute of Physics
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f z5bS 11 (
m51

`
sin2 mpb

m2p2b2

12e22mpj

mpj D , ~3!

where w/L5b and h/L5j, with w and h, respectively,
being the width and thickness of the magnetic stripes.
infinitely long stripes one hasf y50 and f x1 f z51.

If the medium is magnetically uniform, i.e.,w/L51,
then f z51 andH'

res5H i
res. In the formation of a magnetic

grating (w/L,1) the resonance fields are shifted in such
way thatH'

res is always greater thanH i
res.

In our experiments we investigated the size of the m
netic anisotropy in the plane of the sample,DHa5H'

res

2H i
res, for different values of the energyE of the laser ra-

diation, the interference periodL, and the durationt i of the
laser pulse. As we see from Fig. 1, the value ofDHa has a
substantial dependence on all of these parameters. How
one can discern two characteristic features in its behav
The first is a sharp decrease in anisotropy as the perio
shortened under conditions of prolonged illuminationt i

550 ns). Whereas atL51000 nm the anisotropyDHa was
as high as 1000 Oe, forL5300 nm the anisotropy was s
slight over the entire energy range~15–40 mJ! that the
sample could be regarded for practical purposes as mag
cally homogeneous.

The second feature is an enhancement of the obse
anisotropy ast i was shortened to 10 ns. At such a durati
of the illumination, structures were formed even at a per
of 300 nm, although in a very narrow energy interval—n
over 10–15%, which is substantially smaller than the ch
acteristic fluctuations of the energy from pulse to pulse in
laser that was used. Outside of this interval the sample ei
gave no magnetic response (E,16 mJ) or became magnet
cally homogeneous or nearly so (E.18 mJ). The period of
300 nm was the smallest at which structure formation co
still be observed.

As the period was increased to 1000 nm the energy
terval for structure formation expanded on the high-ene
side, so that magnetic structures were formed even aE

FIG. 1. Magnetic anisotropyDHa versus the energyE of the laser radiation
for different illumination times~10 ns and 50 ns! and various interference
periods~300, 450, and 1000 nm!. The curves were plotted from FMR data
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.35 mJ. Their formation under these conditions was acco
panied by changes in the surface relief of the sample and
the formation of interference fringes on the surface wh
were clearly observed in an optical or scanning elect
microscope.9 In addition, for the large period there were n
longer any noticeable changes in the behavior of the m
netic anisotropy as the duration of the illumination was d
creased from 50 to 10 ns.

The FMR data reported above are in qualitative agr
ment with the results of our studies of the meridional Ke
effect under the same conditions with the external magn
field applied parallel or perpendicular to the interferen
fringes in the plane of the sample. Figure 2 shows hyster
loops in the two geometries, observed after illumination
two interfering beams withL5450 nm andt i510 ns at en-
ergies ofE524 mJ~sample1! andE518 mJ~sample2! in
each of the beams. Also shown in Fig. 2 for comparison
the magnetic hysteresis loops obtained after illumination
a single beam withE535 mJ~sample3!. It is seen that the
magnetization curves of the samples illuminated by t
beams and by one beam are substantially different. In
case of magnetization in the direction perpendicular to
interference fringes, the magnetization of samples1 and 2
vary more smoothly than that of sample3. Moreover, for the
same magnetization direction the remanent magnetizatio
sample2 turned out to be close to zero. This means tha
direction of hard magnetization has appeared, and the co
sponding demagnetizing factorf x is nonzero. According to
the FMR data, sample2 had a comparatively high magnet
anisotropy~Fig. 1!, and one can infer from the experiment
values of the resonance fields of this sample and Eqs.~1!–~3!
that a grating of ferromagnetic stripes has formed, with
filling factor of w/L50.94 and a stripe magnetization o
4pM51.5 T. One also notices an increase in the coerc
force for magnetization in the direction along the stripes. F
sample2 the coercive force in this case was 400–450 O
whereas for a magnetically homogeneous medium~sample
3! it was only 150–200 Oe.

Thus, in spite of the fact that the methods used for di
nostics of the magnetic nanostructures in this study~FMR
and the Kerr effect! are of an integral nature, they can reve
the formation of structures of a certain geometry, viz., s
tems of ferromagnetic stripes. The essence of this diagno
consists in the measurement of the demagnetizing fac
which is determined by the grating geometry, i.e., by t
ratios of the thickness and width of the stripes to the per
of the grating.

The fact that the width of the energy interval of the las
radiation in which gratings were formed in the experime
depends on the interference period and duration of the
mination can be explained by the circumstance that th
parameters determine the relative value of the tempera
modulation in the film,L/4Apat i , wherea is the thermal
diffusivity of the medium. When the amplitude of the tem
perature modulation becomes smaller than the smearin
the threshold for the magnetic transformation, ferromagn
ordering will also arise at the interference minima. Th
means that under such conditions a nearly homogeneous
dium can form, with a corresponding demagnetizing fac
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FIG. 2. Magnetic hysteresis loops obtained in observations
the meridional Kerr effect after illumination of the sample b
two interfering beams withE524 mJ ~sample 1! and E
518 mJ ~sample 2! and by a single beam withE535 mJ
~sample3!. The external magnetic fieldH was applied the di-
rection along the interference fringes (H i) or in the perpen-
dicular direction (H').
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close to or even equal to zero. A decrease int i with a simul-
taneous increase in the power of the laser beam leads t
increase in the modulation amplitude, while the average t
perature need not increase and can even decrease. As
sult, magnetic gratings can form over a wider energy int
val. It follows from these arguments and the report
experiments that if the duration of the illumination is furth
decreased to 1–2 ns, it should be possible in this way
obtain magnetic gratings with periods as small as 150–
nm.

This study was supported by the Russian Fund for F
damental Research~Grant No. 97-02-16103! and the inter-
disciplinary science and engineering program ‘‘Physics
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Conducting microchannels in an ytterbium oxide insulating film
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The conductance switching effect in an ytterbium oxide insulating film on silicon is investigated
by the methods of scanning probe microscopy. A combined atomic force microscope and
conductivity probe is used to create and visualize a single conducting microchannel in an insulating
film. The position of the channel is compared with an image of the surface topography of
the insulator taken at the same time. ©1998 American Institute of Physics.
@S1063-7850~98!02006-0#
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The phenomenon of electrical switching of the condu
tance with a memory effect in insulating films is of signi
cant interest in connection with its prospective use in vari
kinds of switches and reprogrammable memory elemen1

Conductance switching with memory is observed in chal
genide materials1,2 and in rare-earth fluoride and oxid
films.3,4 The switching effect in metal–insulator
semiconductor~MIS! structures consists in a change in t
resistance of a dielectric film when an above-threshold v
age is applied. The sign of the switching voltage is det
mined by the type of conductivity of the semiconductor a
corresponds to its depletion in majority carriers. The str
ture is switched back to the initial~high-resistivity! state
when a voltage of the opposite polarity is applied and
current through the sample reaches a value of 100–300mA.3

The structures reproducibly and repeatedly switch from
state to the other, and both states are stable and persist
long time in the absence of a supply voltage. There h
been several hypotheses advanced to explain the mecha
of this effect, the most satisfactory of which is the presen
4631063-7850/98/24(6)/2/$15.00
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of a phase transition in the insulator material under the
fluence of the current flowing through it, with the result th
a conducting metallic microchannel arises in it.3 The switch-
ing effect is ordinarily studied in an integral manner, usi
deposited or clamped electrodes of considerable area. A
as we know, direct observations of the onset of an individ
conducting microchannel have not been made before.

In this paper we present the results of scanning pr
microscope observations of a single conducting chan
formed in an ytterbium oxide insulating film. The insulatin
film was synthesized by thermal oxidation~at a temperature
of ;600 °C! of a layer of metallic ytterbium 0.2–0.5mm
thick, deposited on a polished single-crystal wafer
KÉF-20 silicon. A continuous contact of aluminum was d
posited on the lapped surface of the back side of the wa
The conducting tip of a scanning probe microscope~SPM!
served as a clamped electrode on the insulating film. T
SPM used was designed and built by the authors and c
bined an atomic force microscope and a scanning tunne
microscope, permitting simultaneous measurement of
n

FIG. 1. Topographic image of a 6003600 nm region of
a Yb2O3 film, taken with an atomic force microscope i
the constant-force mode (1026 N).
© 1998 American Institute of Physics
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conductance~minimum detectable current 10 pA! and re-
cording of the surface topography.5 As the conducting can
tilever we used a tungsten wire 30mm in diameter and 0.7
mm long, the last 0.2 mm of which was bent at a 90° ang
A tip was formed by dc electrochemical etching in a 10
solution of NaOH. The cantilever has a rather high stiffne
(;100 N/m) and during operation exerts a force on the s
face of the order of 1026 N. However, the surface of th
Yb2O3 insulator has a rather high hardness and is not d
aged by the tip at this clamping force, as is attested to by
reproducibility of the image of the surface upon repea
scanning. The prepared structures had a high resistance i
initial state~of the order of 1010– 1014 V!. After switching to
the conducting state the resistance of the samples wa
duced to 104– 106 V. To distinguish the switching effec
from dielectric breakdown of the insulating film we em
ployed the following procedure. A test scan of a portion

FIG. 2. Pattern of the conductance distribution of the surface region sh
in Fig. 1. The white color corresponds to currents of less than 10 pA,
black color to currents greater than 10 pA~conducting channel!.
.
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the surface (6003600 nm) was carried out to acquire info
mation about its topography and conductance. In the abse
of conducting regions the tip of the microscope was place
a point with coordinates of 3003300 nm and clamped to th
surface with a force of;1026 N. A voltage of minus 130–
150 V was applied through a ballast resistance of 22 MV for
0.5 s. After that the resistance of the insulator was measu
and if it had fallen to a few tens of kV a voltage of plus 15
V was applied to the tip at a current of 1 mA. If the insulat
returned to its initial~high-resistivity! state after this proce
dure, this indicated the presence of switching, and a volt
of minus 130 V was again applied to the tip. After two
three switching cycles the tip was removed from the surf
and returned to its starting point, and a scanning of the
3600 nm portion of the surface was carried out. Figure
shows an image of a portion of the Yb2O3 surface with a
conducting channel formed at the center. The depression
cated approximately at the center of the image arose afte
switching and is apparently due to processes occurring
ing the formation of the channel. Figure 2 shows the dis
bution of the surface conductivity~a conducting channel!
taken simultaneously with the image of the surface. The c
ducting channel has dimensions somewhat larger than
depression. The channel vanishes completely over a tim
the order of 2–5 min, apparently on account of processe
oxidation of the channel material.

This study was supported in part by a grant from t
GKRF VO as part of the program ‘‘Basic Research in Dev
Fabrication’’
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Nonlinear dynamics of the free surface of a conducting liquid in an electric field
N. M. Zubarev

Institute of Electrophysics, Urals Branch of the Russian Academy of Sciences, Ekaterinburg
~Submitted February 10, 1997!
Pis’ma Zh. Tekh. Fiz.24, 25–29~June 26, 1998!

The nonlinear dynamics of the free surface of an ideal conducting liquid in an external electric
field is investigated. It is found that in the absence of gravity and surface tension the
equations of the two-dimensional motion of the medium can be solved in the approximation of
small angles of inclination of the surface. It is shown that singularities of the square-root
type, for which the curvature is infinite but the surface itself remains smooth, can form on the
surface of a conducting liquid over a finite time. ©1998 American Institute of Physics.
@S1063-7850~98!02106-5#
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The Tonks–Frenkel instability of the boundary of a co
ducting liquid in a high electric field1,2 causes avalanche-lik
growth of surface disturbances and the formation over a
nite time of regions with a significant concentration of e
ergy. An essential feature of this instability is that it brin
the system over a finite time to a state in which the lin
description of the processes becomes inapplicable. T
makes it necessary to construct an adequate model o
nonlinear stages of instability growth.

Let us consider the potential motion of an ideal condu
ing liquid bounded by a free surfacez5h(x,y,t) in a uni-
form external electric fieldE which satisfies the inequality

E@~gar!1/4,

whereg is the acceleration of free fall,a is the coefficient of
surface tension, andr is the density. When this condition i
satisfied one does not need to take the influence of gra
and surface tension into account.

The velocity potentialF and the field potentialw satisfy
the Laplace equations

DF50, Dw50

~D is the Laplacian operator! with the conditions at infinity

wz→2E~z→`!,

F→0~z→2`!,

and also, since the surface of a conducting liquid is an e
potential surface, the condition

w50 ~z5h!.

The functionsh(x,y,t) andc(x,y,t)5Fz5h are canonically
conjugate quantities,3 so that the equations of motion tak
the standard form:

]c

]t
5

dH

dh
, ~1!

]h

]t
5

dH

dc
, ~2!

where the Hamiltonian
4651063-7850/98/24(6)/2/$15.00
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H5E
z<h

~¹F!2

2
d3r 2E

z>h

~¹w!2

8pr
d3r

is equal to the total energy of the system to within a consta
Assuming the characteristic angles of inclinationu¹hu of

the surface are small, and retaining in the expansions ih
andc only terms up to third-order, we write the Hamiltonia
in the form of a surface integral. After making the sca
transformationt→t/AW, c→cAW, andH→HW ~W is the
energy density of the unperturbed electric field!, we finally
obtain

H5
1

2 E @c k̂c1h~~¹c!22~ k̂c!2!#d2r

2
1

2 E @h k̂h2h~~¹h!22~ k̂c!2!#d2r ,

wherek̂ is a two-dimensional integral operator with a kern
whose Fourier transform is equal to the modulus of the w
vector.

We note that evaluation of Eqs.~1! and~2! in the linear
approximation leads to the relaxation equation

~c2h! t52 k̂~c2h!,

from which it follows that at times longer than the chara
teristic relaxation time 1/uku one can assume approximate
that c5h. In that case, by summing Eqs.~1! and ~2! and
introducing the new functionf 5(c1h)/2, we obtain to
second-order accuracy

f t2 k̂ f 5
1

2
~ k̂ f !22

1

2
~¹ f !2, ~3!

which corresponds to considering the growing branch of
perturbations.

In the simplest case of one-dimensional perturbations
the surface the integral operatork̂ is expressed in terms o
the Hilbert transformĤ:

k̂52
]

]x
Ĥ, Ĥ f 5

1

p
P.V.E

2`

1` f ~x8!

x82x
dx8.
© 1998 American Institute of Physics
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Then Eq.~3! takes the form

f t1Ĥ f x5
1

2
~Ĥ f x!

22
1

2
~ f x!

2. ~4!

This nonlinear equation, as we have shown, describes
two-dimensional motion of an ideal conducting liquid in a
external field in the approximation of small angles of inc
nation of the surface. It should be noted that if this equat
is rewritten using the new functionf̃ 5Ĥ f , then it becomes
the same as the equation proposed in Ref. 4 for descri
the nonlinear growth of the instability of a tangential disco
tinuity in fluid flows.

Equation ~4! has a total integral for any initial condi
tions. Indeed, let us writef x in the form of a sum,

f x5v ~1 !1v ~2 !,

wherev (6)5(17 iĤ )v/2 are functions which are analytic i
the upper and lower half of the plane of the complex varia
x, respectively. Substituting this expression into Eq.~4! with
allowance for the fact thatĤv (6)56 iv (6), we arrive at in-
dependent differential equations of the Hopf type:

v t
~6 !6 ivx

~6 !522v ~6 !vx
~6 ! ,

which are integrable by the method of characteristics.
practically any initial conditions, these equations descr
the onset of singularities of the breaking-wave type ove
finite time. A singularity arises at a certain timet0 when the
singularities~branch points! of the functionsv (6) approach
the real axis. In a small neighborhood of the singularitydx
5x2x0 the following equation is valid in leading order:

hxx' f xx52 Re~vx
~1 !u t5t0

!;udxu21/2,

i.e., the curvature of the surface of the liquid becomes i
nite over a finite time, while the surface remains smoo
Such behavior of the surface is analogous to the behavio
the surface of an ideal fluid in the absence of exter
forces,5,6 where the formation of singularities is due to th
influence of inertial forces and is described by an equa
with the same nonlinearity as in the equation~4! examined
here.
he
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It should be noted that the onset of singularities in t
solutions of equation~4! does not violate the condition tha
the angle be small, i.e., it does not go beyond the domain
applicability of the model. For example, for a solitary distu
bance of the surface in the form

hu t505
sA

A21x2

with small characteristic angles of inclination of the surfa
gu t50's/A2, at the time of formationt0 of the singularity
one hasgu t5t0

;(gu t50)1/3, i.e., the angles remain small.
Thus our analysis of the behavior of the boundary o

conducting liquid in an electric field has shown that the no
linearity leads to the formation of weak square-root sing
larities, corresponding to the onset of points of infinite cu
vature on the surface of the liquid. This is evidence o
tendency toward the formation of regions with a high co
centration of energy, the subsequent destruction of which
be accompanied by intense emission processes and, as a
sequence, can destroy the electrical strength of a system

In closing the author expresses his gratitude to A.
Iskol’dski� and N. B. Volkov for stimulating durations and t
E. A. Kuznetsov for kindly calling his attention to Refs.
and 6.
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Growth of GaN by molecular-beam epitaxy with activation of the nitrogen
by a capacitive rf magnetron discharge

V. V. Mamutin, V. N. Zhmerik, T. V. Shubina, A. A. Toropov, A. V. Lebedev,
V. A. Vekshin, S. V. Ivanov, and P. S. Kop’ev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted January 29, 1998!
Pis’ma Zh. Tekh. Fiz.24, 30–35~June 26, 1998!

It is shown that GaN films can be grown by molecular-beam epitaxy with plasma activation of
the nitrogen by a magnetron rf discharge in a specially constructed coaxial source with
capacitive coupling. A growth rate of;0.1 mm/h is obtained on GaAs and sapphire substrates,
and ways are found for optimizing the design of the plasma source in order to increase
the growth rate. The electrophysical and luminescence properties of undoped epitaxial films are
investigated at temperatures ranging all the way to room temperature. ©1998 American
Institute of Physics.@S1063-7850~98!02206-X#
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The great interest in the wide-gap compounds AIIIN ~Al-
GaInN! has led in recent years to various synthesis metho
including metalorganic vapor-phase epitaxy~MOVPE!, met-
alorganic chemical vapor deposition~MOCVD!, and
molecular-beam epitaxy~MBE!. So far the main results hav
been obtained using MOCVD, but the high growth tempe
tures (;1000 °C) necessary for this process cause many
ficulties that do not afflict the MBE method, with its com
paratively low growth temperatures (500– 700 °C
Depending on the type of source of the active nitrogen,
distinguishes MBE with the use of hydrazine,1 MBE with
activation through increased kinetic energy of the particle2

and MBE with plasma activation.3,4 In the last case the acti
vation of the nitrogen takes place in a plasma source loc
at the site of one of the evaporator cells.

For this purpose one usually uses either an electron
clotron resonance~ECR! source3,4 or radio-frequency~rf!
sources with inductive excitation of the discharge.5 One of
the main problems here is to ensure a comparatively h
growth rate, which is limited by the requirement of low n
trogen flow rates to maintain a low pressure<1024 Torr in
the growth chamber. The problem is complicated by the f
that the influence of the composition of the plasma on
growth rate and film quality has not been determined. I
known only that high-energy particles with energies of t
order of tens of electron-volts cause defects to form in
growing nitride films.

It is therefore of interest to develop sources of activa
nitrogen with a high efficiency of excitation of the dischar
and affording the possibility of regulating the parameters
the output beam over wide limits. One possible kind of su
a source is a magnetron source with either dc or rf excita
of the discharge in a cylindrical coaxial electrode system

The first such source with dc excitation of the discha
was used successfully by the present authors to obtain II
materials withp-type conductivity.6,7 However, the use of
this type of discharge for growing GaN films has been ch
acterized by extremely low growth rates.8 In the present pa-
per we investigate the possibility of using for this purpos
4671063-7850/98/24(6)/3/$15.00
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compact magnetron coaxial source with a capacitive rf ex
tation of the discharge.

We know of no information in the literature on the us
of sources with such a discharge for MBE with plasma a
vation. There is only Ref. 9, where a capacitive rf discha
without a magnetic field was used in a source with exter
planar electrodes.

In the source described here the rf excitation, with
frequency of 13.56 MHz and a power of up to 100 W, w
delivered through a standard matching circuit to the cen
electrode. A static axial magnetic field with an induction
up to 0.8 T was produced by a water-cooled electromag
The width and length of the interelectrode gap were 9 and
mm, respectively. The surfaces of both electrodes were c
ered with tubes of pyrolytic boron nitride~pBN!. The nitro-
gen pressure in the discharge chamber was determined b
admittance of the pBN exit diaphragm, which had holes
different diameter. In this paper we report data obtained fo
diaphragm with 87 holes of diameter 0.6 mm. The grow
chamber and source were pumped down by a Turbovac
turbomolecular pump with an effective pumpint capacity
350 liter/s or less, depending on the geometry of the gro
chamber. The source was mounted on one of the stan
flanges of the MBE apparatus, an E´ P-1203 unit of domestic
manufacture, on a sylphon drive which permitted varying
distance from the exit diaphragm of the source to the s
strate duration the growth process over a range from 40
140 mm.

Preliminary testing of the source showed that a discha
is excited and is stably maintained at relatively low pressu
in the discharge chamber of the source~from a few millitorr
to several Torr!, with a magnetic induction of;0.5 T and a
minimum level of rf input power;5 W.

Figure 1 shows a typical optical emission spectrum o
nitrogen rf discharge in the range 360–780 nm. The sp
trum of the discharge contains characteristic emission ba
of excited molecules and molecular ions of nitrogen. T
characteristic shape of the spectrum is closer to the spect
ECR sources than to the spectra of sources with inductiv
© 1998 American Institute of Physics
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FIG. 1. Optical emission spectrum of a capacitive rf ma
netron discharge in nitrogen in the wavelength range 36
780 nm: N2

! is the second positive system; N2
1 is the first

negative system, and N2* is the first positive system.
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excitation.5 The distribution of emission intensities is of th
same character as in Ref. 9 for a source with capacitiv
excitation but without a magnetic field. It should be not
that here, as in Ref. 9, the pronounced characteristic e
sion line of excited atomic nitrogen at 746 nm is absent fr
the optical emission spectrum.

The intensity of all the lines increased as the nitrog
pressure in the discharge chamber was raised to 1 Torr
as the power delivered to the discharge and the magn
induction were increased. Here the intensity ratios of
various lines of the discharge spectrum could be altered
stantially, which afforded a way of controlling the electro
density and temperature in the discharge over wide lim
and, consequently, of altering quantitatively and qualitativ
the output beam of excited nitrogen particles.

GaN films were grown on GaAs~113! substrates in a
temperature range of 550– 630 °C~to avoid thermal decom
position of the GaAs! and on Al2O3 in the range
550– 800 °C. Each process began with nitridization of
substrate in the activated-nitrogen source. After that an in
rf
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n
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e
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GaN layer was grown at low temperatures (550 °C) and
minimal growth rates. We then investigated the growth p
cesses at higher temperatures and different growth rate
the range 0.05–0.3 Å/s. The maximum thickness of the fil
did not exceed 0.5mm. The thickness and morphology of th
films were investigated on a CamScan scanning electron
croscope with a resolution of;100 Å. The morphology of
the films was monitored by high-energy electron diffractio
The best samples exhibited~232! superstructure during
growth. The maximum growth rate was determined by
exit diaphragm, the rf power delivered to the discharge,
nitrogen flux, and the distance from the plasma source to
substrate.

We investigated the electrophysical and luminesce
properties of the films. As a rule, the undoped films h
n-type conductivity with carrier concentrations o
;1016– 1018 cm23.

The photoluminescence~PL! spectra of the grown films
were dominated, all the way to room temperature, by a l
on
FIG. 2. Photoluminescence spectra of GaN films grown
the substrates:1—GaAs ~113!, and 2—Ag2O3 ~0001!.
300 K, N2 laser.
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near the absorption edge of GaN. Figure 2 shows the
spectra of two samples grown on different substrates~the
solid curve is for GaN on GaAs and the dashed curve
GaN on a sapphire substrate!. The spectra were measured
room temperature under pulsed excitation by a N2 laser
~wavelength 337 nm, pulse duration 8 ns, characteristic
citation density 1 kW/cm2!. For the films on sapphire th
position of the line~3.425 eV at 300 K! and half-width
(FWHM;50 meV) correspond to the parameters of the
due to interband recombination in GaN samples with
wurtzite structure.10 The PL line in the films grown on GaA
is considerably wider (FWHM;150 meV) and is shifted by
;50 meV in the long-wavelength direction. The most na
ral explanation for the broadening and long-wavelength s
is the coexistence of two phases, cubic and hexagonal, w
is characteristic for GaN on GaAs substrates.11

Thus we have demonstrated the efficacy of plasma a
vation of nitrogen for growing GaN films at growth rates
the range 0.05–0.3 Å/s~0.02–0.1mm/h! with the use of a
capacitive rf magnetron discharge. Further refinements of
source of activated nitrogen now underway hold forth
hope of increasing the growth rates and improving the fi
quality.

This study was supported in part by the Russian Fund
Fundamental Research and by the program ‘‘Physics
Solid-State Nanostructures’’ of the Ministry of Science
the Russian Federation.
L

r
t

x-

L
e

-
ft
ch

ti-

e
e

r
of

1S. A. Nikishin, V. G. Antipov, S. S. Ruvimov, G. A. Seryogin, an
H. Temkin, Appl. Phys. Lett.69, 3227~1996!.

2B. A. Ferguson and C. B. Mullins, J. Cryst. Growth178, 134 ~1997!.
3M. Grun, N. Sadeghi, J. Cibert, Y. Genuist, and A. Tserepi, J. Cry
Growth 159, 284 ~1996!.

4M. Meyapan, MRS Internet J. Nitride Semicond. Res.2, 46 ~1997!.
5W. C. Hughes, W. H. Rowland, M. A. L. Johnson, S. Fujita, J. W. Coo
J. F. Schetzina, J. Ren, and J. A. Edmond, J. Vac. Sci. Technol. B13,
1571 ~1995!.

6S. V. Ivanov, V. N. Jmerik, V. M. Kuznetsov, S. V. Sorokin, M. V
Maximov, I. L. Krestnikov, and P. S. Kop’ev, inProceedings of the In-
ternational Symposium on Blue Lasers and Light Emitting Diodes, Chiba,
Japan, March 5–7, 1996, pp. 301–304.

7V. N. Zhmerik, S. V. Ivanov, M. V. Maksimov, V. M. Kuznetsov
N. N. Ledentsov, S. V. Sorokin, S. B. Domrachev, N. M. Shmidt, I.
Krestnikov, and P. S. Kop’ev, Fiz. Tekh. Poluprovodn.30, 1071 ~1996!
@Semiconductors30, 568 ~1996!#.

8S. V. Novikov, G. D. Kipshidze, V. B. Lebedev, L. V. Sharonova, A. Y
Shik, V. N. Jmerik, V. M. Kuznetsov, A. V. Gurevich, N. N. Zinov’ev
C. T. Foxon, and T. S. Cheng,Abstracts of the 23rd International Sym
posium on Compound Sermiconductors, St. Petersburg, Russia, Septemb
23–27, 1996, p. 101.

9Y. Saeki, T. Akitsu, T. Kato, and T. Matsumoto, inProceedings of the
International Symposium on Blue Laser and Light Emitting Diod,
Chiba, Japan, March 5–7, 1996, pp. 390–393.

10U. Strauss, H. Tews, H. Riechertet al., MRS Internet J. Nitride Semicond
Res.1, 44 ~1996!.

11T. S. Cheng, C. T. Foxon, N. J. Jeffs, O. H. Hugheset al., MRS Internet
J. Nitride Semicond. Res.1, 32 ~1996!.

Translated by Steve Torstveit



TECHNICAL PHYSICS LETTERS VOLUME 24, NUMBER 6 JUNE 1998
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The physical conditions for observation of transverse breakdown, electrical breakdown, and
transverse runaway of hot charge carriers are investigated. Since the macroscopic manifestations of
these effects are the same—a sharp growth of the current–voltage characteristic—the
interpretation of the results of a specific experiment is extremely difficult. Some quantitative
criteria for observation of these individual effects are presented. ©1998 American Institute of
Physics.@S1063-7850~98!02306-4#
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Semiconductors placed in transverse electric and m
netic fields in the Hall regime exhibit the following: low
temperature electrical breakdown~EB! ~see, e.g., Ref. 1!,
transverse breakdown~TB!,2 and transverse runaway~TR! of
hot electrons.3,4 For impact ionization of an impurity atom
the internal field must reach a certain value. This happen
one of the following ways: growth of the applied electr
field at a fixed value of the magnetic field~EB!, growth of
the magnetic field at a fixed value of the applied electric fi
~TB!, or under conditions of TR, when for a certain comb
nation of mechanisms of momentum and energy scatte
the internal field increases sharply.

The difficulties in investigating these effects lie in th
correct interpretation of the experimental results, since
macroscopic manifestations of these effects are exactly
same—a sharp growth of the current–voltage~IV ! character-
istic. Under conditions of the first two effects the growth
the IV characteristic is due to impact ionization of impuri
atoms, whereas under conditions of TR this growth is
due to growth in the density of hot electrons.3,5

There is an obvious need to elucidate the physical c
ditions for observation of these effects. In this paper
present the results of such an investigation: from an anal
of a general form of the heating field, which depends on
applied fields and the mechanisms of energy and momen
scattering of the hot electrons, we propose phys
conditions—scattering mechanisms and values of the m
netic fields—for observation of TB, EB, and TR.

Suppose that an electric fieldEx is applied in thex di-
rection along the length of a long semiconductor sample
a magnetic fieldH is applied along thez axis, perpendicular
to the sample. Then, using the boundary conditions of
Hall regime, we obtain an expression determining the in
nal field E:

E25Ex
2@11D2~E,H,t,S!#; ~1!

D[
*0

`x~ t2S13!/2 exp@2F~x!#dx

*0
`x~32S!/2 exp@2F~x!#dx

,

F~x!5Ex dx

11au~x!
, u~x!5

x~ t1S!/2

11hxt ,
4701063-7850/98/24(6)/2/$15.00
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h[S H

H0
D 2

, a[S E

E0
D 2

, H0[
~2mc2k0T!1/2

el0
,

E0[
)k0T

e~ l 0 l̃ 0!1/2
,

whereu(x) is the heating function,x[«/k0T is the dimen-
sionless energy, andt andS are the exponent of the energ
dependence of the mean free paths with respect to mom
tum l (x) and energy l̃ (x): l (x)5 l 0x(11t)/2, and l̃ (x)
5 l̃ 0x(11S)/2 ~Ref. 6!. The rest of the notation is standard. W
consider the case of strong heating:au(x)@1. This condi-
tion is always satisfied during observation of the aforem
tioned effects.

Suppose the magnetic field is weak:

hx0
t a2t/~22t2S!!1,

x0[S 22t2S

2 D 2/~22t2S! GS 5

22t2SD
GS 3

22t2SD , ~2!

whereG(t) is the gamma function. EvaluatingD(E,H,t,S),
we find that the Hall field is proportional to the quanti
ha2t/(22t2S). Considering different possible combination
of t andS, we are readily convinced that of all the varian
only two are realistic for the known scattering mechanism
1! t.0, 2.t1S; 2! t52utu,0, 2.S2utu. In the first case
the Hall field always increases with increasinga, but this is
admissible only in the region where inequality~2! holds.
Now since E increases with increasingEx and is always
greater thanEx , though by a very small amount:E2Ex

!Ex , the relative change in the breakdown value of t
applied field in the presence of a magnetic field is practica
zero, and the development of TB is ruled out. For 3t1S
52 transverse runaway will occur.

In the second caseD→0 asa→`, i.e., a Hall field is not
formed. In this case it is clear that only EB can occur, wh
TB and TR do not occur under these conditions. The rela
change in the breakdown value of the applied field in
© 1998 American Institute of Physics
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presence of the magnetic field here is also zero. At sm
valuesE is slightly larger thanEx , and at higher values i
approchesEx .

In a high magnetic field,

h~x0
0! tS a

h D 2t/~21t2S!

@1,

x0
0[S 21t2S

2 D 2/~21t2S! GS 5

21t2SD
GS 3

21t2SD , ~3!

we see by evaluatingD(E,H,t,S) that the Hall field is pro-
portional to the quantityh (22t2S)/(21t2S)a2t/(s1t2S). Of all
the possible combinations oft andS, only two correspond to
actually occurring scattering mechanisms: 1! t.0, 2.S
2t; 2! t52utu,0, 2.S1utu. In the first case the Hall field
always grows with increasinga, and, using Eq.~3!, we can
rule out all three effects in this case. Here TR arises fot
1S52.

For the dependence of the internal field on the app
fields and the scattering mechanisms we obtain

a5~D0
0!2~21t2S!/~22t2S!hax

~21t2S!/~22t2S! , ~4!

D0
0[S 21t2S

22t2SD t/~21t2S! GS 51t2S

21t2SD
GS 52S

21t2SD , ax[S Ex

E0
D 2

.

Under the given conditions one can more efficiently vary
internal field by means of an applied electric field. In the ca
of impurity breakdown the internal breakdown fielda* is
fixed. Thenax* or h* can be determined from Eq.~4!. As h
ll

d

e
e

increases, the value ofax* decreases, and forh→` it goes
asymptotically to zero. Consequently, the relative change
the breakdown value of the applied electric field should
proach 1 in a high magnetic field. Analyzing the behavior
h* with this same equation, we see that it decreases m
rapidly with increasingax .

In the second case, ift is replaced by2utu, we see that
under these conditions it is more efficient to vary the inter
field by means of a magnetic field. It is also obvious that T
and EB occur in this case, while TR does not occur.

By analyzing the EB process one is readily convinc
that here, as in the first case, the relative change in the br
down electric field in a high magnetic field approaches 1

General conclusions as to the behavior of the relat
change of the breakdown electric field in response to a m
netic field are in complete agreement with the results o
numerical simulation.7

1É. I. Zavaritskaya, Tr. Fiz. Inst. Akad. Nauk SSSR~FIAN! 38, 41 ~1966!;
E. V. Bogdanov, V. A. Popov, and L. S. Fle�tman, Fiz. Tekh. Polupro-
vodn.19, 1929~1985! @Sov. Phys. Semicond.19, 1189~1985!#.

2M. Toda and M. Glicksman, Phys. Rev.120, 1317 ~1965!; V. V.
Vladimirov, V. N. Gorshkov, A. G. Kollyukh, and V. K. Malyutenko, Zh
Éksp. Teor. Fiz.82 2001 ~1982! @ Sov. Phys. JETP55, 1150~1982!#.

3Z. S. Kachlishvili, Zh. Éksp. Teor. Fiz.78, 1955~1980! @Sov. Phys. JETP
51, 982 ~1980!#.

4Z. S. Kachlishvili and F. G. Chumburidze, Zh. E´ ksp. Teor. Fiz.87, 1834
~1984! @Sov. Phys. JETP60, 1055~1984!#.

5I. G. Gluzman, I. E´ . Lyubimov, and I. M. Tsidil’kovski�, Fiz. Tverd. Tela
~Leningrad! 12, 1064~1970! @Sov. Phys. Solid State12, 833 ~1970!#.

6Z. S. Kachlishvili, Phys. Status Solidi A33, 15 ~1976!.
7A. M. Jaber and Z. S. Kachlishvili,Twentieth International Conference
on the Physics of Semiconductors, Thessaloniki, Greece~1990!, Vol. 1,
pp. 344–345.
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Emissive characteristics of mesa-stripe lasers „l53.0–3.6 mm… made from InGaAsSb/
InAsSbP double heterostructures

M. A daraliev, N. V. Zotova, S. A. Karandashev, B. A. Matveev, M. A. Remenny ,
N. M. Stus’, and G. N. Talalakin

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted January 20, 1998!
Pis’ma Zh. Tekh. Fiz.24, 40–45~June 26, 1998!

The directional patterns, current–voltage characteristics, and spectral characteristics of mesa-
stripe lasers with InGaAsSb active layers, emitting atl53.0–3.6mm ~77 K! and having threshold
currents>15 mA (j th>200 A/cm2), are investigated. The maximum output power is 1.4
mW (l;3.3 mm!, the differential quantum efficiency;3% (t55 –30ms, f 5500 Hz! for lasing
in a longitudinal mode with beam divergencesDQ i;15° andDQ';30°. The relationship
of the differential quantum efficiency to the order of the spatial mode of the lasing is demonstrated.
A single-mode, current-tunable (230 cm21/A! laser is used to measure the transmission of
methane in the region of then3 absorption band. ©1998 American Institute of Physics.
@S1063-7850~98!02406-9#
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1. Diode lasers based on narrow-gap III–V compoun
lasing in the mid-IR region of the spectrum~3–4 mm! may
find application in spectroscopy and in devices for monit
ing environmental contaminants, since many indust
gases, e.g., hydrocarbons, have absorption bands in
spectral range.1,2

This paper is a continuation of our research on me
stripe lasers made from InGaAsSb/InAsSbP double het
structures emitting in the 3.0–3.6mm spectral range.3

2. The double heterostructures were grown by liqu
phase epitaxy~LPE! on undopedn-InAs ~111!A substrates
with n5(1 –2)31016 cm23 and consisted of three layers:
wide-gap confinment layer ofn-InAs12x2ySbxPy (0.05<x
<0.09, 0.09<y<0.18), the active layer of the lase
n-In12nGanAs12zSbz (n<0.07, z<0.07), and a wide-gap
emitter p-~Zn!–InAs12x2ySbxPy (0.05<x<0.09, 0.09<y
<0.18). The wide-gap layers had thicknesses of 4–6mm,
and the active layer 1–4mm. Mesa-stripe lasers with strip
widths of 10 and 20mm and cavity lengths of 150–600mm
were fabricated by photolithography.

Electroluminescence spectra were recorded by a DFS
4721063-7850/98/24(6)/3/$15.00
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spectrometer in a synchronous detection scheme. A co
InSb photodiode was used as the photodetector. For the m
surements of the current–power characteristics and the
field pattern a calibrated PbSe photoresistor was used.
measurements were made in pulsed (t55 –30 ms, f 5500
Hz! and cw modes atT577 K.

3. The experimental intensity distributionI (Q) in the far
zone is characterized by the orderm of the mode~m is the
number of intensity nodes of the field along the releva
axis! and a beam divergenceDQ ~the full angle measured a
half the maximum intensity!.

In planes perpendicular to the plane of thep–n junction
in lasers with active layer thicknessesd51 –2 mm we ob-
served the longitudinal modem50, DQ';30–35°. The ex-
perimental far-field patternI (Q')/I (0) of a laser with
l53.475 mm andd52mm is shown in Fig. 1a~the solid
curve1!. Also shown there~the dashed curve18) is the result
of a calculation ofI (Q')/I (0) according to the formula
I (Q')/I (0)5g4/(g21k0

2sin2Q')2, where g'(n2
22n1

2)k0d/
2, n2 and n1 are the refractive indices of the active regio
n-
FIG. 1. a: Directional patterns in a plane perpe
dicular to the plane of thep–n junction: m50
~curve 1!, m51 ~curve 2!, m50 ~calculation,
dashed curve18); b: directional patterns in a plane
parallel to the plane of thep–n junction: m50
~curve1!, m51 ~curve2!.
© 1998 American Institute of Physics
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FIG. 2. Current–power characteristics of lasers emitting in
m50 mode ~curve 1! and them51 mode ~curve 2!. The inset
shows the current–voltage characteristic of the laser~see text for
the parameters of the laser!.
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and the confinement layer, respectively,k052p/l, l is the
wavelength in vacuum, andd is the thickness of the activ
region. Agreement between the experimental and calcul
relations was achieved at a valuen22n150.065, which is
close to the value calculated by linear interpolation.

For d52.5–4 mm we observed the transverse mo
m51 ~curve2 in Fig. 1a!, with DQ';50–60°.

In the plane parallel to the plane of thep–n junction the
directional pattern depended on the stripe widthw. For
w510 mm a longitudinal mode (m50), with a divergence
DQ i;15° was observed~curve 1 in Fig. 1b!, while for
w520 mm the transverse modem51 ~curve2 in Fig. 1b!,
with DQ i;40–45°, was more often realized. Similar resu
have been obtained in Ref. 4.

The lasers had threshold currentsI th
puls from 15 to 100

mA, and I th
cw51.1I th

puls ~threshold current density>200
A/cm2). As a rule, lasers emitting in the spatial mo
m50 had a lower threshold current than lasers emitting
the transverse mode.

In the current interval (1 –2)I th the emission spectrum
was single-mode; in the multimode regime the intermo
separation was 20–90 Å , corresponding to a valueDl
5l2/2nL, wheren is the refractive index of the active regio
and L is the length of the cavity. As the pump current w
increased the wavelength of an individual mode would d
in the long-wavelength direction at a rate ofdk/dI;30
cm21/A. In the multimode regime the longer-waveleng
mode would become dominant as the current was increa

Figure 2 shows the current–power characteristics of
sers emitting in the longitudinal mode~curve 1! and in the
transverse modem51 ~curve 2! (w520 mm, d52 mm,
l153.335, l253.304 mm!. For lasing in the longitudina
spatial mode the differential quantum efficiencyhdif is ;4
times higher than for lasing in them51 mode ~3% and
0.8%, respectively,I 51.1I th). This behavior agrees with th
prediction of the theory5 that the optical confinement de
creases with increasing mode order.

The inset in Fig. 2 shows the current–voltage charac
istic of a laser withl53.012mm, L5300 mm, andw520
mm. The cutoff voltage is;0.54 V, which is close to the
ed

n

e

t

d.
-

r-

band gap (;0.41 V!, and forI .70 mA the current–voltage
characteristic comes to a linear region with a series re
tanceR;1.4 V.

The current–power characteristic is sublinear, with
maximum pulse power from two faces;1.4 mW (w520
mm, I 520I th , T577 K!. In cw operation of the laser the
maximum power fell to;0.4 mW. Achievement of highe
power is limited by the inverse cutoff of lasing, which
accompanied by a change in sign of the differential quant
efficiency. By comparing the current and temperature dep
dences of the differential quantum efficiency and the wa
length of the dominant mode, we were able to conclude t
the active medium was heated byDT;5 –15 K at a current
of three times over threshold.

Degradation of the laser, with irreversible changes in
current–voltage characteristics, occurred at current dens
>50 kA/cm2.

A laser with l53.320 mm, I th520 mA, dk/dI;30
cm21/A ~drift in the long-wavelength direction! was used to

FIG. 3. Transmission spectra of gaseous mixtures containing 0.53, 1.05
2.06% methane for laser radiation atl53.320mm.
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measure the transmission of a CH4/air gaseous mixture~the
methane concentration was 0.53, 1.05, and 2.06% by
ume! in an intervalDk;1 cm21. The laser was placed in a
evacuated cryostat, and the beam was sent through a
containing the mixture under study, with an optical pa
length of 10 cm, and was focused by a LiF lens onto a P
photoresistor. The curves of the transmission as a functio
the pump current shown in Fig. 3 demonstrate that th
lasers can be used in devices for gas analysis and diode
spectroscopy.

In closing, the authors express their gratitude to N.
Il’inskaya for technical assistance rendered in the course
this study and to Yu. P. Yakovlev for his interest and atte
tion.
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Features of the deformation of Ge–GaAs heterostructures under concentrated loads
I. E. Maronchuk, S. R. Sorokolet, and I. I. Maronchuk

Kherson State Technical University
~Submitted December 5, 1997!
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A new effect not previously observed is investigated and described. This effect can give a deeper
understanding of deformation processes in heterostructures and the phenomena occurring at
heterojunctions. ©1998 American Institute of Physics.@S1063-7850~98!02506-3#
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The deformation of heterostructures depends on the b
properties of the materials of which they are made, th
geometric dimensions, and their structural perfection.1 How-
ever, the influence of residual stresses and misfit dislocat
arising at the heterojunctions have not been investigated
ficiently.

As the object of study we chose Ge–GaAs heterostr
tures, which have rather high residual stresses and high
sities of misfit dislocations at the heterojunction.

The heterostructures were grown in an open iodine g
transport process2 on substrates of single-crystal gallium a
senide with the~001! orientation at an iodine temperature
90 °C. Hydrogen was delivered through a palladium puri
ing filter at a flow rate of 431023 m/s. The germanium
epitaxial layers were 5–10mm thick and had a perfect sur
face morphology.

Microindentation of the samples was done with a Vic
ers pyramid on an MI 280.003 machine, which is design
for testing the brittleness of materials. The load on the
denter was 50–150 g. The machine was equipped wit
furnace for conducting tests at temperatures up to 400
For studying the dynamics of the motion of dislocations, t
different indentation procedures were used: 1! at room tem-
perature with a subsequent high-temperature anneal, an!
at elevated temperatures~150 °C,T,300 °C!. The second
procedure has rarely been used on account of the cha
distribution of the dislocation ensembles in strained regio
To elucidate the features of the dynamics of the motion
dislocations under concentrated loads, we subjected the
dented surface of the sample to high-temperature etchin
iodine vapor. The technique was essentially as follows. G
GaAs heterostructures that had been indented at tempera
of 50–80 °C were placed in a quartz reactor. The samp
were etched for five minutes at temperatures of 200–500
in a flow of hydrogen that had been purified through a p
ladium filter and transported iodine vapor from a sou
heated to 80–120 °C. The dislocation rosettes obtaine
this way were studied under a MII-9 metallographic micr
scope.

Examination of the deformed regions arising during
dentation of the sample at room temperature and heat tre
in iodine vapor at 600 K revealed the presence of two s
tems of slip lines around the indentation~Fig. 1!. The first
system of slip lines was formed by a system of squares w
sides parallel to the diagonals of the indenter and coincid
4751063-7850/98/24(6)/2/$15.00
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with the@100# direction of the epitaxial structure. The second
system of squares was oriented along the@110# direction and
was inclined at a 45° angle to the first system of square
When the orientation of the indenter deviated from the cry
tallographic directions the pattern of slip line was preserve
but the clarity of their appearance was different.

Since the basic regularities observed in the study of th
volume distribution of dislocations around the indentation
are general for different orientations of the pyramidal inden
ers relative to the crystallographic axes of the sample, it c
be assumed that these regularities are due to features of
stress state arising in the heterostructure under a concentra
load.

The systems of slip lines shown in Fig. 1 can account fo
the emergence on the surface of the dislocation loops form
in the operation of a Frank–Read source at the vertex of t
indentation. Under concentrated loading of the~001! surface
the deformations develop first in the interior of the crysta

FIG. 1. System of slip lines around an indentation made by pressing
indenter into the~001! face of a Ge–GaAs heterostructure.
© 1998 American Institute of Physics
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along the (001)45 and (101)45 planes, which lie at an angle o
45° to the~001! plane, while the dislocation loops along th
~1̄01! and~01̄1! planes protrude upward~Fig. 2!. The system
of slip lines apparently turns around when the heterojunc
is reached. Because the Peierls barrier is lower in gall
arsenide than in germanium, the misfit dislocations at
heterojunction are distributed in the gallium arsenide alo
~011! and~101!, making the gallium arsenide harder in the
planes near the heterojunction. For this reason the deve

FIG. 2. Diagram of the initial deformations of a Ge–GaAs heterostruct
n
m
e
g

p-

ment of deformation under a concentrated load occurs in
interior of the structure in the gallium arsenide near the h
erojunction, not along the (011)45 and (101)45 planes but
along the~111! planes, and the dislocations emitted by t
bulk Frank–Read source propagate toward the surface o
heterostructure along the~1̄ 1̄1! planes.

The distance between edges of the slip bands in
small system of squares characterizes the distances bet
the bottom of the indentation and the heterojunction, so t
one can use the known values of the diagonal dimension
the indentation and the depth of the indentation and the
mension of the larger square in the first system to determ
the thickness of the epitaxial layer. The thickness of the
itaxial layer calculated from the experimental values agre
to within the error limits with the thickness determined on
cleaved surface of the structure using an MII-9 microsco
The agreement of the calculated and experimental value
the epitaxial layer thickness confirms the validity of our pr
posed model for the formation of the dislocation rosette.

1M. G. Mil’vidski � and V. B. Osvenski�, Structural Defects in Semiconduc
tor Epitaxial Films @in Russian#, Metallurgiya, Moscow~1985!.

2I. E. Maronchuket al., in Growth and Synthesis of Semiconductor Cry
tals and Films@collected works, in Russian#, Part 2, Nauka, Novosibirsk
~1975!, p. 281.
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Electroluminescence of quantum-well structures on type-II InAs/GaSb heterojunctions
K. D. Moiseev, B. Ya. Mel’tser, V. A. Solov’ev, S. V. Ivanov, M. P. Mikha lov,
Yu. P. Yakovlev, and P. S. Kop’ev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted February 10, 1998!
Pis’ma Zh. Tekh. Fiz.24, 50–56~June 26, 1998!

The electroluminescent properties of quantum-well diode structures on staggered type-II
heterojunctions in the InAs/GaSb system, obtained by molecular-beam epitaxy on InAs substrates,
are investigated. Electroluminescence is observed in the spectral range 3–4mm at T577 K.
It is found that emission bands due to recombination transitions involving electrons from the size-
quantization levels of both the self-matched quantum wells at the InAs/GaSb type-II
heterojunction and of the square quantum wells in short-period superlattices. ©1998 American
Institute of Physics.@S1063-7850~98!02606-8#
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In recent years semiconductor laser diodes for
mid-IR range~3–5 mm! based on narrow-gap III–V com
pounds have been investigated at a number of rese
centers.1–4 Such lasers would have application in enviro
mental monitoring and high-resolution laser spectrosco
With the goal of making a long-wavelength laser operat
near room temperature, there is an ongoing search for
physical approaches to the design of such lasers and
promising new materials. One of the most promising desi
from this standpoint utilizes staggered type-II heteroju
tions and quantum-well structures based on the GaSb/I
system, grown by liquid-phase epitaxy~LPE!5 and by
molecular-beam epitaxy~MBE!.6 The first results on the
study of photo-electroluminescence in isolated quant
wells grown by MBE were reported in Ref. 7.

In this paper we report a study of the electroluminesc
properties of quantum-well~QW! structures and short-perio
superlattices~SPSLs! made from staggered type-II InAs
GaSb heterojunctions.

The investigated structures were grown by MBE onp-
InAs ~100! substrates at a temperature of 500 °C. The gro
rate for the GaSb was 100 Å/min, and that for the InAs w
20 Å/min. It is known that in QW structures in th
~Al,Ga!Sb/InAs layer the type of chemical bonding at t
heterointerface has a significant influence on the electr
and optical characteristics of the quantum well,8 and the best
characteristics are obtained for structures with an InSb-
interface, i.e., one in which the InAs layer is terminated
indium atoms and the Al~Ga!Sb layer starts with antimony
atoms. Previously on the basis of a thermodynamic anal
of the MBE growth of strained Al~Ga!Sb/InAs structures
with both InSb-like and Al~Ga!As-like interfaces, we estab
lished the optimal conditions for the formation of heter
interfaces completely free of bonds of the Al–As or Ga–
type.9 In the present study, an InSb-like heterointerface w
formed at all the interfaces by growing a single InSb mon
layer with a tenfold excess of Sb atoms over In atoms in
flux onto the growth surface.

We investigated the electroluminescent properties of
types of light-emitting diode~LED! structures, which we will
4771063-7850/98/24(6)/3/$15.00
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call LED1 and LED2~Fig. 1!. The active region of light-
emitting diodes~LEDs! of type LED1 was a three-period 50
Å –InAs/100 Å –GaSb heterostructure placed between
heavily-doped contact layers ofp- or n-type indium arsenide
(n,p;231018 cm23 at T5300 K; Fig. 1a!. For the active
region we used nominally undoped GaSb layers (p;5
31016 cm23, 300 K! and lightly Be-doped layers of InAs
(p;131017 cm23, 300 K!. The LED2 structures were three
period 50 Å –InAs/50 Å –GaSb SPSLs based on nomina
undoped layers also placed between heavily dopedp1- and
n-type InAs layers. In this case, however, to improve t
electron confinement the InAs/GaSb SPSL was clamped
tween wide-gap AlSb layers 100 Å thick~Fig. 1b!.

The LED structures were fabricated by the standard p
tolithographic technique in the technology of mesa diod
with a mesa diameterd5300 mm and contact diameter 5
mm. The electroluminescence~EL! measurements wer
made atT577 K. The EL spectra were recorded by a
MDR-4 grating monochromator with a 150 lines/mm grati
by the method of synchronous detection. The detector wa
InSb photoresistor cooled by liquid nitrogen. The EL w
studied in a pulsed mode with pulse lengths in the range
ns–2.5ms and a pulse repetition ratef 5105 Hz.

When an external bias was applied to the LED1 str
tures, electroluminescence was observed in the spectral r
3–4mm atT577 K. The emission arose under forward bi
when the voltage reachedU;0.6 V. Here the EL spectra
contained two pronounced bands with emission maxima
hnA5360 meV (lA53.44 mm! and hnB5408 meV (lB

53.04mm! and a half-width of 25 meV~Fig. 2!. As we see
from Fig. 2, the long-wavelength emission bandA in the EL
spectra was more intense than the short-wavelength banB,
and only a slight redistribution of the intensity betwe
bands was observed at large currents. In addition, as the
ternal bias was increased (U.0.8 V! we obtained a ‘‘blue
shift’’ of the maximum of bandA by an energy of 13 meV
(hnA5373 meV!, while the energy position of bandB re-
mained unchanged. It should be noted that the energy of
maximum of bandA, hnA5360–373 meV, is lower than the
band gap of the semiconductors of which the heterostruc
© 1998 American Institute of Physics
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is made (EgInAs5410 meV andEgGaSb5805 meV at 77 K!.
The existence of the long-wavelength emission banA

in the EL spectrum and the observed ‘‘blue shift’’ of th
maximum as the pump current is increased are attributed
the authors to indirect~tunneling! radiative transitions at the
type-II GaSb/InAs heterointerface. Here the electrons loc
ized at QW levels on the InAs side recombine with hea
holes in the GaSb. Similar behavior of the emission band
the EL spectra were observed previously by the authors
single isotropic staggeredp-GaInAsSb/p-InAs heterostruc-
ture grown by LPE.10

When a forward bias is applied to an LED2 structu
light emission is observed starting atU;0.6 V, just as in the
LED1 structures. At an initial bias with low pump curren
the EL spectrum is dominated by radiation with a maximu
at an energyhn5339 meV~3.65 mm! and half-widthDhn
560 meV. Upon further increase in the bias on the struct
(U.0.8 V! the EL spectrum consists of three bands w
maxima at energieshnA5357 meV ~3.47 mm!, hnB5377
meV ~3.29mm!, andhnC5428 meV~2.90mm!; see Fig. 3.
At large pump currents~at bias voltagesU.1.0 V! the in-
tensity of bandsB andC increased significantly in compar
son with that of bandA, and bandB dominated the EL spec
trum in intensity.

The existence of three bands in the EL spectrum of
LED2 structures is attributed by the authors to radiative tr
sitions of electrons from a triply split level in the InAs/GaS

FIG. 1. Schematic band diagram of light-emitting diodes made from het
structures of types LED1~a! and LED2~b!.
by

l-
y
in
a

,

e

e
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SPSL to levels of localization of heavy holes. The wa
functions of the electrons in the investigated SPSL can ov
lap, so that one can suppose that a single split state of
electrons exists, whereas the holes are localized at isol
levels in quantum wells. The emission bandsA and B are
attributed to transitions of electrons from the two lower sp
electronic levels to the first hole level. Emission bandC in
the EL spectrum, we believe, is a superposition of two rad
tive transitions: from the upper split electronic level to t

o-

FIG. 2. Electroluminescence spectra of type LED1 heterostructures at
ferent pump currents:1 — 80 mA; 2 — 200 mA.

FIG. 3. Electroluminescence spectra of type LED2 heterostructures at
ferent pump currents:1 — 50 mA; 2 — 100 mA; 3 — 200 mA.



to

ell
d

o
te
s
rv
on
n

an
om

a
e

io

fo
u

ta
S

.

n,

v,

d

.
ev,
mi-

.
n

ov,

i-

v,

479Tech. Phys. Lett. 24 (6), June 1998 Moiseev et al.
first hole level, and from the lower split electronic level
the second hole level. These results are in good agreem
with the calculated energy levels for isolated quantum w
(Ee5290 meV for electrons in the InAs quantum well, an
Eh

1550 meV for holes in the GaSb quantum well!.11

In summary, quantum-well diode structures based
staggered type-II heterojunctions in the InAs/GaSb sys
were grown on InAs substrates by MBE. Electrolumine
cence was observed in the structures in the spectral inte
3–4mm atT577 K. We observed the existence of emissi
bands due to recombination transitions involving electro
from size-quantization levels both from self-matched qu
tum wells at the InAs/GaSb type-II heterointerface and fr
square quantum wells in a short-period superlattice.

This opens up the possibility of using such structures
the active medium of a new kind of long-wavelength las
operating in the mid-IR.

The authors thank G. G. Zegrya for a helpful discuss
of the results.
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The ‘‘zero’’ current and self-sustaining electron bunches in M-type devices
V. B. Ba burin, A. A. Terent’ev, A. V. Sysuev, S. B. Plastun, and V. P. Eremin

Saratov State Technical University
~Submitted December 5, 1997!
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When the processes occurring in the entire interaction space of a magnetron device are included
simultaneously in a numerical simulation it is possible to observe the onset and behavior
of stable solitary electron bunches. It is shown that these self-sustaining electron bunches may be
responsible for the existence of an anode current in the absence of rf interaction. ©1998
American Institute of Physics.@S1063-7850~98!02706-2#
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Millimeter-wave magnetrons have the well-known pro
erty that small deviations ('67%) of the anode voltageUa

from the nominal working valueUn , which is usually close
to critical (0.72–0.83Uc), cause the oscillations to stop an
the power to fall practically to zero, while the anode curre
remains close to its nominal value. In particular, the ex
tence of this current, usually called the ‘‘zero’’ current, h
been blamed for the low efficiency of millimeter-wave ma
netrons. A possible cause of the zero current may be
existence of stable electron bunches that revolve around
cathode in magnetron devices. The relationship between
oscillatory properties of the electronic structures and the p
cesses occurring in a magnetron diode, in particular, the
ode current in the cutoff regime, have been investigated b
theoretically and experimentally in many papers.1–5 In a re-
cent paper5 the existence of a solitary electron wave w
assumed and an analytical estimate was made of its cha
teristics ~shape, dimensions, etc.!; the possibility of current
flow to the anode was demonstrated.

In such a situation it is advisable to exploit the capab
ties of rigorous numerical models of the particle-in-c
~PIC! type,6 which have proved their worth in the analysis
the dynamical regimes of magnetron devices~see, e.g., Refs
6 and 7!, to investigate the conditions for the existence
solitary electron waves in regimes close to the critical.

In this paper we report the results of computer simu
tions using a two-dimensional numerical model of t
magnetron6 which show the scenario for the onset and ex
tence of self-sustaining electron bunches and a ‘‘zero’’ c
rent to the anode in the absence of interaction with an
wave. The computer code permits calculation of the dyna
cal parameters of the device and the configuration of
electron swarm in the entire interaction space of the devic
each time step.

Computer simulations were carried out at deviations
Ua from Un within the limits6(7 –10%) and also, for com
parison, in the nominal regime (Ua5Un). The following
picture of the processes occurring in the device emer
from these simulations.

Initially ~in the first 10–20 rf periods! a brief growth of
the rf amplitude to a level of'0.1 of the nominal value is
observed, and electrons are drawn to the anode and
electron spokes analogous to those arising in the work
4801063-7850/98/24(6)/3/$15.00
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regime. Over the next 30–40 rf periods the oscillations s
and the electron spokes are destroyed. The output power
to zero, and the electron spokes transform into one or
self-sustaining~without the involvement of rf fields! electron
bunches. The value of the anode current is equal to the e
sion current and is maintained indefinitely, as are the e
tron bunches themselves; this is the first time such beha
has been observed in a computer simulation.

It should also be noted that analogous electron bunc
also arise in the magnetron-diode regime~the rf field was set
to zero in the calculations!.

Figure 1a and 1b shows typical configurations of t
self-sustaining electron bunches for different values ofUa

~Fig. 1a — above nominal, and Fig. 1b — below nomina!.
For comparison, Fig. 1c shows the configuration of the el
tron swarm in the nominal regime. For convenience the
lindrical configuration is shown in the coordinatesx5w (0
,w,2p) andy5 ln(r/rc) (0,y, ln(ra /rc)), wherer c andr a

are the radii of the cathode and anode, respectively.
The existence of self-sustaining electron bunches is

to the influence of space-charge fields. Since the anode v
ages of millimeter-wave magnetrons in the investigated
gimes are close to critical (Ua'0.7–0.9Uc), even when the
oscillations have stopped, the radial force of the space ch
~which near the anode has the same sign as the dc a
electric field! is sufficient for direct passage of electrons
the anode and maintenance of the electron bunch.

The calculations showed that the position of the reg
in which the self-sustaining electron bunches arise is rand
along the length of the device and is determined by the
cumstance that the instantaneous configuration and valu
the charge at a given site combine to produce a radial sp
charge field sufficient for passage of current to the anod

It should be noted that as the anode voltage increa
and approaches the critical value, the region occupied by
electron bunches expands until the direct passage of cu
occupies the entire azimuthal length of the device.

As the anode voltage is lowered, the number of elect
bunches increases, and then the electron swarm transf
into a comparatively uniform formation.

To elucidate the general properties of the effect we c
ried out simulations of the processes occurring in centime
wave magnetrons at anode voltages close to the critica
© 1998 American Institute of Physics
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FIG. 1. Configuration of the electron swarm in the interaction space of a millimeter-wave magnetron: a —Ua.Un , b — Ua,Un , c — Ua5Un .
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turned out that bunches were observed in them, that an a
current comparable to the nominal value flowed, and t
there was no output power.

At the same time, if the operation of centimeter-wa
magnetrons is modeled at anode voltages exceeding
working voltage but far from the critical values (;0.4–
0.5Uc), then the formation of the electron bunches does
occur, and there is no current to the anode nor generatio
radiation.

It follows from what we have said that inM-type devices
operating at anode voltages close to the critical (>0.75Uc),
self-sustaining~without the involvement of rf fields! electron
bunches can arise which are responsible for the presenc
the ‘‘zero’’ current in millimeter-wave devices.
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It should be noted that the effect described could
observed only in the framework of a multiperiod model,6 i.e.,
with the entire interaction space treated simultaneously.

The results obtained here are extremely important from
practical standpoint, since they will make it possible to
duce the ‘‘zero’’ current inM-type millimeter-wave devices
through a destruction of the self-sustaining electron bunc
by certain design measures analogous to those used to
press the electron spokes in the drift space of magne
amplifiers,8 for example.

1V. A. Berbasov, M. I. Kuznetsov, and S. V. Stepanov, Izv. Vyss
Uchebn. Zaved. Radiofiz.11, 1423~1968!.
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Optimization of the contrast, brightness, and modulation amplitude of light
in electrooptic devices based on polymer-encapsulated ferroelectric
liquid crystals

V. Ya. Zyryanov, S. L. Smorgon, A. V. Shabanov, and E. P. Pozhidaev

L. V. Kirenski� Institute of Physics, Siberian Branch of the Russian Academy of Sciences, Krasnoyarsk
~Submitted December 10, 1997!
Pis’ma Zh. Tekh. Fiz.24, 63–67~June 26, 1998!

An analysis is made of the relations connecting the maximum optical transmittance, the light
modulation amplitude, and the contrast in a polymer-encapsulated ferroelectric liquid-
crystal device to the geometry of device and the tilt angleu of the director. The correctness of
the calculations is confirmed by their agreement with experimental measurements.
© 1998 American Institute of Physics.@S1063-7850~98!02806-7#
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Planar-oriented films of polymer-encapsulated ferroel
tric liquid crystals~PEFELCs!1,2 can be used for modulatio
of plane-polarized light3–5 through the electric-field-
controlled light-scattering effect. The material is prepared
such a way1–5 that the directors of the LCs in all the drople
are oriented in the same direction in the plane of the fi
Such a film is semitransparent for light polarized perpendi
lar to the director if the refractive index of the polymer m
trix is equal to the ordinary~in the optically uniaxial approxi-
mation! refractive index of the FELC. At the same time, lig
polarized parallel to the director is strongly scattered. T
application of an alternating electric field leads to modu
tion of the director orientation in the plane of the film wi
an amplitude of 2u, whereu is the tilt angle of the FELC
molecules with respect to the plane of the smectic layers

The amplitude of the change in the transmittance up
modulation of plane-polarized light transmitted through
PEFELC film is determined by the relations:3–5

DT5~T'2Ti!sin 2a sin 2u, ~1!

where T'5I' /I 0 and Ti5I i /I 0 are the optical transmit
tances for light polarized perpendicular and parallel to
director of the FELC,I 0 the intensity of the components o
the incident light,I' and I i are the intensities of the corre
sponding components of the transmitted light, anda is the
average over the ensemble of droplets of the angle betw
the normal to the smectic layers and the plane of polariza
of the incident light~see the inset in Fig. 1!.

In a number of cases, especially in display devices,
is more interested in such optical characteristics as the
trast and brightness than in the transmittance modulation
plitudeDT. The goal of this paper is to analyze the possib
ity of optimizing these characteristics of PEFELC devices
a single-polarizer geometry.1–5

The PEFELC film samples were made from the fer
electric liquid crystal ZhKS-285~FIRAN! with phase
transition temperatures Cr–~22°C!–SmC* –57°C–SmA–
112°C– Is, which was mixed with polyvinylbutyral in a pro
portion of 4 : 6. The tilt angleu of the molecules for ZhKS-
285 at room temperature is 27°. The thickness of the film
approximately 5mm. The planar-oriented state of the film
4831063-7850/98/24(6)/2/$15.00
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achieved by a shear deformation. The components of
transmittance (l50.633 mm! were T'50.53; Ti50.008.
Electrooptic measurements were made with a sinuso
electric signal having a frequency of 1 kHz.

We restrict discussion to the range of anglesa50 –90°
~see the inset in Fig. 1!. The maximum optical transmittanc
achievable with modulation of the optical signal determin
the maximum brightness of the device and can be calcula
from the formula

Tmax5T' sin2~a1u!1Ti cos2~a1u!

5Ti1~T'2Ti!sin2~a1u!. ~2!

In our caseTmax reaches its maximum value, equal toT' , at
a1u590°, i.e., ata590°2u563° ~Fig. 1!.

It follows from Eq. ~1! that the maximum light modula
tion amplitude~the modulation amplitudeDT of the trans-
mittance! at any value of the angleu will correspond to an
anglea545° ~Fig. 1!.

The dependence of the contrast on the anglea is given
by the formula

FIG. 1. The contrastC, the maximum transmittanceTmax, and the transmit-
tance modulation amplitudeDT as functions of the anglea, as calculated
using Eqs.~1!–~3!. The inset shows the relative orientation of the polariz
P, the normalN to the smectic layers, and the director of the FELC.
© 1998 American Institute of Physics
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C5
Tmax

Tmin
5

T' sin2~a1u!1Ti cos2~a1u!

T' sin2~a2u!1Ti cos2~a2u!
, ~3!

from which it follows thatC reaches a maximum for

a50.5 cos21S T'2Ti

T'1Ti
cos 2u D . ~4!

It should be noted that the anglea in Eq. ~4! depends not
only on the tilt angleu of the molecules but also on th
anisotropy of the transmittance of the sample. However
the ratioTi /T' is small, then the anglea.u. In our case

FIG. 2. The contrastC, the maximum transmittanceTmax, and the transmit-
tance modulation amplitudeDT as functions of the applied voltage, me
sured fora545° ~a! anda527° ~b!.
if

a.27.6°. It follows from Eq.~3! that for such samples th
maximum contract of the PEFELC device can be estima
using the approximate relation

Cmax.11~T' /Ti21!sin2 2u.T' /Ti sin2 2u. ~5!

We see that the aforementioned characteristics
PEFELC devices in general reach their maximum values
different values of the anglea, and the positions of the
maxima of the contrast and maximum transmittance dep
on the angleu. The positions of the maxima draw close
together as the angleu is increased, becoming equal foru
545°. However, FELCs with a molecular tilt angleu
545° are exotic materials. Most of the commercially ava
able FELCs have tilt anglesu in the range 0–30°; in the
FELCs specially prepared for Clark–Lagerwall cells6 the
angleu.22.5°. By analyzing relations~1!–~5! one can es-
timate the range of variation of the values of the parame
and the possibility of optimizing them by changing the re
tive orientation of the polarizer and the PEFELC film.

As an illustration, Fig. 2a and 2b shows the modulati
amplitude of the transmittance, contrast, and maxim
transmittance as functions of the applied voltage for ang
a545° ~Fig. 2a! anda527° ~Fig. 2b!. For a545° the con-
trast barely reaches a value of 10. When the polarize
rotated toa527° the contrast increases to 43, while at t
same time the maximum transmittance decreases by app
mately 20% and the modulation amplitude by 10%. We s
that the good agreement is observed between the meas
characteristics in the saturation region~Fig. 2a and 2b! and
the results of the calculation~Fig. 1!.

This study was financed by Grant 2.3 of the Governm
Science and Technology Program ‘‘Physics of Quantum
Wave Processes.’’
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Modeling the energy profile of a shear in alloys with the D1a superstructure
M. A. Baranov, A. G. Nikiforov, and M. D. Starostenkov

Alta� State Technical University
~Submitted December 9, 1997!
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The profile of the energy surface of a shear in the principal slip system of the crystal of the alloy
Ni4Mo is obtained. All the possible metastable planar defects are identified. The strain
hardening mechanisms which are characteristic for the given superstructure are determined.
© 1998 American Institute of Physics.@S1063-7850~98!02906-1#
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It is known that plastic deformation in crystals and th
subsequent hardening are largely governed by the energ
of planar defects of the shear type.1 The description of shear
type defects is simplest in alloys with high-symmet
superstructures.2 Meanwhile, many alloys with specific
physico-mechanical properties crystallize into low-symme
superstructures. An example of such an alloy is Ni4Mo, with
the D1a superstructure. The properties of the D1a phase
been studied experimentally,3 and its crystallo-geometric de
scription is given in Ref. 4. The D1a superstructure is form
on the basis of an fcc lattice of sites and has the form of
sublattices, four of which are filled with atoms of speciesA
and one with atoms of speciesB. The coordinates of the site
of one sublattice are located at whole-number linear com
nations of the vectors of the body-centered basis

S e18

e28

e38
D 5S 3/2 1/2 0

21/2 3/2 0

1/2 1 1/2
D S e18

e28

e38
D ,

where (e1 ,e2 ,e3) are basis vectors directions along the edg
of the face-centered unit cube. In D1a, as in all alloys w
fcc lattices, slip occurs predominantly in planes of the~111!
4851063-7850/98/24(6)/2/$15.00
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type in the fcc basis. A projection of the crystal of the allo
Ni4Mo onto the~111! plane is shown in Fig. 1. The antiphas
boundaries~APBs! in the ~111! plane are formed by a shif
of the layerA and all the higher-lying layers by vectors o
the type 1/2̂110&, stacking faults~SFs! are formed by a shift
of the layerA to the position of layerB by vectors of the type
1/6̂ 211& or 1/3̂ 211&. As a result, four types of APBs an
five stacking faults can be formed. We denote them
APB1–APB4 and SF1–SF5 in accordance with the num
of the sublattice onto which the molybdenum atoms occu
ing the fifth sublattice of layerA are projected. For modeling
a shear defect it was assumed that the interactions betw
atoms are pairwise, central, and described by a Morse fu
tion. After the initial shearing and the pinning of the edges
the crystalline block, a search for the equilibrium configu
tion of the defect and the energy of its formationg was made
by a variational method. The energies of formation of t
defects and the shortest shift vector from the position of
ideal crystal are given in Table I.

The values obtained are close to the estimates mad
Ref. 3: for APBs,g540–60 mJ/m2. The nonzero energy o
formation of APB2~1.4 mJ/m2) is due solely to the tetrago
FIG. 1. Projection of the Ni4Mo crystal onto the~111!
plane.I — Ni, II — Mo. A, B, andC are the positions
of the projections of the layer, and1–5 give the number
of the sublattice.
© 1998 American Institute of Physics
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FIG. 2. Energy of formation of a planar defect obtaine
by a shift of the half crystal by a vectorp^1221& in the
~111! plane:1 — SF2 APB2,2 — SF1 APB1,3 — SF5,
4 — SF4 APB4,5 — SF3 APB3.
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nality of the lattice and is a crystallo-geometric effect. O
can assume that the alloy contains a skeleton of APBs w
are indifferent to decomposition but which present an i
pediment to the motion of dislocations in the intersect
planes.

Since SF2 and SF4 can be obtained by a shift by
shortest vector only from a configuration corresponding to
APB, they should be classified as complex, while SF1, S
and SF5 are superstructural.2 It is clear that all of the plana
defects given in Table I can be obtained by a shift in one
the directionŝ 1221& or ^1122&. A profile of theg surface
for the ^1221& direction is given in Fig. 2. The lighter curv
describes the starting configuration of the defect, the hea
curve the equilibrium configuration. The positions of t
minima corresponding to the APBs and SFs in their start
configuration are slightly shifted relative to the positions p
dicted by the hard-sphere model, a fact that can be expla
by the presence of long-range order in the alloy. A transit

TABLE I.

Defect Shift vector g, mJ/m2 Defect Shift vector g, mJ/m2

APB1 1/2̂0211& 71 SF1 1/6̂21212& 195
APB2 1/2̂1021& 1.4 SF2 1/3̂1122& 198
APB3 1/2̂1210& 114 SF3 1/6̂22121& 119
APB4 1/2̂0121& 90 SF4 1/6̂1221& 151

SF5 1/6̂21221& 60
h
-

e
n
3,

f

er

g
-
ed
n

to a state of metastable equilibrium corrects this situati
The atomic configurations of defects given in Table I we
visualized. The character of the microstrains near a de
turns out to be such that, on the whole, one cannot fin
plane in which the displacement vectors of all the ato
would lie, as can be done for a high-symmetry superstr
ture.

Thus a modeling of theg surface in the principal slip
planes of the D1a superstructure has revealed the pos
existence of five types of stacking faults and four types
antiphase boundaries. The solid-solution hardening ef
can come about both as a result of the presence of exte
APBs in the crystal and as a result of the complicated ch
acter of microstrains near stable planar defects.

1J. P. Hirth and J. Lothe,Theory of Dislocations, McGraw-Hill, New York
~1967! Atomizdat, Moscow~1972!, 600 pp.

2T. I. Novichikhina, M. A. Baranov, and M. D. Starostenkov, Pis’ma Z
Tekh. Fiz.22~5!, 81 ~1996! @Sov. Tech. Phys. Lett.22, 218 ~1996!#.

3G. I. Nosova, Author’s Abstract of Doctoral Dissertation@in Russian#,
Central Scientific-Research Institute of Ferrous Metals, Moscow~1981!,
36 pp.

4M. D. Starostenkov, S. M. Volkova, and V. G. German, Preprint@in Rus-
sian#, Alta� Polytechnical Institute, Barnaul~1992!, 40 pp.; Dep. VINITI
04.02.92@deposited ms., in Russian#, All-Union Institute of Scientific and
Technical Information, Moscow~1992!.
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Achieving a high sensitivity of measurements in optical systems for rewriting
holograms by incoherent light

A. M. Lyalikov

Ya. Kupaly Grodno State University
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It is shown for the first time that holograms can be rewritten by a single beam of incoherent
light without an accompanying growth of the frequency of the carrier fringes of the rewritten
holograms. This removes the restriction on the number of rewrite cycles and thus permits
the achievement of the maximum sensitivity of measurements. ©1998 American Institute of
Physics.@S1063-7850~98!03006-7#
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The method of raising the sensitivity of measureme
based on rewriting of holograms by a single light beam1,2

although permitting the use of an incoherent light source,
an important shortcoming: the number of rewrite cycles
limited on account of the growth of the frequency of t
carrier fringes of the rewritten holograms. This shortcom
is eliminated when two coherent beams or a combination
two coherent beams and one incoherent beam are used3 but
then the quality of the final interferograms is degraded
account of coherent noise. The number of rewrite cycles
also be increased by using only incoherent light, but in t
case it is necessary at the same time to rewrite several r
ence holograms.4

In this paper it is shown that growth of the frequency
carrier fringes of the rewritten hologram can be avoided
optical systems that utilize an incoherent single-beam rew
ing scheme. This lifts the restriction on the number of ho
gram rewrite cycles and thus allows a maximum sensitiv
of measurement.

To implement this method it is proposed to introduce
transmission diffraction grating with a fringe periodT be-
tween T0 and 1

2T0 , where T0 is the fringe period of the
original hologram to be rewritten. The optical processing
superposed holograms and diffraction gratings has been
previously in schemes for reconstructing interferograms.5

Let us assume that a hologram is recorded under lin
writing conditions. The amplitude transmittance of the init
hologram is

t0~x,y!;11cosF2px

T0
1«~x,y!G , ~1!

where«(x,y) are the phase changes caused by the inve
gated object. The hologram~1! is superposed with a trans
parent diffraction grating having a transmittance

t~x,y!5 (
n52`

`

cn expF in
2px

T G ~2!

~where thecn , n50,1,2, . . . arecoefficients! in such a way
that their carrier fringes are parallel. The superposed h
gram and diffraction grating are placed in the rewriting s
4871063-7850/98/24(6)/2/$15.00
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tem. Under illumination along the normal by a collimate
light beam, the distribution of the complex amplitudes of t
diffracted waves is

A~x,y!;t0~x,y!t~x,y!. ~3!

The diffraction spectra observed at the filtering d
phragm of the optical rewriting system, which was located
the rear focal plane of the objective, are shown in Fig. 1. T
first two photographs correspond to the diffraction spectra
the hologram~see Fig. 1a! and the transmission diffraction
grating ~see Fig. 1b!. In the experiment the periods of th
hologram and grating were chosen such thatT05 3

2T
50.04 mm. Around the central zeroth-order peak are
diffraction maxima of the waves diffracted by the hologra
into the6 first orders, with spatial frequenciesn0 and2n0

~see Fig. 1a!. Because a phase diffraction grating was used
the experiment, one observes not only the6 first order of
diffraction of waves with spatial frequenciesn and 2n but
also higher orders~see Fig. 1b!. The spectrum of the super
posed hologram and diffraction grating~see Fig. 1c! contains
not only the diffraction maxima corresponding to waves u
dergoing diffraction only on the hologram or only on th
diffraction grating but also additional diffraction maxima
These diffraction maxima correspond to waves that have
dergone double diffraction on the superposed hologram
grating. The spatial frequency of these waves is found fr
Eq. ~3! asDn15n2n0 , Dn252n2n0 , Dn35n1n0 . In the
case of nonlinear recording of the initial hologram~1! the
spectrum of the superposed hologram~now nonlinear! and
diffraction grating is considerably more complicated. T
frequenciesn0 andn are related to the periods asn051/T0

andn51/T. Waves that have undergone double diffractio
unlike waves with spatial frequencies that are multiples on,
have phase distortions«(x,y).

Of particular interest are waves with spatial frequenc
2Dn1 andDn1 ~see Fig. 1c!. It can be shown on the basis o
Eq. ~3! with allowance for Eqs.~1! and~2! that the complex
amplitudes of these waves are

A1~x,y!5a1 exp$ i @2p~n2n0!x2«~x,y!#%,

A1* ~x,y!5a1 exp$2 i @2p~n2n0!x2«~x,y!#%, ~4!
© 1998 American Institute of Physics



se
de
th

e
e

of

t in
en-
last

m
(
o-
ent
of
the

488 Tech. Phys. Lett. 24 (6), June 1998 A. M. Lyalikov
where a1 is the real amplitude. Upon selection of the
waves by a filtering diaphragm in the recording plane un
linear writing conditions a new hologram is rewritten, wi
the amplitude transmittance

t1~x,y!;11cosF2px

T1
12«~x,y!G . ~5!

It can be shown that if the periodT lies in the interval
from T0 to 1

2T0 , then at every odd rewrite cycle the fring
period TN of the rewritten hologram will be equal to th

FIG. 1.
r

fringe periodT0 of the initial hologram~1!. If T0 /T5 3
2, then

after every rewrite cycle one would haveTN5T0 .
Thus afterN rewrite cycles (N51,2,3, . . . ) onerecords

a hologram with a transmittance

tN~x,y!;11cosF2px

TN
12N«~x,y!G . ~6!

The sensitivity of measurement in the optical processing
such a hologram is raised by a factor of 2N without growth of
the frequency of the carrier fringes. It should be noted tha
the final rewrite stage an additional improvement in the s
sitivity of measurement can be gained by recording the
rewritten hologram under nonlinear conditions.

Fig. 1d shows a photograph of the diffraction spectru
of a final hologram that had been rewritten four timesN
54). The photograph confirms the workability of the pr
posed method of achieving high sensitivity of measurem
in incoherent optical rewriting systems. The sensitivity
measurement has been raised by a factor of 16 while
fringe period of the hologram has remained unchanged.

1Zh. Shvider,Materials of the III All-Union School on Holography@in
Russian#, Leningrad~1972!, pp. 247–254.

2I. S. Ze�likovich, Opt. Spektrosk.49, 396 ~1980! @Opt. Spectrosc.49, 215
~1980!#.

3I. S. Ze�likovich and A. M. Lyalikov, Usp. Fiz. Nauk161, 143 ~1991!
@Sov. Phys. Usp.39~1!, 74 ~1991!#.

4I. S. Ze�likovich and A. M. Lyalikov, Opt. Mekh. Promst.54~9!, 31 ~1987!
@I. S. Ze�linkovich and A. M. Lyalikov, Sov. J. Opt. Technol.54, 550
~1987!#.

5C. M. Vest,Holographic Interferometry, Wiley, New York ~1979!; Mir,
Moscow ~1982!, 504 pp.
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Displacement field and the aptness of models of the nonequilibrium ordering
in III–V composites

K. S. Maksimov and S. K. Maksimov

Moscow Institute of Electronic Engineering
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Experimental images with interference contrast for GaAsP/GaAs composites with self-modulated
composition are compared to the calculated images. The calculated images correspond to
two laws of variation of the composition deriving from the model of conjugate phases~a! and
the ‘‘synergetic’’ model~b!. All the features of the experimental images can be accounted
for only in terms of the synergetic model. Thus the aptness of this model and its underlying
hypotheses is demonstrated. ©1998 American Institute of Physics.@S1063-7850~98!03106-1#
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The compositional self-modulation arising in thre
component III–V compounds is explained by some auth
in the conjugate phase model1 as equilibrium spinoda
decomposition.2,3 Unlike quaternary alloys, where the de
composition is also observed for ‘‘massive’’ objects,4 in
GaAsP and GaAlAs a stratification occurs only in epitax
films.5,6 Therefore, the self-modulation effect was explain
in Ref. 7 and 8 in the framework of a nonequilibrium a
proach based on the hypothesis that the energy of mixinV
grows on account of the reconstruction of the surface. Ho
ever, the atomic order that also arises in III–V alloys
explained9,10 from the standpoint that the surface reconstr
tion lowersV. The direction of self-modulation for GaAs
and Ga12xAl xAs with x,0.3 coincides with the^001&
direction,5,6 as required by the model of Ref. 1. Therefor
the question of which of the approaches, that of Refs. 2
3 or that of Refs. 7 and 8, fits the circumstances of the th
component compounds requires an experimental ch
Finding the correct model for the magnitude will make
possible to resolve the contradiction7,9,10 as to the surface
energetics and to establish a reliable model of atomic or
ing ~that of Ref. 7 or that of Refs. 9 and 10!.

In the model of Refs. 7 and 8 the composition change
4 stages: a! the B-component fraction grows by a parabol
law; b! at the first boundary this fraction increases by a jum
c! the A-component fraction grows by a parabolic law; d! at
the second boundary theA fraction increases by a jump to
value exceeding its concentration near the first boundar11

The rate of change of the composition and the gradient of
displacement field change at the boundaries; there are
types of boundaries, distinguished by the signs of the str
localized near them.11

In spinodal decomposition two phases of constant co
position arise, separated by a transition region~gradient
boundary! with a spatial extent ofDx'1 nm.12 Here two
types of boundaries also arise, but the displacement fi
relative to the boundaries, in a Vegard’s law approximati
are translationally inverted.12

Variations of the composition are manifested on tra
mission electron microscope images through the displa
4891063-7850/98/24(6)/3/$15.00
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ment fields associated with them and through the defor
tion componentwe of the excitation errorw ~Refs. 11 and
13!. The displacement fields can be investigated by
method of inclined boundaries,14,15 which are observed on
the electron micrographs as oscillations of the intensity d
to interference of the waves scattered by the volumes s
rated by the boundary.14,15 In such a study the experimenta
electron micrographs are compared with the calculated
ages corresponding to the different models for the comp
tion variations.

Let us attempt to establish the aptness of one of
self-modulation models by an analysis of the variations
the composition for self-modulated GaAsP/~001!GaAs.5 Fig-
ure 1 shows the experimental intensity profiles along
direction of modulation on an electron micrograph of th

composite in the 11̄1 and 202̄reflections.
One can discern two scales of intensity oscillation. T

large-scale oscillation corresponds to a positivity of the co
position variation11 of '400 nm. The oscillation betwee

pointsB andC ~or B8 andC8 for the 11̄1 reflection! belongs
to the image of the boundary between the composition
mains and is an ‘‘interference’’ oscillation of the intensi
~IOI!.13–15All the individual oscillations of the IOI fit into a
single system of oscillations. The direction of the large-sc
oscillation and the IOI are the same. Only one type of bou
ary is present on an electron micrograph. The type of bou
aries imaged depends on the mutual orientation of the di
tions of the modulation, of the diffraction vectorg, and the
projections.

The period of the IOI in the 111̄ reflection is'1.5 times

larger than for the 202¯ reflection. The extent of the IOI zon

for the 11̄1 direction is 30% larger than for the 202¯ direc-

tion. The electron micrographs in the 111̄ and 202̄directions
belong to the same plane of projections~121!, i.e., at least for

the 202̄ reflection the IOI is observed only for part of th
image of the interdomain boundary. The number of IOI o
cillations on the electron micrograph remains unchanged

one goes from 11̄1 to 202̄ and is greater than three, whil
the thickness of the foil~in terms of the number of oscilla
© 1998 American Institute of Physics



n

The

The
-

490 Tech. Phys. Lett. 24 (6), June 1998 K. S. Maksimov and S. K. Maksimov
FIG. 1. Experimental profiles of the intensity for transmissio
electron micrographs of a GaAsP/~001!GaAs composite along the
@101# direction. The results of over 500 scans were averaged.

@121# projection. I —g5@202̄#; II — g5@11̄1#; AD (A8D8 for

g5@11̄1#) are the boundaries of the repeating motif;BC (B8C8)
are the boundaries of the zone of interference oscillations.
relative intensity is plotted on they axis, and the distance in frac
tions of a micron is plotted on thex axis.
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tions on an electron micrograph of inclined dislocations! is
.10jg (jg is the extinction length!.13

In the transition through the boundary the value the m
nitude and direction ofg change, as does the sign ofwe . The
variations ofg andwe grow as the direction ofg approaches
the modulation direction.14,15 The IOI is due to a superpos
tion of two types of contrast: moire´ and displacemen
fringes,13–15each of which corresponds to its own system
oscillations. The periodicity of the moire´ is ;1/uDgu and
varies as 1 : 0.5 : 0.33 for the 111̄, 202̄, and 113̄reflections.
The contrast of the displacement fringes oscillates as
depth at which the boundary lies is varied, with a peri
(jg)w5jg /A11w2. Estimates ofwe using the expression
of Ref. 11 for a mismatch of the initial parametersDa
51% gives (we)11̄1'2.0 and (we)202̄'4.0. The experimen-
tally observed direction of the IOI corresponds to two typ
of contrast, but the experimental changes in the period of
IOI as g is changed do not correspond to the moire´ pattern.

The excitation of Bloch waves at the entrance to
crystal depends on the sign and magnitude ofw: for w,0
the absorbed Bloch wave is dominant, while forw.0 it is
the transmitted Bloch wave.13 Herewe has different signs for
-

f

e

s
e

e

the different types of boundaries, and a sufficient level
intensity is attained only for boundaries of one type.

Our modeling of the electron micrograph has establish
the following.

If the composition is constant within a domain an
changes abruptly at the boundary or has a gradient boun
with Dx51 nm ~the model of Ref. 12!, then two systems of
IOIs arise: moire´ and displacement fringes, and the resulti
IOI is observed over the entire electron micrograph~Fig. 2!.
The intensities of different types of boundaries on the el
tron micrograph are different, and the level of contrast e
ceeds 5%~the condition for distinguishability of details o
an electron micrograph!13 only for boundaries of one type
The IOI is maintained over the entire electron micrograph
the crystal is deviated from the Bragg position by as much
w510. With increasing extent of the gradient boundary t
IOI are suppressed forDx.1 nm; here the moire´ vanishes
first, and the resulting intensity oscillations become weak
but this occurs simultaneously over the entire area of
electron micrograph.

If the composition of the composites varies in acco
dance with Refs. 7 and 8, and over 50% of the total am
of

t

er

ns;
FIG. 2. Calculated profiles for electron microscope images
the boundaries; the lattice parameters were^a&50.555 nm,
Damax560.0015 nm; the@121# projection, modulation along

@001#, g5@202̄#, etc. 1! Spinodal decomposition,Da
50.003tanh(206x); 2 — the model of Refs. 6 and 7; to the lef
of the boundaryDa50.00320.00054x20.000075x2; to the
right of the boundaryDa50.002420.0054(2/p)tan21Ax (x is
in units of jg); at the boundaryDa50.0003 nm,jg570 nm,
jg /jg850.05. The foil thickness was 10.0jg . The relative in-
tensity is plotted on they axis, and the distance from the cent
of the foil in units ofjg is plotted on thex axis. Profile1 —
displacement oscillations are superposed on the moire´ oscilla-
tions; this is especially pronounced in the subsurface regio
asymmetric profile;2 — the displacement oscillations alone.
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tude of the variations occurs in the jumps of the composit
at the boundaries, then the IOI will be observed over
entire electron micrograph. The increasing role of intrad
main variables leads to suppression of the moire´ component
of the IOI and to the destruction of the periodicity of th
displacement fringes;(jg)w . If the intradomain variables
are greater than the changes at the boundaries, then the
observed only for those parts of the boundary which are
calized near one of the surface of the crystal~Fig. 2!, and the
IOI zone shrinks as the thickness of the foil increases.

Thus only the calculations based on the model of Ref
and 8 explain the entire set of IOI ‘‘anomalies’’: the chang
of the periodicity of the oscillations as one goes fromg
5@11̄1# to g5@202̄#, the absence of moire´, which is present
in the IOI only on the electron micrographs of the subsurfa
regions of the boundaries, the contradiction between the
served number of oscillations and the number expected
the basis of the foil thickness, and the constancy of the n
ber of oscillations asg is changed. All this confirms the
conclusion11 that the model of Refs. 7 and 8 fits the situati
under discussion.

This conclusion shifts the explanation of ordering effe
in three-component III–V composites from the thermod
namic plane to the plane of kinetic~synergetic! phenomena
and confirms the validity of a unified mechanism7,8 for the
n
e
-

I is
-

7
s

e
b-
n
-

s
-

onset of self-modulation and atomic order, and it casts do
on the model estimates of the energetics of the reconstru
III–V surfaces in Ref. 9.

1I. P. Ipatov, V. G. Malyshkin, A. Yu. Maslov, and V. A. Shchukin, Fiz
Tekh. Poluprovodn.27, 285 ~1993! @Semiconductors27, 158 ~1993!#.

2L. Gonzalez, Y. Gonzales, G. Aragonet al., J. Appl. Phys.80, 3327
~1996!.

3S. Mahajan, Mater. Sci. Eng. B. Solid State32, 187 ~1995!.
4M. F. Gratton and J. C. Wooley, J. Electron. Mater.2, 455 ~1973!.
5S. K. Maksimov and E. N. Nagdaev, Dokl. Akad. Nauk SSSR245, 1369
~1979! @Sov. Phys. Dokl.24, 297 ~1979!#.

6S. K. Maksimov, Kristallografiya42, 157 ~1997!.
7S. K. Maksimov, K. S. Maksimov, and E´ . A. Il’ichev, JETP Lett.63, 412
~1996!.

8K. S. Maksimov and S. K. Maksimov, Pis’ma Zh. Tekh. Fiz.22~4!, 60
~1996! @Tech. Phys. Lett.22, 160 ~1996!#.

9J. E. Bernard, S. Froyen, and A. Zunger, Phys. Rev. B44, 11178~1991!.
10J.-P. Chevalier and R. Portier, Proc. Inst. Phys. Conf.117, 453 ~1991!.
11K. S. Maksimov and S. K. Maksimov, Pis’ma Zh. Tekh. Fiz.24~10!, 70

~1998! @Tech. Phys. Lett.24, 410 ~1998!#.
12A. G. Khachaturyan,Theory of Phase Transformations and the Structu

of Solid Solutions@in Russian#, Nauka, Moscow~1974!, 384 pp.
13P. B. Hirsch, A. Howie, R. B. Nicholson, D. W. Pashley, and M.

Whelan~Eds.!, Electron Microsopy of Thin Crystals, Plenum Press, New
York ~1965!; Mir, Moscow ~1968!, 574 pp.

14S. K. Maksimov and E. N. Nagdaev, Phys. Status Solidi A68, 645~1981!.
15S. K. Maksimov and E. N. Nagdaev, Phys. Status Solidi A72, 135~1982!.

Translated by Steve Torstveit



TECHNICAL PHYSICS LETTERS VOLUME 24, NUMBER 6 JUNE 1998
Lifetimes of magnetopositronium in semiconductor quantum wells
E. P. Prokop’ev

A. Yu. Malinin Scientific-Research Institute of Materials Science
~Submitted July 29, 1997!
Pis’ma Zh. Tekh. Fiz.24, 82–87~June 26, 1998!

The lifetimes of magnetopositronium in a semiconductor quantum well in a high magnetic field
are calculated in an exciton model. ©1998 American Institute of Physics.
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The exciton model of positronium1 in semiconductors is
widely used for calculating its annihilation characteristic
Of particular interest is the theory of positronium in sem
conductors in a high magnetic field.2 This problem is in
many ways similar to the problem of excitons
semiconductors.3–23 In this paper we will be guided by th
results of Ref. 24 on the properties of an exciton in a se
conductor quantum well in a high magnetic field. It can
shown in the framework of this exciton model that in a h
mogeneous crystalline material a very high magnetic fieldH
makes positronium quasi-one-dimensional — only one
gree of freedom for translational motion remains. As in t
case of an exciton, the one-dimensionalization effect lead
growth of the binding energyR ~Refs. 9, 22, and 23! and
oscillator strengthf ;uF(0)u2 of positronium (uF(0)u2, the
electron density at the origin in the positronium atom, ch
acterizes the degree of compression of the wave function
the value of the overlap integral of the electron and positro!.
The fact that the binding energyR is small in relation to the
sum of the cyclotron energies\V of the electron and posi
tron participating in an annihilation transition should be
flected in the high-field criterion of Elliot and Loudon:3 b
5(a* /L)2@1, wherea* is the radius of positronium in the
semiconductor crystal, andL is a magnetic length. This sor
of quasi-one-dimensional positronium may be called d
magnetic positronium~or magnetopositronium!,4,14 the anni-
hilation spectroscopy of which will undoubtedly conve
unique information about the energy band structure, spe
cally about the energy of the transitions, the effect
masses, and their energy dependence. The main proble
magnetopositronium is to establish an accurate value
uF(0)u2 in a semiconductor quantum well and also to det
mine the binding energy. A brief review of the methods f
calculating these quantities and the theory of diamagn
excitons in general is given in Ref. 24~the KNS theory!. In
this paper we calculate in the framework of KNS theory t
lifetimes of magnetopositronium with respect to 2g and 3g
annihilation in the quantum wells of GaAs/Al0.3Ga0.7As
semiconductor superstructures. Since the problem of ann
lation of positronium in a semiconductor quantum well is
many ways similar to the analogous problem for an excit
we can use the expression for the energy and wave func
of the KNS approximation.24 In particular, the wave function
of magnetopositronium is written in the form
4921063-7850/98/24(6)/3/$15.00
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F~r,ze ,zp!5 f ~r!ue~ze!up~zp!. ~1!

Here f (r) is a function of the relative motion of the electro
and positron in the plane of the well, andue(ze) andup(zp)
are the electron and positron envelopes along the norma
the plane of the well. Starting from the wave function~1!, we
can easily show that in a quantum well the probabilityWs of
two-photon annihilation of magnetopositronium withm50
~m is the magnetic quantum number!, summed over the po
larizations of the emitted photons and over the momenta
the centers of mass of the annihilating electron–posit
pairs, is proportional to the square of the overlap of the el
tron and positron envelopes

Jep5E
0

`

ue~z!up~z!dz

and to the square of the wave functionf (r) of the relative
motion of the electron and positron, taken at the same
ordinates of the electron and positron. Thus according
KNS theory we have

Ws54pr 0
2c f2~0!Jep

2 . ~2!

Let us give the expressions forf 2(0) and Jep
2 from KNS

theory:

Jep5CeCpH sin@~ke1kp!Lz/2#

ke1kp
1

sin@~ke2kp!Lz/2#

ke2kp
J

12
DeDp

xe1xp
. ~3!

Herekn andxn (n5e,p) are given by

kn5~2mnEn /\2!1/2, xn5@2mn~Vn2En!/\2#1/2, ~4!

whereLz is the width of the quantum well,mn is the effec-
tive mass of the electron~positron!, En are their size-
quantization energies,Vn is the depth of the quantum wel
and \ is Planck’s constant. According to Ref. 24, the no
malization constantsCn andDn have the values

Dn5CncosS kz

Lz

2 D , ~5!

Cn5FLz

2 S 11
sinknLz

knLz
1

11cosknLz

xnLz
D G21/2

. ~6!

The value off 2(0), in turn, is
© 1998 American Institute of Physics
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FIG. 1. Lifetime ts of singlet magnetopositronium versus th
width Lz of the quantum well for various values of the magne
field H in the GaAs/Al0.3Ga0.7As system.
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f 2~0!5
2

p~a' /a0!
. ~7!

Herea' is the effective radius of the magnetopositronium
the plane of the quantum well, which was determined b
variational method in Ref. 24, anda0 is the Bohr radius.

Proceeding from Eq.~2!, we find that the lifetimets ~in
seconds! of magnetopositronium in the singlet state is co
veniently written as

ts51.25310210
uC0~0!u2

f 2~0!Jep
2

. ~8!

For triplet magnetopositronium the lifetimet t ~in seconds!
with respect to three-photon annihilation is, in turn, fou
to be

t t51.431027
uC0~0!u2

f 2~0!Jep
2

. ~9!

Estimates ofJep according to formula~3! with the use of
~4!–~6! for typical values ofke , kp , and Lz ~Ref. 24! in
GaAs/Al0.3Ga0.7As showed that the overlap integralJep;1
in atomic units. For estimates of the lifetimes of magneto
ositronium we useduC0(0)u251/8p ~a.u.!. The radiusa' of
magnetopositronium, which is needed in formula~7!, was
calculated in Ref. 24 as a function of the width of the qua
tum well for different values of the applied external magne
field H ~see Fig. 1 of Ref. 24!.

Thus, with allowance for expression~7!, formula~8! be-
comes

ts'1.25310210a'/16a0 , ~10!

t t'1.431027a'/16a0 . ~11!
a

-

-

-
c

Using the data of Ref. 24 on the dependence ofa' on Lz for
different values ofH, we calculated the dependence ofts on
Lz for various fieldsH according to formula~10!; the results
are plotted in Fig. 1. A plot ofts as a function of the externa
magnetic fieldH for different values ofLz is given in Fig. 2.
The data in Figs. 1 and 2 indicate a rather strong depende
of ts on Lz andH. The dependence ofts on Lz has a mini-
mum at approximatelyLz;25 Å , and the dependence ofts

FIG. 2. Lifetimets of single magnetopositronium in a quantum well versu
the strength of the magnetic fieldH for various values of the widthLz of the
quantum well in the GaAs/Al0.3Ga0.7As system.
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on H is practically linear:ts falls rather rapidly with increas
ing H. It follows from Fig. 1 and 2 that the experiment
observation of magnetopositronium is a quite realistic pro
sition, since its self-annihilation decay channel in a galliu
arsenide quantum well is approximately 15%.25 Thus the
presence of a lifetimet;1.531029 s that depends on th
external magnetic field would serve as experimental e
dence for the existence of magnetopositronium in the qu
tum wells of GaAs/Al0.3Ga0.7As semiconductor superstruc
tures.
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~1967! @Sov. Phys. JETP26, 449 ~1968!#.
-

i-
n-

11I. V. Lerner and Yu. E. Lozovik, Zh. E´ ksp. Teor. Fiz.78, 1167 ~1980!
@Sov. Phys. JETP51, 588 ~1980!#.

12R. L. Green and K. K. Bajaj, Phys. Rev. B31, 6498~1985!.
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Langmuir–Blodgett films made from C60 fullerene with grafted polymer chains — polystyrene
and polyethylene oxide — are obtained for the first time. The Langmuir–Blodgett films
are obtained by the transfer of Langmuir films onto substrates of single-crystal silicon. The
Langmuir films and the single-layer Langmuir–Blodgett films of C60 with grafted polystyrene are
nonuniform over their thickness and form a network consisting of aggregates with a size of
<6 mm. The Langmuir films of C60 with grafted polyethylene oxide are much more uniform. They
can easily be used to obtain Langmuir–Blodgett films containing up to 20 layers and having
a surface that appears smooth under an optical microscope. ©1998 American Institute of Physics.
@S1063-7850~98!03306-0#
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A number of papers have recently appeared on the s
ject of making Langmuir films of C60 fullerene on a water–
air interface and using them to make Langmuir–Blodg
films. Because C60 is not amphiphilic, the formation of Lan
gumir films from it is not a simple problem, if one can judg
from the literature, and the stiffness of the films that a
formed has permitted their transfer to solid substrates o
by the Langmuir–Schaefer method;1–3 the Langmuir–
Blodget method has been used only in Ref. 4–6, where s
stantial differences have been found between the result
different authors. For example, the values given by all
authors for the areaA0 per molecule in the Langmuir film
when packed tight and at a surface pressurep50 range from
20 Å2 in Ref. 2 to 100 Å2 in Ref. 6. ValuesA0'100 Å2,
close to the area occupied by the C60 molecule in the crysta
lattice, have been obtained only in Refs. 1, 3, and 6.
obtain the Langmuir films the authors of those paper dep
ited solutions of C60 in a ‘‘volatile’’ solvent with concentra-
tions<1024 M. In Refs. 8 and 9, however, even though su
low concentrations were used, substantially lower values
A0, from 27 to 33 Å2, were obtained, corresponding to thr
monolayers in the film. By and large, the values ofA0 rang-
ing from 20 to 45 Å2 obtained by the majority of author
attest to the formation of multilayer Langmuir films of C60

molecules on a water surface. This is confirmed by elect
microscope observations of the Langmuir–Blodgett fil
obtained.8

In the present study we obtained Langmuir a
Langmuir–Blodgett films of C60 with a grafted polystyrene
and grafted polyethylene oxide. The films were obtained
an apparatus whose working principles were described
Ref. 7. The velocity of the compressing barrier could
varied from 10 to 100 mm/min, and that of the substr
from 7 to 80 mm/min. The surface pressurep was measured
to an accuracy of 0.05 mN/m. On the surface of the subph
between the mobile and fixed barriers we deposited a s
4951063-7850/98/24(6)/3/$15.00
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tion of the substance to be investigated in a ‘‘volatile’’ so
vent. The areaA per molecule in the film that was forme
was calculated asA5SM/mN, whereS is the area of the
film, m andM are, respectively, the total mass and the m
lecular mass of the film substance, andN is Avogadro’s
number. The accuracy of determination of A was 2–5%.
the ‘‘volatile’’ solvent we used toluene, chloroform, and m
thylene chloride, and for the subphase – twice-distilled w
ter. The compression~pressure–area! isotherms presented
here are averages of 5–10 curves. The substrates used
polished wafers of single-crystal silicon with the~100! ori-
entation and a surface roughnessRZ<0.050mm.

As the C60 with the grafted polystyrene we used a pro
uct with an average of 4 polystyrene chains~each with a
molecular mass of;1650! per C60 molecule.10 The compres-
sion isotherms exhibit a small shift to largerA when toluene
is used instead of chloroform as the ‘‘volatile’’ solvent~Fig.
1!. The values ofA0 are;150 and;160 Å2, respectively.
The maximum pressure on the isotherms shown correspo
to the destruction of the films; at that pressure the surfac
the films start to exhibit crumpling visible to the unaided ey
Unlike monolayers of low-molecular substances, here
pressure did not decrease after the crumpling appeared
rather continued to grow and reached 75 mM/m. Howeve
more substantial shift of thep–A curves, independent of th
type of solvent, occurred as the holding time of the solut
increased~Fig. 1!, and in the compression of films 5–15 da
after their preparation thep–A curves were the same fo
films formed from solutions in chloroform and toluene a
gave a valueA0'180 Å2. To explain the influence of the
holding time of the solution, at this time one can only off
hypotheses of a general nature as to the developmen
structure in the solutions or the formation of associates.

Estimates were made of the state of aggregation of
Langmuir films by observing the mobility of the particles
a light powder deposited on the surface of the film in
© 1998 American Institute of Physics
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sponse to a jet of air: if the particles are mobile that me
that the film is liquid, and if they are immobile it is solid
Films of C60 with grafted polystyrene became solid atp'4
mN/m, which is apparently the value at which the film ‘‘is
lands,’’ obtained starting atp'0.5 mN/m, are brought into
contact with one another.

We tried various known methods of transferring t
films to solid substrates.7 The films transferred to a hydro
phobic substrate by the Langmuir–Schaefer method cov
its surface completely. When other methods of transfer
hydrophilic substrates were used, the film attached only
individual regions of the substrate surface.

Inspection under a microscope revealed that the fi
transferred onto silicon contained aggregates of molec
having dimensions of<6 mm and being mainly of circular
oval, or dumbbell shape. The shape, size, and concentra
of the aggregates on the surface do not depend on the
tability of the substrate nor on the type of solvent used.
the pressure is increased, however, the concentration o
aggregates in the transferred film increases. On the surfa
samples obtained at pressures of 0–0.2 mN/m one sees
sharp pileups of aggregates. At pressures>0.4 mN/m the
film is, on the whole, connected but contains ‘‘cavities’’ —
parts of the substrate not covered by the film — amount
to approximately 20% of the surface. One of the main cau
of aggregate formation in Langmuir films made from C60 and
from C60 with grafted polystyrene, in our view, is the ab
sence of amphiphilic properties of the objects with respec
the water subphase. In the case of C60 with grafted polysty-
rene, however, even if a selective solvent with respec
which amphiphilic properties would be present were used
the subphase, the stability of the films could be weakened

FIG. 1. Compression isotherms of Langmuir films of C60 fullerene with
grafted polystyrene at 18–20 °C. The initial areaAi5787 Å2

•molecule21,
the rate of compression is 8.5 Å2

•molecule21min21. The concentration of
the initial solutions was 6.831025M : 1 — freshly prepared in chloroform;
2 — freshly prepared in toluene;3 — held in chloroform for 15 days;4 —
held in toluene for 5 days.
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two factors. First, each C60 molecule has 4 attached polysty
rene chains which are rather short and protrude from it
different directions, so that there could be steric impedime
to ordering. However, even if only one lyophilic chain we
attached to the C60 the stability of Langmuir films could be
weakened by the circumstance that the chains of atactic p
styrene, a noncrystallizing material, interact weakly with o
another and form only short-range order.

All the shortcomings listed above can be avoided
using C60 molecules with grafted chains of polyethylene o
ide ~with a molecule mass of'1000!, at a concentration of
one macromolecule per molecule of C60 ~Ref. 11!. The most
important factor, though, is apparently the solubility of pol
ethylene oxide in water. For forming Langmuir films w
used solutions in chloroform and methylene chloride. W
increasing concentration of the chloroform solution the co
pression isotherms are shifted to lower values ofA; replacing
the chloroform by methylene chloride~at the same concen
trations! has a similar effect to increasing the concentrat
~Fig. 2!. The position of the compression isotherms is w
reproduced: when solutions of C60 with grafted polyethylene
oxide in chloroform were used, the value ofA0 at concen-
trations of 0.631024M and 1.231024M was 3462 Å2,
while for somewhat higher concentrations, 2.331024M and
4.731024M, we found A052862 Å2. The values ofA0

indicate that the Langmuir films consisted of approximat
three monolayers. Varying the initial areaAi of the water
covered by the solution of C60 with grafted polyethylene ox-
ide from 74 to 411 Å2 did not affect the compression iso
therm.

At p540 mM/m, when the areaA per molecule reached
5 Å2, the films became cloudy, apparently as a result of th

FIG. 2. Compression isotherms of Langmuir films of C60 fullerene with
grafted polyethylene oxide at 18–20 °C~rate of compression 2–4 Å2•
molecule21min21: 1 — for initial solutions in chloroform with concentra-
tions of 0.631024 and 1.231024M ~for Ai574, 93, 123, and 411 Å2•
molecule21); 2 — for initial solutions in chloroform with concentrations o
2.331024 and 4.731024M ~for ai5123 Å2

•molecule21) and in methylene
chloride with a concentration of 1.231024M ~for Ai5123 Å2

•molecule21).
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destruction. Immediately before destruction the films beca
solid, but until then they exhibited ‘‘liquid mobility.’’ But in
contrast to the films of C60 with grafted polystyrene, no
crumpling was observed. Possibly the destruction of
films of C60 with grafted polyethylene oxide occurs with th
molecules of the monolayer being forced into the wa
rather than into the air.

Thanks to the elasticity of the films of C60 with grafted
polyethylene oxide~in contrast to the brittle Langmuir films
of C60 and of C60 with grafted polystyrene!, they are easily
transferred to a solid substrate by the Langmuir–Blodg
method. The films were transferred by only moving the s
strates upward, i.e., a so-calledZ-type transfer was
observed.7 We prepared samples with different numbers
layers: 1, 10, and 20. The transfer coefficient~equal to the
ratio of the change in area of a monolayer at the time
transfer to the area of the substrate surface! was 0.9–1.0 in
the transfer of the first layer and then gradually decrease

The transfer pressure corresponded to different deg
of compression of the Langmuir films. The ‘‘thick’
Langmuir–Blodgett films~10 and 20 layers!, obtained at a
pressure of 10 mM/m, had wetting angles for water of 7
75°, while the films obtained at a pressure of 20 mM/m h
a wetting angle of 90°. It can be supposed that increasing
pressure causes changes in the structure of the film and i
e
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surface free energy. The assumption of structural change
confirmed by preliminary x-ray diffraction data. The wide
angle x-ray diffraction pattern from the Langmuir–Blodge
films of C60 with grafted polyethylene oxide are typical fo
two-dimensional lattices. Inspection under an optical mic
scope did not reveal any visible disruption of the uniform
of the films. Roughness was observed only in several reg
of the films containing 10 and 20 layers.

This study was performed under the auspices of the R
sian Science and Technology Program ‘‘Fullerenes a
Atomic Clusters’’ ~Project ‘‘Tribol’’ !.
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